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The Workshop objectives were: �! to determine the present status of
knowledge concerning the use of microorganisms in facilitating oil biodegra-
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MI CROB IAL-FAC IL ITATED DEGRADATION
OF OIL: A PROSPECTUS

D. G. AHEARN

Department of Biology
Georgia State University
Atlanta, Georgia 30303

Research on microbial util ization of hydrocarbons has been stimulated
in recent t imes, f irst by a need to develop al ternate sources of edible pro-
tein and currently, as a resul t of adverse env ironmental effects from cata-
strophic oi I pollution, Single-cel I protein has been obta ined using crude
oil or its derivatives as substrates, and is receiving increasing interest as
a component of animal and human foods. Al though considerable progress has
been made in elucidating mechanisms of oil biodegradation, processes for use
of microorganisms in treatment of oil y pol lutants in the environment are only
in an early state of development. El sewhere, practical systems for facil itat-
ing the bioconversion of pollutant oils in ref inery treatment systems are
being tested, but here al so the "state of the art" is relatively poor.

Practical applications for a control led microbiological process of
fossil hydrocarbon conversion are numerous, ranging from product formation to
removal of harmful material s. Biodegradation of oils is by no means a simple
subject since, in nature, hydrocarbon decomposition involves interactions of
complex physical, chemical and biological processes, the rates of which are
interdependent. Thus, it is understandable that the enzymatic systems and
responsible organisms invo'Ived in the complete biodegradation of crude oil
are i 1 I -def ined. Noreover, s ince crude o I I s vary in const i tuency from wel 1
to wel I, the complex i ty of developing a mlcrobia'I system for decomposing fos-
sil hydrocarbons becomes even more diff icul t. Evidence suggests the need to
adequatel y supplement crude oil-enriched waters with proper nutrients  I .e.,
nitrogen, phosphate! to stimulate and maintain the biodegradation process.

The increas ing dependency of industr ia 1 ized nations on foss i 1 hydro-
carbons wil I not be appreciably al tered in the near future. The current
"energy cr i si s," wi th shortages of o i I, wi I I increase requirements for shi p-
ping and piping vast amounts oF hydrocarbons. Thus, the 1 ikei ihood of future
catastrophic oil pol lut ion wi II be heightened and chronic oi'I pol lut ion wil I
continue to be a problem. Practical applications for controlled biodegrada-
tion of oil may be developed for transformation of bilge wastes and spent lub-
r icating oils to products not harmful to the env ironment. Following oil
spill s, various microbial treatments may be necessary to reduce toxicity and
to remove res idua1 oils after mechanical clean-up procedures have been inst i-
tuted. Presently, def ined microbial systems which g ive a proven increase of
oil biodegradation in nature have not been developed. Noreover, nei ther the
Irwnediate or long-term effects of seeding hydrocarbonoclastic microorganisms
into the environment have been establ ished. Clearly, further research on the
microbial degradation of oil is indicated.
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A diversity of research approaches to oil biodegradation
and should continue to be undertaken. However, certain standardizations
required for meaningful evaluation of data. Rates of blodegradat ion
be obtained with specif ied hydrocarbon substrates ~ and microbial cul ture sy
tems should be characterized as thoroughly as possible. Information on the
enzymatic processes for the biodegradation of the recalcitrant fractions of
crude oils, i.e., the complex aromatic and bi tumen components, is required.
In this regard, coax idative mechanisms should be g iven spec ia'I emphasi s.
Real istic f ield evaluations of laboratory data need to be undertaken, with
more critical attention given to the sublethal effect of oil and oil products
on bio'logical processes of the micro- and macrc biota. Fertil ization with
nutrients to facilitate natural oil decomposition and fer t i I ization in combi-
nation with "microbial seeding" must be further evaluated. Fur thermore, broad
toxicity studies considering not only metabol ites of the seed organisms, but
also their potentials for pathogenic i ty need examination.

This enumeration by no means I ists al I of the oil biodegradation areas
that warrant exploration. Nevertheless it is clear that the practical use of
microbial systems to remove po'I lutant oils will be achieved only through ac-
celerated development of further information on these broad interrelated
topics.
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MICROBIAL DEGRADATION OF OIL: PRESENT
STATUS, PROBLEMS AND PERSPECTIVES

C. E. ZoBELL
Scr i pps I nst i tut ion of Oceanography
Univers i ty of Cal i fornia, San Diego
La Jo lla, California 92037

My active interest in the microbial degradation of mineral oi ls dates
from 1942 when the American Petroleum Institute started to subsidize such re-
search. Thirty years ago hydrocarbon-oxidizing microorganisms were generally
regarded as biological curiosities. With few exceptions, notably methane,
most hydrocarbons were believed to be biologically inert or highly refractory
to enzymatic attack. Refined mineral oils, petroleum jelly, vaspar, and
other hydrocarbon mixtures were commonly used for preserving cultures or for
excluding atmospheric oxygen from anaerobes. Most microbiologists viewed
with indifferent skepticism the report of Bushnell and Maas �! on bacterial
utilization of gasoline, kerosene, and various mineral oils, although numer-
ous scattered papers on the microbial oxidation of liquid and so lid hydro-
carbons �1! preceded this classical work.

Papers presented at this Workshop late in 1972 coupled with those
listed in major reviews �,8,10,11,14,15,21,33,37,42! indicate that virtually
all kinds of hydrocarbons are susceptible to microbial degradation under
favorable cond itions. More than 200 species of bacteria, yeasts, and f ila-
mentous fungi have been shown to metabolize one or more kinds of hydrocarbons
ranging from CH~ to compounds containing more than 40 carbon atoms. Although
there is a wealth of information on the occurrence and kinds of oil-degrading
microorganisms in oil-polluted environments, not much is known about their
reaction rates or their intermediate degradation products.

Limitations of time and space dictate the minimization of experimen-
tal details, data, discussion, and documentation in most sections of the fol-
lowing succinct sunNa tion.

l. OCCURRENCE OF HYDROCARBON OXIDIZERS IN NATURE

M1croorganisms which oxidize various hydrocarbons are widely distribu-
ted in soil and water. They are most numerous and the most varieties occur
in places that have been subjected to chronic oil pollution either from natu-
ral seeps or by the activities of man. Relatively few hydrocarbon oxidizers,
except methane oxidizers, occur in virgin soils remote from oi! fiel s o'm i! f ields or oi I

pollution. They are only rarely found in the open ocean except in the vi-
cinity of shipping lanes. Few or none occur in petroleum as it emerges from
oi I wells or in unpol luted ground waters.
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~marx:e of Hpdraam bon Qzidiaere,--The water in oi I sumps and in
oil-polluted harbors may contain from 10 to 10 oil-oxidizing microorganisms3 6

per ml. Simi larly large popula t ions of such microbes have been found in the
topmost layers of bottom depos i ts beneath chroni ca 1 I y oi 1-pol I uted water ~ i n-
ciuding fresh, brackish, and saline waters. Between 10 and 10' oil oxidizers
per ml of bottom ooze were found i n 180 out of 192 samp les col 1 ected f rom
Barataria Bay, Louisiana �6! . Quite commonly water and bottom ooze from
Gulf Coast and southern Cal ifornla harbors contain 10 to 10 oi I oxidizers
pef ml wh i 1 e c I can beach sand and open ocean water of ten y i el d none �4! .
From month to month at the same station in oil-pol luted harbors the popula-
tion of oil oxidizers sometimes changed by 4 or 5 orders of magnitude.

The abundance and physiologi ca i types of hydrocarbon-oxidizing mi-
r.robes in soil and aquatic environments seem to be influenced by the quanti-
ties and kinds of hydrocarbons which have been present. This genera 1 ization
Is based more on laboratory experimentation and prophetic thinking than on
field observations.

2. KINDS OF HYDROCARBON OXIDIZERS

One or more species of 70 genera, including 28 bacteria, 30 f ilamen-
tous fungi, and 12 yeasts, have been shown to oxidize one or more kinds of
hydrocarbons. Host of these are listed in various reviews �,14, 21,28! .

Enaynea.--Each species generally metabolizes only a narrow spectrum
of homologous hydrocarbons. Certain species produce constitutive enzymes,
but in a good many species the enzymes which catalyze the oxidation of hydro-
carbons are adaptive or inducible. Quite coneeniy pure cultures of various
species have been induced to attack hydrocarbons by cultivating them in ap-
propriate heterotrophic media enriched with one or more hydrocarbons .

Pathogenic',tp. � Ordinarily oil oxidizers are not infectious for
higher organisms . A few spec ies of human pathogens have been i nduced to
metabolize hydrocarbons, but the likelihood of such microorganisms spreading
diseases seems rather remote. Machinists whose arms, wrists, and hands are
repeatedly exposed to cutting-, cooling-, and quenching-oil emulsions are
sometimes afflicted with dermatoses believed by some to be due to bacter ia
which grow in such emulsions �!. At this Workshop, Dr. Raam Mohan reported
that an oil-oxidizing species of Arthrobaeter acquired pathogenicity for
mice.

By depleting dissolved oxygen from oil-polluted water or by producing
toxic metabolic products, hydrocarbon-oxidizing microorganisms may injure
aquatic animals. Evidence for such injury is largely lacking.

3. KiNDS OF HYDROCARBONS OXIDIZED

Virtually all kinds of hydrocarbons appear to be susceptible to mi-
«obial degradation under favorable conditions. This general ization is based
largely on observations made on several dozen different al iphatic, cyclopara�-
ff�ln, aromatic, and olef inic hydrocarbons. Although olef lns are not found
«crude oils, they occur in certain refinery products such as gasoline and
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kerosene. Small amounts of o lef ins are produced by certain organisms . Be-
tween 40 and 90'0 of the mo lecules in the five major classes of compounds oc-
curringng in crude oi Is  Table 1! have paraffinic si de chai ns, rangi ng in
length from methyl  -CHq! to cetyl  -C>sH>s!, It has been conjectured that
microbes may degrade certain aromatic and aliphatic compounds by attacking
the longer paraffin side chains.

TABLE

Average Amounts of Major Classes of Hydrocarbons and Related
Compounds Present in Different Petroieums and Gasol ines

Percenta es In
Compo nen t Pe tro 1 eums Ga so 1 ines

Al i phatic or paraff inic  a lkanes!
Cycloparaf f inic  cycloa ikanes; naphthenes!
Aromatic  benzene and polynuclear series!
Aspha1 tie  aspha 1 tenes; heterocycl ic compounds

with oxygen, sulfur, or nitrogen!
Olefinic  alkenes or ethylene series!

25-68

5-24

15-35

30-50

5-20 7-55

0. 1-0. 5

0-41

2-15

nil

PoLprTuclear Arornatm Hydrocarbons.--Much work has been done on the
biosynthes is and biodegradation of polynuclear aromatic hydrocarbons, com-
monly designated PAH �4,32,45! . Several such compounds are carcinogenic,particularly 20-methyl-cholanthrene, a few benz- and dibenz-anthracenes, and
3,4-benzpyrene  a iso ca I led benz-a-pyrene, or BaP! . The carcinogenic 3,4-
benzpyrene is not to be confused wi th the non-carcinogenic 1,2-benzpyrene.

All of these care inogens and many more non-carcinogenic PAHs have
been shown to be degraded by various species of bacteria. Most are also
metabol ized to some degree by certa in invertebrates and higher anima'Is, in-
cluding mice, rats, dogs, and cats �7,34,40!,

The "fingerprints" or chromatograms of PAHs are generally more dis-
tinctive than for a lkanes or benzene �6!. This property has facilitated

ReLative Ozidisability 0f Various Hydrocarbons.� It is corrrnonly
stated that n-alkanes are oxidized by pure cul tures more readily than tao-
alkanes, cycl ic hydrocarbons, or olef ins. This belief may be a bui1 t-in
artifact resul ting from observations on cultures previously enriched ln
med ia conta i ning paraffinic components . Certain wild, mixed cultures that
developed in media containing cyclic hydrocarbons, notably naphthalenes andpolynuclear aromatics, have been found to degrade such compounds more rapidly
than n-alkanes. Alkane oxidizers are probably more abundant in oil-polluted
soil and water owing to the preponderance of aikanes and other kinds of
hydrocarbons having paraff in side chains.
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the study of their metabolism. Some of the methyl -dibenz-anthracenes
oxidized by specific bacteria about as rapidly as 'liquid or sol id alka«s
when dispersed in aqueous media .

3,4-Benzpyrene seems to be the most abundant carcinogenic hydrocarb �
in nature. It has been found in the cells, tissues, or organs of many
crobes, higher plants, and animais �4,45!. It is synthesized by several
species of bacteria �2!, algae, and higher plants �,18! . However,
major source of 3,4-benzpyrene and other PAHs in air, water, and soi I is
from the pyrolysis of fossil fuels and the incomplete combustion of other
kinds of organic matter as in incinerators, forest fires, etc.

4. FACTORS AFFECTING THE IEICROBIAL OEGRADATION CF 01L

The rate at which polluting oils are degraded depends on the chemical
composition of the oi I, the kinds and numbers of microbes present, and sev-
eral interrelated environmental parameters.

Qeygen. � For practical purposes, free or dissolved oxygen is essen-
tial. From 3 to 4 mg of oxygen is required per mg of hydrocarbon completely
oxidized to COz and Hz0. Lesser quantities of oxygen are required when the
hydrocarbon is only partly oxidized and when part of the hydrocarbon is con-
verted into microbial biomass, Only a specialized few bacterial spec i es are
able to utilize sulfate-oxygen in energy-yielding reactions and not many of
these assimilate hydrocarbons, The rate of hydrocarbon ox i dation by sul fate-
reducing bacteria seems to be very slow, 4thether ni trate is used by hydro-
carbon oxidizers aizers as a hydrogen acceptor or as a source of nitrogen is con'tro
vers la I .

Nsperaion of &iL.� The dispersion of oil in aqueous systems renders
it more susceptible to enzymatic attack. Oil can be dispersed in water by
emulsification, sonification b! dt ion, b! ender i zat ion, surface-ac t i ve agent s or deter
gents, and b adsor tiony p ' on solid surfaces such as chemical'ly clean si lica
b
sand, glass woo'I, asbestos fiberibers, etc. An excess of certain detergen'ts "y
e toxic or the surface tension

to crated by microbes. A ood man mion of the medium may be reduced to a level not
whi ch goo many microbial species produce surfactantsw ic tend to emulsify oil in water.

tendency to spread rapidly onMost polluting oi 'I s have a
wa er. gallon of crude oi I ma s ri ma�ead o a al ea ex

o, fo rming a fi I about 0.0001 c thick �! .
spread in ra t oxi ation and microbial degradation.ea ing rate i s inf l uenced by v i scos i t dens iyi e"s yi

ren ve oci ty, temperature, and other fac.tors.
2'empemture.� The microbial de radegradation of oi I has been o sranging rom the freezi

about 70 C. Most s ing point of seamter  around -2 C! to
s species are most active inve ~n the mesotherm~c range, 20 t

psychro ph I I bags s I ~ra t I ~ t empera tv resw ic o»s de rad
c eria have been shownrapidly at -1.1 C shown to oxidize oil only

as mesothermic s ecieszers that are activ p ies do at 25 C. Most ofive at near zero Celsius f i g
ies are kil led wiwithin an hour or two at
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obl igate thermophi I ic bacterium which utilized n-tetradeca e t 45 t 70 C
has een described �0!. Its optimum for growth was 55 to 60 C. Neither
eurythermic nor euryhaline hydrocarbon oxidizers have been described.

Salinihp Requizernenta.--A1 though a good many freshwater forms survive
for prolonged periods in the sea, only a small percentage of freshwater or
terrestrial species are able to reproduce in seawater  salinity around 3.54! .
On the other hand, most marine species grow best in media at salinities
ranging from 2.5 to 3.54 and poorly or not at all at salinities lower than
1.5 to 2C.

24rbulence. � Shaking or sparging with air tends to mix oil with water
and to introduce atmosphe ric oxygen into cultures, thereby promoting the mi-
crobia I degradation of oil. Therefore, in reporting quantitative results,
one should always state whether conditions of incubation were quiescent or
turbulent.

Organic Matter. � Low concentrations of certain organic compounds may
promote the growth of hydrocarbon oxidizers by providing accessory growth
factors, essential amino acids, or other requirements. Some microbial spe-
cies have been induced to attack hydrocarbons by cultivating them in nutrient
medium enriched with hydrocarbons. High concentrations of utilizable organic
matter usually retard or mask the microbial degradation of hydrocarbons.
When either oxygen uptake, COz production, microbial growth, or change in pM
is employed to indicate hydrocarbon oxidation, all other oxidizable materials
must be excluded from the medium.

Conaentz'ation of Oil,� The concentration of crude oi I in experimental
media or in oil-polluted water influences resul ts in numerous ways. When the
concentration of oi I is relatively low, al I fractions are more I ikely to be
attacked. At high concentrations, the components which are most susceptible
to microbial degradation wi 1 I probably be preferentia I 1y attacked. Moreover,
the toxicity of the oi I will be greater at higher concentrations, if it hap-
pens to contain water-soluble toxic substances.

Miarobia7. Prectz&ra.--Cytophagic protozoans and other invertebrates
in oi I-polluted environments may I imi t the microbial population. A good many
species of hydrocarbon-oxidizing bacteria and yeasts have been shown to be
ingested by a large variety of c i 1 iates and other grazing animals. Such
predators may reduce the microbial population from 10 or 10 /ml to only 10
or 10 /ml .

5. CRITERIA FOR THE MICROBIAL DEGRADATION OF OIL

Several different criteria have been employed to demonstrate the mi-
crobiall degradation of oil or specific hydrocarbons . Most of the methods are
faulted for not being sufficiently quantitative and for not showing the degree
or completeness of the oxidation, Some of the methods, notably oxygen uptake
and microbial growth, are based on the premise that the mineral salts media
contain no oxidizable substances except hydrocarbons. The results obtained
by any method have little quantitative significance unless the temperature
and other essential environmental conditions are specified.
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Snuleifioizticvt.� The emulsif ication of oil in aqueous media and
decreased adhesion to the wal 'ls of glass receptacles is one of the f irst
est conspicuous signs of microbial activity. However, not a I I kinds of
hydrocarbon-ox i d i z i ng m i c robes emu 1 s i f y o i I a nd no t a I I k 1 nd s o f o i 1 s undergo
such emulsification, The time required for emuisif ication to become evident
tells something about reaction rates.

Dieizppeizriznoe of Oil.--ln certain situations the disappearance of oI I
may be plainly apparent whether due to emulsification or degradation, but
visual observations are neither unequivocal nor quantitative. much more
meaningful is the loss in weight of oi I determined under careful ly control led
conditions. Loss in weight determinations should be supplemented by chromato-
graphic procedures to determine the ~unts of various kinds of hydrocarbons
which have been degraded. In such experiments one must use appropriate con-
trols and careful ly consider the possibi1 i ties of the evaporat ion of cer tain
hydrocarbons, their autoxidation, and adsorption by organi sms or other sol ids
in the system.

Autoxidation of crude oil 's an on-going process inf'luenced by tern-
perature, sunlight, and inorganic catalysts, especially vanadi~ �! . Emul-
sified oil and thin films are more susceptible to autoxida tion than large
coherent masses. Virtually all constituents in oils may undergo autox idatlon
�3,30!, Hydroperoxides, organic acids, alcohols, esters, ketones, and other
oxidation products may be formed. Autoxidation of crude oils in storage
reservoirs was found to be from 'IG to 504 as rapid as the biocheniica I oxida-

!
tion rate  9!. Although the rate of autoxidation, like the evaporation of
volatile substances decreases with time, both processes continue almos t in-
finitely in crude oil and refined fue'I oils exposed to air. any high boiling-
point hydrocarbons slowly sublime or evaporate in open systems at ordinary at
mospheric temperatures, e.g., naphthalene. This together with the increased
content of oxidation products in "weathered" oils seems to contraindicate
use of "weathered" oils to standardize biodegradation testing procedures, as
was proposed during the Workshop.

Chygen gti2ke. � Although beset with technical difficulties and
tations of usefulness, there are reasonab'ly accurate chernica I, manometric ~
and potentiometric methods for determining oxygen uptake by hydrocarbon « I
dizers in closed systems. Unless aqueous media are supersaturated wi'th o"y
9 ' s some di sadvantages!, the media wi I I contain enough oxygen
oxidize only a few mill igrams of hydrocarbons per liter. The rate of oxyge~
uptake may tell something about how rapidly oil is being oxidi zed, but it
fails to tell how muchmuch oil is oxidized unless there is an excess of oxyge"-
Mhen the oil or h drocary arbon concentration exceeds 3 or 4 mg/I ite«f
medium, oxygen uptake tells I ittle or nothing about the completeness o
oxidation. For exam le 14p, molecules  >8 atoms! of oxygen could convert

y rocarbon molecules into to mono-hydroxy compounds OI this
gen could oxidize one molecule of nonane to COz and Hz0.

~~"its.--Determining the quant I t I tes ofNeaami~ Qzuhtion 1 ~"c
n s o carboxyl s, a 1deh des hy, ydroxy compounds, esters CGme iate or end-products of oxid 2 e

But measuring the amounts of such rs o oxidation is an essential part of t"e pro
hydroca rho har n s been oxidized, Sin

suc products may not indicate how uch o'
Since the microbial ox I da t io»f "ydr
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tends to decrease the pH, this property has been used to indicate whether
such oxidation has occurred, but i t is not a quantitative test for how much
oil has been degraded,

Following the course of radioactive carbon in hydrocarbons and their
oxidation products has onl~ restricted usefulness. This also applies to the
use of oxygen isotopes � !, which helped to demonstrate the oxidation of1

nongrowth hydrocarbons �2,23!.

M~obhzl Grouch,--Colony counts, increasing turbidity of culture
rnediurn, or direct mrcroscopic counts are fairly good indicators of microbial
growth. if rnicrobes grow or reproduce in mineral media containing oil as
the sole source of energy and building material, they must be assimilating
the oil. At their best, though, such methods are only semi-quantitative.
There is a wide variance in the percentage  from 20 to 601 or more! of the
hydrocarbon that is converted into microbial biomass. Certain cultures con-
tinue to oxidize hydrocarbons after growth or reproduction has ceased, Pre-
sumably such reactions are catalyzed by pre-formed enzymes.

6. 81ODEGRADAT10N PROOUCTS

Besides C02 and H20, the principal products resul ting from the micro-
bial degradation of hydrocarbons are various hydroperoxides, alcohols, phe-
nols, carbonyl s, aldehydes, ketones, and esters. The microbia'1 oxidation of
hydrocarbons is usually accompanied by the production of microbial biomass
which may be decomposed by autolysis or by predators.

MetaboHc Pathaxtya.� Pathways for the metabol fsm of only a smal 1 nurn-
ber of hydrocarbons by refatively few microbial species have been investi-
gated. Host of the literature on the subject has been reviewed elsewhere �,
7,11,12,14,17,21,26,37,38!. The metabolic pathways are so diverse that gen-
eralizations are not warranted at this time.

Especially needed is more information on the mechanisms whereby mi-
crobes oxidize aromatic hydrocarbons and closely related heterocyclic com-
pounds, some of which contain a little sulfur, oxygen, or nitrogen. Co-
metabolism is only poorly understood. Also needing more attention is the
virtually untouched prob'lem of the ultimate fate and biological effects of
intermediate oxidation products.

Fate and Effe"ta of Qeidatiorr Pvoduota.--There is a greater tendency
for primary and intermediate oxidation products to accumulate in pure cul-
tures than in mixed cultures. This is a commentary on the fact that not many
species growing in pure culture convert hydrocarbon quantitatively to CO~ and
microbial bfomass. Other things being equal, the more species in the system
the greater are the possibilities of there being enzymes capable of catalyz-
ing the oxidation of organic acids, alcohols, ketones, and other hydrocarbon
oxidation products.

whether products resulting rrom the biodegradation of polluting oil
are produced and accumulate in sufficient concentrations to be injurious to
aquatic organisms remains to be demonstrated, The probabil ities seem reste
except in closed systems such as test tubes or aquaria. Also yet to be
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determined is whether any of the biodegrada tion produc ts of
h drocarbons are more potent than the parent compounds under field condy rocar ons a
tions.

Co-metabolic'em.--There are instances of hydrocarbons, that dp not pro
vide for the growth of a given microbial species, being oxidi zed by this spe
cies that oxidizes another hydrocarbon for growth  I2,19,23!. Such co-
metabol ism, co-oxidation, or synergi st ic action may be of cons iderab le im-
portance in the biodegradation of oil. Hongrowth hydrocarbons may be oxi-
dized to form compounds which may provide for the growth of other organo-
trophic microorganisms in mixed cul tures such as conm>nly occur in oi 1-
polluted water or soil. Nany more studies shouid be made on such reactions,
including observations on more varieties of hydrocarbons ard on mre micro-
biai species.

Mi~bial Biomaee.� An average of around half of the carbon in growth
hydrocarbons metabolized by bacteria and yeasts is converted into ce'l l sub-
stance or biomass, The latter consists largely of proteins, nucleic acids,
amino acids, pur ines, pyrimidines, I ipids, and polysacchar ides, The nutri-
tive value of such microbial biomass is general ly high for phagotrophic ani-
mals and the decomposition products may nourish other organisms. Al though
mainly wholesome, there are a few reports of 'large doses of oi I-oxidi zing
bacteria being harmful to certain phagotrophic animals. The practical ques-
tion is whether toxic species cou'ld reproduce in oi I-pol luted ~aters in suf-
f icient quantities to be Injurious.

7. RATE OF OIL DEGINDATION

Conspicuous by its absence from the discussions in this Workshop as
well as in published papers is, meaningfu'I information on the absolute rates
of biodegradation of oil pollutants. This hiatus is a refl ec tion of the 'lack
of standard methods and criteria for measuring oil degradation ra tes .
few exceptions, only relative reaction rates are reported� .

Rate ~~ate ~~eterne.--The essent ia1 units for the expressio~ of absolu'te
rates of h dy rocarbon or oil biodegradation must include the amount of
strate oxidized or otherwise degraded, the vo lume of the system,

t e observed action to occur. For example, one may
that a given oil was oxidized at an average rate of 0.9 mg/ liter/day.
portant is tern eraturp ature in inf'luencing relative reaction rates that th<s
vironmental parameter should always be spec if ied.

Unless otherwise s ee specified, it may be taken for granted thatdation reaction took lacp e under aerobic condi t ions. However, i t shculd bespecified whether the re rted rpo ed rate occurred in an open  to the a tbsp"er
Fre d'
or a closed system and whether th

e or i sso I ved oxy en ma be e latter was filled to capacity with medium.
a ter a few hours or da s de en if yg y become a rate-] imi ting factor in a clo«d sys
tion, tern r ys, epending on the densi ty of the microbial popuia-'on, temperature, and other condit ions.

Al ong w i th tempe ra ture, one sne shou'ld specify hether c
n or w at kind of agitation oc

one must em 1emp py appropr i ate un I
9 ion occurred. ln open syste s p

inoculated contro I s to

IG
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deg rada t ion or I os s of hydrocarbons ha s resu I ted f rom evapora t ion, sub I ima-
tion, or autoxidation. In pilot plant and f ield experiments involving large
volumes of water, the depth and/or area should be specif ied since the rate
of evaporation, autoxidat ion, and microbiai activity are often maxima I at the
a ir-o i I -water Interface,

Need for Standardization.� Only by the standardization of testing
procedures and the standardization of units for expressing rates of microbial
degradation of oi 'I pol lutants wil I it be possible to understand and compare
the resul ts obtained by various investigators.

8. PROBL EN OF 0 I L I N FOOD C HA I NS

In oi I-pol luted environments animals may swallow oil droplets along
with their normal food, including bacteria, yeasts, phytoplankton, zooplank-
ton, etc., some of which may have adsorbed or ingested polluting oi i.

Fate of In@ected OiZ,--Part of the oi'I or its oxidation products may
be incorporated in the cel is, ti ssues, or organs of aquatic or so i I organisms.
Ordinarily most of the ingested oi I passes through the digestive tracts of
anima is unchanged, I ike the 1 iquid petrolatum used in human and veterinary
medicine.  The laxat ive dose ranges from 50 to 100 ml for adul t humans and
up to a 'liter or two for cattle and horses,! Polluting crude and fuel oils
may contain var ious amounts of harmful hydrocarbons. Some of these may be
absorbed from the gut and either stored in cel ls or tissues or degraded in
the I iver or other organs.

The microbial degradation of hydrocarbons in the gut of certain ani-
mals has been reported. Nore investigations are needed on the extent of such
reactions and especially on the toxicity of the degradation products. The
metabol ism and effects of carcinogenic hydrocarbons in experimental animals
have been much more extensively studied than in microorganisms.

Biospntheeie of Hydrocarbon.--ln considering the problem of the in-
corporation of hydrocarbons in the food chain, we must not overlook the bio-
synthesis of hydrocarbons, Numerous species of bacteria and a great variety
of higher plants synthesize liquid and solid hydrocarbons, including carcino-
gens �,5,18,22,25!.

Earlier literature on the occurrence and biosynthesis of hydrocarbons
in bacteria and plants has been reviewed elsewhere  8,16,31,45!. Ment �9!
estimated that millions of tons of terpenes per year are re'leased by terres-
tr ial plants into the atmosphere where they undergo condensation and ultimate
precipitation in snow and rain. From 0,1 ppm to > 14 of the carbon content
« phytoplankton seems to consist of 'liquid and solid hydrocarbons. If the
average content is on'Iy 10 ppm and the annual production of marine phyto-
plankton is 3 x l0' metric tons �5!, this would provide about 3 million
tons of hydrocarbons a year available for incorporation in food chains.
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9. ARTIF1CIAL SKEDIHG OF Oil. SPILL5

There seemed to be no unanimity in any of the panels on the question
of seeding oi spi s or ar if d' 'l 'll artificial inoculation and fertilization. Propo
nents, including myself, favor further investigations, 'believing tha't
may be situations where inoculation might produce beneficial results either
by speeding up biodegradation or by providing for the oxidation of a greater
variety of hydrocarbons. Opponents argue that if envirorInental conditions
are favorable for th» growth of hydrocarbon oxidizers, indigenous and adven-
titious forms will naturally become established or inducible oxidases will
produced within a few days or weeks.

Possible Hatful Ef'fects. � Opponents of seeding point to the possi-
bilities of upsetting delicate balances among microorganisms in na ture by
introducing large numbers of alien species �9!, Conceivably some of the
artificially introduced species could be pathogenic or toxic for man or
aquatic organisms. The high BOO of massive amounts of cultures might result
in the development of anoxic conditions.

PoEyvaEent CuLturea.--A good many different microbial species would
have to be employed to provide for the degradation of the great variety of
hydrocarbons in polluting oil. Compatible species would have to be employed.
The species should be selected for maximum speed and efficiency in degrading
predominant hydrocarbons in oil spills and for mininxan toxicity. Psychro-
philic varieties should be present for use at low temperatures, say, lower
than 8 or 10 C. Hesothermic varieties would have to be prepared for use at
higher temperatures. Host likely it would be necessary to have marine spe-
cies for use in seawater and freshwater varieties for use in freshwater en-
vironments.

Shortocmirga o, lyophiEiaed ChLturea.--Although lyophilization may
seem to be a practical way to store and transport cultures, lyophi li zed prep
arat ions have some ser ious shortcomings� . awhile a few cells among the billions
per mg of lyophilized cells may survive for several years, the death rate of
the majority is fairly rapid. The short life expectancy of individua'l cells
would make it necessary to use either fairly freshly lyophiiized cultures «
relatively large amounts. The surviving cells in lyophilized preparations
usually have relatively long lag periods for growth when transferred to suit
able medium. Other methods for the preparation and transportation of poly
valent cul tures should be investigated.

PertiLiaztion of the Mj Lieu.� For maxim~ growth and biochemical ac
'tivity of hydrocarbon oxidizers in oil polluted water, it might be necessary
to fertilize oil spills with phosphate and/or appropria te forms of nitroge"-
Ammonium or urea would probably be best. The amounts to be introduced into
the sea would be influenced by the ~unts of phosphate and fixed nitrogen
already present  nil to 50 yg/liter! and the amounts needed for microbial
growth. Depending on oxidation rates and the rates of oxygen replacement by
photosynthetic ac'tivity and solution from the atmosphere, the depletion of
dissolved oxygen cou'Id become a limiting factor. The complete oxidation of

g am o mineral oil to COz and HzO auld require all of the oxygen norm' y
dissolved in 2OO to 3OO i I ters of seawater,

12
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10, FATE OF OIL IN SOTTOM DEPOSITS

High densi ty components of petroleum and hydrocarbons associated with
suspended sol ids, including biomass, tend to sink to the sea floor. Un'less
d 1sso1 ved oxygen or essential nutr ients become I imi t ing factors, the mud-
water interface is usually the scene of greatest microbial activity, espe-
c jal ly in shal low water and the intertida I zone, Turbulence in shallow water
coupled wi th the photosynthetic activities of sedentary algae help to repten-
i sh the oxygen supply.

Nicz'obnz2 PapuEaliona.-- I n chronica1 ly oil-polluted regions, one or
two orders of magnitude more oil oxidizers are often found per unit volume of
oozes at the mud~ter interface than in the overl ying water. Aerobic hydro-
carbon-oxidizing bacteria predominate. The abundance of such bacteria de-
creases rapidly with depth in bottom deposits. In situations where hydrocar-
bons are deposited on the sea floor more rapidly than they are degraded, they
tend to be buried in the sediments. Anaerobic degradation by sulfate-reducing
bacteria appears to take p'lace at rates which are so slow that it is only of
academic or geologica 1 interest.

The foregoing generalizations are based largely on the demonstration
of various kinds of oil oxidizers in bottom sediments �6!. Field studies
should be conducted to determine the kinds and quantities of hydrocarbons and
their degradation products in bottom deposits in chronically po'iluted regions.

Tarht22s.--Tarballs constitute a special case of persistent oil pol-
lutants on beaches and the sea floor. They consist of varying proportions of
tars, waxes, aspha ltenes, greases, oxidation products, etc., intermixed with
silt, sand, she' ll fragments, skeletal remains, and other detritus. They are
believed to be built around small chunks of bituminous material which accumu-
late concentric layers of material as they are rol led about by the surf on
the sea floor. Chromatographic analyses of certain tarbal ls demonstrate the
presence of speci f ic components which indicate the source of the pol'luting
oil. Others are highly nondescrlp~, Some of the tarbal ls are beached by
water movements and many more are transported to deeper water.

The relatively low surface area exposed to water, free oxygen, and
microbiai enzymes tends to protect tarbal ls from autoxidation or biodegrada-
tion. Most of the ether-soluble components of tarba I Is undergo microbial
degradat ion when dispersed in seawater media. This can be demonstrated by
dissolving about 100 mg of tarbal 'I material in 'IOO ml of spectrographic grade
so'Ivent such as ether or hexane. Ten ml of this solution is then introduced
into each of several 100-200 ml glass bottles or flasks containing a layer of
Ignited silica sand, ground glass, glass wool, or asbestos fibers, After
thorough mixing, the solvent is evaporated, leaving about 1 g
ma'teria I dispersed on inert solid surfaces. Now appropriate yr i a te I i nocui a ted

seawater medium ls introduced. After a few days incubation various tests
can be made to demonstrate microbial growth and/or oxidation of the tarbal I
mater ia 1,
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INTRODUCTION AND DISCUSS i ON

Crude oil, and many of its der ivat ives, is an extremel y complex mix-
ture of many chemical species. In one reference petroleum, Hair  i>! found
234 hydrocarbons alone where individual concentration by volume varied be-
tween 2.34 and 0.00044. Moreover, the mixture differs from oil f ield to oil
f ield, and even from wel I to we	. In addition, the sea receives many non-
fossil hydrocarbons from the decay of its biota. Oil also appears in an array
of physical forms, i.e., monomolecular f ilms, f ilms several centimeters thick,
films on rock, sediment or suspended matter, or as water in oil emulsions or
oi'I in water emulsions or as tar balls.

The sea considered as a medium for microbial growth varies in concen-
tration of nutrients from place to place and from time to time in any one lo-
cal ity. Temperatures vary from Arctic cold to tropical heat. The microorga-
nisms inhabiting the medium comprise many hundreds of species of bacteria,
fungi and protozoa whose biology in the natural environment is largely unex-
plored. The term "microbial degradation of oi'I in the marine envirorment"
means therefore the degradation of a compl ex and variable mixture of hundreds
of substrates by unknown mixed populations of microorganisms, in an errati-
callyy changing medium. No wonder workers in this f ield sometimes compia in of
its diff iculty.

The confusion is compounded by the fact that biodegradation ls not the
only means whereby the oil is changed chemically, Other processes, such as
evaporation, solubi I ization, photo-oxidation and possibly other abiolog ical
mechanisms, operate at the same time. The task of untangl ing the skein of
events is formidable and bold generalizations are clearly ill advised.

Some of the inconsistencies in the literature due to various workers
approaching this problem in different ways have been pointed out already �,
7! ~ An attempt will be made here to examine the limitations of some of the
methods in use to study this problem, and the difficulties of interpret ing
'the data once they have been obtained.

PROBLEHS AR I S I NG FROM THE DESIGN OF EXPERIMENTS

Unl ike his counterpart in macrobio logy, the microbial ecolog ist is
I lmited in the field observations he can make, Even basic ecological parame-
ters such as the number of organisms invo'Ived, or their biomass or their



taxo~ic p'sition. present many diff icul t probl~s The micro-~ologist ~st
perforce devise exper iments which mimic the natural enviroment as closely
possible, and then he must cautiously extrapolate the resui ts to th» natural
environment. These diff icul ties are particularly acute he
to obtain kiinetic information. Paradoxically, a great deal of f ield work is
now necessary in order to monitor his laboratory data and theor ies.

Unfortunately, there is a strong tendency in considerable oil degrada-
tion work to treat what is essentially an ecological probler: as if
solely a biochemica'I one. This can be illustrated by the inanner in which the
batch culture technique has been used. It is a character istic of this tech-
nique that all substrates are in excess concentrations. Obviously, this
desirable feature when growing bacteria for enzyme product~on, etc . Ag sea,
even in the nutrient rich coastal waters, nutrients  especially nitrogen! es-
tablish the limits to bacterial growth. The problem is not solved by simply
reducing the experimental nitrogen 'level down to sea water values' because
the organisms rapidly take the concentration down to the limiting value. In
contrast, at sea, the nitrogen is replenished so that the ra te of change of
concentration is much slower and depends upon a diversity of hydrographic and
biological factors unrelated to oil degradation. In experiments some attempt
must be made to replenish the nitrogen at a rate and in a chaariical form that
is found in nature.

Another useful feature of the batch cu'lture method in biocheniistry is
the accumulation of intermediate and end products. Additions are sometimes
made to the medium to enhance this effect. However, by chang ing the composi-
tion of the medium, accumulating intermediates may influence the rate of oil
dissimulation by, for example, pH change or the increase in concentration of
inhibitors or stimulants. This acc~lation auld not usual ly be expected to
occur in the natural enviroranent.

Again, batch culture methods are usually operated with pure or single
 axenic! cultures, but sometimes a mixed culture, either a fortuitous natural
mixture as from soil or water or an artificial mixture of several known Pure
strains, is preferred. Mhlch of these alternatives represents situations
the marine enviroranent most closely? meadows and Anderson  I6! examined
marine sand grains and showed that while the whole grain could be ronsidered
as supporting a mixed culture, various facets and small areas were inhabited
by colonies of single cultures. If an oil globule has the same popula«on
structure, then the degradation rate would be the resultant of the rates

a p re cultures on its surface. In contrast, when a c las-
sical batch culture is s seeded with a natural mixture of organisms a sel« tlo"
gradient is set up which has a number of the following consequences:

 a! Firstl the mixyi ture is unstable and rapidly changes so that one o
two organisms become redp ominant. These will be species which grow most
rapidly under the cu'lture c ne condi tions used and are best able to use the carbon
source provided. The "enrichmichment of the desired bacteria has of coursea powerful tool in microbiol ic I
sele og ical research and has been extens ively usedse ection of hydrocarbonoclastic bacteria  8 2s e ' c e ia 5! It ls I porta t to
se ectively. Incubation tern era r

t t e whole environment, not the carbon source alone
t

perature, oxygen diffusion rates, etc .. al so pl ya part. Further compl ications are added in t hat in oi l expe e
possi e substrates are ade added simultaneous'ly so that a mul t'Pie
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enrichment is occurring with organisms in competition for nutrients and growth
factors, possibly forming an't ibiotics or acting synerg istical 1y. This "whole
envlrorment" pressure may be demonstrated by a pertinent il lustration used by
yan NIel � ! in a paper which should be read by anyone concerned with micro-
b I a I eco log i ca I prob I ems . Van N i e I po i nt s ou t, "Sohngen found tha t on m i nera1
agar plates, inoculated with soi I suspensions and exposed to hydrocarbon
vapours, colonies of saprophytic mycobacteria appear in abundance.... But
In I iquid elective cultures, inoculated with the same soil samples, one gen-
erally f inds pseudomonads as hydrocarbon oxidizers,"

 b! Secondly, there will be a succession of dominant organisms. Van IIIel
�2,24! again gives several illustrations from different environments. This
succession is due initial ly to the removal of the most easily degraded sub-
strates, and secondly to format ion of byproducts of degradation within the
medium. These byproducts may in turn be further degraded by other bacterial
species. Many such intermediates are known from hydrocarbon digestion  l! .
Recently in this department it was noted that an old batch culture containing
sea water with fuel oil recovered from a sl ick had turned bright green. Mi-
croscopic and other examinations showed that the color was due to a thriving
cul ture of green sulphur bacter ia. The latter are photosynthetic anaerobes
requiring hydrogen sulphide. Presumably conditions in the culture had become
anaerobic, hydrogen sul phide had been formed from the sulphur-containing sub-
strates in the oil, or from sul phates in the sea water and the culture had
been lef t in the I ight. On the basis of this evidence alone, it would be
clearly mis'leading to classify green sulphur bacteria as "oil decomposers."

Since the greater part of the oil does not go into solution, but re-
mains as discrete globul es or f ilms of various dimensions, experiments wi th
oi'I do not conform to the usual pattern of batch cul tures, which makes it
even more diff icul t to interpret such experiments in terms of the natural en-
vironment. @el I-establ ished growth constants, i;e., the saturation constant,
the yield factor and specif ic growth rate, that are used to describe the
batch culture kinetics mathematical ly, al I have reference to dissolved sub-
strate and homogeneous media, which is clearly not the situation in oil ex-
periments. Probably all that can be safely deduced from these batch culture
experiments is that many microorganisms from the aquatic environment can,
under laboratory conditions, degrade certain substances present in or derived
from crude oil .

In view of these diff icul ties, microbial ecologists have examined the
possibility of using continuous culture techniques  l2!. These have several
clear advantages over batch culture. It is possible to control many factors
such as nutrient concentration, pH and oxygen tension, There are, however, a
number of disadvantages which may account for the fact that continuous culture

not been used extensively in oil degradation studies. The standard reac-
tion vessel of a continuous cul ture does not have the best shape for this pur-
pose, since the volume of water out of contact with the oII is much greater
than that in contact with it. Because changes taking place in oil experiments
are slow, lasting at least several days if not weeks, the dilut ion rate must
be equally slow in order to monitor changes in nutrient concentration or oxy"
gen tension in the sea water. Nevertheless, changes in oxygen tension between
water enter ing and leaving an open system have been observed by Gibbs  per-
sonal conmunication! using a considerably modified apparatus.
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Again, the biphasic nature of the system poses theoretical problems in
the appl ication of the kinetic constants based on substrate in solution, and
practical di ff icul t ies in reta ining the o i 1 in the react ion vessel . The oi I
can be retained as a captive sl ick by running the medium into and out of the
system, underneath the oil, Thi s has some attraction as presumabl y this i s
what happens in a calm sea assuming there is some movement of the oil over
the water.

Alternatively, the oil could be entrapped in an inert materia'I. In
both cases it 'is desirable to make provision for sampl ing the oil, and the
bacteria both in the oil and at the water-oil interface. Continuous culture
experiments would be adversely affected if the bacteria began to produce natu-
ral surfactants to emulsify the oil, thereby changing the surface area avail-
able to bacterial attack and possibly even a'Ilowing some of the substrate to
be washed out, Continuous culture also exerts a selective pressure on a mixed
cul ture �3!; however, the selection made by a continuous cul ture is different
from that induced by batch enrichment cul tures �3!.

Very few experiments have been devised which mimic the situation when
oil is deposited on a beach. Johnson �4! obtained some valuable resul ts
using sand columns and natura'I sea water. Work in progress wi th similar ob-
jectives in this department has mostly served to demonstrate how 1 ittle ls
known about the natural variations in chemistry and microbiology of a sea
beach. After two years' study, it may now be possible to construct model
beaches whose characteristics wil I be suff iciently close to those of a natural
beach in order to make meaningful extrapolations.

As an alternative to laboratory studies various workers have success-
ful ly exploited a situation where accidentally spilt oil is trapped in sed i-
ment or reta ined within an enclosed area  e.g., 5,11!. In open water, how-
ever, oil slicks are difficult to follow for more than a few hours and tend
to disappear by wave action, so that the oil needs to be "tethered" by some
means. A raft in Langstone Harbour, Portsmouth, England, has been adapted
for this purpose, and floating oil has been retained under natural conditions
for about one and a half years, ideally, a number of such experiments operat-
ing under different hydrographical regimes are required.

INTERPRETATION OF THE OATA

Having decided on what methodological approach to employ, the next
problem is how to measure the changes in the system and to decide what sig-
nificance, if any, should be given to the changes, Sasical ly three possible
types of measurements are available: a! a change in bacterial or fungal ndn-
bers or biomass, an increase being interpreted as an acceleration in the rate
of oil degradation; b! changes in a metabol ite in the system which are inter-
preted in terms of changes in the oil; and c! measurement of change in the
oil itself. Of the aforementioned,  a! is likely to be most inexact and the
most difficult to interpret.

 a! The diff lculties encountered in enumerating microorganisms by wel 1-
established methods, such as the viable plate and H.P.N. techniques, are too
well known to be reiterated here �7, 19, 20! . Again the two-phase nature of
oil experiments causes added complications since the bacteria may be found in
both the aqueous phase, in the oil and at the interface, Extracting the
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bacter la from the oil is diff icult. Chemical biomass determinations, as for
examp'le, using adenosine tri phosphate �0! are in an early stage of develop-
ment and need further evaluation, Fungi  non-yeast forms!, because they are
present as mycelia rather than single cells, are difficult to estimate.

Even if these difficulties were removed, some problems auld remai n.
It Is generally agreed among microbial ecol og ists that it is "impossible to
evaluate from numbers alone, the ecologica'I signif icance of' an organism in a
9 iven hab i tat" �! . The act iv i ty cons i dered in terms of mol ecul es ot sub-
strate "turned over" in unit time is not directly proportional to the change
in cell numbers or in biomass. Numbers alone provide some indication of the
relative turnover rates ln two environments providing it is reasonable to
assume that the two populations have the same structure and are equally ac-
tive, Moreover, as Mitchell �8! has noted, a large bloom of microorganisms
sets in motion intermicrobial predator mechanisms which operate to reduce m i-
crobia 1 concentrations. Andrews  personal corrmunication! has observed proto-
zoa Ingesting bacteria growing in a batch culture with Kuwait crude oil as
carbon source,

 b! Alternatively, the rate of change in a metabolite in the systen may
be used and its variation taken to indicate a change in the oil. Oxygen is
the most common rnetabol ite involved because of the ease and comparative accu-
racy of the Minkier titration or oxygen sens itive electrodes. Because the
oil is such a complex mixture, the est imat ions should be maintained for a
long period; furthermore, it is undesirable to extrapolate because of in-
creasing resistance to degradation of the successive residues, For the same
reason, calculations based on an overall C,O,D, have their limitations . An-
other difficulty can arise when natural sea water is used, Batches of sea
water taken from one place from time to time, and aged under identical cond i-
tlons, were found to have different residua I oxygen uptake even after four
months storage. This can be partly overcome by collecting the water in large
quantit ies at a suff iclent distance offshore. The ma in disadvantage of oxy-
gen uptake measurements is to interpret their slgnif icance in terms of oil
biodegradation, for oxygen uptake can be due to abiotic as well as biological
activity. In addition, there is no indication as to which part of the sub-
strate mixture is being oxidized, or whether the components are being mineral-
ized to carbon dioxide and water, or only as far as an intermediate.

The degree of mineralization can be measured by carbon d ioxide evol u-
tion. This, however, is liable to error from several sources. Some 24 to 34
of the organic carbon in the ce'I I biomass is accounted for by carbon dioxide
f ixation �1! . In sea water the carbonate buffer system also introduces some
sources of error. As with oxygen determinations, no information is obta ined
as to which substrate is attacked and whether intermediates are formed.

 c! Since the basic problem is to d iscover how the oil changes in time
periodic chemical analysis of the oil itself is very desirable� . But again
there are difficulties, two of which arise in obtaining the sample. Securing
a "representative" sample is always a problem in ecological hark, and can
only be solved by repeated sampling to demonstrate either the homogeneity or
the heterogeneity of the oil . Secondly, the remova I of salt water and other
extraneous matter can be a nuisance, particularly with weathered o i'I or with
emulsions. Very low levels of oi I such as monomo'lecular layers can be diff i-
cult to dea I with in this respect.
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ed ood sample it is f irst necessary to di stinguishHaving obtained a g samp e isil hydrocarbons and those of recent origin. Fortunately this
not as difficult as would first appearnot as i ' a r �!. Beyond that, the method used de

d ' ed lt the sophis'tication of the analytica I apparatuspe nds upon the des ir resuf d money available, It is "fashionab e at the nsxnentand the amount of time an money avai
to util ize gas c romatograp ich t hic techniques showing the remova o a kanes.

1 bl, b t 't ust also be remembered that the alkanes consti-This is very valuable, but it mus a so
tute only a ract ion o e o af f th total hydrocarbons, even in the most alkane-rich
oils. Of the 234 hydrocarbons listed by Hair �5!, thirty-three were n-
alkanes, accounting for aPProximately 24~ of the oil by volume. About 16$ by
volume was made up of alkanes with boiling point's below 235 C and would evapo-
rate in a day or so in temperate and tropical waters. The remaining 7g would
be expected to be biodegraded. Thus, after evaporation  presumably to. be re-
versed by being washed down in rain elsewhere! and biodegradation, 754 of the
oil still remainsl

Meighing of residual oil has the attraction of simpl icity. Unfortu-
na ey nethe net weight is not solely due to oil loss but to gains in weight
due to oxidation. Nevertheless, ir details of the changes in spec i ic com-
ponents are not acquired, it is probably the most useful when many samp'les
have to be processed.

If the circumstances permit, it is advisable to monitor the oil
changes in several ways as several recent authors have done  e.g., 2!.

CONCLUS fONS

This essay has been entit'Ied a threnody, that is, a "song of lamenta-
tion." It is not by any means a song of despair! Rather, it is largely a
plea for a more ecological approach to the problem of oil degradation--an in-
sistence that when oil is spilled into water, the physics ~ chemistry and bi-
ology of the water must be taken into account, New ideas and new apparatus
are required such as GIbbs  9! has used in his semimpen system as a f irs't
approach to the problem, and its later developments  personal coevnunication! ~
Other possible ways of measuring heterotrophic activity, as yet unexp'lored
oil degradation, were suggested by Str ickland �2! . Also impl ied in the
present paper is that research on this topic requires the cooperation of mi
crobiologists, oil chemists and marine chemists. I t is also a plea for
nition of our ignorance, and of the complexity of the problem. Broad gene~~i
izations, whether optimistic or pessimistic, are out of place . Our knowledge
of what part microorganisms play in the ecology of estuaries, coastal
and the deep oceans is at best sketchy. A great deal of hard, but exc it Ing
work lies ahead.

A C KNOLL K DG Bl f NT5

The aut rauthor wishes to express his appreciation for discussions with
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HVOROCARBON UTILIZAtION BV CLADOSPORIUM RZSIgAg

J, COONEY and J. D. MALKER
Depar tment of B io 1 ogy
Univers 1 ty of Dayton
Da yton, Oh io 45469

The filamentous fung~ include a large number of diverse species and
strains which can grow at the expense of hydrocarbons. Nevertheless, in
comparison to knowledge of hydrocarbon-using bacteria and yeasts, relatively
1 1 ttle is known of hydrocarbon-using filamentous fungi. Considerable funda-
mental information must be obtained in order to establ ish the roie of fungi
in hydrocarbon-containing ecosystems and to assess their potential in the
treatment of oi 1-pol luted environs.

Me have concentrated on a single organism, Cladoaporium  Amor pha-
thece! resinae, which is one of the most prominent hydrocarbon-using fungi,
C. zeaimxe is cons ldered part of the normal soil microflora �7!, and can be
isolated from marine and estuarine waters �!, from fresh water �2! and from
sewage sludge �!. it has been cal led the "creosote fungus" because of its
frequent isolation from wood impregnated with creosote. The term is probably
a misnomer, since the organism does not use creosote. However, while other
organisms are inhibited or ki 1 led by creosote, C, resinize survives. The
fungus is also known as the "kerosene fungus" because i t is a principal con-
taminant of jet fuels. The role of C. resinae in contaminated jet fuel and
i ts b io logy were rev i ewed by Parbery �8! .

Thi s paper surmar izes some of the work from our laboratory designed
to answer basic questions about C. reainae.

METHODS AND RESULTS

Oi'ganiame.--The two strains of C. reainae used were isolated from
contaminated jet fuel systems. They have been deposited with the A.T.C.C.
and have been assigned accession nos. 227li and 227'12, respectively. Media
and cul'ture conditions have been described �,5,6!.

S4ba~t'ea Ufiliaed. � Each strain was tested for ability to grow on
55 individua 1 hydrocarbons as sole source of organic carbon with NH~NOz as
the nitrogen source. One strain grew on 31 of the compounds and the other
» 33 �!. Some representative data are presented in Table l. As with many
hydrocarbon using organisms, growth was best on n-alkanes of intermediate
c"aln length. Compounds which supported growth include a'lkanoic alcohols

1Department of Hi crobio logy, Un lvers i ty of Mary, gland Col le e Park,

Maryland 20742.
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and acids, n-alkenes, and some cycl ic and aromatic compounds. Growth was
SlOwer On hydrOCarbOnS than On CarbOhydrateS Or aminO aC idS. HexadeCanOIC
aCid waS the beSt SubStrate teSted, SuppOrting fOur tO f I« tImeS aS muCh
total growth as glucose, glutamate or casein hydrolysate. However, growth
was slower, i.e., requiring 20 days to reach a stationary phase in shaken
flasks versus 4 to 6 days on glucose or amino acids.

TABLE i

Growth of C, z eainae on Glucose, on Amino Acids and on Hydrocarbons

Shaken flasksQuiescent cultures

Growth

 mg dr i ed ce l 1 s pH at
harvest

Growth
 mg dried cells P a

100 l! harvest
Carbon

source

150

3.0
3.4
5.0

105
57

8

4.6

5 5

5.4
5-5

Glucose and amino acid cu'itures were harvested after 4-6 days incu
bation, hexadecanoic acid cultures were harvested af ter 20 days, and other
hydrocarbons after 32-36 days. ln a'll cultures the pH was adjusted to 6 0
after addition of carbon source .

Growth on glucose or hydrocarbon was accompanied by decreased pH
the medium. Agitation during incubation increased growth and acid accumula
tion tn some instances and decreased them in others  Table '1!. Similar ap
parentiy anomalous results have been reported ln yeast fermentations �0! ~
Df six pesticides examined, none served as sole carbon source �!-
and malathion enhanced growth on hexadecane; and aldrin, die'ldrin, OCTA and
malathion enhancedanCed growth on glucoSe, SuggeSting that high ConcentratIons o
pesticides which can occur in oil sl icks �1! would not inhibit oil degrada
tion by C. resinae.

Cells did nonot grow on alkane aldehydes, but polarographic
tion of oxy en consumyg su ption indicated that the aldehydes ~re oxidized byglucose-grown cells �4! . H
oxidized by whole cells and it r�4! . Hexane supported only 1 iml ted growth

5 and It repreSSed end&enOUS Oxyge~ COnSumptIOn.
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Glucose
Glutamic acid
Casein hydrolysate
Oodecane
kexadecane
l -Ood eca no 1
1-Hexa deca no 1

Oodecanoic acid
Hexadecanoic acid
Oodecene-1

Cyclohexane
Benzene
o-Xylene

370
400

380
28
47
47

102

40
1540

3.2
6.2
7.3
5.4
5 5
5.5
5.0
4.6
3.7
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TABLE 2

Combinations of Substrates which Yielded Increased Respiration

Potential co"substrateSubstrate

11. 7
21.2

6.3
4.g

23.4

4.0
4.2
4.2
4.2

n-Hexadecane
n-Hecadecane
n-Hexadecane
n-Hexadecane
n-Hexadecane
n-Hexadecane

none

cyc I o hexane
p-xylene
pheno I
cyc lohexane
tol uene

G'Iutama te

Glutamate
G lu tama te
G I u tama te

none
anthracene
naphthalene
phenanthrene

oxygen consumed per milligram cell dry weight per hour.
0 2

values are corrected for endogenous oxygen consumption.

A~4zne Utilization.--Additional aspects of alkane utilization have
been examined. The enzymes for n-alkane oxidat ion are consti tutive because:
i! cells culture on glucose consumed oxygen without a lag when transferred
to hydrocarbons or their oxygenated derivatives, ii! cycloheximideheximide did not

in"IbIt oxygen uptake when cells were transferred from glucose to hydrocar-
iii! hydrocarbon-grown ceIIs did not have higher g values on hydro-

27

Horeover, hexane Interfered wi th hexadecane oxidation and hion an p ase contrast
micrographs suggest that it may exert a solvent effect on cell membranes
such as indicated for bacteria �2! . Hexane, hexanol, and hexanal were oxi-
dized by cell-free preparations, however, supporting the conclusion that
short chain compounds exert a toxic effect on cell membranes �4! .

In pre'Iiminary screening of substrates for cooxidation, four oxidiz-
able substrates were examined in combination with each of 12 potential co-
substrates. Each ox id i zable substrate was screened for increased oxygen
consumption in the presence of the potential co-substrate �3!. Seven com-
binations showed enhanced oxygen uptake  Table 2!. Cel'Is and culture fluids
from growing cel ls, from resting ce'I is and from cell-free preparations were
extracted with solvents and subjected to gas chromatography. No cooxidation
products were observed. Two of the potential co-substrates were examined to
establish the basis for their stimulation of oxygen consen[tion. Toluene
and p-xylene were added individually to cells oxidizing C' -hexadecane. In
each test, C Oz production was increased 12-304 by the addition, and the
amount of radioactivity assimilated into cell material increased 12-2gC �3!.
Thus, certa in non-metabolizable hydrocarbons appear to stimulate oxidation
and assimilation of other hydrocarbons, probably by increasing permeability.
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e grown cel 1 s which were trans f er red t hcarbons than did glucose-gr
ValS were nOE higher in hydrOCarban-gr~niv! isocitrate lyase eve s we

4!.in glucose- or glutamic acid-grown cells �
The major pat y or i'thwa for ini tial oxidat ion o< a 1 Lanes i nvo ives

0

HAD P
ll

hAO  P!
RCH!CHzOH RCHgCH RCH~C00HRCHgCHs

This conclusion is based on studies with hexadecane wherein we
served: i! oxidation of the compounds by whole c.elis, ii! stlev lation of
oxygen uptake by the appropriate co-enzymes in cell-free preparations, '
iii! accumu'lation of the appropriate reduced co-enzymes in the presence of
cyanide or azide in cell-free preparations, iv! recovery of 65-85% of the
radioactivi ty supplied as C -hexadecane in the pr asence of trapping ~nts
of any one of the proposed intermediates {25! .

Celluhu Eipids.--Cells were cultured on glucose or indi v idua1
alkanes and the total cellular fatty acid composition was determined. As
with other fungi, the predominant fat ty ac ids were 16: 0, 18. 1 and 18; 2 �!.
Cells grown on 10-, 11", or 12-carbon n-alkanes showed 1 i t t le or no correla-
tion between growth substrate and heaologous or related fat ty ac ids  Table 3!.
Cells grown on n-tridecane or n-tetradecane showed s 1 ight  x. 6l! correla-
tion between growth substrate and cellular fatty acids. Thus, fatty acids
produced from n-alkanes appear to be metabolized via "-oxidation and cel lular
fatty acids are synthesized de novo.

TABLE 3

Effect of Carbon Source on Homologous Cellular Fatty Acids

Fatty acid
methyl
ester Glucose Decane Undecane Dodeca ne Tr i decane Te tradacane

1.2

0.9
2.2

6.$
tr

3.2 1.9

Carbon number: neaber of double bonds ~
b

Less than 0.0.54 of total peak area was cons~der« tra

28

10:0

11:0 tr
12:0 trb
13:0 tr
14:0 tr
15:0 0.7

Tota 1 odd-carbon
fatty acids 2.2

Percent of total fatE acids in cel 1 s rown on

tr

tr

tr

tr

0.5
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TABLE 4

Relation Between Hydrocarbon Growth Substrate
and Homologous Ce I lu lar Hydrocarbons

Percent of tota I h drocarbons after rowth onCe I lular
Tr i- Tetra- Penta- Hexa-hydrocarbon Decane Undecane Dodecane decane decane decane decane

0.4n- 10
n-11
n-12

n-13
n- 14
n- l5
az-16

77
78

61

Total odd-C

hydrocarbons 2.4 49 83 339327

DISCUSSIOII

C restnae resembles a number of hydrocarbon-using bacteria and
yeasts ln that it grows slowly on hydrocarbons. Moreover, limited growth is
obta ined on cyc 1 ic and aroma t ic compounds. However, the two stra ins examinex mined

do grow on a variety of substrates. Combinations of hydrocarbons and other
nl trogen sources may enhance activity and are under examination. Moreover,
somatic growth a'lone may not be an adequate criterion. In one experiment

29

Cellu'Iar phospholipids were characterized by thin-layer chromatogra-
phy and by i dent if ication of water-so lub le es ters resui t ing f rom mi ld a 1 ka-
1 lne hydrolys is. Major phosphol ipids of glucose- or n-alkane-grown cel is
were. phosphat idyl ethanolamine, phosphat idyl cho1 ine, phosphat idyl ser ine,
and cardioi ipin or a cardiol ipin-I ike compound �4!

The total cell lipid and cel luiar hydrocarbon content were 2-3 times
greater in hydrocarbon-grown C. z'esz'nae than in cel ls cul tured on glucose or
on glutamic acid �4,26!. Extracellular hydrocarbons were removed and ce'I-
lular hydrocarbons were extracted and analyzed by gas chromatography. No
unsaturated hydrocarbons were detected. In cells grown on g'lucose, n-hexa-
decane  n-I6! and a branched 17-carbon compound  br-17! comprised 984 of the
cellular hydrocarbons. In glutamate-grown cells, n"13, n"14, n-16 and br-17
constituted 76k of the hydrocarbons. Cells cultured on n"decane or n-undecane
showed no correlation between cellular hydrocarbon and hydrocarbon growth
substra te, but cells cultured on 12-, 13-, 14-, 15-, or 16-carbon n-alkane
contained that a 1 kane as thei r principal cellular hydrocarbon  Table 4! . The
tota 1 of cellular hydrocarbons with an odd number of carbons was significantly
higher in cells grown on odd-carbon hydrocarbons  C-ll, C-13, C-15! than in
cells cultured on even-carbon hydrocarbons  C- 10, C-12, C-14, C- 16! .
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C -hexadecane, 934 of the hydrocarbon metabol ized was oxidized to Cpz
oAfy 7~ was assimilated, If similar data are obtained wi th other

++r'a tes, the organism may be a useful "seeding" organism, since considerable
V<I ocarbon could be mineral ized without accumulation of a large biomass.

pther questions should also be posed. An organism which can metabo-
a compound in pure culture when that compound is the sole carbon source

~~~ i f able, and when nitrogen is not 1 imi ting, may not metabol i ze the c,ompound
rni xed cul ture with a number of al ternate substrates present and when ni-

«ugen is limiting. Contrariwise, symbiotic relations may exist between or-
Qatl i sms, cometabol ism may occur, and certain compounds may enhance oxidation

n ther compounds, as w i th toluene and p-xy 1 ene s t imui a t i on of hexadecane
~e:tabof ism in the present study. The constitutive nature of n-alkane pxida-
t inn suggests that a prior period of adaptation is not necessary, and that C.
><sanae would have a competetive advantage over a number of other hydrocarbon
use.rs in which hydrocarbon-oxidizing systems must be induced.

Comparison of cells grown on glucose with cells grown on n-afkanes
i ~ icates that cellular lipids are affected by growth substrate; n-af kane-
grown cells contain more total 1 ipids. Some bacteria and yeasts show a cor-
<a I ation between alkane growth substrate and cellular fatty acids �-9, 15,16!
whi le others do not �,10,13,19!. To our knowledge, C. reainae is the on'ly
f ~ I amentous fungus examined in this regard; we reported that growth on n-
w I kanes does not greatly affect total cellular fatty acids �! . The major
phnsphof ipids are the same in glucose- or n-alkane-grown cells, but fatty
ma i ds varied from one phosphol ipid to another and were influenced by growth
Substrate. These variations will be the subject of a future report.

Growth substrate had a marked effect on cel lular hydrocarbons. Host
tungi contain a range of hydrocarbons in which C>e-zz and Czv» predominate.
Ce, I ls grown on glurose or glutamate do not fi t this pattern. Cel ls grown on
C > z to C>s n-alkanes yielded no cel lular hydrocarbon longer than Cza �6!-
Thm strong correlation between cel lular hydrocarbons and n-a lkane growth
suhstrates of Ctz or longer are consistent with the view that C. reainae
t.rmnsports n-alkanes into the cel 1 and that the initial oxidation is intra-
cw l iular, as demonstrated for other microorganisms elsewhere in this volupte
 > >!.

C2adoeporium re8inae accumulates hydrorarbons, assimi lating and oxi-
cl i z ing them by mechanisms that have been demonstrated for a number of bac-
g~r ia and yeasts. Results sumnarized here may provide a beginning for
~~w luation of the role of C. resimxe in aquatic and terrestrial environs,
~~d for determining its potential as a seeding organism for oil s l icks. pf
equal importance with surface slicks, however, is the need to deal with ac-
e-.urnv1ations of hydrocarbons in sediments. The most refractory hydrocarbons

deposited where they can be toxic to benthic organisms and thus provide
reservoir from which they may enter the food chain. Such bottom accumu'la-

$ ~ns are part i cul arly important i n sha 1 low water systems such as 1 akes,
+ t:r earns, marshes and estuaries,

30
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M g CROB I A L D EGRA OAT?ON OF AROMATIC HYDROCARBONS

D, T. G I BSON and W. K. YEII

Depar tment of Microbiology
University of Texas at Austin
Austin, Texas 78712

Bacteria capable of growth on benzene, toluene, ethylbenzene, naphtha-
lene and biphenyl were isolated from soil. Mutagenesis led to the isolation
of different bacterial strains that will accumulate the initial products of
hydrocarbon oxidation. The results obtained suggest that oia-hydroxytation
is a common reaction in the microbial oxidation of aromatic hydrocarbons.

Aroma tic hydrocarbons are derived almost exclusively from crude petro-
leum. The toxicity of benzene and its alkyl-substituted derivatives is well
known �!. in addition, cer ta in polycycl ic compounds are potent care inogens.
Aromatic hydrocarbons are used extensively in fuels, as industrial solvents,
and in the synthesis of dyes, polymers, explosives, pesticides and many other
products of everyday use. Consequently, it is not surprising that these aro-
matics f ind their way into the environment where they are regarded as environ-
mental pollutants. Sources of such pollution include automobile exhaust
fumes, oil deposition  accidental, natural, or otherwise! and emissions from
chemical plants. It has been stated that the key to the biodegradation of
oil lies in the isolation of microorganisms that wi I I preferentially attack
aromatic hydrocarbons �!.

Mamma ls oxidize aromatic hydrocarbons to arene oxides which can add
water to form trans-dihydrodiois or glutathione to form premercapturic acids.
Arene oxides can a lso isomerize to phenolic products by a reaction mechanism
called the NIH shift �2!. It is significant to note that arene oxides of
carcinogenic hydrocarbons are more carcinogenic than the parent compounds �!.

Certain bacteria are capabie of utilizing aromatic hydrocarbons as
the sole source of carbon and energy for growth. Pseudo'>naa pu4~ can uti-
lize benzene, toluene and ethylbenzene as growth substrates. The enzyme that
catalyzes the initial oxidation of the aromatic nucleus has been partial yar tia I I

pur if ied from toluene-grown cel ls  8! . Subsequent studies have shown that
the enzyme is extremely sensitive to air. The enzyme was prepared ' . 5s re red in 0 05M

Kiizp0v buffer, pH 7.2, containing 10$  v/v! ethanol. immediately after prep-
aration the extract was stored under nitrogen at 0 C. Extracts prepared in
this manner lost activity over a period of seven days. The enzyme enz e has a

substrate specificity indicated by its ability to oxidize a variety of
different hydrocarbons  Table 1!. The effect of different halogen substitu-
en'ts on toluene ox idat ion is shown in Table 2. When p. putkkrtub was grown on

glucose no enzyme activity could be detected.
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TABLE I

Oxidation of Aromatic Hydrocarbons
by Toluene Dioxygenasea

Relative Activity �!Substra te

a
Reaction mixtures contained in a f ina1 volume of 2.0 ml:

KH>PO» buffer, pH 7.2, 75 ~les; FeSO».7HzO, 0.2 umole;
MAD+, 0.8 pmole; aAInonium sulfate extract, 16 mg of protein
and substrate 0.2 gmole in 10 pl of 954 ethanol. Oxygen con-
sumption was measured polarographical ly with a Clark oxygen
electrode. Resul ts are corrected for endogenous absorption
in the absence of substrate.

TABLE 2

Ox idat ion of Subst i tuted Toluenes

by To I uene D ioxygena sea

Relative Activity  Z!Subs tra te

Toluene

Benzene

Ethylbenzene
Propylbenzene
Butylbenzene
Isopropylbenzene
Isobutylbenzene
Sec-butylbenzene
Tert-butylbenzene

To I uene

p-F luorotol uene
p-Chlorotoluene
p-Bromo toluene
p- Iodo to I uene
o-Xylene
m-Xylene
p-Xylene
p-Ethyltoluene
p-Cymene

a Condi tions as described in Table I .

100

46
82
73
63
63
53
49
47

100

48
34
24

21

23
24

36
i8
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TABLE 3

Products Formed from Subst ituted Aromatic Hydrocarbons
by P. putida 39/D

ProductSubstrate

~-3-methyl-3,5-cyc lohexad i en- I,
2-d io1

Toluene

ois-3-ethyl-3,5-cyclohexad i en- l ~
2-diol

Ethylbenzene

ma-3-methyl -6-fluoro-3, 5-cyc l o-
hexadjen-1,2-djol

p- F I uo ro to I u ene

cM-3-met hy I -6-c hi oro-3, 5-c. yc 1 o-
hexadien-1,2-dio'I

p Chiorotojuene

cia-3-me t hy I -6- bromo-3, 5-c yc 1 o
hexad ien-l,2-d iol

p-Bromotoluene

Naphthalene was uti'I ized as a growth substrate by an un jdentj f jed
Pe"d~~raze sp. Nutagenes js with nitrosoguanidine 'led to the isolation of a
strain that oxidized naphthalene to 1,2-dihydro-l,2-dihydroxynaphthalene.
Previous literature reports identif ied ~n8-1,2-dlhydro-l,2-di�hydroxynap-
htha�le as an intermediate in naphtha lene degradation �3! .
product formed by the Paeuq~~nce sp. was f irml y ident if ied as  +!-c".s-I  R!,
3  S!-d ihydroxy-1,2-d ihydronaphtha I ene   I I !, The s true ture vs s
the bas I s of proton magnet i c resonance spectroscopy, fo rma t ion of an i sopro-
pyl id inc der ivat ive and reduc t i on to  -! -2  S!-hydroxy-l,2, 3, ~ tetrahydro-

35

To ga in some ins ight into the metabol ic intermediates involved in
degradation of the above hydrocarbons, p. pug~ was subjected to mutagenesis
with nitrosoguanidine. This treatment led to jso]ation of a strain, P. putida
39/0, that could no longer util ize benzene, toluene, or ethylbenzene as growth
substrates. When P. petit 39/0 was grown with glucose in the presence of
benzene, cia-3,5-cyc lohexad I en-1,2-d io 1  cia-benzened jo I ! accUmu lated in the
culture medium. The cia-benzenediol was isolated and shown to be identical
to a synthet ic sample. An enzyme present in the parent stra in «p
oxidized vis-benzenedlol to catechol. p. pug~ 39/Q was jhcUbated with ben-
zene in the presence of Oz. Theoia+enzenedjol formed was isolated andse

shown by mass spectroscopy to contain two atoms of isotopic oxygen �! - Thus.
the enzyme catalyzing the initial oxidation of benzene is a dioxygenase.
Toluene and its para-subst ituted halogenated der ivat ives and ethyibenzene
were oxidized by P. pu4ida 39/D to cia-d ihydroxycyclohexadiene derivatives
 Table 3! . The products f rom each substrate were isolated and characterized
by conventional organic techniques �,7,10!. The absolute stereochemistry of
the product formed from toluene was shown to be  +!-cia-3-methyl-3,5-cyclo-
hexad i en- I  S!,2  R! -d io 1 by X-ray ana I ys is.
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It is apparent that cia-hydroxylation of aromatic hydrocar bons by bac-
teria is a common phenomenon �!- In Figure I are shown cia-diois that have
been isolated and identif ied as metabolic intermediates in the bacterial oxi-
dation of different aromatic hydrocarbons.

c8

8:
CO"

~a-Oihydrodiols produced by

naphthalene. Four different microorganisms oxidized naphthalene through
cia- 1,2-dihydroxy-l,2-dihydronaphthal ene. One of these bac ter i a, Pe~~~
NCIB 98l6, was previously reported to oxidize naphthalene through
dihydroxy-l,2-dihydronaphthalene. An enzyme from the Fee~~ ~ sp
catalyzes the oxidation of  +!-cia-naphthalenediol to l,2-dihydroxynaphtha
lene has been purified to homogeneity' The enzyme is specif ic for the  +!
isomer and catalyzed a 934 resolution of a synthetic sample of  +!-~a-l
dihydroxy-1,2-dihydronaphthalene.

Biphenyl is utilized as a growth substrate by an organism that
been tentatively identified as a ~erinekia spec ies. The bacter I m will
grow at pH 3.5 under nitrogen-fixing conditions. Hutagenesis with nitroso-
guanidine resulted in the isolation of a strain, Beig~r "~ '- B8/36, tbat ac-
cumulated a hydroxylateci cyclohexadiene derivative from biphenyl during growth
on succinate, The product was isolated and identified as c"e-3-phenyl-3,5-
cyclohexadien"1,2-diol. The abil ity of this product to give an isopropyl idine
derivative with 2,2'-dimethoxypropane provides stro g evidence for a cis-
configuration of the hydroxy! groups in the isolated product  9! .
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Differences in mechanisms util ized by bacteria and mammals to oxidize
aromatic hydrocarbons are illustrated in Figure 2. Manuals incorporate one
atom pf molecular oxygen into aromatic hydrocarbons with the formation of
arene, pxides, Subsequent enzymatic addition of water leads to the formation
pf ~na-dihydrodiol s. The latter compounds can undergo NADP+-dependent oxi-
dat jpn to catechol s . Bacter ia ut i l i ze both atoms of mol ecular oxygen to form
~a-d ihydrodio1 s. The cycl ic peroxide  dioxetane! intermediate is hypothet i-
ca]. Oxidation of cia-dihydrpdiols is MAD+-dependent and, as with the mamma-

system~ a'I so leads to formation of catechol s. The mechanisms of enzy-
ma t i c oxygen f i xa t i on rema in unsol ved, and probabl y wi I I not be resolved unt i 'I
purified enzyme systems are available.

OH NADP+

OH

OH
trans - DIOLARKNE OX I 0f

OH

HOL
0 OM

t NAD
0 OH

cjoy � DI 0LD I 0 X K TANK

Figut e 2, lnitia eactionI R s Util ized by Manna ls and Bacteria
to Oxidize Aromatic Hydrocarbons
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MICROBIAL DEGRADATION OF OIL AND HYDROCARBONS
IN CONTINUOUS CULTURE

P. H. PR I TCHARD and T. J. STARR

Depar tment of B io Iog i ca I Sc i ences
State University of New York Col lege

a t Brockport
Brockport, New York 14420

Prel iminary resul ts are presented which support the proposed use of
continuous cul ture techniques to study oil degradation. Experiments with
both pure and mixed bacterial populations have shown that slow but signif i-
cant degradation rates can be obtained with an undisturbed, two-phase  water-
hydroca r bon! sys tern.

INTRODUCTION

The rate of degradation of oil slicks in aquatic ecosystems depends
on a large number of environmental factors, including proper oxygen concen-
tration, availability of inorganic nutrients, degree of dispersai and emulsi-
ficationn, removal rate of toxic end products, and- optimal conditions of tem-
perature and pk �!. The study of microbial oil degradation under laboratory
conditions has c lass ica I 1y involved use of batch cul ture techniques. These
techniques, though very useful experimentally, are greatly I imited in their
appl ication to natural environmental si tuations because many of the above
factors exert a time-dependent influence on degradation rates and are diffi-
cul t to monitor and control in batch culture �! . The closed nature of the
batch cul ture also art if icial ly affects the succession of microorganisms in-
volved in oil degradation. Signif icantly, these successions, and the com-
peti tive factors which control them, are a function of the batch cul ture
technique itself and do not reflect the inherent 1 imitations present in the
natural environment �!.

Study of the degradation of oil and petroleum hydrocarbons is further
beset by problems related to the water insolubil ity of such compounds. Thus,
in order to increase ava ilabil ity to the hydrocarbonoclastic microorganism,

is necessary to mechanically disperse or emulsify the substrates.u strates, In this

regard, batch cul ture techniques work very well and, as a resuresult force oi I

degradat ion studies to be carr ied out in closed systems.

The use of continuous cul ture techniques has o y ynl recenti been ap-

pl ied to microbia I ecology and the study of various deg pde radative rocesses �!.
This is due, in part, to the application of continuous culture theory to pure
culture-single substrate systems and has therefore oufound minimal use in study

of mixed populat ions and the ir degradat ion of comp gcorn lex or anic materials. It
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a! cont inuous cul ture cond It jons   I !, b!

~ nd ! the nte act o o
lation wi th themselves and their surroundings �! .

Sccondl y, toxic pi'oduc ts and mctabo I ic ~ s tes wi I I
a continuous cui ture system and their effect on the degradation pr~ess �I I I
not increase w i th t ime. This s i tua t ion Is typical of a a turd ] aqua t i~ en
virorvnent where a cont inua I resnova I or di I ut ion of

Thirdly, bacter ia I success ion ~~Ived in the Cegrada t ion of o j 1
be more easily studied and monitored  S! . As Jannamt has s "o {3!,
chegestat wi1 I enr ich for speci f ic metabo I i c types depend i ng on the particular
conditions employed. Mi th a mixed popul at ion aM a co -pi ~ organic substrate
such as oi I, several enr ichaents wi 11 occur s i~ I taneous I y. T&se can be
fol lowed by ~ining the population anci/or observ i g c4~ ical changes in the
substrate itself.

The study of the degradation of petrol ~ 4ydrocar bans in a continmus
cul ture System preSentS a nueber Of Cesap I i cat ed prOb I ms ~ the ~S t Obv ieuS of
which is the water insolubi I ity of the mbstrate. TM purpose of this paper
is to descr ibe a cont inuous culture system, developed in our laboratory, Mich
el iminates many of these problaes and al ioera ~ i ~t ion of 0 i I d gradat ion
in an open versus a closed system.

NATER I ALS ANO tlf THOUS

The design of a cont inuous cul ture system to s tM y intro lubl e sub-
strates, such as hydrocarbons, ws based on ea Inta in i g a stable tw-p»e
system in which hydrocarbons float on the surface of a we ter col ~n ~
mter, or nutrient solution, i s then cont inuousl y passed uhdef neath th hy
carbon layer. To obta in basal rates of degradation, ~ul s i f i ca t ion
hyrlydrocarbon ms kept to a mini~. To s ppi y suf f ic ie t oxygen to

uOtS wer e COnt inua l I y CyC I ed Out of the grOwth ve
aerated ~ and then recyc I ed back into the growth ves se I . The sys trav ploy<
is descr i bed in F igure I .

For ini t ia1 tests of the ~rkabi 1 i ty of the sys trav', ~
ca i bon, octane, ms used a s the so I e carbon and energy source .

�0 /1 and di
med ium conta I necl IIH~C I �00 mg/ I ! phosphate buf f er { I QQ / I, pN 7 2!

g ! a I s'tilled Mter. To moni tor d i sappearance oK the octane l aye '
~ p e er ~ ~

a fat soluble d ey  Sudan I i I ! ~s added to tM oc tane a t a co
50 ug/ml . Ra tes rwere mea sur ~ a s a f unc t i on of i nc r ea s i nci d y«o"
in the octane layer,

C el I number s wer
count aga r  D I f co! and/or mini .

we e deter ined by bac ter i ~ I e~r a t '
/oi' minima I sa I t s agar I n an oc ta <4
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vacuum

rub glass tubing

sample portmedia

rubber sto hydrocarbon
or oil layer

cultur

-' glass

stirring bar�

Figure 1. Continuous Cul ture System

RESULTS

Ev idence demonstrating that hydrocarbons can be degraded in an undi s-
turbed two-phase continuous culture system has been derived from both pure
cul ture and mixed cul ture experiments. Using isolate J-10 in pure cul ture
 obtained from batch cul ture enrichments on octane!, degradation rates of
16.2 iig of octane consumed per hour were obtained. This rate was determined
by fol lowing the decrease in percent transmittance �50 iim! of the Sudan I I I
dye in the octane layer. The resul ts are shown in Table l.

As can be seen from the control system, the removal of octane was not
due to solubil ization or evaporation. This observed rate appears to be a
function of the ability of the bacterium to degrade the octane at the hydro-
carbon-water interface urithotrf the aid of emulsification or physical disper-
sion- It therefore represented a minimal rate.

Evidence for actual degradation of the octane was derived from various
observations. First, within 18-24 hours after inoculation, pH decreased
rapidly to values of 4.5 and lower. As a resul t, phosphathate buffer was needed

to prevent cessation of growth. The pal drop presuma yumab'I resul ted from the oxi-

dation of the octane to fatty acid end products. Seco y,Secondi a steady s ta te

ula't ion � x 10 cel I/ml ! could be maintained. @hen the octane was com-popu ation   x ce m cou
pletely consumed, the bacterial population was washe out o e1 Third if ammonium chloride was eliminated froin the inflowingcu ture system, ir , i a
medium, wash-out occurred, and octane removal cease . ourfatty acids could be detected in the effluents from the continuous culture
system indicating that actual oxidation of the octane had occurred.
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Rate of Sudan i I I Dye Concentrat ion in Oc tape I ay
in Continuous Cul ture Syste-

with Di lut ion Rate 0.05 hr

Time {hrs! Control {RT! Exper i enta I ! jTj

81,5
79,8
78.0
77.2

76.5
73.0
7 '}

67.0
63.Q

82.1
82.4
81. 9
82.0
81.8
82.2
82.2
8I.I
81.2

0

48
96

I 68
192
240
288
385
505

a System was not inoculated.

When the above enrich � . n
s I buamp e t a different diluti n

i c ~~n t exp er 1 me n t ~ s r e pea t ed
ent  ut ion rate {0 06 hr ! ~ second cg pi especies  ~i! ~s selected and t

peared th at degradation of the oca nd even�'tua I 'I y pr edor ~ na t ed .
I t shoul d bou e no'ted that the d rad i n

e octane did not beg in unt I m was p
egrada t IOn rat e �6. 5 �g/hr !

aster than Hq.

Mixed bacterial populations, obtained from fresh samples of Lak» On-
tario water, were also tested for their abil ity to degrade octane. Degrada-
tion rates of the mixed culture proved to be faster thar rates obtained «ith
the batch culture isolate. As noted in Table 2, degradat ion cormnenced about
the tenth day {240 hrs! and continued at a rate of 57.1 �g of octane constxxed
per hour using a dilution rate ~ 0.03

Examination of the bacter ia1 population dur ing this exper iment showed
that the population density increased slo>iy, eventual I y reaching
state at the 10-12 day period  Table 3!.

I t was expected with the mixed popu'Iat ion syster: that a
the fastastest gro~ing octane utilizer ~Id occur after 10-15 retention voILmx-'s
{3!. Examination of colonial xorphoiogies on agar plates indicated

tion process did occur. A pa~ticular colony, designated ~~, p
after 8 retention vt o volumes {6 days! and eventually after 14 retention vo ~
constituted >404 of t4 the population in the continuous c,u'I ture system.
pure cul ture Hq grew well in an octa~e and sal ts med iv

emostat  D 0.03 hr } using octa~e as
energy source. The ra ate of degradation of octane obtained was "ery
to that seen with the m'the i ed populatio  see Table 2! .
the degradation of octane in
time Hq reached 90k of the

tane in the mixed cul ture syst~ c~

Po
The degradat',on rate c t "e

Popu ation was, therefore a r f
teria species.I

, a reflection of 'the act ivi t «es
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TABLE 2

Rate of Sudan I i i Dye Concentration in Octane Layer
with lixed Bacterial Populations

 Dilution rate = 0,03 hr !

Time  hrs! Control a  RT! Exper imenta 1  CT!

a
System was not inoculated.

TABLE 3

Change in Bacterial Cel l Numbers
during Octane Degradation

log~o cell numbersTime  hrs!

5-7
S.o

9.l
9-5
9-9
9.8
g.6
9.8

0

g6
l68
288
360
472
529
6oo

43

0
48
g6

l 20
168
2i6
240
264
336
36o
448
472
505
529
553
6oo

88.2
88.o
88.o
88.o
87.5
89.5
89.9
90.0

85.5
85,6
89.0
89.0
88,0
87,0
88.2
88.2

87.5
87.5
87.8
89.9
89. i
8/. 9
88.0
85.0
84.3
82.0
8o.o
77
73. 0
70.0
64. 'i
60.0
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Experiments to test the effect of flow rate, nutrient levels pH
dispersion, surface area, and other parameters on these enriclvrents and
radation rates are presently being conducted,

Preliminary evidence has also suggested that our isola tes may produce
an emulsifying agent or surfactant under certa in cond itions. This has bee�
observed in experiments ~here the renoval rate of octane from the hydrocarbon
layer suddenly increased approximately eight-fold or higher and persisted
until the hydrocarbon was completely consumed. Mark is now in progress to
determine the conditions which stimulated this rate increase and to establish
how it was carried out by the bacteria.

Continuous culture systems have also been set up to monitor the degra-
dation of diesel oil by mixed bacterial populations. Due to the light brown
color of the oil, the Sudan III dye method was also used to monitor rates.
Preliminary results indicated fluctuations in RT of the dye but a steady de-
crease in the fT was observed overall. The rate was slower than the mixed
culture octane system. Some degree of enrichment has also been detected. In
some instances, as few as t~ bacteria I types predominated at one time despite
the complexity of the substrate, but their enrichments were a lways transient,
The fluctuation in predominant species appeared to be characteris'tic of the
degradation pattern. 4brk is in progress to study this system further includ-
!ng gas chromatographic analysis of the diesel oil.

DISCUSSION

I t ~id appear that bacter ia'I degradation of hydrocarbons and crude
oil products can occur wi thout mechanical ly dispersing or onul sifying the
hydrocarbon in the aqueous phase. Although thi s is probably atypical for the
degradation of oil sl icks in aquatic env irorments, it does al low a study to
be carr ied out in a continuous culture system. As such, the number of Indi-
vidual factors affecting the degradation rate which can be tested is tremen-
dous. Of these, di spers ion and enul sif ication are two very impor tant aspects
to consider.

The use of the dye method for monitoring rates also appears very re
I iable and simple; however, its usefulness may be I imi ted to pur i f i ed hydro-
carbons and their mixtures  artificial oils!. The development of gas chro
matographic techniques wil 1 greatly aid and complement the dye method ~

The prel iminary resul ts presented here i I lustrate the importance of
comparing axenic versus mixed popu'Iation studies, and simple versus complex
substrates, as a means of obtaining practical information to be used success
ful'Iy in predicting the fate of oil in aquatic environments.
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UTII.IZATION OF CRUDE OIL HYDROCARBONS
BY MIXED CULTURES OF MARINE BACTERIA

H. KATGR

Marine Science institute
University of Texas
Port Aransas, Texas 78373

Mar ine bacter ia degraded hydrocarbons in crude oils in an enriched
seawater medium. Normal and branched paraff ins were preferentia'lly util ized.
Util ization rates were inversely related to cha in length,

During the past 50 years increasing quantities of crude oils and de-
rivativee hydrocarbons have been released into the world ocean without regard
for ul timate diagenesis or its potentially adverse effects toward marine or-
ganisms. Currently, annual maritime oil spillage is estimated to account for
the loss of a minimum of 10 metric tons/year  I!. The volume of hydrocar-
bons derived from terrestrial sources such as runoff of spent lubricants, in-
dustrial eff luents and the erosion of asphalt surfaced roads may be of simI-
lar magnitude.

8iogeolog icali y, hydrocarbons have been continuously introduced into
the world ocean through a! natural crude oil seepages b! the addition of

6some fraction of the 200 x 10 metric tons of volatile plant hydrocarbons
annual ly released into the atmosphere �!, and c! through the annual produc-
tion of 10 -10 metr ic tons of hydrocarbons derived from marine photosynthe-5 7

sis. Despite the natura! occurrence of these recent hydrocarbons at very low
levels in marine waters, localized large spillages of fossi'I crude oils or
their distillation products have produced acute biological and aesthetic dam-
ages . While the acute biological effects are highly visible, the ecological
subtl eties of subl etha'I exposure to petrol eums are virtual ly unknown. Catas-
trophic oil spil 'I s, the ubiquity of "tar lumps" on the ocean surface, and a
r is ing publ ic awareness of environmenta I issues have provided incentives to-
ward understanding the response of the environment to hydrocarbon po'I lutants.

Microorganisms, especially bacteria, are essent ial for diagenesis of
hydrocarbons in the mar ine env ironment �!, Whil e it is known that bacteria
can degrade many types of pure hydrocarbons �!, bacter ial util ization of the
hydrocarbons contained in a substrate as complex as crude oil has not been
well described. Indeed, uti'I ization of mixed substrates by bacteria is a
facet of microbiology which is only now achieving recognition. Inasmurh as
approaches to petroleum microbiology have employed "classical" concepts of
bacteriology, i.e,, pure cultures obtained from soils grown on pure hydrocar-
bons, the purpose of this study was to isolate naturally-occurr ing mixed
populat ions of mar ine bacteria on crude oil s and to quantitatively determine
in vitz'o their degradation capabi I ities.
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HATERIALS ANO HETHOOS

TABL E

Nixcd Cul ture Nomenclature

I splat ion Location

Cal ifornia coastl ine near working oil r ig
Oily sediment in Boston Harbor
Refinery drainage ditch in Pennsylvania, 'leading

to bay
Harbor at Turkey Point Narine Laboratory,

Florida State University
Oil slick on Nississippi River near Ncw Or leans
Vicinity of vnrking o il rig near New Orleans in

the Gulf of Nexico

Hame

c-63
BHHO
SOCLA

TPLA

HOLA
OILRIG

An oil-free cell suspension for degradation exper iments was prepared
by streaking an ESM agar plate with bacterial cells from a 24 hour-ESM slant
and then inverting the plate bottom over the plate cover. The 'latter was
filled with 0.5 ml of the crude oil studied. After 24 hours incubation at
25 C, vapor-grown cells were carefully scraped from the agar surface and sus
pended in sterile ESQ to an optical density of 0.1. This oil-free suspension
was used to inoculate 500 ml f lasks containing 200 ml of ESQ. Fif ty micro
liters of a selected crude oil were dispensed into the flasks with a ster'
I ized micro'I iter syringe. FlaSkS were SCaled with fOil, cOvcred wi th Screw
caps, and incubated on a rotary shaker at 160 rpm. Contro'I flasks containing
only ESV plus sterile crude oil were provided. Calculations indicated tha
the oxygen content within the sealed f lask was adequate Over the cxperimcntamental

time per iods selected.

~Lvent ~grootson and AnzLptscal praceduree.� Growth flasks we
moved from the rotary shaker at selected intervals. The water phas f each

flask was then acidif ied to a pH of 2.0 and exhaustively extracted wi tIi

a freshly-distil led solvent mixture consisting of 25 ml of benzene:ethyl
ether �:1, v/v!. Each extract was then filtered through washed a»yd' "
sodium sul fate in Ifhatman No. 50 paper. The solvent mixture was
through aspiration using a heated water bath �0 C!.

The residual crude oil s were anal yzed «ith gas chromatograp»

48

and I mlatson &0o~aa.--kixed cultures of
c'teria were isolated from a wide var t f' L CRLturea nock'

 T bl 'I ! Th
  ! hed water medium  ESM!marine sediments and waters a e

sl descr ibed �! enr ic sea
' ed t' el ESMe cultures were maintain rou incrude o i 1 . These

il. Crude oils were ster i ize'I ' d through 0.45 micron membrane
lain wi th crude oi 'I ed consisted of Louisiana
filters resistant to yh drocarbons. Crude oi s us

oil Lafitte Field, La,!. Kuwait  Guif Oilcrude oil  a 1 lght paraffin crude oil, La itte ieKuwait crude MLS-3355!, and Venezuelan crude  Lagotraca-Bachequero je d!
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I l I ca gel col umn chroma tog ra phy . A Var i an-Aerog ra ph I 740 gas ch t hgas c romatographequ I pped w I th dua l co I umns opera t i ng i n a d i f f erent i a I mode wa s used . L i nea r
programming a I lowed for a constant rate of temperature increase

over' the range 40 C to 300 C at 6 C /m i n . Chromatographic col umns �' x I/8"
S S,! packed with 34 SE-30 on l00/l20 Varaport were used,

Unknown n-paraff ins and other selected hydrocarbons were identif ied
by compar I son wi th retent ion t lees for standard pure compounds on polar and
unpolar  FFAP! stationary phases. Changes in n-paraff in peak concentrations
were cal culated us ing the natural iy-occurring  in crude oils! isoprenoid hy-
drocarbons pri stane and phytane as true internal standards. The technique
of standard addition was used to determine the absolute amounts of pristane,
phytane and normal paraff ins for initial cal ibrations.

Spec if ic util ization of major classes of hydrocarbons contained in
crude oils was determined by chromatographic comparison of degraded crude
oils with uninoculated crude oil controls, Degraded and control samples were
dissolved in a small volume of heptane and transferred to a chromatographic
column  9 mn I.D.! containing 18 gm of heat-activated sil ica gel �8-200 mesh
heated for 24 hours at 260 C! . The samples were then chromatographed sequen-
tially with distilled solvents of increasing polarity in order to elute the
following compound classes:  a! saturated paraff ins  heptane!;  b! aromatlcs
and naphthenics  CC i i and benzene!;  c! polar compounds  methanol ! �! .
Eluted fractions were collected and weighed in tered aluminum dishes  to
nearest O. I mg! after solvent removal.

RESULTS AND DISCUSS ION

Rapidly growing oil-degrading cultures consistently dispersed and
metabo'Iized thin layers of Louisiana, Kuwait and Venezuelan crude oils in ESM
within 24 hours. Substrate dispersal and cell growth produced large in-
creases in optical dens ity. Plate counts indicated that cell populations
usually increased from initial inoculum values of l0 ce'I is/ml  i.e., petro-
leum-util izing cells! to f inal average cel I populations of ID cells/m'I.7

Visible oil emulsification did not occur without nutrient salts enrichment.

The most active cultures were overwhelmingly composed of pleomorphic
«ds rang ing in length from 0.5 to 8.0 microns. Cocci were also observed in
many of the cultures. Colonies growing on ESW agar plates were typically
white or cream colored, translucent, entire or undulate. The most active
cultures contained colonies which tended to spread. Several distinct colony
types appeared in each mixed cuiture. All cu'Itures grew well on kerosene,
mineral oil, glucose in seawater, 22I6 E heterotroph medium and liquefied
gelatin,

Typical changes in the n-paraffin composition of a degrae raded Louisiana

crude oil are illustrated in Figures I-3. This sequence of chromatograms
reveals ut il ization of n-para f f ins from C-l6 to C-30 with a selective prefer-
ence for s t ra I g ht cha i n, unbra nched hydroca r bons. Pr i s tane a p yne and h tane, ex-

amples of branched alkanes, were util ized only after the remoremoval of norma'I

pa«ffins and therefore il lustrated a sequential pattern orn of substrate util i-

"' These data reveal why pr istane or phytane coulduld be used as internal
" a'ds «r quantification of n-paraff in utilization.
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The results of a series of experiments desi d tesigne to quantitate n-paraf-f in ut I I Izat ion in di f ferent crude o i 1 s by mixed cult fe cu tures o mar ine bacteriaare s~rrnarized with a ser ies of composite chromatogram h' h ' dograms w ic indicate how
para f f in compos i t ion va r i ed dur i ng incubat ion.

The data in F igures 4 through 8 indicated that n-paraf f ins in Louisi-
ana crude oi I from C-10 to C-26 were ut i I ized. within th's, bois range, a carbonchain length preference  i.e., odd versus even! was not evident. D ' hur ing theincubat ion per iod the rat io of pr i stane to phytane was constant. The average
da ily rate of tota I n-paraff in uti I ization, based on the summation of the ab-
solute amounts of n-paraff ins C-10 to C-30  Table 2!, was 846.5+ 289.9 micro-
grams/d a y a t 30 C .

Changes in n-paraff in composition and summation data for Kuwa-it crude
oil are g iven in F igures 9 to 11 and Table 3. Phytane was used as the in-
ternal standard since pristane was not well resolved from nC-17. The data
reveal ut i I ization of n-paraff ins C-14 to C-30. The average daily rate of
tpta'I n-paraff in util izat ion was 258.5+32.4 micrograms/day. The peak re-
ma ining at the nC-17 pos i t ion af ter 48 hours incubation  Figures ID and I I!
possessed the same retent ion t ime as pr i stane. Pr i stane disappeared af ter 96
hours incubation with the OILRIG culture.

Data from gas chromatographic analys is of degraded Venezuelan crude
o i I are shown in F igvres 12 and 13 and in Table 4. Phytane was aga in ut i I ized
as the internal standard. Extensive degradation of n-paraffins occurred.
Sunvnat ion va lues cl ear 'ly showed complete removal to basel ine of n-paraff ins
C-14 to C-30 within 96 hours incubation ~ Both phytane and pristane were uti-
1 ized during the f inal 48 hours of incubation. The average daily rate of
total n-paraffin util ization was l86.1+7.4 micrograms/day. Gas chromatograms
of the saturated paraffin fraction of this oil indicated that branched paraf-
fins other than pristane and phytane were degraded after 96 hours.

In sunvnary, n-paraff in degradation patterns were similar for differ-
ent major crude oi I s. However, the rates of total n-paraffin util ization
were significantly larger with the louisiana crude oil. This oil contains
roughly twice the amount of normal paraff ins found in Kuwait and Venezuelan
crude oils.

To determine if there was a relationship between the rate of util iza-
tlon/oxidation and molecular size, the amounts of selected n-paraff ins in the
growth flasks were plotted as a function of time. The results  Figures 14 to

Louisiana crude oil; Figure 17, Kuwait crude oil; Figure 18, Venezuelan
crude oi'I! revealed that the rates of util ization were not I inear with respect
« t»e. For this reason rate constants were not calculated and the average
dally rates  or rates calculated for the time required to exhaust the sub-
strate! are shown for each selected hydrocarbon. The data summarized in
Table 5 for Louisiana crude oil reveal a relationship between the rate of utl-
' ~zat Ion and n-paraff in chain length; nC-IO and nC-15 paraffins were util ized
at higher average rates than nC-20 or nC-25 paraff ins. In many instances,
the rate curves exhibit a hierarchy of slopes during the incubation period,

the s lopes being inverse I y related to cha in length. 5 imi lar observa-
t'ons were made with Kuwa it crude oil  Table 6!. In Venezuelan crude oil.

the nC-20 paraff in appeared to be util ized at a faster rate than the
nC-15  Table 7!,
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Figure 4. Quantitative changes in
n-paraff in composition in a Louisi-
ana crude oil incubated with the
mixed marine bacterial culture
SOCLA in ESW for the indicated
period. n-Paraffin content  pg!
is based on 50 y'l of crude oil.

10 12 14 18 18 19 21 23 25
n-PARAFFIN CHAIN LENGTH

Figure 6. Quantitative changes in
n-paraffin composition in a Louisi-
ana crude oil incubated with the
mixed mar tne bacterial culture
C-63 in ESW for the indicated
period. n-Paraffin content  yg!
is based on 50 pl of crude oil.

10 12 14 18 18 19 21 23 25
n-PARAFFIN CHAIN LENGTH

Figure 5. Quantitative changes in
n-paraffin composition in a louisi-
ana crude oil incubated with the
mixed marine bacterial culture

TPLA in ESW for the indicated
period. n-Paraffin content  pg!
is based on 50 pl of crude oil.

0 10 12 14 18 18 19 21 23 25
n-PARAFFIN CHAIN LENGTH

Figure 7. Quantitative changes in
n-paraff in composition in a i.ouisi-
ana crude oil incubated with the
mixed marine bacterial culture
NOLA in ESW for the indicated
period, n-Paraff in content  yg!
is based on 50 l31 of crude oil.
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TABLE 2

S~tion of Peak Concentrations  pg! of the n-Paraffins C-10
to C-26 in Louisiana Crude Oil Following incubation at

32 C in ESM �60 rpm! with Selected Mixed
Mar inc Bac ter i a I Cu I tures

Cul turesTime
 hrs! 0 ILR IG NOLA C- 3 BHMO TPLA HT

26 3067. 7 351 I . 4 067. 7
26 8 20

48 720.4 2771 9 750 5
81 27 80

72 581.3 1 983.0 632.8
84 48 83

3757 9
2

Summa t ion

0 Util ized

Suiiliia h i on
0 Utilized

5 UAlia t i 0 n
4 Utilized

Average Rate
of Util iza-

t ion  iig/day!

978.7
+48.9

590. 8
+29. 5

1152.7 610.9 1060.9
+57.6 +30,5 +53,0

677.1
+33. 9

aNormal and saturated paraff ins with boil ing points below C-10 had
evaporated within 48 hours.

bPrec i s ion 54 ~

TABLE 3

Sunliation of Peak Concentrations  ug! of the n-Paraff ins C-14
to C-30 in Kuwait Crude Oil Fol'lowing Degradation

with Mixed Cultures of Marine Bacteria
in ESM at 20 C �60 rpm!

Cui turesTime

 hr s! C- 3 0 I LR IG SOC LA CONTROL

Sunna t ion
4 Util ized

i 368.9
0

1114.1
i8

69

24

Sumlna t Ion
4 Util ized

48

1361.7
0

96

234.8
+11.7

258. 8 >281 .8
+12.9 +14.1

a Precision 54.

53

1247.4
8

438,5
68

326.6
76

1212.4
ll

234.7
83

>234.7
>83

3355 4
12

731 4
81

879.3
80

3127.9
22

2043.3
46

3752.4
2

2500.8
34

'1788.7 38'I5.5
53

Sunna t ion
4 Ut il ized

Average Rate of
Utilization
 Wg/day!a
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Figure 8. Quantitative changes in
73-paraffin composition in a Louisiana
crude oil incubated with the mixed

marine bacteria'i culture 01LRIG in

ESW for the indicated period.
n-Paraffin content  ug! is based on
50 pl of crude oil.
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Figure 10. Quantitative changes in
73-paraffin COmpOSitiOn in a KuWait
crude oil incubated with the mixed
marine bacterial culture C-63 in ESW
for the indicated period.
n-Paraffin content  pg! is based on
50 pl of crude oil.
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Figure 9. Quantitative changes in
73-pa ra f F in COm pO S i t i On i n a Kuwa it
crude oil incubated with the mixed

marine bacterial culture SOCLA in

ESW for the indicated period.
n-Paraffin content  pg! is based on
50 yi of crude oil.
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Figure ll. Quantitative changes in
n-paraffin composition in a Kuwait
crude oil incubated with the mixed
marine bacterial cul ture OILRIG in
ESW for the ind'icated period.
n-Paraffin content  yg! is based on
50 yl of crude oil .
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Figure 12. Quantitative changes in
n-paraffin composition in a Vene-
zuelan crude oil incubated with the
mixed mar ine bacter ia l cul ture C-63
in ESM for the indicated period.
n-Para f f in con tent  pg ! i s ba sed on
50 pl of crude oil .

TABLE 4

Sunv11at ion of Peak concentrat ions  pg! of the n-Paraff ins c-l4
to C-30 in Venezuelan Crude Oi I Fol lowing Incubation

with Selected Mixed Cul tures of Marine Bacteria
in ESM at 20 C  l60 rpm!

T Ime

 hrs! 0 ILR IG
Cu l tur es

CONTROL

Sunmation
g Util ized

24 n.a.

Surenat ion
4 Util ized

744.396

186.1
+9-3

l86. 1
+9. 3

a Prec i s ion ~ 5R.

48 I 97. 7
63

0.0

100

740.7
0.7

243.2
67

O.O
IOO

F igure l 3. Quant i tat ive changes in
n-paraff in composition in a Vene-
zuelan crude oil incubated with the
mixed marine bacteria l culture
OILRIG in ESM for the indicated
period . n-Paraffin content  pg! is
based of 50 pl of crude oil.

Summation
'0 Utilized

Average Rate of
Utilization
 Ijg/daV!
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Figure 15. Change in the content of specific e-paraff ins in a Louisi-
ana crude oil during incubation with the mixed marine bacterial cul-
tures TPLA and OILRIG in ESW at 32 C. Average rates of util ization
for the entire incubation period are indicated.

F'I 14 Change in the content of specific n-paraff ins in a Louisi-
gure 1 cul-ana crude oil during incubation with the mixed marine bacteria cu-

tures NOLA and 8HMO in ESW at 32 C. Average rates of util ization for
the entire incubation period are indicated.
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TABLE 5

Rates of Util ization  pg/day! of n-Paraff ins of Selected
Chain Lengths by a Series of Mixed Cultures of Mar ine

Crude Oil Degrading Bacteria Growing in ESM on a
Louisiana Crude Oi'I at 32 C �60 rpm!

rtC -10 nC-15Cul ture nC-20 nC-25

90.2
+51,4

Hean Rate

12g/day

C-63 32CSOCLE 32C
ll-Pa ratnn

cortertt

igtttay
aa 41

~- '6
2

S 2
'83

73
4 C

26

2CC2

20 4o 6O 80
HOURS

6o 6o
~OURS

Change tn the content of sp~tflc n-p raffins in a Louisiana
crude oil during incubation with the mixed marine bacterial

2 C. Average rates ofcul tures C-63 and SOCLA in ESM at 3 . ve
ut il izat ion for the entire incubatio pe' n riod are indicat

E igure 16.

57

TPLA
SOC LA
HOLA
OILRIG

B&0
C-63

47.5
46. 6

47.5
71. 2
47.5
41.1

50.5
+13.1

50.2
52.9
97 7

147.9
47.5

143.1

18. 3
18.3
48,0
55.1
15.5
51. 5

28.9
+21,2

5.5
7.3

25.6
25.6

6,4
13.0

21.4
+13,6
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Figure 17. Change in the content of specif ic n-paraff ins in a Kuwait
crude oil during incubation with the mixed marine bacterial
cultures SOCLA, C-63, and OILRIG in ESW at 20 C. Average
rates of utilization for the entire incubation period are
i nd i ca ted .

TAeLE 6

Rates of Util ization  pg/day! of Selected n-Paraff ins
in a Kuwait Crude pil Degraded by Mixed Cul tures

of Marine Hydrocarbon-Util izing Bacteria
in ESW �60 rpm! at 20 C

Culture nC- l 5 nC-20 nC-30nC-25

SQC LA
C-63
0 ILRIG

0.5
2.4
6.o

Mean Rate

 ug/day!
3.0

+3 0
7.3

+6,0
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AVERAGE
~IIATE, d

� C-15 24.1
C. 20 16.5
-C- 25 24
-C-30 0%

24.1
48. o
48.3

40.l
+l5.9

16.5
23. i
27.2

22.3
+6.5

2.4
6.0

i3,4
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VENEZUELAN CRUDE
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Figure 18.

59

Change in the content of spec if ic n-paraff ins in a
Venezuelan crude oil during incubation with the
mixed mar ine bacter ial cui tures C-63 and OILRIG in
ESW at 20 C. Average rates of util ization for the
entire incubation period are indicated.
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TABLE 7

Rates of Utilization  yg/day! of Selected n-Paraff ins
in a Venezuelan Crude Oil Degraded by Mixed Cultures

of Marine Hydrocarbon-Utilizing Bacteria
in ESW � 60 rpm! at 20 C

nC-30nC-20rxC- I 5Cul ture

8.8
8.8

29.8
40.9

35.4
+9.7

20,4
15.0

7 9
7 9

7 9
+0.4

OILRIQ
C-63

8,8
+0 4

l7 7
+4,6

Mean Rate

 ug/day!

Activated sil ica gel column chromatography permitted reproducible
fractionation of degraded crude oil s into major chemical groups. The data
shown in Tables 8, 9 and 10 show typical weight changes in these chromato-
graphic fractions for representative crude oils degraded by marine bacteria.
The signif icant changes in oil composition were the util ization of saturated
paraff ins  heptane fraction!. Within the precision I imlts of this technique,
degradation of the aromatic-naphthenic fractions  CCI q and benzene fractions!
in who'le crude oils was not s igni f icant.

To determine if branched alkanes would support adequate growth in the
absence of n-paraffins, a Louisiana crude oil was rendered rt-paraff in-free by
treatment with Linde 5A molecular sieve. The results of an exper iment in
which a selected mixed culture was incubated with such an oi I are shown in
Table II. These data revealed that a relatively long lag period  96 hours!
occurred before sign'if icant degradation of the sieve-treated fraction corn-
menced.

It is evident from these studies that mixed populations of mar ine bac-
'teriaa isolated on selected crude oils have a clear preference for normal and
then branched paraff ins. Inasmuch as hydrocarbon degradation in crude oils
Is sequential, further research util izing steady-state conditions  without
loss of oil! is required to evaluate the range and rates of hydrocarbons uti-
lized or oxidized in crude oils,

60

In a similar type of study using mixed cul tures and mixed carbohydrate
substrates, Mateles and Chian �! measured different rates of util ization for
sugars in a mixture. This illustrated a situation analogous to diauxie or the
sequential use of one substrate before another. Further experimentation is
required to determine if the observed n-paraffin rate hierarchies are a func-
tion of aqueous hydrocarbon solubil ities or are perhaps related to a membrane
transport mechanism. The latter hypothesis is appeal ing since although com-
plete dispersion of the crude oil generally occurred within 24 hours of incu-
bation, the rate hierarchy was continued.
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MICROBIAL DECOMPOSITION PATTERNS USING CRUDE OIL

B, J. MECHALAS, T. J. MEyERS and R. L, KOLPACK

Env ironmenta I Geology Program
Uni ver s I ty of Sou thern Ca I I f orn ia
Los Angel es, Ca'i I forni a 90007

A mixed cul ture of microorganisms, accl imated to decomposition of
crude oil, was used in a series of incubation experiments to determine the
sequence of microbial degradation in a Santa Barbara, Cal ifornia, crude oil .
The molecular weight distribution of the crude oil was: C> to C>0, 29'4; Cqo
to Cso, 524; and greater than Cso, 19%. At least 15K, by weight, of this oil
was composed of ~-a I kanes, or straight chain paraff ins, Gas chromatograms of
the stock crude oil were characterized by  in order of prominence!, an enve-
lope of m-paraff ins, six highly resolved isoprenoid hydrocarbons, and more
than a hundred smal ler peaks that. were partially reso'Ived above the base en-
velope. Microbial degradat ion of the crude oil is initially characterized
by a rapid disappearance of the n-paraff in envelope. This degradation starts
with the low molecular weight components and progresses toward the higher
molecular weight compounds. The isoprenoids are also progressive'ly reduced
simultaneously with the reduction of the paraff ins. In addition, the base
envelope and fine fingerprint region subsequently undergo degradation and
the base envelope becomes progressively skewed toward the higher moiecular
weight end of the chromatogram. Biodegradation of the Santa Barbara crude
oil by a mixed microbial population was initiated simultaneously on all com-
ponents, but the sequential patterns of decomposition were affected by rate
differences. Chromatograms of naturally weathered oils col lected from south-
ern Cal ifornia beaches are remarkably similar to chromatograms of oil samples
which have undergone extensive microbial decomposition in the laboratory.

I NTRODUCT 1 ON

Oi I spil led on the ocean's surface undergoes a series of chemical and
physical changes, gereraily referred to as weathering. This process begins
almost immediately after the occurrence of a spill and progresses at a rate
which is controll ed by external environmental conditions �0,23!.

Processes such as evaporation, dissolution, chemical oxidation and
microbial degradation all serve to "weather" or modify a spil led oil with re-
sul tant changes in its distinguishing physical and chemical characteristics.
Thus, the initial oil is altered to weathered oil and is found in the form of
s'I icks, beach tars and tar ba1 ls. It is also sorbed in sediments, dispersed
in the water column, or found in any of se"eral other forms that depend on
the environmental conditions and the length of exposure.

ln the f irst few hours after a spill, the chemical and physical
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changes taking place on the water 's surface are dominant in determining the
subsequent character of the exposed oil �0! . However, as the residence time
of the oil on the water increases, biological processes beg in to operate and
rapidly gain in signif icance. I t has been suggested that, ul timate1y, it is
the activity of bacteria which stabilizes and mitigates the effects of an oil
spill �, 11,15, 16,22, 23!,

Select ive degradation of crude petro leums by bacter ia has been dernon-
strated using both pure and mixed cultures �,10,19!. The n-alkanes have been
regarded as being the most readily-util ized fraction of petroleum, while other
hydrocarbons were more resistant �,10,15,23!. The use of pure cul tures of
microorgani sms has been instrumenta I in increasing understanding of enzyme
mechanisms Involved in petroleum decomposition �, l4,18,21! . However, the
1 imi ted metabol ic activity of pure cul tures has led to some confusion concern-
ing substrate preference, accumulation of intermediates, and the oxidation
sequence which occurs when an oi I is subjected to bacterial attack,

In this study, gas chromatographic techniques allowed for the separa-
tion of a sequence of changes which occurred as an oil was degraded by a
mixed bacterial culture, A parallel relationship is expected to occur in the
na tura 1 wea t her ing o f an o i I .

MATERIALS AND METHODS

chemiatry.� Oil samples were ana lyzed without prior preparation using
a Hewlett Packard Model 700 Gas Chromatograph equipped with a I inear tempera-
ture programmer. Conditions similar to recommendations of the Western Oil
and Gas Association �2! were used: 10 ft x 1/8 inch 0.0.stainless steel
columns, 80/100 mesh Chromosorb W  AW-DMCS! coated with 104 OV-101; dual flame
ionization detectors; hei ium flow of 40 ml per minute; chart speed of 1/4 inch
per minute; and disc integration. Samples, usually dissolved in chloroform,
were injected onto the column at an initial oven temperature of 80 C. After
4 minutes, during which period the solvent had eluted from the column, the
oven temperature was programmed to 320 C with an incremental temperature rise
of 5 C per minute. Prior to each injection, the column resolution  spl itting
between n-Cqp and pr istane! and detector sensi t ivi ty  ca I ibrated wi th n-C t s!
were careful'iy monitored to insure reproducibi1 ity. The columns were balanced
for operation in a dual mode to el iminate basel ine drift, and per iodica I 1y
conditioned with a silylating agent  Silyl 8, Pierce Chemical Co.!. Duplicate
ana'lyses were performed and the solvents were checked for interfering impur i-
ties.

The positions of the straight-chain  normal! paraffins on the chro-
matograms were assigned on the basis of their separation with 3 A molecular
sieves �! . The branched isopreno id hydrocarbons forming a homologous ser ies
C>~, C<s  farnesane!, Cis, C>8  norpristane!, Cis  pristane! and Czo  phytane!
were assigned from similarity to published chromatograms  9! . The amount of
heavy end components which did not elute from the column was estimated by sub
tracting a weight calculated f rom the integration of the area C t to C s n from
a gravimetric weight of injected oil. The integrat ion was corrected for the
solvent-obscured reg ion by compar i son wi th a sample of the same o i 1 injec ted
without solvent.
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Min'abiology.--A mixed cul ture of microorganisms accl imated to decom-
positionn of crude oi'1 was used as the inoculum for the microbiological studies.
This cuiture was obtained by means of an enrichment procedure using waste
sludge from a secondary sewage treatment plant as the starting source. The
microorganisms of the sludge, which grow as "floes" or zoogleal masses dis-
tributed in the cul ture liquid, were allowed to settle for 30 minutes and the
overlying liquid was decanted and discarded. The settled culture was restored
to its original volume with primary sewage effluent which also served as the
sole source of added nutrients. Crude oi'i � ml per 'i i ter! was added to the
mixture which was then incubated for 48 hours at room temperature. Compressed
air was used for aeration. Thi s procedure was repeated every 48 hours until
six transfers of the cul ture biomass into fresh sewage-petroleum medium had
been accompl ished. This method had the advantage that a large mixed popula-
tion of microorganisms capable of rapidly degrading a crude oil was maintained
in an active state,

For quantitative determinations, a l00 ml al iquot of the freshly re-
suspended enrichment cul ture �.2 gram dry weight per 1 iter of medium! was
transferred, prior to the daily feeding with oil, to a 6 liter bottle. Crude
oil  O. 1 ml per 100 ml! was added directly to the cul ture and another 2 drops
was added to a glass wool pad in the cap of the vessel . The latter was used
to maintain a vapor phase of the more volatile fractions in the bottle. The
bottle, which contained enough air to oxidize all of the oil, was tightly
sealed and incubated at room temperature �3 C! with v igorous stirring by a
magnetic stirrer.

Sample Preparation. � 0irect solvent extraction of degraded oil from
the bacterial culture preparatory to gas chromatography resulted in the for-
mation of persistent oil and water emulsions. ln order to overcome this
problem, the o ii was quantitatively recovered by centrifuging and employing
sequential extractions of the water phase and of the separated bacterial
sediment. The water phase was extracted twice with g ml of chloroform, which
previously had been used to r inse the culture bottle. The chloroform extracts
were added to the bacter ia1 sediment and subjected to ul trasonic treatment
for 30 seconds  8 iosonik, 20,000 cps, 100 watts! . Af ter centrifugat ion, the
chloroform was decanted from the resul t ing bacterial sediment and the extrac-
tion of the sediment repeated a second time. Subsequently, the solvent ex-
tracts were combined and the tota 1 volume measured, Al iquots rang ing between
10 to 20 microl i ters of the chloroform extracts were used for gas-chromato-
graphi c ana i yses. These re la t ivel y la rge vo 1umes of so 1 vent inj ected caused
only a ta il on the solvent peak and did not affect the resolution of compo-
nents wi th molecular we i ghts greater than C t t.

Since chloroform elution obscured the chromatogram in the reqion from
Cq to Ca, evaporation of the 1 ight molecular weight fractions of the crude
oil was not detectable in the experiments. Slight losses of the components
from Cs to Cga occurred dur ing prolonged handl ing of the chloroform extracts.
Therefore, comparisons of the C>0 to C gq regions were based upon oil s freshly
extracted from the bacterial cul tures, By adjusting the volume of extract
injected into the gas chromatograph, relative to the total volume of the ex-
tract, the various chromatograms were made comparable.
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RESULTS

Ckuaoteriaation of She Oi'L Subetmte, � The crude oil used in this
study was obtained directly from a producing well in the Santa Barbara Chan-
nel. The gas chromatogram of this oil in chloroform  Fig . I, top! showed in
order of prominence: a! an envelope of n-paraffins, n-Cs to n-Cso, b! six
highly resolved isopreno id hydrocarbons; and c! over a hundred smaller peaks
partially resolved from a base envelope, The non-resolved base envelope was
nearly the same height from C >rr to C$7 above the zero baseline . The follow-
ing molecular weight distributions were observed in this crude oil: C> to
Cio> 294; C<0 to Cso, 524; and the heavy ends greater than Cso, 194. The n-
alkanes, or stra ight chain paraff ins, were estimated to compose at least I 54
by weight of this oil.

Microbial Degradation.� To determine the sequence of events and the
extent of degradation when a crude oil was exposed to an acclimated popula-
tion of microorganisms, a series of incubation exper iments was set up. The
large stock of a mixed microbial population allowed the selection of incuba-
tion times to be var led.

The most rapid and noticeable changes occurred in the rr-paraff ins
after 4 hours of incubation. For compar ison with the orig inal crude oil, the
chromatograms are presented in Figure I, top and rniddle. A simpl if ied out-
I ine of the n-paraff in envelope is presented for clarity in Figure 2, top, to
il lustrate the changes in shape that occurred af ter 4 hours of incubation.
In the lower ha'If of Figure 2, the percentage decrease in each x-paraff in is
calculated on the basis of its resolved peak height. A definite molecular
weight preference is noticeable for the lower molecular weight homologs. An
extraction with carbon disulf ide revealed that the lower molecular weight n-
paraff ins, n-Cs to n-Crr, were less degraded in a reverse order from the maxi-
rnum of degradation observed in the n-Crr to n-Carr region. The complete de-
crease of the n-paraff ins to amounts below the resolution I imits required
less than 10 hours under the conditions of this exper iment.

The outl ine of the isoprenoid peaks and the changes in the shape of
its envelope with time is shown in Figure 3, top. In the degradation of the
Isoprenoid hydrocarbons, Cqq to Cga, a preference in terms of molecular weight
was observed for the lower homologs  Fig. 3, bottom! . Approximately 20 hours
were required for the isoprenoid hydrocarbons to be decreased to below their
resolution I imits.

Further changes were observed in the shape of the base envelope, which
represents the bulk of the components in the oil . The initial base envelope
became progressively skewed during the incubation of the oil  Fig� . 4!. Again,
a preference for the lower molecular weight components was indicated from the
gas chromatograrns. The higher mo'Iecular weight components of the base enve-
lope, Czs and above, appeared to be the most resistant to microbial attack
and decreased only slightly after 26 hours of incubation. The percentages of
degradation, which were calcu lated from integrations, are summarized in
Table l.
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Figure I,

71

Gas Chromatograms of Crude Oil at 0-time  top! and
after 6 hours  center! and 26 hours  bottom! of
incubation with a mixed population of microorganisms.
Note change in attenuation in top chromatogram .
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BASE ENVELOPE
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Figure 4. Changes ln the amount and shape of the unresolved
base envelope with increasing incubation time.
Top = maximum envelope formed by connecting the
tops of the f ine peaks projecting above baseline.
8ottom percentage change in the envelope outline
as compared to the baseline of the chromatogram .
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Kxpe2'imenhxl Controle. � Several controls were included in these ex-
periments to assure that the observed changes were biological in nature, and
not due to physical or chemical effects. As indicated in the methods section,
the stock microbial cul ture was suppl ied with crude oil every 48 hours. This
addition of oil to the stock cul ture led to the accumu'lation of a non-degraded
residual material in the cell suspension. The amount varied according to the
particular addi tion sequence of oil and primary sewage effluent as well as
the amount of cell mass. Prior to each incubation run, l00 ml of the accli-
mated stock cul ture was extracted to obta in a residue blank. The gas chro-
matogram of this material had the same appearance as that of the highly de-
graded o i 1 observed a f ter 26 hour s of incubat ion  F ig. l, bottom! . A correc-
tion was made, during analysis of the chrornatograms, by subtracting this small
amount of non-degraded materia'I.



Center far VetLznd Resources, LSl/-S~~73-0I, 1g 73

TABLE,

Changes in Crude Oil Incubated with an Accl imated
Bac ter i a I Cu I tur e

Reduction in portion Reduction of total
of the o i I between o i I f rom C q q a

C>o and Cso  less vola tiles!

Time of
incuba t i on

0

15
39
44
48

6

0
21

54
60
64

8

Hours

4

15
26
48

18 au toe laved

aRelative composition of total oil less volatiles:

n-a I kanes i6+ 3
isoprenoids 2.0 + 0.5
Base envelope 82 + 3

Gravimetric weights of the extracts from which the chloroform had
been evaporated were compared with the weight calculated from the integration
« the peak areas of the gas chromatograms. Tab'Ie 2 lists the resul'ts of a
series of these ca!cse calcu!ations involving: a! the conversions of 'the Int g
tions of C> to C so to weights, b! correction for the culture bla"" ~ a"
addition of wei hts'g ts corresponding to materials above C
compared to the actuactua I weights of the oil recovered from the expe"%1 ~

cultures, which were c
the culture blanks. corrected for the gravimetric weight of

A sample of the culture was heated to boiling in order to kill or
inactivate the bacterial cel ls prior to t' he addition of the crude oil and
incubated, while undergoing stirring, for 18 hours. Less than a 104 decrease
In any of the fractions was visible after extraction and gas chromatograp"'c
analysis, indicating that 'living organisms are required to degrade the oil ~

An additional experiment was carried out using an unaccl imated c»
ture of sewagemxidi zing microorgani sms. This exper iment al so resul ted in
less than a 104 change in the chromatogram af ter 24 hours.

Integration of the peak areas of the gas chromatograms was the
for determining the amount of decomposition of the oil during these experi
ments, The validity of the correction factors and the accuracy of th's
method were checked by quantitatively recovering the oil from the cultures
a gravimetrical ly determining the amount present before and af ter incubaand rav I

tion,
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TABLE 2

Recovery of Oil from Bacterial Cultures:
Comparison of Amounts Predicted by Integration

of the Gas Chromatogram and the Amounts
Actual'Iy Extracted from the Cultures

Calculated weight
 integration and g Difference
residue estimates! mg

Samp1 e

calibration SO0.1 ml

oI 'I magnus

volatiles

composite
T ~ 0

18 hr. sterile
4 hr.

15 hr.
24 hr.
48 hr,

6257

73 5

66
75-5
63
52
49. 5

70

63
79
71
5S
52

+5/
-4'4
-104

-104
-5g

DISCUSSIOH
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The intent of the biological approach used in this study was to de-
finee the m icrobia I potential for and the course of degradation in a crude oil,
as well as to gain insight into the rates and conditions in the natural en-
vironment.

The va'I idity of the exper imental approach is based on at least
broad assumptions. It is assumed that only rarely will an oil spil I be acte acted

upon by a pure cul ture of microorganisms. It is also assumed that under
natural conditions, the most signif icant changes in petroleum composition and
quantity, from an ecological standpoint, will occur after the bulk ohe bulk of an ac-

climated population has been developed �!. It was thus decided that if one
wants to determine the sequence of changes occurring during weathering, a
fairly large actively metabol izing microbia'I population shoun sl uld be used  8,23! .

these experiments, it was desirable to permit the fullest pfu est ex ression of

metabol ic potent ial of the microbes.
h enrichment cul ture tech-important aspect of this study is that the enr'

I Imi ted to merely selection of organisms'sms that can grow on oil,
~.~~e oil. The value of thister a selection for organisms that can c  �.-"e oinon of cooxidation describe doml caPabil ity is emphasized by the phenomenon be

y eadbetter and Foster �3!. In this process, yess h drocarbons that cannot e
growth substrates by certain bacteria mayma be ox id i zed by the same

ubstrates. As a consequenceg "'~s dur ing their growth on other organic subs rb e inoculum was avai a e.'I bl
of enr icIInent employed, a large stable

in s cif ic instances some reactions yma be dif-
Poss i hie that in speci ic i

'"«n sea water, b�t umed that ana ogous m
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processes occur in the s~ as in fresh water �! The fact that sea mter
was not used for these t therefore not an ove"riding cons'dera-ese eloper iments i s
t ion.

Thi s study 4emonstrates that the bio'log ical modif icat ion of a crude
o il follows a def inite and predictable sequence of changes The f irst
changes are purely phys i~l, character ized by the disProPortionate disappear-
ance of' the more volat i l e low molecular weight hydrocarbons. The interpreta-
tion of the lass of the low molecular weight normal paraff'ns is compl icato
however, by the f inding th t these compounds, n-<a and above, un ergo aete-
r ial decompos i t ion when contained in closed systems designed to avoid evapo-
ration losses. Once microbiai decomposition is initiated, the amounts of the
long chain para f f ins start to decrease and the shaPe of the'r enclosing en"c-
lop is alter~. The l ighter n-alkanes are degrade at the most rapid rate,
but there i s a s imul taneous decrease in al i of the peak heights progressing
from the l ight to the heavy molecular weight components. The decomposition
of the Paraff ins occurs rather quickly; by the e~ of 10 hours in the experi-
ments presented here, the entire n-paraff in enveloPe has d'sappear~.
order of decrease is governed by molecular weight wi th no odd or even carbo
number pref erence be ing apparent.

Simul taneousl y with the attack on the n-Paraff ins, there occurs a
progressive reduction in the amounts of the branched isoprenoid hydrocarbons.
Signif icant changes in the isoprenoid content as a function of molecu'lar
weight were observed af ter only 4 hours. The decrease in the isoprenoid
hydrocarbons ind icates that these compounds are nat as resistant to biologi-
cal degradat ion as once bel ieved. The fact that the peaks of these compounds
start to decay almost inmediately, and at differential rates, cautions against
using them as internal standards when working with mixed microbial populations
 I, 2. l 5! .

The base envelope rontaining the unresolved cycloalkanes and aromatics
a l so undergoes, sollle deg rada t ion, The a t tack i s a l so more pronounced in the
l ight end of the molecular weight distributions, and progresses at a decreas-
ing rate towards the heavier end. After the f irst 26 hours, the decay rate
s ows ral down ther markedly with only a sl ight �4! decrease being observed in

hours. The observed rate change ref lects the re 1 at i ve bio og ica
the next the
stabi ity o ef the h igh ma lecular weight f rection. Thi s f ract ion becomes
predominant ma er im t ~terial as d~omposition continues and there is a progresstve

f the chromatogram toward the heavier ends. This apparent increase
in the high-molecular fract'on of weathered oil has often been observed
but the signif icance of biolog ical changes to account for i t has been recog-

ed 1 few investigators  l7!. The increase is relative and bmus appar-
ent on y a tert l after extensive b'o og ical decomposition has occurred

Sl lght chases in the hig"olecular weight fraction, on the order of
d are almost imPo ssible to de'tect due to the l imi ted resolution of54 per day, are a

'the g se g aphic conditio d
amin jng

tion that by us i Pop" lation of bagger la th attack{ . vi-on a l 'l compone:n
b unts of the c ude oil beg

beendence o a iaux l ut ' l i za t ion of substrate! as has een
'l

observed wi td ~th relattvely p re cultures of micr~
pattern o e st"dies reported here is due
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primer' 1 ly to rate d if f erences, and probably reflects the activity of di ffer-
ent segments of the microbial populat ion-

The progressive changes that a given crude oil undergoes when exposed
to a mixed microbial population may vary in rate and degree of attack accord-
ing to many environmental factors. However, it is anticipated that the se-
quence of events wil 1 occur in t' he order indicated by these studies. Thus,
given enough time, some crude oi ls will eventually degrade in an aerobic en-
vironment to a level simi lar to the 26-hour chromatograms  Fig. 1, bottom!.

A chromatogram of a sample of heavily weathered oil collected from a
California beach is presented in Figure 5. There is a striking similarity
between this chromatogram and the chromatogram produced from the 26 hours of
incubation with the mixed bacteria'1 population. Since the original reservoir
suspected for this weathered sample is known to contain both n-paraff in and
isoprenoid hydrocarbons, i t is inferred that this sample had undergone exten-
sive microbial decomposition during the removal of the n-paraffins and iso-
prenoid hydrocarbons.

Z 0 O LJJ
Z

20 25 30I Q

. 'RBC". NUMB' RS

I

eQ BQ' 32 0'7 4 QS

OVE,4 TEMPERATURE C

Figure 5. Chromatogram of a Weathered Sample of Crude Oil Coilec«d
from a Southern Ca'1 ifornia Beach. The parent source of
this oil is known to contain the missing paraff in and
isoprenoid peaks.
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Since the apparently biologically-resistant high molecular weight
fraction of petroleum contains potential I y toxic and/or carc inogenic com-pounds �3,24!, it is important to determine its ul timate fate in the environ-
ment. In order to follow the changes that fraction undergoes, and to Inves-
tigate its potential entry into the food chain, information on component
identif ication and rates of breakdown is essentia'I . Further progress in the
area of microbial decomposition of crude oil awaits the development and ap-
plicationn of appropriate analytical techniques to permit the resolution of
these chem ical speci es,
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CONSIDERATIONS IN APPLICATION OF MICROORGANISMS
TO THE ENVIRONMENT F' OR QEQRAOATION OF
PETROLEUM PRODUCTS

CGBET, H. E. GUARD, and H. A. CHATIGNY

Naval Biomedical Research Laboratory
Universi ty of Ca 1 i fornia
School of Pub I i c Hea 1 th
Berkel ey, Ca i ifornia 94625

Considerations in the use of microbial preparations For the degrada-
tion of oil pollutants are presented. Besides obvious effects of nutrients
on the environment, factors associated with emulsification of the oil pollu-
tant, i.e., increased solubility and toxicity of the residue, and factors in
appl ication of the preparation  aerosol ization! are discussed.

INTRODUCTION

During the past few years, there has been extensive thought and re-
search  coupled with some wel I publ icized demonstrations! given to possible
appl ication of microorganisms to degrade petroleum products inadvertently re-
leased into the env ironment  I, 15! . ln theory, microbiai preparations would
be appl ied to the spil led petroleum and, through metabolic activities of the
microorganisms, the petroleum would be degraded in time. This technique
would be particularly useful in inaccessible areas or where normal cleanup
operations would be extremely diff icul t, I.e,, marshes, etc. Certainly, mi-
crobial preparations could prov ide a supplementary tool to current methods of
oil removal . However, use of such a technique presents areas of concern per-
haps even more important than the question of effectiveness of the material.
These concerns should be considered and examined further before widespread
implementation of the technique.

BACKGRGUND

The Microbiah Pvepxvatian.--A single microorganism does not usually
have the enzymatic capabil ity to metabol ize al'I of the many varieties of com-
pounds that wou'Id be present ln a spilled oil �4,2'I!. Thus, a mixture of
microorganisms including fungi  'l9!, yeasts �!, and bacteria  l4!, and rep-
resenting a mul titude of enzymat lc capabil i ties would be used.

These microorganisms may be from pure culture stocks with known char-
acteristicss and enzymati«ap»i 1 i ties and combined to form a suitab'le prepa-
ration. Alternatively and probably more successfully, mixtures of organisms
may be obta ined from natural sources, i.e., so jls, sediments or waters, using
enrichment techniques with««ur ther culture purification. In any event,

81



Center for Peti.aced Resour aea, LSD-SG-78-01, 1978

the preparation wil I include a number of organisms, pass ibl y from a variety
of sources. Some addi t ives may be inc luded to fac i I i ta te d i sper sa I, ma inta in
culture viabil ity, or to minimize losses into the water base.

Method of Application.--The microbial preparation may be appl i ed in
any of three basic forms: a wet slurry, a dry powder, or as granules.

The wet slurry may be released in large volumes from a boat, with the
turbulence from the screw prov iding the mixing. Alternatively, the slurry
may be sprayed from either a boat or a irplane which would offer more economi-
cal coverage of the spilled petro'Ieum.

The dry powder could be prepared as an a ir-slurry and handled in a
similar manner as an aerosol ized dust, again from a ship or airplane, If de-
sired, the powder could be combined with, or attached to, smal I nutrient oleo-
phil ic or hydrophobic particles and aerosol ized.

The microbial preparation could be pelletized or capsulated with nu"
trients to form larger particles. These large particles or granules auld be
prepared to dissolve in either the oil or water phase soon after contact �8! .

Aerosols. � In applying the microbial preparation by wet or dry spray
 aerosol!, a large volume dispersai in large droplets would most probably be
used . The predom inant particle sizes from these conventional short-range
sprayers range from 40-100 microns to large "rain" drops and the aerosols
usually contain from 10 to 10 particles per liter, Despite this relatively
large size, their production is inevitably accompanied by the generation of
much smaller particles  <IOp! and by even larger numbers �0 -10' ! of parti-
cless, some sma lier than 1.0p   I 2! .

The aerosol in the immediate area of its production can be measured
in particles per cubic meter. Downwind of this point or line source the con-
centration of particles decreases rapidly, In fact almost exponentially in
relation to the distance, wind velocity, lapse rate and original particle
size. The ability of single microbial cells, particularly pathogens, to ini-
tiate reactions means that tolerable levels are usually in the "parts per
hundred billion" reg ion  or picograms per cubic meter!, as contrasted to the
"parts per miIlion" levels frequently accepted for toxic chemicals.

DISCUSSION

The deposi t ion of aerosol s in the lungs of man during breathing con-
stitutes an important mechanism for the entry of toxins or pathogenic orga-
nisms into the body. The upper part of the respiratory tract is protected by
an efficient ciliary and mucous blanket mechanism for the rapid remova'I of
particles deposited in the upper airways. Particles reaching the deeper
bronchiole and alveolar regions which comprise the "tennis court" area of the
lungs are removed more slowly �7!.

Partic'les in the I to 3p range and in sizes below 0.3u deposit in
these deep pulmonary spaces where a large fraction is retained �0,I3!.
Davies et al.  8! and Davies  9! estimated that 30 to 604 of such sma 11 parti-
cles entering the respiratory system penetrate the deepest parts of the res-
piratory system and are deposited firmly on tissue surfaces. These may be
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reneved by the mucous blanket or phagocytes  or alveolar macrophages!, move
into the lymph system, be sequestered by a tissue reaction; or, if even mod-
erately soluble, these can be dissolved and transferred into the blood stream.
5ome years ago Dautrebande �! observed that the rate of transport of a given
volume of soluble and submicron size material into the blood stream was ten
to twelve-fold greater from alveolar tissue than from the gastrointestinal
tract.

The presence of potential human or animal pathogens in the microbial
preparations used for seeding oil spills can create hazards either during the
initial aerosolization or from the secondary aerosolization of spume or spray
from the water surface. We are concerned not only for overtly pathogenic mi-
croorganisms, but a'iso for those opportunistic pathogenic organisms able to
produce infect ion only under certa i n cond it ions of stress, or lowered resi s-
tance of the host. Microbial preparations proposed for oil degradation should
be grown under scrupulously controlled cond itions and screened to assure that
these types of organisms are not included . This is particularly important for
microbial preparations derived from enrichment processes without further puri-
ficationn. This screening is not a simple process and in the latter case, if
done properly, can require extens ive testing using animal species as hosts.
Adequate consideration must be given to possible bacterial or even viral con-
taminants which may directly, or through the products of meta bolism, contain
teratogenic or oncogenic materials. Hixed microbial cultures of high concen-
trationn and with unclearly def ined biological characteristics are not easily
described, nor should they be treated lightly.

In regard to the non-pathogenic, organ isms: if man or animal is ex-
posed to even low doses of such aerosol, the foreign proteins included can
cause allergic reactions or sensitization with dramatic results. "Allergies"
in the generic sense, and particu'larly from aerosols of fungi, pollens, spores,
dusts, and powders, are well known. However, it is of interest that there
have been reported cases of adverse reactions to many of the proteins and ma-
terials most likely to be found in oil control mixtures, Bohm �! has re-
ported a response against peptone, a corrmon component in nutrient broths.
Flind �1! has reported similar results from enzymes produced by B. subtiLia,
an almost ubiquitous spore-forming organism . Salvaggio et al. �0! observed
reactions from a polysaccharide, while Bernstein and Safferman �! showed al-
lergicc responses to green algae and specu lated that these could be human res-
piratory allergens. A complete listing is beyond the scope of this brief re"
view, but suff ice it to say that spraying any proteinaceous material in a
manner permitting respiratory reception by man or anima I should not be done
without serious consideration of those possible effects. In particular, the
problem of possible infection, allergic reaction or sensitization is of es-
peciallyy ser ious concern ta those peop'le d irectly associated with the disper-
sal of any microbial preparation, particularly if this is done on a repet it ive
basis which tends to aggravate sensitiv ity problems, For example, if a
penicillin-producing organism is a likely constituent, sensitivity to some of
these strains could deny the use of the drug penicillin to the individual con-
cerned,

Regardless of the method of appiicati~n, another probiem is the pos"
sible eff'ect of the increased density of m icroorgan i sms in the environment.
This includes the possible pathogenicity of the microorganisms to marine
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organisms, the toxicity of the metabolic products derived from petroleum deg-
radation �1!, providing a food base for various plankters and subsequent
effects �! .

The appl ication of the microbial preparation, with nitrogen and phos-
phorus nutr ients, to an oil spill provides the potential for emulsification
of the petro'ieum, as wel 1 as an obvious potential for addi t ional nutr ient
pollution. Emulsif ication of the petroleum results in an increase in the sur-
face area of the pol'iutant leading to its accelerated biodegradation. How-
ever, this action can be a "mixed blessing" since increasing the surface area
of the petroleum decreases the diffusion time required for the more water-
soluble components  both al iphatic and aromatic! to leach into the water col-
umn. The aliphatic components are metabolized more rapidly than the aromatic
and naphthenic fractions �4,23! thereby 'leaving more of the latter fractions
in the water, The toxicity of benzene and alkyl substituted derivatives is
well known �!. The increased toxicity of a Mississippi crude to the common
guppy, Leabietea retfouLatue, upon addition of yeasts and subsequent emulsi-
f'ication �! may be a result of this process described. Granted, ultimately
the aliphatic, aromatic and naphthenic fractions would leach from the oil
slick to the same degree under normal weathering processes; however, the more
soluble compounds are leached more rapidly when the oil sl ick is emu'1 sif ied,
resul ting in their higher concentration in the water column.

I t is anticipated that the emul sif ied oil residue will be wz'e toxic
as a resul t of the biodegradation process. With further biodegradation of
the less soluble oil fractions rema ining in the residue, the al i phatic frac-
t ion will be degraded more rapidly than the aromat ic and naphthenic fractions
�5,23! . Thus, the more toxic and slower biodegraded aromatic and naphthenic
fractions will tend to be concentrated in the residue.

Biodegradation of an oil slick resul ts in the formation of extracel lu-
iar metabol ic products, the effects of which should be considered, Aerobic
biodegradation of the hydrocarbon molecule commences with the incorporation
of molecular oxygen i nto the hydrocarbon �2!, The resulting metabolic prod-
ucts may be more toxic and often have a greater solubil ity than the precursor
compound. Biodegradation of an oil sl ick, emulsif ied oil, and the soluble
fraction could conceivably resul t in a greatly increased toxic organic load
in the water column due to increased solubi'l ity di fferences of the metabol ic
products. As an example, the conversion of butylbenzene to 3-phenylpropionic
acid by a Paeadomonaa species �! results in a solubl 1 ity increase of greater
than 100 times to a level of 6 gm/1 i ter of water.

The increased level s of both the more solubl e, 1 ight weight, hydro-
carbons and their metabol ic derivatives, as a resul t of the above factors as-
sociated with biodegradation and concurrent emulsion, could have an adverse
impact on the chemoreception of various marine invertebrates �6! .

We would not preclude the use of microbial preparations, but would
advise that careful consideration should be given to possible side effects
before adopt ing their widespread use,

Figure 1 summar izes the areas of concern in applying microbial prepa-
rations to oil to hasten its removal. The major concern resul ting from emul-
sif ication  though these same processes occur during the normal weather ing of
the sl ick!, is that the time fr~me is greatly shortened; thus, the factors of
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evaporation and dilution of the soluble and metabol ic products by the water
column do not play as large a role in keeping the toxir. compounds at lower
'I evel s.

NUTRIENT BACTERIA OIL 8 I OOEGRADATI ON AND
EMULS IF I CAT I ON

INC. SOLUBILITY

INC. TOXI CITY OF RESIDUE

AEROS OL I ZAT I ON
0 -TA C

ADD IT I ONAL POI LUT I ON

Figure 1. General Areas of Concern in Applying
M i crob i a 1 Pr cpa ra t ions to 0 1 1
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STUDIES ON THE DEGRADATION OF PETROLEUM
SY FILAMENTOUS FUNGI

J, J. PERRY and C. E. CERNIGLIA

Department of Microbio1 ogy
North Carol ina State Un iver s i ty
Raleigh, North Carolina 27607

The initial report in 1895 of microbial growth on hydrocarbon sub-
strates was that of Miyoshi �6! with the observation that I3otrytis csneva, a
Deuteromycete, would attack the paraff in used in embedding cellulose membranes.
ln 1906, Rahn reported on fung'I that extensively util ized hydrocarbon sub-
strates. The same year Sohngen publ ished his classical >ark on methane-
util Izing bacteria �2! and later demonstrated that microbes would degradebenzene, petroleum and paraff inic hydrocarbons �3!. The utilization of var i-
ous hydrocarbon substrates by yeasts and filamentous fungi has received exten-
sive study and has been cons idered in a recent review by Klug and Markovetz�5!, These authors compiled a list including 27 genera of f ilamentous fung iand 10 genera of yeasts that ut'll ize al iphatic hydrocarbons as source of. car-
bon and energy.

Studies were initiated in this laboratory on the degradation of petro-
leum by microorganisms maintained in stock culture and original ly selected for
their ability to grow on hydrocarbon substrates. The results suggested thatmany of the constituent parts of complex petroleum could be util ized by these
organisms but none could mineralize a signif icant' part of the oil. it wasevident, however, that the fungi available were superior to bacteria in theamount of growth attained on various crude oils �!. Tests with microbes iso-
lated by enrichment with crude oil as substrate conf irmed that fungi were more
eff icient in our system in mineralizing petroleum hydrocarbons �,7!. Thisreport is concerned with several aspects of these hydrocarbon degradation
studies.

MATER i ALS AND METHODS

Enz'icbnent.� Mud and water samples were collected from coastal areas
of North Carol ina. Enrichment with crude oil as substrate �9! resulted in
the isolation of several hundred bacterial cul tures and a number of yeasts
and filamentous fungi. Similar experiments were conducted with soil and water
obtained from Bermuda, The basal medium for isolation was sea water supple-
mented with NHgCI �.25 mg/ml ! and Na2HPOq/KHzPOq�.03 mg/ml! . All organisms
could utiiize one or more hydrocarbons as sole source of carbon and energy.
Isolation of microorganisms from pr imary enrichment was accampl i shed by
we 1 I pi a te me t hod �! .

SubsMata Specigicitp,� Al'I substrate specificity experiments were
carr'led out with sea water �0 ml media/50 ml flask! supplemented wit"
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phosphate and nitrogen  see above! . Al I I iquid and sol id substrates were
added at 0.24 and gaseous substrates were added as previously described �8!
Inoculum consisted of a drop of a 72 h culture obtained by growth on a suit
able substrate. Fungal cultures were homogenized in a sterile blendor cup
prior to addition to test substrates. An inoculated control without substrate
was added for each organism. Al I tests were incubated at 26 C. The barteria
were placed on a rotary shaker and the fung i were run in both shake and sta-
t ionary cul ture,

Uti2ization of Cz'use OiL.--Crude oil was placed on the surface of a
sea water medium supplemented with a source of N and P. The amount of myce-
I ium produced was determined by dry weight as previously described �!.
some instances the residual crude oil present af ter growth was determined by
grav imetr ic anal ys i s �! ~

Crude OiLs Used in These Shedies.--Crude oil and petroleum samples
were obtained from a number of oil companies and were labeled as fol lows:
Gulf Oil Company--South Louisiana Crude, Mesa Crude, Kiwai t Crude, Nigerian
Crude, Leona Crude, Mercy Crude and No. 6 Fuel Oi I; Pennsylvania Ref ining
Co.--Pennsylvania Crude Oil; Shel I Oil Co.--l ight Off-Shore Crude and Heavy
Off-Shore Crude Oil; Texaco--South Louisiana Regular Crude and West Texas/New
Mexico Sour Crude Oil; Phillips--Mixed base/mid Continent Crude Oil; Esso--
Bunker 6 and Brega Crude Oil; Atlantic Richfield--San Andreas  West Texas!,
North Russel Devonian  Texas! Crude, Prudhoe Bay/Sadlerochit  Alaska!, Swanson
River Field  Alaska!, Markham Zone  Springer, Okla.!, Off Shore Louisiana
Crude, San Joaquin  Venezuela! and Laguni I les  Venezuela! Crude Oi I; Cosden
Oil and Chemical Co.--West Texas Sour Crude and West Texas Sweet Crude Oil.

RESULTS

Enrichment culture with alkenes, xylenes, etc., as substrate, and es-
tuarine water and mud col lected from 1 ittoral areas of North Carol ina as in-
oculum, yielded a considerable number of hydrocarbon-util izing bacteria.
yeasts, actinomycetes and fungi. These organisms were isolated in pure cul-
ture and tested for substrate specificity. Resul ts are presented in Tabl~ I ~
The number of organisms in soil and water samples that could utilize n-alkanes
was determined by an end point dilution technique. The soil or water sample
was diluted in physiological saline and one mil I i I iter of the selected dilu
tion was placed in a mineral salts medium containing n-tetradecane as sub
strate. There were 10 to 10" organisms per gram of original soil or water
sample that could utilize the alkane as carbon and energy source. In con
trast, we have not been able to isolate an organism in pure culture that would
grow on cyclohexane  H. W. Beam and J. J. Perry, MS in preparation!, None o
th organisms Isolated in this study required v Itamlns or other growth fac-
tors. On isolation, the bacteria from sea water or mar'ine habitats grew b
ter in the N- and P-supplemented sea water medium than in mineral salts'
ever, the requirement for sea water was lost after repeated transfer after
which they grew well in the L-sa1 ts medium routinely used in this labora«ry
�0! . F ilamentous fung i were unaf fected by the presence or absence o«~
water and equivalent cell mass was atta ined in either a mineral salts med ium
or N- and P-supplemented sea water with hydrocarbons as growth substrate
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TABLE I

Rela t ive Biodegradabi l i ty of Var ious Hydrocarbon Substrates

NORMAL ALKANES C i o-Cps

STRA I GHT CHAI N ALKENES Cy p-Cg e

GASES C z-C grn

D n K n mALKANES Cs-C g

BRANCHED ALKANES TO l2 CARBONS

ALKENES Cs-Ct]

BRANCHED ALKENES

AROMATICS

CYCLOALKANES

~The number of microorganisms isolated that would grow
on the substrates listed decreased from top to bottom.

~~Any organism isolated on the compounds further down
the list would generally grow on those above,

DISCUSSION
bes resent in marine environments

'I 'zati» of crude oil by microbes presen I 2 3 IO, 'l3, I,21,ol lowed in a number of laboratories  ,,3,il and these organisms ve e
studied in greater detai anu e oil more e ec iv

t i l ize the paraf f inic fractio

The results of our studies suggested that, by our isolation procedures,the major group of organ i sms in the environment that grew on paraffinic hydro-
carbons comprised the mycobacteria and related organisms, Fewer fungi were
Isolated but these were more effective in mineralizing hydrocarbons and cru ea d crude

Among the f ilamentous fungi isolated, the most effective were strains«Cunntnghamella elegarra �! and PenicijHum aonahan  ll!. Other isolatesthat grew well on hydrocarbons were strains of Aspergil,isa ueraicolor, Cepha-
+ap0>t~ aot*emont'um and Pexicillium achro-ohLorena.

The amount of crude oil util ized by the fungi was determined by re-
covery of residual substrate after growth, as previously des1 described �!. The

~unt util ized during growth of C. e'Eegar& and P. zod P. zona~ was 85-924

p raff In base crude oi'I. These organisms util ized 3O t 50 to 6<4 of asphalt
crude oil. The growth rate was affected by the tempe rature of incubation.
pt'mum temperature for C. elegcLna was 3O C and forfor P. zomrtum was 37 C.

m utilization of crude oil!unt of N and P essential for maximum uti
termined. Growth was better on NHaC] than on NaNaNQs and 0.25 mg ml N

'e"t fo«lneral ization of crude oil.
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the asphaltic fractions. The util ization of various hydrocarbons by yeasts
and f ilamentous fungi has received considerable attention  9,15! and some
studies on fungal degradation of petroleum have appeared �,6,7!. Most of
the or'gan i sms descr i bed to date are more ef feet i ve in deg red i ng intermed jete
length and gaseous alkanes. Some can degrade aromatic compounds but I ittle
is known of the biodegradation of the naphthenes. Since paraff inic hydrocar-
bons are of widespread occurrence in I iving cel Is, it would fol low that
crobes capable of growth on these substrates would be more prevalent
those organisms that degrade the asphal tic fractions.

Despite the widespread occurrence of hydrocarbon-degrading organisms
�0!, the more recalcitrant fractions of petroieum are preva'lent in all en-
vironments in which spillage of oi'I occurs �2,17!. Blumer and Sass �! fol-
lowed the persistence of oil at the site of a massive fuel oil spil 1 at Buz-
zard's Bay off West Falmouth, Massachusetts. These workers found the readily
biodegradable alkanes remained in bottom deposits in the area after two years.
These results and others �2, I7! indicate that the level of hydrocarbon pollu-
tion in the biosphere will increase in proportion to the amount of oil spilled
into the env I roreent. The ever-rising need for o i 1 as an energy source indi-
cates that oi'I pollution will continue to be a problem.

The effect of petroleum on the total environment has not been fully
explored nor do we know what effects these products wil 1 have on marine food
chains. Reports on the accumulation of hydrocarbon pollutants in shel lf ish
�,8! have appeared. It is evident that persistent pollution by petroleum is
deleterious and means must be found to limit spillage and also to remove con-
taminating oil from the environment.

Our resul ts suggest that filamentous fungi might have greater poten-
tial than bacteria in cleansing the environment of spil led petroleum. The
fung I degrade greater quent i t i es of o i 1 dur ing growth, in par t perhaps due to
their development as a mat on the surface of the oil. Bacteria and yeasts
grow in oil droplets where oxygen and mineral nutr ients might be I imitlng ~
Another advantage is the abil ity of fungi to form spores that retain viabll «y
over extended periods of time without refrigeration. Spores could be accumu-
lated for use as "seed" inocula when and where they might be needed.

Experiments with C. elegans and P. aonatxrn suggest that a means «
adding sources of P and N must be found if large amounts of oil are to be de
graded. Isolation of f ilamentous fungi that can grow on the more recalcitrant
asphaltic fractions of crude oil are now underway.
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MICROBIAL DEGRADATION PF CRUDE OILAND THE VARIOUS HYDROCARBON DERIVATIVES
D. L. S. LiU

Env ironmenta 1 Protect ion Serv ice
Depar tment of the Env ironment
Canada Centre for Inland Ma ters
Burl ington, Ontario, Canada

The util ization of various petroleum products by a crude oil-grownbacterial cul ture has been studied us ing manometric and gas chromatographictechniques. A comparison of the gas chromatogram before and after growthshowed that the n-alkane fraction had been preferential ly util ized. Manomet-ric techniques demonstrated that the crude oil-grown cells could a iso rapidlydegrade n"alkanes, hy4rocarbon alcohol s, methyl ester of fatty acids and
alkylbenzenes.

I NTRP0 0C T I OH

Crude and ref ined petroleum products which enter natural waters aswastes and spil ls are susceptible to microbial decomposition �!. Trea'tmentof ref inery wastewater with aeration pond actually involves the 4estructionof these oily materials by microorganisms prior to discharge. Microbial deg-radation of pure hydrocarbon compounds has received extensive attention �,7!,but until recently there has been 1 ittle work on the microbial degradation ofcrude oil. This can be attr ibuted to the technical diff icul ties encounteredin the analytical complexities �!. The purpose of this paper is to Presentadditional information about the biodegradation of crude oil and the various
hydrocarbon derivatives.

MATERIALS AND METHODS

Mic~organiam md Gz math Medium. � The crude oil-degrading culture,CMOI, was isolated from a local ref inery soil using a technique developedthis laboratory �! . The organism is a short gram negative rod, the compl eteidentlf ication of which has not been completed. The basal mineral salt medium
ConSiSted Of the fOl IOwing  in gramS per I i ter!: K2HP04 anhy«O«~KH2pp4, 0,41; MgC 12 ' 6H20, 0 .1 0; FeC 12 ' 4H20, 0.05; MnC12 ~ 4H20, 0.002; and NH ! Sp l.p. The f inal pH of the medium was 6.9, and it was sterilized at

4 2 4$ ~ ~
arne condi-l5 lb for 15 min. Crude oil was sterilized separately under the same ction and was added aseptically to the medium at a concentration oo ml/ I i ter.

~ freight Det~ination and Man@me~ Study. � Fi f ty ml of cul turesuspension was f il tered through the loosely packed glass wool an4 300 ml of the
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f iltrate was centrifuged at 20,000 x g for 20 min fol lowed by two washes in
distilled water. The cel I pel let was taken up in 5 ml of dist il led water and
dried for 20 hr at 105 C.

Oxygen uptake was fol lowed at 20 C with conventional methodology �
the Gilson Differential Respirometer. After preincubation for
strate was tipped into the main chamber. The C02 was absorbed in 0,2 mi of
204 KOH placed in the center weil. The total fluid vo'lume of each Warburg
flask was 3.2 ml.

Qze Chromz&gmphic Analpeia of Crude Oil.--Crude oil was analyzed
with a Beckman GC-65 analytica I gas chromatograph equipped with a dual f'fame
ionization detector. The dual 1.8 m x 0.63 cm O.D. stainless stee'I column
contained 24 OV-1 liquid phase on 80-100 mesh chromosorb G-AW-DHCH, The oven
temperature was programmed from 60 C to 300 C at a rate of 5 Chemin and was
kept at 300 C isothermal ly for another 20 min. The injection port temperature
was 250 C and helium was used as the carrier gas at a flow rate of 60 ml per
min.

For analysis of biodegraded crude oil, 100 ml of culture suspension
was centrifuged at 20,000 x g for 20 min at 35 C and the supernatant was ex-
tracted twice with 5 ml of n-hexane. The emulsion was broken by centrifuga-
tion at 5000 x g for 10 min at 4 C and the top clear solvent layer containing
crude oil could be easily transferred to a 10 ml volumetric flask with a Pas-
teur pipet. This extract is suitable for immediate gas chromatographic analy-
sis.

RESULTS AND DISCUSSION

The bacterial culture, CHOI, was selected for this study from 19 iso-
lates on the basis of its rapid growth on crude oil as a sole carbon and
energy source. Figure I shows the effect of crude oil concentration on the
cell yield after 2 days growth at 20 C, ln this experiment various amounts
of crude oil were added to 250 ml Erlenmeyer flasks, containing 100 ml of
basal medium, on a rotary shaker at 250 strokes per min. It is obvious
the cell yield is a function of the crude oil concentration in the growth
medium up to 6 ml per I iter. Further increase in the oil concentration did
not resul t in signif icant increase in cel I yield.

The gas chromatogram pattern of Canadian crude oil is shown in Figure
2, The major hydrocarbon compounds were ident if ied by their retention time
when compared with the authentic compounds. It seems that n-alkanes are the
major components of the Canadian crude oil, The ability of cul ture CH01
attack the Canadian crude oil is demonstrated in Figure 3, The gas chro
gram Indicates that al 1 n-alkanes except n-decane, n-undecane, n-heptadecane
and n-octadecane had been degraded extensively by this eul ture. Howev~~ ~
attempt was made to quantitate the individual n-alkanes degraded in 'the crude
oil by integrating the corresponding ~k arm, because al 1 methods available
for routine measurement of hydrocarbon biodegradation are subject to variou
positive and negative errors and give only relative values �! .

Hanometric technique has been extensively used in this paper to study
the degradation of various hydrocarbon compounds, it has been accepted t»

o oxidizable materials and the rate of oxidation character ~ze
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either the degradabil ity of the material tested or the number of bacteria re-
sponsible for the degradation �!. Since the amount of added bacterial cells
in each Marburg flask was constant, 'the rate of oxygen consumption would re-
flect the degradabi 1 ity of the hydrocarbon compounds tested.

12

08
al

06
0

0.

/

0L
0

1210

Crude Oil Added ml/'I

Effect of Canadian Crude Oil on the Cell Yield of
Cul ture CH01. Each Erlenmeyer flask contained100 ml of basal medium, 1 ml of cell inoculum and
various amounts of Canadian crude oil. The ex-
periments were carried out at 20 C on a rotary
shaker at 250 strokes/min for 2 days.

F igure 1.

culture CMOl was grown on crudethe manometric experiments, the culturewick fermenter for 2 hr atsal"edium in a 14-1 lter New Brunswick in 0.05 M
sted, washed twice in minera sa

pH 7 0! 0eta-,ls of
1" t"e legend under each f igure. h ' tion of thet rates due to the varia ia«petroleum products at di f feren an is clearly shown in iproduc ts. Thi s phenomenon

grown ce'll degraded thehe crude oil
oil  Q02 17! and the ker sconducted to test the capabil ity of cul

9 s chromatographic pure n-elka
the above n-alkanes are so

olid at room tempe

note that the culture CM01 could p'u 1 d ra i dl y a t tac
ed it has to be carr i'ed across the

Be«r e any subs tra te i s ox i d i zed,
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Figure 2. Gas Chromatogram of Canadian Crude Oil
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Figure 3, Gas Chromatogram of Canadian Crude Oil after the Growth
of Culture CM01 for 2 Days
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Figure 4, The Oxidation of Various Petroleum Products by Culture
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cel 1 membrane. How could these sol id hydrocarbons be transported across thecell membranes The bac ter ium must possess a unique transport system, becausethe oxygen consumption was immediate after tipping the solid hydrocarbon sub-strate into the main chamber of the i~arburg flask. Another conclusion whichcan be drawn from this experiment is that there appears to be no preference
for odd or even carbon substrate by the culture CMQl.

Hydrocarbon alcohols have also been tested for their biodegradabi'Iityby culture CM01. This may have some practical appi ication in the future asIs known tha t the o i 1 herders used in o i 1 pol lut ion control are long cha in,high ne I ecula r we ight a lcohol s. Therefore, i t would seem advisable to insurethat these oil herders did not remain in the environment after the oil cleanup. I t can be seen that most of the hydrocarbon a'Icohol s tested were suscep-tible to degradation by the hydrocarbon bacterium  Fig. 7!. The methyl esterof various fatty acids was also subject to degradation by culture CMOl indi-cating that the bacterium could hydrolyze the ester 'linkage of the fatty acidester  Fig, 8!. Several consnercial oil emulsif iers are actually derived fromthe fatty acid ester. Recent study in this laboratory has indicated that thedegradation of the oil emulsif ier starts from the splitting of the ester link-
age.

~ C11, C'12

200-

- G14
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a 4X- , cz,c+CQ.
C20
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carbon Alcoho'Is by Cu'I ture9 re 7, Oxidation of Various Hydrocar nined 1 ml of 0 05 MCMOI. Each Varburg flask conta iO~ 1 ml of cell suspensionphospha te buffer  pH 7, !, m ' n~ ~ mg dry wt.! and 100 ui or 50 mg substra e.
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Oxidation of Methyl Ester of Fatty Acids by Cul ture
CHO1. Each Warburg f lask conta ined 1 ml of 0.05 k
phosphate buffer  pH 7.0!, 1 ml of cell suspension
�.6 mg dry wt,! and 100 pl or 50 mg of substrate.

Figure 8.

e f fee t. ~f the side cha in length of alkyl benzene on the rate of
oxygen con s mps ~p< 1 on by cu 1 ture CMO 1 has a 1 so been stud i ed, i n th i s exper iment
100 1 of aS chrO tographic pure alkylbenzene was Us~ as SUbstrate to teSt
the b'~egradabi L I ty  Fig. 9! . As noted in Figure 10, benzene, toluene annd
their bi
ethyl benzene weh 1 b ne were Inhibitory to the b cterium. Figure 11 su~rizes the ef-
f f ~n nunlber o f substrate, i ncaa ud i ng m-a 1 kanes, hydroca r bon a 1 coho 1 s
feet of carh 1 ster uf fatty acids, on the rate of oxygen consianption by cultureand methyl es e fCM01. Appa r en noe inite pattern
these hydrocar r n s- The obvious co«lusiOn whi h

epresen ted by cu1 t �CM01'thi s study i sb l ty tw degrade var ious petroleum products.a ready abi l | ty
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Hez y I Benzene
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Butyl Benzene
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Figure 9. Oxidation of Various Alkylbenzene by Cul ture Ck01.
Each Warburg flask contained 1 ml of 0.05 k phos-
pha te buf f er  pH 7. 0!, 1 ml of cel 1 suspens ion
�.3 mg dry wt.! and 100 yl of substrate.
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Effect of Side Chain Carbon Number of Alkylbenzene
on the Rate of Oxygen Consumption by Cul turer CHO1.

The experimental conditions were exactly the same
as in Fig. 9.
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Figure 1 i. Effect of the Carbon Number of e-Alkanes, Hydro-
carbon Alcohols and Methyl Ester of Fatty Acids on
the Rate of Oxygen Consumption by Cul ture CMOl
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NICROBES AND PETROLEUM: PERSPECTIVES
A IID I HP L I CA T I 0 N S
W. R. F INNERTY, R. S. KENNEDY! P. LOCKWOOD, 8. O. SPURLOCK,
and R. A. YOUNG
Department of Microbiologyand The Centra l Electron Microscopy Laboratory
University of Georgia
Athens, Georgia 30601

An ul tra-structure study of Aeinetobacfer sp grown on paraffinic andolefinic hydrocarbons demonstrated cytoplasmic sequestering of hydrocarbons.Induced membrane synthesis was additionally demonstrated as a result of hydro-carbon metabolism, Increased cellular and extraceilular lipid synthesis wasqual itatively and quantitatively documented during hydrocarbon metabolism.These studies serve to emphasize our lack of detailed knowledge concerning
the consequences which may ari se from this relationship.

Hydrocarbon microbiology has persisted for the past half century asan ephemeral scientif ic curiosity with the exception of those applied aspectsrelated to petroleum technology and commercial exploitation, etexhaustive studies concerning the fate and effect of diverse and complex frac-t Ions of petroleum in and on the env ironment are 4i ff icul t if not impossibleta f ind. The presence of petroleum in the environment, either accic identa'l l

or naturally, has created a myriad of crash programs attempting to eva'luate
and analyze the environmental impact of petroleum.Our composi te knowledge of mechanisms by which diverse microorganismsgrow at the expense of hydrocarbons has been periodically rei terat  23.30!. These reviews serve to emphasize the paucity of knowledge concerningdetailed mechanisms operative in microbial hy4rocarbon oxidation processes ~A great number of studies have been directe4 toward a compilatio ycarbon-util izing microorganisms with very few investigators un4eunder taking

studies into the deta i I ed mechanisms of hydrocarbon assimilationn and util I za-

tion. The exact nature of biochemical mechanisms which regulatete h rocarbon

oxidations by microorganisms are poorly understood at best.This laboratory has concentrated its efforts on a hydrocarbon «» izing microorganism in pure culture growing on defined and chemical y pdrocarbons. Our studies are aimed at def ining the cul tural, phys gio log ica I,

biochem ice l, and enzymologicai parameters of microbial growth on yh drocar bans.

Engineering Experiment Station, Georgia Institute of Techno logy,

Atlanta, Georg ia 30332.
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The microorganism used in these studies has been described as anAcinetohzoter sp {2,10! with the former epithet Hicroooeoua oerifjorzna �!This bacterium is capab'le of prolific growth on a variety of alkanes and alkl-enes greater than 10 carbons in length. The structure of many compoundsar ising from the growth of thi s microorgani sm on speci f ic hydrocarbons hasbeen reported �,11,27,28,29! as well as has the biosynthes is of characteris-tic wax esters �,11!, Octa iled biochemicaI analyses with this microorganismhave def ined spec if ic aspects of hydrocarbon metabol ism �6,17,!8,19,20,21!.The present report extends these studies with observations concerning the ef-fect and fate of hydrocarbon on a microorganism in pure culture.

MATERIALS AND METHODS

Orpaniam and Gzoarth Conditione.--AII studies were carried out withthe HOI-N strain of !Lft'crococous oerifzcana {Acinetobacter sp! as described byFinnerty et al. �!, The organism was grown on a mineral mediate consistingof  in grams per liter!:  Nkg!zSOg, 2; KHzPOg, 4; NazHPOg, 6; MgSOg'7Hz0,0.02; CaClz 2HzO, 0.001; FeSOq 7HzO, 0.001; pH 7.5.
n-AIkanes and n-l-alkenes  Humphrey Chemical Co., New Haven, Conn.!were added to a final concentration of

Organisms were also grown on nutrient broth �.84!-yeast extract�.54!, acetate �4!, and ribose �4! for comparative studies. Al I hydrocar-bon and non-hydrocarbon growth substrates were added to the def ined mineralmed ium.

Cultures were grown on a gyratory shaker at room temperature �5 C!to the late exponential growth phase and harvested by centrifugation at roomtemperature. Cel I pel lets were washed two times with the mineral medium toremove the external non-metabol ized hydrocarbon.

Fixation.� Two f ixat ion procedures were used. Method ! followedtechniques described by Kel lenberger et ai. �2! . In method 2, the proced~r~of Glauert and Thornley was used  9!. A ce'I l suspension was mixed with equalparts of 54 glutaraldehyde in 0,2 M cacodylate buffer  pH 7.3! containing2 mg of CaClz per ml .

Dehydration and ~edcfing.--The f ixed cel ls were dehydrated bY onetwo procedures. Method 1 involved processing the samples through a gra edseries of water-ethanol mixtures fol lowed by propylene oxide. These sampleswere inf iltrated with Epon according to Luf t �5! or wi th Maraglas as «"scribed by Freeman et a'I.  8!. In method 2, the samples were dehydrated byprocessing through a graded series of Ourcupan as described by Staubl i �6!and embedded in Araldite. Ul trathin sections were cut on a Reichert OM" 2ul tramicrotome and mounted on uncoated 300 mesh copper grids. The sectionswere stained with lead citrate �5! fol'lowed by uranyl acetate and exam'nedin a Phil ips-200 electron microscope operating at 80 Kv-
~ohio' of C'ella.� Cell pel lets obtained from the growth o«eon specif ied substrates were washed 5 times with dist il led water bY repea"centrifu ation.9 - Each cell pet let was processed through a graded series ow ter-ethanol mixtures as used in the dehydration for EM �0:50, 30:70 ~ 5:95 ~
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5:95 0: 100, 0: 100, v/v! . The alcohol extracts were pooled and reduced to
dryness. Al 1 alcohol extracts reduced to dryness except those obta ined from
hexadecane and hexadec-'L-ene grown cul tures. The alcohol extracts were dis-
solved in chloroform, dried with anhydrous sodium sulfate, and dissolved in
hexane for analysis by gas chromatography.

Gaa Lhpcid Cfu oreztogrctph|!!  GLC!.--A Packard gas chromatograph, series
7500, consisting of a dual-column oven with coiled-glass columns � !!I! inside
diameter, 1.83 m long! was used for the analysis of alcohol extracts, The
detection system was an argon ionization detector with column support systems
consisting of liquid phases of 104 Apiezon L and 20K d lethylene glycol suc-
cinate  OEGS! on a support of 70-80 Anakrom A. Operating conditions were:
column temperature, 120 C; detector temperature, 190 C; injection temperature,
180 C; outlet temperature, 205 C; argon flow rate, 60 ml/min; chart speed,
2.5 min/inch.

X-Bay Diffraction Ana'Lyssa.--Cultures grown on specified hydrocarbon
and non-hydrocarbon substrates were washed extensively and lyophilized. These
cell preparations were encapsulated in a Mylar f ilm and cooled to -10 C with a
cold air stream. The cooled specimens were exposed to a 1 mm diameter beam of
Ni-f il tered X-rays from a Cu anode and a flat f ilm was set perpendicular to
the beam approximate'ly 5.3 cm behind the specimen  flat-plate forward-reflect-
ionn technique! . The exposed f ilm was quantitatively analyzed by micropho-
tometry along a diametric 1 ine.

Scanning Electron Miavaaeopp.� Cel I preparat ions for scanning electron
microscopy were either f ixed in glutaraldehyde or dried unf ixed onto specimen
stubs, coated with gold-palladium �0:60! in a vacuum evaporator and viewed
in a Cambridge Stereoscan Scanning Electron Microscope.

RESULTS

Early studies with Acinatobacter spp IIO-I-H actively growing at the
expense of hexadecane indicated the hydrocarbon was dispersed as an oil in
water emulsion in the cul ture medium. Interestingly, hexadecane did not dis-
perse into stable emulsions when shaken with a! uninoculated medium, b! bac-
teria  Eacherichia oo7i, Aerobe:ter aerogenes, Baunt'Z7ua aubtilia! unable to
metabol ize hydrocarbons, or c! bacteria not preinduced to hydrocarbon growth.
8acteria preinduced to growth on hydrocarbons were essent ial for the formation
of aPparent stable hexadecane in water emulsions. A physical relationshipbetween preinduced bacteria and microdroplets of hexadecane was noted y 'gb 'li ht

m!«oscopy in that the bacteria adhered to the surface of the hydrocarbon
droplet.

This phenomenon was studied in further detail by scanning electron'«oscopy. Acinetobacter spp was grown on hexadecane, sampled during expo-nential growth, and prepared for scanning electron microscopy. Figures I and2 reveal the surface of hydrocarbon rnicrodroplets to be uniformly covered with
bacter ia. A detailed study was initiated into the ul trastructure of Acinetobac-

spp grown on hydrocarbon and non-hydrocarbon substrat ates. Ultra-thin sec-

tions prepared from cells grown on acetate, ribose, or n ' -yor nutrient broth-veast

 NHYE! were identical with respect to their fine-structure detail.
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Figure l. Scanning El~tron Micro-
graph of AcinetabaaMr sp growing
on hexadecane  HC! and samp 1 ed dur-
ing the mid exponent la! growth
phase. 875 X.

Figure 2. Scanning E'lectron Micro-
graph of Acinetobactez sp cel ls coat-
ing the surface of the hydrocarbon-
hexadecane. The surface of the hy-
drocarbon is irregular with the bac-
teria randomly positioned on all sur-
faces. D indicates individual bac-
teria, 1825 X.

Figure 3 is a representative thin-section of NSYE-grown cel 'ls, ln contrast,
cel 1 s obtained from growth on hydrocarbons exhibited unique character istics
that served to distingui sh them from non-hydrocarbon-grown bacteria. Figure
4 is a thin-section pre.pared from hexadecane-grown bacteria. Mul tiple inclu
sion bodies are readily apparent and served to characterize an ul tra-structure
feature assoc iated with only hydrocarbon-grown bacteria. This f ine-structure
inclusion body was a characteristic feature associated with growth of Acwteto-
bac5er spp on a homologous set of alkanes varying in cha in length from 12-20
carbon atoms, One pieca of experimental evidence used to establ ish the speci-
f icity of the inclusiona is shown in Figure 5, The cells were obtained from
co lonies of Aoinetobaa~z spp growing on the surface of a mineral sa1 ts-agar
medium in the presence of hexadecane vapors. The bacter ia1 colonies were
never in direct phys ica l contact with 1 iquid hexadecane. Thi s exper iment
demonstrates the presence of mul tip>e Inclusions as a character istic f ine-
structure detail.

Further evidence. '«establish the physical integrity of the inclusions
was obta ined by f reeze-e.tch Procedures. Figures 6 and 7 are micrographs of
freeze-etch studies of A<><<>~~~e2' spp grown on hexadecane. Structural ele-
ments identical to those observed in thin-sections are present indicating the
physical integrity of these Inclusion bodies in hydrocarbon-grown bacteria.
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Figure 3. Electron micrograph of Acid@,tobacter sp grown on
nutr ient broth-yeast extract. Ribosomes  R! and
nuclear material {N!. 71,500 X.

Figure 4. Ultra-thin sections of Acimetobacter sp grown onhexadecane medium showing the hydrocarbon inclusionbodies  H!. Hul tipie inclusions are characteristic
of alkane-grown bacteria. 82,000 X.
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Figure 5. Ul tra-thin section of Acinetobaotez' sp grown on hexadecane
vapors . 76, 000 X.

Al k-Z-enes as sole carbon sources exhibited a different but sti] I
characterist ic f ine-structure pattern. Figure 8 shows a thin-section of
hexadec-l-ene g rown eel ]s wi th two osmiophi I ic inc ]us ion bod ies. These in-
c]us ion bodies are characteristic of a] kene-grown bacteria and appear as
strongly osmiophi 1 ic bodies on]y when water-soluble dehydration and embedding
procedures are used. The use of conventional procedures which require organic
solvents removes the osmiophi] ic inclusions. The latter can also be extracted
from thin-sect ions by floating the sect]on on organic so]vents  e.g., ch]oro-
form, hexane, et h«!-

The chernica 1 identif ication of these inclusion bodies was established
by gas chromatography and X-ray diffraction. Positive identif ication of pen-
tadecane, hexadecane, hexadec-l-ene, heptadecane, and octadecane were con-
firmed in a1cwhol extracts of cel ls grown on these respective hydrocarbons by
gas chromatography. A"alyses bY Iow temperature X-ray diffract ion of ]yophi]-
ized ce]]s estab1 i shed the identity of the inc]usion bodies, Figure 9 is a
densitometr ic tracing « the X-ray diffraction pattern of heptadecane, while
Figure ]0 is the dens itometric tracing obtained from ce]]s wh]ch had been
grown on heptadecane- The X-raY diffraction pattern a] lowed a positive iden-
ti f ication of heptadecane 'n the bacter]a ~ Posi tive identif ications for the
hydrocarbons spec if ied above have also been obtained confirming the gas chro-
matographic ev i dence ~ igure I] represents a contro] where NIIYE ce] ]s were
ana]yzed by ! -ray d 'f fraction. It "as not possib]e to corre]ate this pattern
to a hydrocarbon structure providi "9 conclusive evidence as to the chem]ca]
identity o f tQe i nc 1 us ion bod ies.

1]0
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Figure 6. Freeze-etch of Aeinetobacter sp grown on hexa-
decane. 22,000 X.

Figure 7. Freeze-etch of Aeinetohxctez sp grown on hexa-
decane. 83,000 X.
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Figure 8. Ijl tra-thin section of Acinetchxo&z sp grown on
hexadec-2-ene. Cel'Is processed with durcvpan so
that the unsaturated, osmiophi I ic hydrocarbon appears
as electron dense inclusions. I05,000 X.
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Figure 9. Densitometric tracing of X-ray diffraction pattern
of n-heptadecane.
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Figure 10. Densitometric tracing of X-ray diffraction pattern of
ACT'7MtObaCte2* Sp grown an heptadeCane.
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Figure 1'1. Dens itometr ic tracing of X-ray diffraction pattern of
ACiTTetObacter Sp grown on nutrient broth-yeast
extract.
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An assessment of the generality of hydrocarbon cytoplasmic sequester
ing by microorganisms in the natural environment was initiated. Crude oil
was placed with a sample of pond water. Figure 12 is a thin section prepared
from microorganisms grown under these conditions, Hydrocarbon inclusions are
observed as fine-structure inclusions. Further stud ies were carried out with
a tar ball collected from a large petroleum spil 'I off Wha iebone Bay, Nova
Scotia, in March, 1972. Portions of this tar bai I � g! were placed in a
mineral sal ts medium and incubated with shaking at room temperature, Excel-
lent microbia I growth occurred within 4 days. Figure 13 is a scanning elec-
tron micrograph prepared directly from this tar bal I cul ture flask. A com-
plex amorphous structural array is apparent. Increased magnif ication shows
the presence of bacteria  Figure 14!. Thin-sections were prepared from micro-
organisms which grew on components of this tar ball. Figure 15 shows identi-
cal cytoplasmic inclusions as noted with Acinetobacter growing on hexadecane.
Bacteria, algae, and protozoa were observed in these thin-sections . These
tar ball cultures have yielded approximately 15 presumptively different spe-
c i es of mic roorga ni sms.

Figure 12. Electron micrograph of fresh pond water bacteria
developing on crude oil . 93,000 X .
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Figure 13. Scanning electron micrograph of microbial growth on
a tar ball. 1500 X

Figure ]4. Scanning electron micrograph of microbial growth on a
tar ball, 12,000 N.
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Figure 15. Electron micrograph of bacter ia developing on a tar
bal 1 . 93,000 X ~

An unexpected ul trastructure modif ication, in addition to cytoplasmic
pools of hydrocarbons, was the induction of intracytoplasmic membrane in
hydrocarbon-grown bacter ia. F igure 16 shows one type of membrane structure
in Acfnetobac&r grown on hexadecane, whi le Figure 17 depicts a structural
var iation in intracytoplasmic membrane formation in hexadec-l-ene grown cells.
These intracytoplasmic membrane structures appear as highly ordered trilami-
nar membranes extending throughout the cel 1 . These membrane structures are
present only when cel 1 s have been grown on hydrocarbons. A phys ical relation
ship between a hydrocarbon inclusion body and intracytoplasmic membrane is
seen in Figure 18. The functional signif icance of this physical relationship
is under investigation.

A growth phenomenon currently inexplicable concerns a gr'oss cello ar
transformation in hydrocarbon-grown bacteria. At irregular intervals cultures
of Aainetabaote~ on alkane or alk-l-ene transform into giant cells. indi-
vidual bacteria will become 4-10 times larger, greatly extended and elongated ~
and exhibit extensive intracytoplasmic membrane development- Figure
a thin-section of one of these giant cel 1 s obtained from a cul ture growing on
hexadecane. This induced transformation has been observed to occur only w"en
bacteria are grown on hydrocarbons. Subcu] turing of these transformed
to new hydrocarbon-conta ining media maintains g iant cel 1 populations. Rev«
sions to normal cell dimensions and shape occurs by subcul tur ing to non "Yd
carbon nutritive media. A physical property associated with these transforme
cultures is their buoyant density. These giant cells do not sed iment
trifugal fields as high as 40,000 x g but rather remain as a floating granul
pel'lie le on the surface.
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Figure 16. intracytoplasmic membrane  IK! development inAcinetobacter sp grown on hexadecane. 53,000 X.

F'igure 11. intracytoplasmic membrane  IH! development inAcine&bacter sp grown on hexadec-l-ene.e. 000 X.
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Figure 18. Electron micrograph of Acinetohzcter sp grown on
hexadec-E-ene. A physical relationship between
hydrocarbon inclusion and intracytoplasmic membrane
is demonstrated. 84 000 X

F'gure 19. Electron micrograph of Acine~~ter sp transformed to
large cells by repetitive growth on hmadecane. Intra-
cytoplasmic membrane  IH! and hydrocarbon  H! ~
40,000 X.

ll8
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The ReLaturnship of' Lips to Hydrocavbon Oxidation.� A comparative
study of lipids in relationship to 'hydrocarbon oxidation was quantitatively
detel mined with Acinetobactez' sp growing on hydrocarbon and non-hydrocarbon
substrates. Table 1 shows the quantitat jve distr ibution of specif ic cel lular
1 ipds in Act'natobacfer sp. Phospholipids doubled as a result of growth on
hexadecane. Free fatty acid pools remain constant under the two growth con-
ditions whi le signif icant differential concentrations of free fatty alcoholand wax ester were measured only in hexadecane grown cel ls. The presence oftriglyceride is signif icant in terms of both qualitative and quantitative
concentrat ion.

TABLE 1

Quantitation of Cel lular Lipids in Acfne&bactez' sp

Lipid Components
Hicromoles/ dr cel 1 wei ht

Non- hydr oca r bona Hydro ca r bo n

Phospho 1 i p id s
Tr ig1ycer ide
Free fatty acid
Free fatty alcohol
Wax ester

60 jj. 8
7 5

0

120
2.5
8.2

2.7
7 3

Nutr ient broth-yeast extract grown bacteria.
Hexadecane-grown bac ter i a.

An ana'lysis of bound and free fatty ac id and fatty alcohol in thecul ture broth is shown in Figure 20. Fatty acid  bound and free! exhibitedtwo m~~ima throughout the growth curve. The first maximum occurred duringearly to mid-exponential growth phase wi th a sharp decrease in the late ex-ponent la 1 growth phase. The second max imum occurred coincident wi th the on-s«« the stationary growth phase with a subsequent rapid decrease to lowconcentrations. Fatty alcohol {bound and free! exhibited an identical re-sponse with two maxima occurring coincident with fatty acid. This studydemonstrated that fatty acid and fatty alcoho'i exhibited peak concentrationin early to mid-exponential growth phase. The signif icance of this cellularresponse to hydrocarbon may relate to the interaction of specif ic 1 ipids as
surfactants in the micellar ization of hydrocarbon,

The quant jtat ive aspects of extracellular 1 ipid accumu'iation is showni»able 2. Triglyceride, free fatty acid, free fatty alcohol, and wax esterare present in the cul ture broth of hexadecane-grown cells. Triglyceride,free fatty acid, and wax ester appear as major extracellular iipids in hexa-
decane cu1 tures.
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TABLE 2

Quantitation of Extracel lu'lar Lipids

Micromoles/L of cul ture medium
Lipid Components

HydrocarbonHon-hydrocarbona

Hutr ient broth-yeast extract grown cel ls.

Hexadecane-grown cel 1 s.

Growth
Fatty Acid
Fotty Atcahol

ts

14

t2
o.e

o4o

0.3
a O

0.2

O.I

2 4 6 a lo l2
HOURS

Figure 20. Analyses of bound  8! and free  F! fatty acid and
fatty alcohol in the culture broth through the growth
curve of Aciytetobacter sp with hexadecane as
substrate.

120

Pho5pho 1 1 p i d s
Tr ig1ycer ide
Free fatty ac id
Free fatty alcohol
Wax ester

~ io
E

e
0
X
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0
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0
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A growth curve response for total triglyceride is shown in Table 3.
tr Iglyceride frOIn hexadecane-grown Cells was Signif iCantl hi heican y 9 r

throughout the growth curve than with either acetate or nutrient broth-grown
Table 4 shows the fatty acid spectrum of triglyceride pur if ied from

cells grown on spec if ied hydrocarbons, A direct correlation to substr t
carbon num er and chain length of fatty acid is apparent. The functionalb

i n o su strate

role of tr ig 1ycer ides in hydrocarbon metabol i sm is presently undetermined.
Albeit, trig lycer ide as a specif ic surfactant in combination with a more
polar I ipid  e.g., fatty acid! may serve to form hydrocarbon in water macro-
or micro-emulsions.

TABLE 3

Total Triglyceride throughout Growth Curve

Time Nanomo les/m  dr cel 1 wt!
 hr s! Hexad ecane Acetate Nutr ient broth

TABLE 4

Fatty Acid Composition of Purified Triglyceride

Percent Fatty Growth SubstrateAc id Compos i t ion NBVE Pentadecane Hexadecane Heptadecane
2. 644.12

3.48
11.53
».87
16.20

i.9614:0
15:0
15: I
16:0
16: I
17:0
17: 1
18:0
18:i

X Y

14. 92

75.10 1. 98
12.06 2.23

49 97
26.74

70 33
5. 04

6. 56
16.11

4.16
18.42
17. »

10.20
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0 I SCUSS ION

These studies have served to direct attention to problems associated
with petroleum which have been either totally ignored or unrecognized. The
recent impact of petroleum in t' he environment tends to emphasize the cogency
of providing concrete answers to these problems. Specific implications of
this study are: a! cellular transformations induced by hydrocarbons; b! the
sequestering of hydrocarbons by microorganisms with potential impact on food
chain interrelationships; and c! the microbia I production of specific solu-
bilizing agents which a id or promote hydrocarbon metabolism.

The fate and effect of petroleum or petrolic byproducts on the envi-
ronment has rece ived cursory attention at best. A summary d iscussion of the
effects of oil pollution on birds, manuals, f ish, molluscs, plankton, plants,
as well as marine conInunities has def ined a few of the overal 1 aspects of
petroleum pollution �4!. The examination of she'I If ish and marine sediments
demonstrated the persistence of oil in sediments and shel lf ish several months
following the pol lut ion incident. Of signif icant interest was the retention
of aromatic hydrocarbons by these shel if ish �!. Recent studies have shown
the rapid uptake of heptadecane, 1,2,3,4-tetrahydronaphthalene, toluene,
naphthalene, and 3,4-benzopyrene by mar ine mussel s. The data Indicated that
mussel s did not metabol ize these hydrocarbons but s igni f icant annunts were
reta ined by the t i ssues �4! .

Me have observed that a microorganism undergoes a morpholog ical trans-
formation as a resul t of growth on chemical ly pure hydrocarbon. Whether this
transformation is the result of synergism between hydrocarbon and a metabol ic~ ~ ~ ~ ~ ~ ~byproduct or a singular effect of hydrocarbon is unknown. Further evidence
has demonstrated f ine-structure modif icat ions in the form of induced membrane
synthesis. Quanti tat ive biochemical anal yses of the simple and complex I ipids
of Acimetobacter sp have demonstrated an increase in the cel lular and extra-
cel lular I ipids as a resul t of hydrocarbon metabo'I ism. The pharmacological
and toxicologica I properties of petroleum and petroleum byproducts on the
aquatic environment are undetermined, although it is wel I knbwn that many
pa 1ycyc I ic aromat ic hydrocarbons are carc inogenic. A hydrocarbonmx idi zing
microorganism has responded physiological 'ly and morphological ly in a rather
drastic manner to a hydrocarbon molecule which is tacitly assumed to be in-
nocuous. The inescapable question of "why?" remains.

Sequestering of hydrocarbons by the microbial f lora through active
transport becomes of practical concern. Hydrocarbons which are pooled by the
indigenous microbial flora could relate to the sequential transfer of hydro
carbons through the food chain. The phenomenon may serve as a mechanism for
passage of potentially dangerous chemicals through the food chain webs to
higher l ife forms. Compounds which can undergo such processes are: a! paraf
f inic and olef inic hydrocarbons; b! aromatic and polycycl ic aromatic hydro-
carbons; and c! halogenated hydrocarbons. We have investigated hydrocarbon
ut i'I iz ing bacter ia, yeast.s, and fung i and note that a I I accumulate paraff inlc
and olef inic hydrocarbons in the cytoplasm. The critical question becomes
just how far does hydrocarbon move through the food chain progression before
it disappears, is converted into a potentially harmful intermed iate, or is
metabolized to non-toxic intermediates7

The conclusion appears warranted that Acinetobacter sp undergoes a
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'loss or alteration of biochemical control mechanisms for cell wall synthesis,
membra ne syn thes i s, and morphological shape when g rown repetitively on hydro-
carbons. The analogy to neoplastic transformations in higher cei lular systems
is evident. The "how" and "why" of what triggers a microbial cell to "pool"
a hydrophobic hydrocarbon against a concentration gradient, to form complex
lntracel lular membranes, and to undergo gross cel lular transformations are
undetermined,

I't is well recognized that all microorganisms are incapable of hydro-
carbon assimilation, presumably lacking the requisite enzymatic complement to
effect such conversions. A study of hydrocarbon structure in relationship to
microbial oxidizabii ity has establ ished a set of biological guidel ines for
determining the biodegradabil ity of specif ic substituted hydrocarbons �2!.
Hydrocarbons as hydrophobic, water-Insoluble compounds have circumstantially
been considered as refractory to active transport processes. These consider-
ations necessitated an extracel lular rnodif ication of the hydrocarbon by the
microbiai agents wi th assimilation processes being effected on the byproducts
of this activity. Our f indings that hydrocarbons are pooled suggests a
mechanism for active transport of hydrocarbons. The component parts and re-quirements for active transport of a water-insoluble substrate are il I-def ined.
However, if hydrocarbon-oxidizing microorganisms possess the abi I ity to syn-
thesize a biodetergent which promotes pseudo-solubilization of hydrocarbon, a
mechanism for active transport against a concentration gradient can be ef-
fected. An analysis of cellular and extracellular I ipids revealed that a
number of specif ic 1 ipids were present in a hydrocarbon-util izing system that
could ful f il I this purpose. The expl icit role of these lipids as solubil iza-tionn agents for hydrocarbons has not been deter m ined wi thin this system. How-ever, their known physical properties would suggest that an influential role
could be served in ma inta ining a f inite level of hydrocarbon in aqueous solu-
tion as macro- or micro-emulsions.

Future directions for analyzing the Impact of petroleum on the aquat ic
environment can be formuiated as a series of exper imental questions: a! whatis the diversity of microorganisms in the aquatic environment capable of hy-
drocarbon metabol ism7; b! do differential kinetic parameters exist with re-spect to uptake of specif ic hydrocarbons7; c! what is the magnitude of hydro-carbon pool ing in the microbial flora and what are the rates of hydrocarbon
elimination from such microbial populations7; d! can internal poo'Is of morethan one hydrocarbon be maintained or do selective uptake and oxidation ratesprevail depending on the hydrocarbons available7; e! do hydrocarbons induce
cellular transformations throughout all microbial species7; f! what pharrna-
cological and toxicological properties do specif ic hydrocarbons exert on
higher eel 1 ul ar sys tems7

A serious problem facing hydrocarbon microbioiogy today is not somuc" microbial uti I ization of volatile petroleum f'ractions, but rather theblodegradatlon of resinous tars. These highly complex constituents of petro-leum appear to be highly refractory to biological degradation so that further
and immediate studies are needed to understand the apparent recalcitrant
nature of these petroleum constituents.
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DISTRIBUTION AND ABUNDANCE OF OIL-OXIDIZ!NG
BACTERIA I N THE NORTH SEA

W. GUNKEL

Biolog i sche Anstal t Helgo land
Meeresstat ion, 2192 Helgo land
West Germany

Investigations include distribution of oilmxidizing  and total het-
erotrophic bacteria! in the waters, surface films, sediments and beach sands
of the North Sea in the vicinity of Helgoland and in the River Elbe estuary.
Microbial concentrations in unpol luted samples, as great as 10 per liter of
sediment, are reported.

INTRODUCTION

The existence of oil-decomposing bacteria has been known for many
years. Comprehensive investigations using pure cultures under laboratory
conditions have been conducted on the physiology of the degradation processes,
especial ly in regard to the a 1 iphatic paraff ins, ln contrast, our knowledge
of the ecology of hydrocarbon-oxidizing bacteria is meager; there are only arelatively few papers deal ing with their distribution in the sea �,5,17,18,
2O! .

Due to the increasing problem of aquatic pol lut ion, and the question
of the 1 imiting factors of oil degradation, considerable background data on
distribution and abundance of the microorganisms involved in this process are
urgently needed. Additional ly, the question of seeding of oil sl icks and
beached oil to enhance degradat ion rates poses further problems.

It Is recognized that the polluting oil consists of a complex mixture
of many different hydrocarbons besides other organic compounds, and that mi-
crobia I degradation is by m ixed populations consisting of numerous species.
Thus, populations of s ingle microbial species cannot noticeably degrade crudeoils �8! . It is necessary to obta in basic data on the abundance of bacter ia
in the natural env ironment that are able to grow on crude oil or ref ined pe-troleumm products rather than mi croorgani sms that respond to indiv i dual hydro-
carbons or spec ia I groups of compounds.

MATERIALS AND METHODS

Col lections of water and sediment samples were made from the BAH
 Biologi sche Ansta 'I t Helgol and! vessel s Pz'ie&ich Heincke, Utho~ and Ellen-bogen. The major i ty of the water samples were taken at the cablebuoy  Kabel-
tonne! stat ion near Helgo land. This si te, between Helgoland and the adjacent
sandy island, is in a channe'I with a strong  I-2 knots! tidal current. The
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latter precluded influence of the island itself on the col lections at the
cablebuoy. Furthermore, samples at this station showed a bacterial flora
comparable to that obtained at stations outside of the immediate Helgoland
area. it should be noted that microbiological and chemical parameters have
been monitored at Helgoland for the past 10 years.

One series of 17 stations was establ ished between the 1 ight-vessel
P 8 about 25 nautical miles WNW of Helgoland and the mouth of the River Elbe.
This series of stations encompassed a distance of about 70 nautical miles.
The sal inity of water varied from about lk,  Elbe-Otterndorf stations 2, 10!
to about 324,  light-vessel P 8 stations l, 6! . Water was collected asepti-
cal ly at a depth of approximately 1 m using a modif led ZoBel l microbiological
sampler  l5!. Locations of all sampling sites are shown in Figure l.

7' � � � ~0 so B' io' ZO 30 40 50

20'

15'

sf ~


'
7 |0 z!!' !O' CO' SO s ~0' 20' �' 40' 50-

�'
9'

Figure 1. Location of Collection Stations in the North Sea.
Crosses Indicate water sampling station of the cru ise
between River Elbe Otterndorff �, lO! to Light Ship
P 8  l, 6!. Dots indicate the stations around Melgo-
land which were sampl ing s i tes for sediment. The
'insert map of Helgoland shows the site of the cable-
buoy  Kabeltonne! station and locations of the beach
sand collections.
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Sur face f j lms of water were col 1 ected by use of a "fly screen" samp-
ler made of stainless steel �,1'I!. Bottom samples were taken on two cruises
around Heigol and using the van Veen grab sampler  IA!, The uppermost 5 nms of
the sediment was taken us'Ing aseptic procedures. Beach sand samples were
col lected directly using sterilized bottles.

BIochenical oxygen demand  BOD! was determined after 21 days of incu-
bation at 18 C using a modif ied Winkler method  8!,

Sediment samples were treated as fol lows: 2 m'I of the sediment was
put into a sterile bottle containing 100 ml sterile aged seawater; I ml of a
nontoxic, non-ionic emul sif ier and one drop of a defoaming agent were added;
the material was mixed using a high speed "Ultra Turrax." This homogenizer
is an excel lent tool to break up bacterial aggregates �!.

A dilution series was made with ster I'I ized aged seawater � parts
aged seawater to 1 part distilled water! so that each subsequent dilution
contained I/10 of the concentration of bacteria. From these dilution tubes,
petri plates and prescr iption bottles  for MPN analysis! were inoculated.
These methods, used in our laboratory for many years, have been described in
detail elsewhere �,6!.

The following media were used:a! Agar Medium 2216 E  9!, made with a mixture of 3 parts aged seawater
and one part distil led water, Bacteria isolated on this medium are
designated "marine heterotrophic bacteria."

b! Agar Medium 2216 E, made with distilled water. The salinity of theinoculated medium was ca 24, due to the sal inity of the inoculum. These
bacteria are referred to here as "freshwater heterotrophic bacteria."

c! Liquid inorganic medium with oil for marine oil-decomposing bacteria.
The only carbon and enerqy source in this medium was ei ther Bunkeroil medium or heavy gas oil. While heavy gas oil is a white distilla-tion product oil, Bunker oil medium  syn. M. fuel oil! is viscous and
black with a fairly high boil ing point. One drop of oil was added to
each prescr i p t ion bott 1 e. The med ium cons i s ted of: 0. 5 g NHqC I;0.5 g K2HPOq, 1 g NazHPOq, 750 ml aged seawater and 250 ml distilled
wa ter.

d! Liquid inorganic medium with oil for freshwater oil-decomposing bac-teria. The composition was similar to that of  c!; however, only dis-tilled water was used. In the medium the salinity was about 2R, after
I nocu1 a t i on.

The inoculated prescription bottles and petri plates were incubatedC for 3 weeks. Before checking whether the bottles were positive  tur-
bid due to growth of bacteria! or negative, they were acidified to dissolve
inorganic precipitates.
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RESULTS
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monthly Averages of the Abundance of Bacteria at the Station
Cablebuoy  @abel tonne! during the time from Harch 1966 to
April l967.
A sal inity; B temp«ature; C ~ mar ine-heterotrophic bac-
teria; 9 ~ f reshwater-heterotrophic bacteria; E freshwater-
oil-oxidizing bacteria; F = marine oH oxidizing bacteria;

percentage af freshwater-oil-oxidizing bacteria in regard
to freshwater-heterotrophic bacteria; H I percentage of
marine-oil-oxidizing bacteria in regard to marine hetero-
troph i c bac t« ' a

F lgure 2.

i 30

Abundance of BacMz'wa az gee pconi~ri~ Station Cablebuoy  Eabel-
tonne!.--During the period f r ~ parch 'l966 tp April 1967, 57 water samples
were taken at the station Kab<ltonne fourthly averages are plotted in
F lgure 2.
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Marine oil-oxidizing bacteria were present throughout the year in
relatively high numbers, fluctuating between 930 cell s/L to more than
460,000 cells/L in the individual sample. The average value of 57 samples
was 53,860 cells/L.

The numbers of oil-oxidizing freshwater bacteria were only sl ightly
lower, fluctuating between 910 cells/L and 460,000 cells/L. The average
population for the 57 samples was 40,000 bacteria/L.

The numbers of heterotrophic bacteria were considerably higher than
those for hydrocarbonoclastic bacteria. If we rate the concentration of the
marine heterotrophic bacteria as 100%, the percentage of the marine oil-
oxidizers averages monthly between 0.52 and 16,84, The corresponding values
for freshwater oil-oxidizing bacteria are 1.494 and 32.374. Mhile the per-
centages of the freshwater oil-oxidizing bacteria are somewhat higher. the
absolute numbers are lower than those of the marine oil-oxidizing bacteria.

The numbers of bacteria change during the year for the four different
groups. There is sane conformity between mar ine and freshwater heterotrophs,
but none between the oil-oxidizing bacteria and the heterotrophs. No def i-
ni te yearly cycle is recognizable, which could be attributed to the season or
to the temperature. This is somewhat contrary to our results normally ob-
ta ined ln monitoring heterotrophic bacteria during the last 10 years, taking
samples every second day and calculating the overlapping l0 days averages.
in most instances, good maxima were obtained in spring and in autumn, with
low numbers in summer and winter, The reason for this may be that plotting
monthly averages of 57 samples in 13 months smoothes the curves to such an
extent that, together with the lower number of samples  taken at different
tidal phases!, maxima and minima that occurred only for a limited time are
not apparent.

Distribution of Ot'.L-midi&,ng Rzcte~ at a Section Elbe-Open Sar
IM"~chip P 8!.--The distribution of heterotrophic and oilmxidizing bac-
teria between the River Elbe and the open sea was determined together withthe salinity and the BOD over a two-day cruise  RV Uter@!. The results are
shown in Figure 3.

Salinity i ncreases from 1 k, in the River Elbe to about 324, in theopen sea, whereas BOD decreases from 9.39 mg/L  station Otterndorf! at sta-
tions 2 and 10 in the Elbe to 2,05 mg/L in the open sea. These data showthat r iver water with a low sal inity, and a high content of organic material,
is mixed with water of the open sea which is high in salinity and low in or-9»ic material. That suggests that much of the organic material in thecoastal zone enters the sea with the river water. The concentrations of allfour groups of bacter ia investigated show similar correlations with organicmaterial except for numbers of the marine heterotrophic bacteria at stations

low sal inities.Bacterial populations decrease between Lightship P 8 and the station
Elbe-Otterndorf:
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Range of
Bac ter i a I Ce 1 I Concen tra t ion

1.3 10 to 7.3 10

8.2 x 10 to 2.2 x 10

30x10 to 20x10

2.4 x 10 to 2,3 x 10s

Freshwater heterotrophic bacteria  C!

Mar ine heterotrophic bacteria  9!

Freshwater oil-oxidizing bacter ia  E!

Marine oil-oxidizing bacteria  F!

It is noteworthy that even at the stations having a high sal inity quite dis-
tant fnm the estuary, numbers of freshwater oil-oxidizing bacteria are in
most instances higher than those of the marine oil-oxidizing bacteria,

20

4 ~

710 1924 27 26l514, lp 22 2~ r'I u u 'lg 1f
Ol1 C~ ~ EIbc 1 flelyuand

Figure 3. Distribution of Bacteria Between the River Elbe and the Open
Sea  I Ightship P 8!.
A ~ B00qq, B ~ salinity; C marine heterotrophic bacteria;
D freshwater heterotrophic bacteria; E freshwater oil-
oxidizing bacteria; F marine oil-oxidizing bacteria .
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Fluctuations of the oil-decomposing bacteria are greater than those
of the heterotrophic bac ter ia due to the lower accuracy of the MPH method,

Die~ation of Oil-Oxidizing Bacteria and Yeaeta in the lib@sr Surface Pi ~a Due to the f act that o i 1 po1 1 u tan ts norma 1 1 y f orm I arge sl i cks
sur face of wa ters ~ m icroorgani sms present at the a i r-water i nter face

into c loser contact wi th the pol lutant than at a depth of I m. The lat-
I 5 the depth at wh i ch "sur face-sampl es" are norma 1 1 y taken. For thi sreason, some prel iminary attempts were made to determine the numbers of oil-oxidizing bacter ia in the surface f i lm of water and compare these with con-

centrations at a depth of 1 m. Resul ts are compiled in Table l. In tmcases, the number in the surface f ilm was lower, in one instance the same,and in two cases higher. The highest value was more than 12-fold that at
1 m depth.

TABLE 1

Distribution of Oil-Oxidizing Bacteria in Surface Films
and at a Depth of I m

Number in 1 L
water of air-
water inter-

face

in 4
� m water
depth~i OOt!Types of Date of

Number i n
I L water

microorganisms sampling at 1 m depth

14

154
140k
IDOL
24OR

32, 300
23,000
21, 000

230,000
930,000

5/11/71
8/11/71

10/11/71
1 5/1 I/71

I /12/72

Marine
oil-oxidizing
bacteria

230,000
150,000

15,000
230,000

15,000
1764247,260Average 140,000

Yeasts

697. 5X
155

Average 22

In the lower portion of Table I, examples of co~en
ncentrations of hetero-

yeasts are given. Although the oil oxid~zing abi ' ybi I it of the yeasts

it is pertinent to present these data hehere, On an average,

ber " yeasts was 7 times higher at the sur ace thathan at 1 m depth.
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15/09/71
22/09/71
29/09/71
27/10/71

3/11/71
'I 0/'I 1/71

I 5/11/71
24/il/71

I/'12/71

12

i4 9
24
41

13
56

24 7

63
30

130
80

570
25

293
100
104

5254
2144

1444k
3334

1390't

523k
416K

1485%
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Thus I t appears that in the water, the highest number of o i I ox Id izing
yeasts probably occurs in the water-air interfa«.

gia~btction of Oil-gmgiaing azateria in Sediments.� Twentymne
sa ples of sediments were collected around Helgoland from the BAH vessel RS
prie~h Heincke. The stations are given in Figure 1. The results for oii-
px id I z I ng mar inc bcsc ter ia and for heterotroph ic ma«ne bac ter ia a re plotted
in Figure 4 ~

ll

<ogNI t

10 2 4 6 8 10 12 14 16 18 20 22
station no

F I gure 4. Abundance of Ha r i ne Hetero troph i c Bac ter i a  so I id I i ne!
at 21 Stations around Helgoland and of Marine Oi I-
0x id i z ing Bac ter i a  da shed I inc! .

The numbers of oil-oxi«zing marine bacteria fluctuate between 5.75 x 10 and
2.3 x I0s per I iter of sedi~ent. The average of the 21 samples is 1.61 x 10
cel I s/L. The corresponding numbers for heterotrophic mar ine bacter ia are
9.63 x I0s and 3-9 x 10" cells/L, with an average of 4.0 x 10 cells/L. The
average percentage of oII-oxidizing bacteria in regard to marine heterotrophic
bacteria is 4.024. The sediments investigated were dissimilar in regard to
grain size, and consisted of f ine sand with a high proportion of silt and clay
up to samples compo~ed of coarse sand and seal I stones. In al I samples the
grain size distribution was determined; in some samples, the hydrocarbon con-
tent wes also determined. Prel imlnary calculations showed no signif icant
correlation between the different parameters determined ~ I t seems necessary
to study additional aspects, i.e., Eh, organic bound carbon, nor ganic
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nutrients, microfauna, to understand the distribution patterns of heterotro-
phic mar lne bacter ia and oil-oxidizing bacteria.

TABLE 2

Distr ibution of Oil-Oxidizing Bacteria in Beach Sands
Freshwater in 4

heterotrophic  marine hetero-
bacteria trophic bacteria
cells/L ~ 1004!

0 i I -ox i d i z ing Har inc
ma r ine hetero trophi c

bacter ia bac ter ia
cell s/L cel 'Is/L

Location
Ho.

i. Helgoland
north beach 74.0 x 10

i45.0 x 10
55.5 x 10
53.5 x IO'

38.7R
215.0421.5 x 10

115.0 x 10
low-tide 1 ine
high-tide line
above high- t i de

line
21.5 x 10 635,0 x 10 590.0 x 10 3,4g

I I. Helgoland
"Dune" north
beac h 54,0 x 10

10.8 x I 0
173.0 x IO
95 0 x 10

4.65x 'IO
4.65x 10

low-tide 1 ine
high-tide I ine
above high-t ide

line

15.44103 x 10'
14.0 x IO21.5 x 10

31.46x IO 171 x 10 162,8 x 10
Average

The two locations have different patterns of bacterial distribution Table 2!. Location Ho. 'I has the highest number of oil~xidizing bacteriaat the high-tide 1 ine. The percentage of these bacteria in regard to mar ineheterotrophic bacteria was more than twice the number of the heterotrophs�154!. The corresponding numbers of oil-oxidizing bacteria  high-tide line!at the "Oiine" were lower--their highest value is above the high-tide line;
135

Distribution of Oil-OxiCiaing Bacteria in Beach Sands,� During thecourse of the investigations, the bacterial content of many individual sam-ples was determined. Tabie 2 gives examples for 6 samples taken at two dif-ferent beaches. Location No. I was the north beach at Helgoland, locationNo, 2 was the north beach of the "Dune," the little island separated fromHelgoland by a channel  see Fig. 1!. In both locations, the sand has a simi-lar gra in size  medium! and was fairly clean; however, the north beach ofHelgoland i s protected against the prevai 1 ing westerly winds by the morphologyof the island. At both locations, one sample was taken at the low-tide line,one at the high-tide I ine, and a third sample about 30 to 50 m behind thehigh-tide I ine. The low- and high-tide line samp'Ies were wet sand, while the
third sample was dry.
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the corresponding numbers of heterotrophs were lower, so the percentage is
higher than in Location No,

DISCUSSION

The question of the occurrence of oil� -oxidizing bacteria in the en-
vironment is important for ecological and applied reasons. Hungate �!f
discussing the criteria for adequacy of ecological analysis, states: "The
number in which an organism occurs is the single most universal index for
comparing the importance of a particular kind of bacterium in different habi-
tats." For this reason he recommends: "Since numbers can be determined
relatively easily by diluting the habitat before inoculating it to the en-
richment medium, cul ture counts should always be part of the analysis of mi-
crobial ecosystems."

Simultaneously, with the determination of the bacterial group in
question, other important envlronmenta'I parameters and nutrients should be
determined. However, only in balanced systems where continuously smal I
amounts of organic substances are added can we expect a stab'le correlation
between environmental parameters and microbial concentrations. To understand
the role of bacteria in an oil spil I occurring in a region usual ly free of
pollution, it is necessary to follow the events from the very beg inning over
several weeks monitoring bacteria, oil and other parameters, Occasional
sampl ing at some time after the spill has occurred, whose exact duration
might be unkrewn, gives us very crude data, However, this is of ten the
s'ituatlon if we sample, for example, pol 'luted sediments or polluted beach
sand. In the marine environment such "convenient" circumstances I ike those
Investigated by Vorosilova and Dianova �2,'13! seldom occur. These workers
sampled the River Hoskwa and Volga above the inlets of an oil ref inery, In
the pollution zone and far be'low this zone, They found 10-19,000 oil-oxidiz-
ing bacteria per ml above the inlet; however, more than 10 were enumerated
be ow the inlet. The percentage of oi'I-oxidizing bacteria to bacteria whichb 'I

grew on peptone agar  heterotrophic freshwater bacteria! was calculated andf ound to be less than 54 above the inlet, in the oil-pol luted zone up to
12,8004, and 100 km below this zone sti I I 144.

The resul ts on the abundance of marine oil-oxidizing bacteria at thecablebuoy showed that all 57 samples contained oil-oxidizing bacteria. The
average was 53y860 bacteria per I iter with the percentage 0,52 to I6.84 ofthe total number of marine heterotrophic bacteria. Because it is highl un-
lik !e! y that these large concentrations of bacteria belong to a single species,I y n-

we can assume that bacteria with different potencies to break down various
oil compounds are present throughout the year around Helgoland. Since underfavorable conditions the generation time of bacteria can be as low as 30 min-
utes, on'ly limiting factors of the environment wil I retard degradation. Thesefactors I imit ing oil degradation are discussed elsewhere �,17! . In futureinvestigations it should be mrthwhile to take samples at closer intervals;also, the hydrocarbon content of the water should be examined,

The bacteriological data at Helgoland are supplemented by those ofthe cruise between the River E'lbe and the open sea. It is especial ly impor-tant to resolve whether the o'll-degrading bacteria are transported to theopen sea from the po'lluted river, or whether they die off ur..-. entry into the
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marine environment, It is diff icult to resolve this problem by just a single
cruise that gives only the momentary picture of a speclf ic time of the year.Synoptic cruise data are needed, However, it is stil I quite clear that sea-
water dilutes the concentration of all four bacteria'I groups as weil as theBOD. Because the percentage of the decrease is different for the four groupsit is evident that events other than dilution influence the four groups dis-similarly. There are at most stations more freshwater oi I-oxidizing bacteriapresent; however, these decrease faster, The hydrography of the southernNorth Sea is very complicated and variable, and speculations about the factors
which influence the distribution of bacteria can be made only if more data are
used for correlation analyses.

The sediment samples col lected around Helgoland give very different
resu'Its ~ Bacterial numbers fluctuate about five orders of magnitude, Itseems necessary to determine further environmental parameters to understandthe reasons for such distribution patterns, Also it is necessary to differ-entiate between hydrocarbons which are introduced into the sediment by pol lu-
tion and those of planktonic origin ~ Nevertheless, the data indicate thepresence of a large bacterial population which is able ta decompose different
types of hydrocarbons.

Of considerable interest are the resul ts obtained at the beaches inHelgoland at the "Dune." It was assumed that the highest values for oil-oxidizing bacteria would be at the high-tide I ine due to the possibility thatsurface f ilms, which might contain traces of oil, auld be deposited on thebeach by wave action. This occurred at Location No. 1, protected againstwind by the rock of kelgoland-Oberland. At Location No. 2, however, surpris-ingly the highest number of oil-oxidizing bacteria was found about 50 m be-
hind and several meters above the high-tide level in a dry sand. Three rea-
sons could be postulated for this:

a! Exhausts of planes from the landing strip at the "Dune.n However, the
number of starts and landings is very 1 imited.b! Hydrocarbons formed by the plants which grow at the sand in the closevicinity of the sampl ing station could promote the growth of oil-oxidizing bacteria. However, the sand was not mixed with plant debris,
no roots were seen at the surface, and the density of the plants is
very low,c! Because the beach is exposed to NW to NE winds, the waves which hit the
beach most of the year break and show white caps. It must be assumedthat the surface film, with a great number of oil-oxidizing bacteria
and liquid substanc,es, is divided into small drop lets and these aretransported from the wind and are deposited some d istance behind thehigh-tide line. The transportation of marine bacteria due to wind isdescribed by ZoBell �6!. This possibility seems to be the most rea 1-
istic one.
A~ther interesting question Is the concentration of o Il-oxidizing

bacteria in the air-water Interface. For two years we have measured thelowering of the surface tension due to organic substances in collected sur-face films. In all cases, a considerably lower value was obtained for dyn/cmcompared with the water at 1 m depth. Because oil pol lution occurs in the
former environment, further investigations will be concentrated in the sur-face film rather than in water samples from I m depth. We intend to quantify

137



Center foe Wetland Reaouzces, LSD-SG-78-01, 1978

the surface film to area, rather than to volume samp'led by the fly screen,
using the adhesion force of oily substances to a Teflon plate �0!.

We recognize that the pour plate method used does not permit all
erotrophic bacteria to grow. However, up to now there is no method available
which routinely permits a better enumeration. Direct counts by I ight micros-
copy do not give reasonable results due to the small size of marine bacteria
and the impossibil ity of distinguishing between smal I inorganic particles and
bacteria. I t is conceivable that the appl ication of the scanning microscope
offers new approaches. For this reason the term "total" heterotrophic bac-
teria has been omitted. Likewise, the numbers of oil oxidizing bacteria
the samples probably are greater than were detected by the methodo'logy de-
scribed. As pointed out above, no single species is able to degrade oil to
a noticeable degree. This means that at least several oil-oxidizing bacteria
must be present in an individual laboratory reaction vessel to initiate bio-
degradation. However, the resul ts of the heterotrophic bacter ia and the oil-
oxidizing bacteria, and the percentages, are in good agreement wi th data of
other authors.
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MARINE HYDROCARBONOCLASTIC BACTE'RIA'-
TYPES AND RANGE OF OIL DEGRADATION

G. SOLI

Research Department
Michelson Laboratories
China Lake, California 93555

ba teria 1 'iso'lates were characterized on the basis of their
arine c iability to attack hydrocarbons in a complex synthetic mixture. i poto outl'lne the oil degradation range of the organisms by properly balancing

the various components. The degree of specializa ' p'zation and adaptation to hydro-

carbon oxidation was determined indirectly with iw h different nitrogen sources.

INTRODljCTION

Since the final objective is to degrade petroleum and various kinds
of oil residues in the sea, it is necessary to know yhow h drocarbonoclastic

microorganisms, in particular marine forms, react t pto corn lex mixtures of hy-
bo . Ab'1't f an organism to separately oxidize tetradecane, hexa-

y odecane or naphthalene may establ ish its abil ity to assimi a e
but it does not provide information on what happens wwhen the same organism is
challenged simultaneously with hundreds of different hydrocarbons.

e f th m lexity of crude oil it is difficult to experiment
ecause o e co pwith the latter and obtain fundamental information on the ate 0 1 sdel of the oil system andnents. it is possible, however, to build a small mo e o e icarry out qualitative as well as quantitative studie s of its microbial degra-

dation.

HATER IALS AND HETHODS

A synthetic oil containing representative members of the four majorgroups of petroleum hydrocarbons, i.e., normal paraf fins, iso-paraf ins,
cyclo-paraff ins and aromatics, has been previously fo mr ulated �,6!.

Different bacterial strains, isolated from marine environments, wereexposed to a new hydrocarbon mixture in a synthetic ma r ine medium �! for a
period of ten days at a temperature of 26 C. The isappd a earance of the indi-

vidual hydrocarbons was followed by gas chromatography; this procedure has
been described elsewhere �,6!.

From previous experiments �! it appeared that y gt b baiancin the dif-
ferent components it might be possible to stimulate microbial degradation ofa broad range of oil compounds, Composition of a "balanced" hydrocarbon mix-
ture is il lustrated in Table 1 ~ The various components constitute the
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following percentage by weight: normal paraff ins, 26.81; iso-paraff ins,
21.4TT; cyclo-paraff ins, 12.26; aromatic hydrocarbons, 39.48.

TABLE 1

Percent Consumption of Hydrocarbons by Different Bacterial
Strains, with Different Nitrogen Sources
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RESULTS AND D I SCUSS ION

Ao~t'vasty of Mioroorganjame oe Diffment Types of Hpdroccu'bona.� Ithas been shown that a preponderance of certain hydrocarbons determines thefate of other hydrocarbons �!. Since the great majority of hydrocarbon-oxidizing bacter ia can readily digest normal paraffins, the amount of thesein the oil may determine the extent to which iso-paraff ins, cyclo-paraff insor even aromatics can be degraded. 'Within the normal paraff ins, a sequentialorder of attack is apparent with the 1'Ighter compounds being attacked ini-t»lly �,6!. Iso-paraffins present the same general pattern, although other
factors may alter the sequential order of breakdown.Table 2 shows phytane to be the iso-paraffin more readily attackedalthough its molecular weight is greater than that of either farnesane orpristane. This may be due to the great abundance in soils and water of phy-tol, a product of decomposition of chlorophyll, of which phytane is a precur-sor. Furthermore, the asymmetry in the molecule of phytane  Table 2! mayperhaps facilitate its initial attack by microorganisms. A similar situation
would apply for farnesane.

TABLE 2

Relationships Among D i f f erent I so-Paraf f ins
Average ratio
of consumptionBasic structural

f ormu1 aHydr oca r bon

C C C
CCCCCCCCCCCC

C C C C
CCCCCCCCCCCCCCC

C C C C
CCCCCCCCCCCCCCCC
C C C C C C

CCCCC CCCC CCCCCC CC CC CC CC C

Farnesane

C>sHsg

87

Pristane

CisHva
77

Phytane
CgiiHws

100

Squa lane
CSOH62

75
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Oxidation of cyclo-paraff ins seems to be I inked wi th the presence ofthe paraff inic side chain �! . Table 3 shows the percentage of bacterialstrains that attack heptylcyclohexane compared to bicyc'lohexyl and decal in�! ~ Al though cyclo-paraff ins, as a whole, inay be more resistant to bacteria Iattack than normal paraffins, paraff inic side chains if long enough, may beas biodegradable as a normal paraff in. This suggests that the extent of deg-radation of cyclo-paraff ins in a crude oil would be dependent upon the pres-ence of side chains and on the relative abundance of normal paraff ins.
The possibility of degradation of cyclo-paraff ins in a naphtheniccrude should be greater than in a paraff inic crude. This may be of
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importance, because of the greater potential toxic ity of cyclo"paraff ins to
marine organisms �!, Studies of the effect of oil spills and the persis-
tence of hydrocarbons in the marine environment should consider the type of
oil spilled.

TABLE 3

Susceptibility of Different Cyclo-Paraffins to Degradation

Basic structura I Percent of strains
formula capable of oxidationHydroca r bon

Heptyl cyc lohexane � CCCCCCC 88

B i cyc1 ohexy I 62

Deca 1 in

The activity of microorganisms on aromatic hydrocarbons seems to fol-
low a much less predictable course. Much study is required before a general
pattern can be recognized. The heavy aromatic fraction of crude oil is ac-
knowledged to be persistent and potentially more toxic to marine life than
any other residue.
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Claeei fiaaHon of Hydrocarbon Oxidiaera.--As shown in Table 1, a hy-
drocarbon mixture conte ining a I imi ted number of normal paraff ins, in propor"
tion to the other hydrocarbons, can serve as a model to outl ine the oxidizing
capabl'I ities of the microorganisms. It is clear from the diversity of re-
sultss obtained with different bacteria that percentages of hydrocarbon con-
sumption correlate with the actual enzymatic digestion of the particular hy-
drocarbon. It is possib'Ie that for some hydrocarbons, th is is due to coox i-
dation, but apparently even coox idat ion cannot extend the ultimate enzymat ic
capabilities of the organisms.

The results with the first three stra'Ins  Table I! offer an idealized
but real picture of three fundamentally d ifferent types, Previously �! it
was proposed that for the purpose of quick recognition, hydrocarbonoclastic
bacteria could be broadly divided into three main types: a! those which at-
tack primarily norma I paraff ins; b! those which preferentia lly oxidize aro-
matic hydrocarbons; c! those which can readi ly attack iso-paraff ins, and ap-
parently most other hydrocarbons.

The oxidizing abilities of the organ i sms, wi thin the thi rd type, may
vary. as shown by strains SB3IP7, TR4N and TR1KIP; nonetheless, the results
may still indicate the general activity of the organisms toward a complex
mixture of hydrocarbons such as crude oil.
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Effect of Different Ntzogen Sources.� Arrmonia, nitrate and an aminoacid were used separately as nitrogen sources to provide additional data for
a further characterization of the various microorganisms.

The KNOs salt generally represented the best source of nitrogen, asfar as rate of hydrocarbon consumption was concerned, Perhaps this may bedue to the fact that, under reduced oxygen tension, KNOs may serve also as ahydrogen acceptor �!. Al though oxygen measurements were not taken duringthe course of these experiments, conditions in the unshaken test tubes mayhave reached suboptimal levels for molecular oxygen concentration, during
the average incubation period of ten days,The amino acid alanine seemed to serve as a good Indicator of the de-gree of heterotrophy of the organisms. lf an organism can utilize an organicsource of nitrogen  i.e., alanine!, in all likelihood the same organism wouldbe able to oxidize a more complex source of carbon than hydrocarbons. Suchan organism i s designated here as a "facul tat ive" hydrocarbon-oxidizer. Con-trariwise, an organism unable to util ize the amino acid and able to developonly with anInonla or nitrate would very likely only assimilate hydrocarbons.This type could be termed an "obl igate" hydrocarbonwxidizer, I.e., strain
SB3 I P7. All of the stra ins in Table t, with the exception of SB3iP7, util izedaianine and grew in a peptone medium without hydrocarbons, Strain TR4A maybe an example of a typical "facui tative" organism, aianine being a bettersource of nitrogen than either nitrate or amnonia, All strains fa iled toutilize the hydrocarbons without a nitrogen source, The apparent carbon con-sumption of strain SB3 IP7 in absence of nitrogen  Table 1!, reflects eitheran ability to f ix a tmospher ic nitrogen or, more likely, an initial hydrocar-bon attack accomplished through the utilization of traces of nitrogen trans-
ferred with the cells of the inoculum.

Ob'Ligate vezeue Facul&tive Hpdmcaz box ~ize2 e.� Strain SB3IP7appears to be the only isolate with characteristics of an "obligate" hydro-carbon-oxidizer. It had been tentatively identif ied as an Art~bac&r sp.�,5!. Davis  I! isolated from oil f ieid soils mycobacteria, viz., Mycobac-tez'sum puuffsniman, which appear to possess similar character istics, Ngco-ixu'tecum ~ffimmum can attack a variety of paraff inic hydrocarbons, withthe exception of methane, and is unable to utilize glycerol or peptone during
an incubation period of 2-3 weeks  I!.These "obligate" hydrocarbon-oxidizers may be a promising tool «rseeding and degradation of oil slicks in the sea, However, their competitivestrength in the presence of other microorganisms may not be necessarily high.Mhen strain SB3IP7 was mixed with other strains some inhibition of hydrocar-bon oxidation was observed �!, Combination of various facultative strains,each with its own different degrading abil ities could be more effective thana single strain with a broad range of oil degradation capabil ities. Obligatehydrocarbon"oxidizers may be useful when emulsif iers or other carbon-contain-ing compounds are added to an oil slick, These organisms, if not inhibitedby the emulsifiers, would proceed with hydrocarbon degradation, leaving other
carbon sources untouched.
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8IODEGRADATION OF OIL IN SEAWATER: LIMITING
FACTORS AND ARTIFICIAL STIMULATION
R. BARTHA and R. H. ATLAS
Department of Biochemistry and Hicrobiology
Rutgers Universi tyNew Brunswick, New Jersey 08903

The limiting factors of petroleum biodegradation in seawater were sys-tematical ly evaluated. In the surveyed coastal waters, hydrocarbon oxidizerswere found to be abundant, but their substrate ranges relatively restricted.Besides lowering the biodegradation rates, low water temperatures caused longlag periods due to retention of volatile Inhibitors in crude oil. Nitrogenand phosphorus were found to be severely limiting. Addition of these nutrientsdramatically increased oil biodegradation both in laboratory and in field ex-per iments. An oleophil ic ferti 1 izer formula for use on floating oil slicks is
descr i bed.

Sunmarizing some ident if ied or postulated causes that inhibit biodeg-radation of polluting oil in the sea, ZoBeli  9! 1 isted the low numbers ofmarine hydrocarbon degraders, their l imited substrate range, toxic substances'ln crude oil, lack of sufficient aeration, lack of adequate dispersion, sub-optimal temperatures, and insuff iciency of essential mineral nutrients suchas nitrogen and phosphorus. We have evaluated some of these I imitlng parame-ters ln a quantitative manner in order to define practical approaches towardthe stimulated biodegradation of oil as a pollution abatement technique,
HATER I ALS AND HETHODS

Harine hydrocarbon degraders were enriched for, isolated, and countedon an artif icial sea water med'ium  Bushnell-Haas medium modif ied by additionof 3X NaCl and adjusted to pH 7.8! with lg of f i 1 ter-sterilized Sweden crudeoil  gift of Sun Gil Co,! as the only carbon source, This medium was sol idi-
f ied, when required by l.Q of agar.Individual hydrocarbons of 96/ or higher purity were obtained fr«Aldrich Chemical Co. and from Chemical Samples Co. Initial screeningstrata util ization was carried out on inverted agar plates with the steam-steril ized hydrocarbon added to a f il ter paper disc in the cover of the Petridish. In case of selected strains, the results were verified in liquid cuiture consisting of lp ml artif iciai sea water and O.l ml of the individualhydrocarbon. The cu'ltures were inoculated with washed bacteria, equivalent

Present address: Jet propulsion Laboratory, Bldg. 77, 4800 Gak Grove
Drive, Pasadena, California 9'I lpga,
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to O. I mg protein, that were grown in Difco Marine Broth 2216 for 24 hr. In-
cubation was at 28 C for 14 days on a rotary shaker at. 200 rpm, Levels of
protein were determined by the Lowry method �!,

Biodegradation of petroleum and some of Its representative hydrocarbon
components was measured by COz-evolution and quantitative gas chromatography
�!. Effect of temperature on oil degradation was studied using a series of
adjustable-temperature waterbath shakers. Exper imentai detail s of laboratory
and f ieid experiments on oleophil ic oil slick fertilizers wil'I be described
el sewhere �!.

RESULTS AND DISCUSSION

The abundance of oil� -degrading microorganisms was measured in Raritan
Bay as a function of the season, and of the distance from known oil pollution
sources. N Icrobial numbers varied from 3400/L in the polluted Arthur Kill to
60/L toward the seaward fringes of the Bay �!. Seasonal fluctuations were
evident, but extensive biodegradation of added Sweden crude oil was ev ident
in each aseptically collected 100 ml water sample. In similar waters, the
inoculation of spilt oil to accelerate its biodegradation  I! is probably un-
necessary, but this measure may be benef ic ia I in pelagic areas.

From the oil� "polluted Arthur Kill and from New Jersey coastal waters,
30 strains of marine hydrocarbon degrading microorgan i sms were isolated,
After initial screening on the basis of their substrate range and growth char-
acteristics, a F2avohzcterium sp. and a R evibacter iran sp. were selected for
more intensive study. Table I shows the substrate range of these two orga-
nisms as determined by the protein yield after t~ weeks of incubation. The
rate of mineralization of some representative petroleum hydrocarbons by the
same organisms was monitored for 20 days using the COz"evolution technique.
n-Paraffins  Figs, I and 2, curves A and B! served as the best substrates for
both organisms, but Fhxvobacterium sp. exhibited higher rates of mineraliza-
tion. Branching, as in the case of pristane, prevented utilization by FKcrvo-
bacterium sp. but not by R evibaeterium sp.  Figs. I and 2, curves D!.
Quaternary carbon atoms prevented utilization by either organisms  Figs. I
and 2, curves G!. Utilization of alicyclic and aromatic compounds occurred
when a sufficiently long side chain was present  Table I; Figs. I and 2.
curves C! but aromatic or alicyc'lic compounds without such side chains were
spared by these organisms  Table I; F igs . I and 2, curves E and F! . Other
marine bacteria isolated in our laboratory util ized aromatics such as naph-
thalene and methyl naphthalene, but no ut ilizers of simple al icyclics such as
cyclohexane or decalin could be found. After an exhaustive search, Peiz and
Rehm  8! obtained a similar negative result. It may be concluded that bac-
teria'I inocula for oil slicks will require numerous strains with complementing
metabolic. abilities. Some components of crude oil are refractory, and may be-
come susceptible to biodegradation only after an initial abiotic conversion
step.

Low water temperatures � and 10 C! predictably lowered oil degrada-
tion rates but, in addition, lag periods up to 3g days were found to precede
the onset of measurable biodegradation, The predominant portion of this Iag
period was shown to be caused by volatiie inhibitors present In crude petro-
leum that evaporate only slowly at low temperatures �!, We sugges't that

I 48
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biodegradation of spilt crude oil in arctic wa'ters might be hastened throughthe removal of such volatile inhibitors by ignition, but experiments to prove
this point are yet to be performed.

TABLE

Ability of Individual Hydrocarbons
to Support Bacterial Growth

F7avabaa tecum sp.
mg protein
increase/ml

Br evibactezium sp.
mg protein
increase/mi

t. Aliphatic
A. Straight Chain

1. hexadecane
2. heptadecane
3. docosane

B. Branched
1. pristane
2. 2,2,4,4,6,8,8-

hep tame thy 1 nona ne

II. Alicyclic

A. One Ring
l. octylcyclohexane
2. pentadecyicyciohexane

B. Two Ring
1, decalin
2. te tra hydrona ph tha 1 ene

Ill. Aromatic

0.16
0.13
0. 02

0.21
0.17
0.03

0.00
0,09

0. 00
0.00

0.02
0.05

0.03
0.06

0.00
0.00

0. 00
0. 00

A. One Ring
1. phenyldecane
2. toluene

B. Two R i ng
l. diphenylmethane
2. 1-methy lnaphtha 1 ene

0.04
0.00

0.05
O. 00

0.00
0.00

0,00
0.00
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in freshly collected sea water samples, mineralization of Sweden crudeoil added at 1%  v/v! was minimal �< in 18 days! unless nitrogen and phos-phorus supplements were added . Optimal concentrations of these supplements�0 mH N and 0.35 mH P! increased biodegradation ln the above time period to704 �!. Since nitrogen and phosphorus salts would be rapidly diluted in theopen sea and also might precipitate algal blooms, various oleophilic N- andP- sources were tested as oil slick fertilizers �!. A combination of octyl-phosphate and a slow-release paraff inized urea fertilizer in laboratory
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experiments gave as good or better performance than nitrogen and phosphorus
sal ts. The nutrient formula was evaluated on oil si icks floating on the
surface of flow-through seawater tanks. In this f ield-l ike situation, treat-
ment with the oleophil ic fertil izer resulted in a l0-fold increase of the oil
biodegradation rate. In contrast to nitrogen and phosphorus salts, the oleo-
phil ic fertil izer formulation failed to stimulate algal blooms in illuminated
seawater samples. The cost of treatment of spil t oil wi th the described
ferti1 izer formulation is estimated to be reasonable. Oleophil ic ferti1 izers,
alone or in combination with proper microbial inocula, have a high potential
for practical use as auxil iary tools for oil pollution abatement,

60

Z 50
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40

N K
30

laJ 20

10 0 0 4 8 12 16 20
TIME  days!

Figure i. Mineral ization  conversion to COz! of some representative
petroleum hydrocarbons by Flavobacfezium sp,: n-hexadecane
 A!, n-heptadecane  8!, I-phenyldecane  C!, pr istane �!.
tetrahydronaphtha lene  E!, I -methyl naphtha l ene  F!, and
2,2,4,4,6,8,8-heptamethy I nona ne  G! .
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Figure 2. Mineral ization  conversion to COq! of some representativepetroleum hydrocarbons by Weuihzct~um sp.: n-hexadecane A!, e-heptadecane  B!, I-pheny idecane  C!, pr i stane  D!,
tetrahydronaphtha1ene  E!, 1-methyl naphthalene  F!, and
2,2,4,4,6,8,8-heptamethylnonane  G! .
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BACTER! AL DEGRADAT ION OF MINERAL OILS
AT LOW TEMPERATURES

C. E, ZoBELL
Scr ipps Institution of Oceanog raphy
Universi ty of Ca 1 i fornia, San Diego
La Jolla, California 92037

psychrophil ic oil-oxidizing bacteria were demonstrated in 13 samples
of oil-polluted water, soi I, and tundra muck col lected from the North AlaskaSlope. Within a week or two there was visual evidence that clear mineral oil
was being degraded by bacteria at 8 and 4 C. Such activi ty became apparent
after two to three weeks' incubation at -1.1 C, the freezing point of the
medium. From oxygen uptake data it was calculated that bacteria oxidized
mineral oil at rates ranging from O. l3 to 0.9 mg/1 iter/day at -1.1 C. Assum-ing an average generation time of 24 hours, it is calculated that a bacterialpopulation of 10 reproducing cel 1 s per ml of mineral oil medium Nauld con-
sume oil for building biomass at a rate of 1.2 mg/1 i ter/day at -1.1 C. Mine
different crude oils were found to be slowly attacked by bacteria growing at
-1.1 C.

I t is well establ ished that virtually all kinds of hydrocarbons, cer-
tain crude oil s, and many ref ined petroleum products are vulnerab'ie to micro-
bial degradation under favorable conditions �,11,12,14,15!. Nearly 200species of bacteria, yeasts, and f i lamentous fungi have been shown to metabo-1 ize certain hydrocarbons. The metabolic pathways of many are known �,5,6,9,10, l2!. Most of the observations on the microbial degradation of mineral
oils have been made at temperatures extending from 20 to 30 C.

These studies were undertaken to determine the rate at which mineral
o'iis are degraded by bacteria at low temperatures in soil and water at high
latitudes and during the winter months. Attention has been focused on thisproblem by oil spills in cold water and by the discovery of oil fields in theNorth Sea, Siberia, and the North Alaska Slope  Fig. 1!. Temperatures colder
than 0 C are common in the Fr ig id Zones, Almost halfway to the equator, sur-
face soil and coastal waters may be colder than 0 C each winter. Normal sea-water freezes at -1.9 C. Sy volume, more than 90$ of the sea is always colder
than 5 C.Medium grade motor oil di spersed in aqueous medium was found  8! to
be oxidized by mesothermic bacter ia about three times as rapidly at 25 C asat 10 C, with no evidence of action during six weeks at 5 C. Psychrophil ic
oil-oxidizing bacteria from Cook inlet, Alaska, were reported �! to be ac-tive at 5 C. Such bacteria from northern Alaska were shown  l6! to oxidize
mineral oil at -1 C. This is a continuation of those observations �6! .
Some of the results reported below have been independently corroborated byAgosti and Agosti �!, who col lee ted the samples upon which these studies
are based.
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Figure I. Alaska

MATERIALS AND METHODS

Sampbea. � Thirty samples of oil-soaked soil, tundra muck, and oil-
polluted water were collected in the v ic in ity of Umiat and Prudhoe Bay about
650 miles north of Anchorage, Alaska. BP, Alaska provided transportation by
jet plane between Anchorage and Prudhoe Bay and by chartered Twin Otter to
Umiat  Fig. I!. At Umiat there is a nearly abandoned Naval Petroleum Reserve
airfield . From there it was necessary to backpack a few miles to a small
tundra lake and to various oil seeps a long the Colville River.

The 40- to 200-gram samples were collected aseptically in wide-mouth.
screw-capped plastic vials. They were packed in a Styrofoam blood-plasma
carrying case to keep them cool. During the collection period, June 26 and
27. 1971, the air temperature ranged from 6 to 16 C, but the samples were
much colder. In typical permafrost soils the temperature gradient within
unfrozen soils extends from near 0 C to a maximum of 4 or 5 C in early su"~
�! ~ In the sampling region the mean annual air temperature is -12 CD
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Sixteen of the samples were air-expressed from Anchorage to Sc rage to an Diego
then rushed to La Jol la, where they arr ived within less than 40 hr after

collection. The samples were kept cool and used at once to inoculate mineral
sa 1 ts med ium .

Medi,um. � The fol
7.0 after autoclave ster
press its freezing point

NaCI
KHzPOi,
KzHPOq ~ 3HzO
l4HuHOs

iowing medium was designed to have a reaction of pH
il ization and an osmotic pressure of 8.7 atm to de-
to -1.1 C:

6.0 g
0.5 g
1.0 g
0.2 g

M/100 FeSOi, 3 ml
D i st. water 900 ml
Aged seawater 100 ml

In the initial enrichment cultures we used water-white mineral oil
consist Ing Ial gely of Cyz to Czo alkanes as the source of energy for demon-strating the abundance and activity rates of oil-oxidizing bacteria in thesoil and muck samples. Controls consisted of uninoculated medium treatedwith oil and inoculated mineral salts medium without oil. All bottles were
incubated on their sides to provide maximum aeration of the medium in aquiescent state. Six repl icates were inoculated with about 0.1 g of eachsample for incubating in dupl icate at 4, 8, and 25 C. Cuitures which devel-oped at 4 and 8 C were used to inoculate medium at these temperatures and
also at -1.1 C. Tests were made at 25 C for comparative purposes,

Oz'suez ut for' Biodegradatson.� in prel iminary tests rel iance wasplaced largely on visual observations for evidence of microbial activity.Most conspicuous was increasing turbidity of inoculated medium and the emul-»f ication of oil followed by its graduai disappearance. Direct microscopiccounts  using a petroff-Hausser counting chamber! and colony counts on pre-sol idlf ied nutrient agar �! demonstrated increases in bacter ia I populations ~Terminal ly, saponif ication at 60 C fol lowed by extraction with spectrographlc-grade hexane, weighing, and gas chromatography provided information on how
much oil was degraded. rmined b manometric tech-In other experiments oxygen uptake was determine yZoBeiI and Prokop �7!. More precise resul ts on oxy-

uptake were obtained in 160-ml IIOD bottles filled to p ' yy ter i le mineral oil mediumMineral salts medium without oil and ster'oil was adsorbed on a mixtureas con«ol s ~ In these exper iments the oil wassand and pur if ied asbestos f ibers to prov ide for its di spersion
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Seawater prov ides calcium, magnesium, sulfate, carbonate, and various trace
elements. The medium never freezes to sol id ice when held in a refrigerated
thermostat submerged in water containing the required quantity of glycerol
�0 ml/1 iter! to depress the freezing point to -1.1 C.

The medium was dispensed in 160-ml screw-capped medicine bottles,30 ml per bottle. Fol lowing steril ization, each bottle  except for controls!
was treated wi th from O. I to 1.0 ml of either ref ined mineral oil or various
crude oil s, the amount depending on the kind of tests to be made. Owing todifferences in the viscosities of oils and their adhesion to glass, it is dif-f icult to measure exact amounts of oil with pipettes. Therefore, each bottlewas weighed on a Mettler balance  accurate to I mg! before and after intro-
duction of the oil.
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throughout the medium and to keep the oil from escaping when stopperjng the
fu	 bottles.

RESULTS

Oil OxiChzers in North ALaaka Samplea. � Within a week at 25 C the
emulsification of oil and increasing turbidity of the mineral salts medium
indicated microbial activity in 13 of the 16 samples of oil-polluted water,
soil, and tundra muck col lected from the North Alaska Slope. Microbia'I ac-
tivity was much slower in mineral oil medium Incubated at 4 and 8 C  Table I!.

TABLE 1

Relative Amounts of Microbial Activity in Mineral Salts pii Medium
after Different Periods of Incubation at 4 and 8 C

as indicated by Visua I Observations

SampleNo. Descr i pt ion of inoculum

0 No evidence of activity; + ~ Visible turbidity;
++ = Increased turbidity with some emulsif ication of oil;
+++ Nore turbid and most of the oil emul s if ied or degradedi
++++ Very turb id and no v i s i b 1 e o i I .

Initially, most of the oil  about 0,2 ml per 30 ml medium! floats in
irregular shapes and sizes of blobs or rafts. Some oil adheres to the walls
of the glass bottles. Oilmxidizing bacteria tend to disperse the oil and «
cause its gradual disappearance, First, the blobs of floating oil commence
to break up into smaller and smal ler patches. Oil globules flatten o« to
form a uniform layer or film on the surface of. the medium. Concurrently' o'
is freed from glass surfaces. The oil gradually disappears from sight at
rates which depend on its chemical composition, the incubation temperature.
and other factors.

Although colony counts revea'led some reproduction of bacteria in
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0 1 1 -seep so i I nea r Um i a t
2 Colvi lie River foam K, sediment
3 Umiat oil seep, K-2
4 Oil-sta ined lake sediment
5 Umiat air-strip soil
6 pil seep near Prudhoe Bay
7 Soil from eroded River bank
8 Brackish water, Prudhoe Bay

11 Freshwater stream, snow water
12 B/ack swamp muck near Prudhoe
14 Ol I-soaked tundra muck
15 Soil near Navy oil wel I
16 Oil-pol luted swamp muck, Umiat

0 0
0 +
0 +
0 +

0 0
0 0
0 0
0 0
0 0
0 +

0 0
0 0
0 0

+ ++ +++ ++++

0 0 + ++++
+ ++ +++ ++++

+ ++ +++ ++++

+ ++++ +++ ++++

0 0 + ++
++ +++ +++ ++++

0 + + ++++

0 0 0 +
0 ++ ++ +++
Q Q + +++
0 Q + ++
+ + ++ +++
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mineral oil medium within two or three days at 4 C, there was no vis@pi eyj
dence of oil oxidation for nearly 14 days. Appreciable turbidit of
medium and emul sj ication of oil or its disappearance resulted from microbial'fi

activity in most of the samples af ter 28 days at 4 C and more so at 8 C.
Colony counts at 8 C demonstrated the presence of from 10 to 10 bacter ja
per ml ln all cul tures scored with plus signs jn Table 1 .

Bactez'taL Activity at -1.2 C.� A 2~ loopful of some of the enrich-
ment cul tures which developed at 8 and 4 C was used to inoculate mineral oil
medium for incubation at -1.1 C. Qhen inoculated to give from 10 to 10~
colony-forming units per ml, bacterial growth and the emulsificatjon of ojl
caused turbidi ty within two or three weeks.

ln similarly inoculated minera j oil medium incubated at -1.1 C in BOD
bottles the equivalent of from 1.3 to 8.4 mg of oxygen was consumed per 1 iter
per day. Theoretical ly, this much oxygen could cause the complete oxidation
 to COz and HzO! of from 0,13 to 0.9 mg of oil, based on the assumption that
the BOD of oil i s 3. Actually the theoretical BOD of 1 iquid and sol id hydro-
carbons ranges from 2.99 for naphthalene to 3.5 for octane �7!.

Growth Cunree and Generation Tutee.� Colony counts on nutrient agar
medium demonstrated signif icant increases in bacterial populations in mineral
oil medium within a day or two at -l. l C  Fig. 2! . The rate of reproduction
was about twice as fast at 8 C as at -l.l C. Results obtained at 4 C differed
so little from resul ts obtained at -1.1 C that it was impractical to draw
growth curves for both on Fig, 2. Direct microscopic observations yield evi-
dence that the tendency for lower temperature to retard reproduction is offset
in part by the benef icial effects of sol id surfaces provided by ice crystals
 slush ice! in the medium at its freezing point.

The growth curves are based on resul ts obtained wi th mixed enrichment
«1 tures, The cul tures designated S-3 and S-7 were originally enriched from
samples No. 3 and 7 respectively, incubated and maintained at 4 C. Only threeor four colonial and morphologic 1 typ s develops in media jncub ted at-l.i C.
"early «jce as many types developed in oil media incubated at 4 C and moretypes developed at 8 C than at 4 C. After the fifth serial transfer, none of
the colonies from the -1.1 C cul tures was able to grow at 25 C. After f ive
se«aj transfers at 4 C, culture 5-3 failed to grow at 18 C. The cul tures
were s ter i 1 i zed in 10 minutes a t 25 C .

Qhen incubated at -1.1 C, the generation time of a pure cul ture P-3
was 26 hr during the f irst day, 16 to 18 hr during the next four days, annd

" average of 27.2 hr during the sixth to tenth day of incubation  Table 2!.
he apparent longer generation time during the f irst day is attributed to aor 8-hr lag phase. Between the tenth and 30th day the population became
stabilized at around 'lO viable cel ls/ml. From f ive to f ifty times morecells were detected by direct microscopic observations than by counting colo-
nies which deve'loped on nutrient agar incubated at 8 C.

Taking 12 x 10 mg as the average carbon content o eaof each bacterial

nd assuming an average generation t jme of 24 hr, it isit is calculated that

lO cells per ml of minerai oi m8 il medium would con-
b"' ld»g bacterial biomass at a rate of about . mgbout 1,2 /1 i ter/day

lf »ly hal f of the metabol ized oil is convertedt~ into bi orna ss and

is oxidized to COg, twice as much oil woulduid be oxidized.
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18 20DAyg 10 12

F igure 2. Growth Curves of Mixed Cul tures �-3 and S-7!
in Mineral Salts Oil Medium at -1.1 and 8 C

Although none of the crude oi'is was completely oxidized af t««n
weeks at low temperatures, within a week or tm ernulsif ication of oil and
creased turbidity of the medium indicated that al 1 of the oi ls were being at
tacked.

Degrrzda0ion of C'nde Oila.� Nine different crude oils, freed of sub-
stances volatile at 60 C, were found to be slowly degraded by mixed cul tures
at low temperatures  Table 3! . Approximately 0.2 ml of oi 1 was added to 30ml
of mineral salts medium inoculated with enough oi 1-oxidizing bacter ia which
developed at 0 C to g ive a few thousand viable cel is per ml. They were»«
bated in a quiescent state at different temperatures. The quantities of
hexane-soluble, non-saponif iable material  considered to be oil ! in the un»
oculated controls and in the inoculated medium was determined at the end of
the experiment. The percentage of oil degraded by bacteria was calcu'lated
from the difference.
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TABLE 2

Generation Time of a Pure Culture, P-3,
in Mineral Salts Medium Incubated at -1.1 C

Incubation

period
Colony Count

per ml
Generation

time  hr!

TABLE 3

Percent of Var ious Crude Oils Degraded by Psychrophi I ic Bacteria
in 30 ml of Mineral Sal ts Medium during Ten Weeks' Incubation

Oil in sterile
con tro'I  mg !Sources of crude oil

North A laska, R ichf ield
Prudhoe Bay, BP, Alaska
Cymr ic Field, Cal if., Associated
Abga io, Arabian, ARAMCO
Avoyell es Parish, La ., Amerada
Barataria Bay, La., Texaco
Santa Fe Springs, Ca'Iif ., Union
Lost Hi'Ils, Calif ., Gen. Petroleum
La Guillas, Venezuela, Esso

Average
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0  initial!
1st day
2nd day
3rd day
4th day
5th day
6th to 10th day

4,900
9,400

z4,400
66,000

168, 000
340,000

5, 300, 000

z14
234
I 98
207
218

172
188
223

195

zo5.4

z6.i
15 9
16.8
18.4
19.2
2/.2

58 64 74
68 82

24 28 46
40 43 51

76 91
73

29 35 38
27 30 43
32 37 48

54.6
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DISCUSSION

Whereas onl y from 38 to 9I 0 of each crude oil was degraded in ten
weeks at 8 C, virtual'ly al 1 of the pur if i ed mineral o il consisting largely
of 1 iquid alkanes was degraded under siml lar conditions. This may be partly
due to the presence in certain crude oils of constituents which are more re-
fractory to bacterial attack than a ikanes. It may also be a reflection of
the kinds of bacter ia with which the crude oil media were inoculated. The
results sunrnar ized in Table 3 were obtained with cul tures which had been en-
riched at 4 C in medium containing purified mineral oil consisting largely
of aikanes. The observations on crude oil should be repeated using a mixture
of microbial strains known to oxidize aromatic, naphthenic, and asphaltic
compounds as well as alkanes.

The rate at which crude oils are degraded by bacter ia depends on the
temperature of incubation, the chemical composition of the oi I, and the vari"
eties of oil-oxidizing bacter ia which are active. In our mixed enrichment
cultures many more varieties were found which grow at 4 and 8 C than at -1.1 C.

The rate of oxygen uptake is a sensitive indicator of how rapidly oil
is oxidized by bacter ia, but the amount of oxygen consumed tell s 1 ittle about
the oxidation products. For example, whereas theoretically 14 molecules of
oxygen could convert 28 hydrocarbon molecul es into mono-hydroxy compounds:

28 RCHs + 14 Oz ~28 RCHzOH

14 molecules of oxygen would be required for the complete oxidation of one
molecule of renane:

C 9Hzp + 14 Oz ~9 COz + 10 HzO

In closed systems where oxygen becomes a 1 imi ting factor, the general tendency
is for more hydrocarbon to be only partly oxidized to various hydroxy, car-
boxy, or other partial 'ly oxygenated compounds.

From data summarized in Tab'le 3, lt is calculated that crude oils were
degraded a t an average rate of 18 mg/I i ter of med ium/day at - I . I C . Thi s rate
is an order of magnitude higher than the rates calculated from oxygen uptake
and bacteria'I generation t imes. This suggests that many of the constituents
of oils were only partially oxidized rather than being quantitatively con-
verted into bacterial biomass and CO2,
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BACTERIAL DEGRADATION OF PETROLEUM MATERIALS
IN LOW TEMPERATURE MARINE ENVIRONMENTS

R. W. TRAXL ER

Depar tment of P'lant Pa thology-Entomology
IJnivers i ty of Rhode I s land
Kings ton, Rhode I s land 02881

The microbial degradation of oil pollutants has generated considerable
interest and an increasing quantity of data in the past few years. It is im-
portant to under I ine three basic considerations for assessing the potential
of microbial-facil itated oil degradation.

First, the open sea, estuaries and coast I ines are the domain of our
concern with major emphasis on the last two zones. A study of major oil
spii ls between 1956 and 1969 demonstrated that 754 of the spills were asso-
c iated with vessels  ma inl y tankers! and that 804 of the spil is occurred
wl thin IO mi les of the shore �!, Our past concern has centered on the warm
waters such as those in the Gu'if of Mexico, However, the problem is equal ly
acute in temperate and polar regions and low temperature problems will become
more apparent with increased northern east coast and north slope Alaska oi I
production and transportation. Also, the bulk of our ocean water temperatures
fall into the psychrophil ic range,

Secondly, we need to know and understand the natural potential of this
environment for degradation of petroleum materials. ZoBel I �! stated in the
1969 API/FWPCA conference that it was not known whether mar ine psychrophi les
contr ibute to the decomposit ion of petroleum. At the 1971 ASH meeting, Zobel l
�! descr ibed degradation at temperatures of -2 C to 0 C. Kinney et al. �!
impl ied such action in their study of the Cook Inlet of Alaska. The crit ical
points today are the rate and extent of such degradation and the range of com-
ponent hydrocarbons involved

Thirdly, we must be concerned with toxicity. This involves the tox-
ici ty of the oil per se, the pathogenic i ty of mar ine hydrocarbon degraders and
the toxicity of their degradation products. Suff icient data are not yet
ava ilable for a proper eva}uation of toxicity; however, there is an inherent
danger of pathogenicity associated with the use of high density microbial cu'I"
tures. This is particularly signif icant for most, if not all, marine hydro-
carbon degraders are also able to uti'I ize peptones as a source of carbon.

I bel ieve that we need to obtain a signif icant spectrum of marine mi-
croorganisms capable of metabol izing petroleum material s in the psychrophil lc
temperatur ranges. These organisms should include both obl igate and facul ta-e s. 1 ttive psychrophi les which can util ize al iphatic and aromatic hydrocarbons t
would also be desirable to obtain organisms which can utilize the other petro-
leum components such as the oxygenated compounds and complex nitrogen com-
pounds. Hopefully, the isolated organisms would comprise several genera with
a diversi ty of metabol ic capabi1 i ties. The substrate util ization prof iles
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should be determined for each organism as wel 1 as their temperature ranges
and growth optima, and rates at which they can metabol ize various substrates
at different temperatures. Once this basic information is ava ilable, an in-
tegrated toxicity-pathogenicity program should be ini tiated wi th selected or-
ganisms and mixtures of organisms. This program should be conducted by a
team consisting of microbiologists, phytopathologi sts, zoologi sts and an ana-
lytical chemist. Each member of this team should have experience or back-
grounds related to the marine ecosystem. Our research program is patterned
af ter the above.

MATER IALS AND METHODS

Samples for study have been obta ined from Isle Madame and Crichton
Island in Chedabucto Bay, Nova Scotia, and several locations in Narragansett
Bay, Rhode Island, Narragansett Say has a history of chronic oi'i pol lut ion
in small spil ls of 42 Fuel Oil, Bunker C or 46 Fuel Oil, Navy Special and the
more volatile dist il lates such as JP-5, Chedabucto Bay, on the other hand,
reports one major spil I of Bunker C oil in February 1970,

Sediments and water were quick frozen in liquid nitrogen for transport
over long distances or held at water temperature on close sampling trips
 Fig� . 1! . Samples were inocu'lated into Ri la Salts solution adjusted to a sa-
linity of the sampling environment, The basic Rila Salts solution was supple-
mented with 0,2 grs. of NH~Cl and 1.0 grs. of potassium phosphate per liter
 SRS!, For enrichment each sample was inoculated into separate flasks of this
mediLIn containing 1 percent tl and g6 Fuel Oils and Naphthalene as the sole
source of carbon and energy. Replicate flasks were incubated with shaking at
0 C, 8 C and 24 C until evidence of growth initiation. Once visible growth
or emu'is if ication was observed, each developing population was streaked for
isolation onto sea water nutrient  SWN! agar. The isolation plates were incu-
bated at enrichment temperature and the characteristics of each colony type
determined, A representative of each colony type was streaked to a segment
of a Supplemented Rila Salts agar containing 41 Fuel Oil as the carbon source
and again incubated at enrichment temperature. Only those organisms growing
on Pl Fuel Oil were placed in stock culture. This isolation and screening
sequence was repeated when the enrichment flask reached the point of maximum
growth.

A representative of each hydrocarbon-utilizing colony from each en-
richment substrate and from each temperature was selected for determination
of its hydrocarbon util ization profile. This was done by preparing agar
plates of supplemented Rila Salts with the following separate substrates:
hexane, dodecane, hexadecane, 2,2-dimethylhexane, methylcyclohexane, P-xylene.
hexyl benzene and naphthalene . Hexane, xylene and methylcyclohexane were pro-
vided in the vapor phase to lessen toxicity whereas the other hydrocarbons
are emul sif ied in the agar. Each organism was streaked to four plates of the
same medium to obtain the growth potential on each substrate at 0 C, 8 C, 16 C
and 24 C. Growth was scored by visual examiantion at 2-day intervals up to a
maximum of 20 days. Nob'le agar which wi li not support growth of these orga-
nisms was used for al I sol id media preparations.
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Figure 1. Procedure for Isolation and Screening of
Hydrocarbon-Utilizing Marine Bacteria

RESULTS AND DISCUSSIDN
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Early in our studies we found that sediments were a better source of
organisms than water column samples. Not only were bacteria present in larger
numberS in the SedlmentS but a wider SpeCtrun! Of genera were obtained frOm
sediment samples. This seems particularly true for Chedabucto Bay which has
a faster flushing rate than Narragansett Bay.

To date, we have isolated 49 hydrocarbon-util izing bacteria from
Chedabucto Bay and 72 organisms from Narragansett Say. The capacity of al Iof these isolates to grow on hydrocarbons was conf irmed by development on tlFuel Oi I pr ior to screening studies. The Chedabucto Bay samples were obtainedfrom a 16 to 17 C environment, whereas the Narragansett Bay samples were taken
at temperatures of 2.5 to 5 C ~

Table l shows the percentage of naphthalene enrichment isolates from
Chedabucto Bay which util ize the var ious substrates at 25 C, l6 C and 8 Cafter eight days of incubation. Sixty-one percent of these isolates are able
to utilize naphthalene at 25 C or l6 C within this time frame and a smaller
percentage were able to utilize the other aromatic substrates. However, we
find the percentage of isolates able to utilize dodecane and hexadecane ap-
proaching 1004 and even a high percentage are able to util ize iso-octane.
From this we concluded that aromatic util izers are also able to utilize el i-
phatic substrates. An examination of the prof i le of individual isolates
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confirms this conclusion. The higher percentage of al iphatic util izers than
aromatic util izers also suggests that not all al i phatic-util izing bacter ia
are able to attack an aromatic substrate. This fact is, of course, wel I docu-
rnented for the non-marine hydrocarbon-util izing bacteria. Examination of
similar data in Table 2 for Chedabucto Bay 4l Fuel 0il enrichment isolates
demonstrates that they have a lesser capacity for ut i I ization of naphthalene
and xylenes but not for hexylbenzene. The lower aromatic content of b'I Fuel
Oil may have prevented the selection of many aromatic-utilizing bacteria
present in the samples. The organisms util izing hexylbenzene may be growing
at the expense of the a I i phatic side chain rather than the aromatic nucleus� .

TABLE I

Percent Substrate Util ization of 13 Chedabucto Bay Naphthalene
Isolates af ter 8 Days at Different Screening Temperatures

8c16 CSubstrate 25 C

aPercent util izers, 13 isolates ~

TABLE 2

Percent Substrate U t i 1 i za t ion of 6 Chedabucto Bay tl Fuel 0 i 'I
Isolates after 8 Days at Different Screening Temperatures

8c16 C25 CSub s tra te

aPercent uti'Iizers, 6 isolates.

l66

Hexane
Dodecane
Hexadeca ne
I so-octa ne

He thy 1 c yc 1 ohexa ne
Xy1 ene
Hexylbenzene
Naphthalene

Hexa ne
Dodecane
Hexadecane
Iso-octane
Hethy I cyc lohexa ne
Xylene
Hexylbenzene
Naphthalene

15a
92
92

77
54

8
46
6i

17a
100
84
66
84

0

50
33

38
100

92
100

70
30
30
6'I

50
84
66
84

33 0
50
33

30

77
15
85
15
30

30
30

0
84

17
33

33 0
lj 0
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in Table 3 are presented profile data for kerose�esane enr ichment
fates from Narragansett Bay. This profile is much likei e that of the gl Puai
Oil isolates from Chedabucto Bay, There are fewer aro»ti
util izing bacteria among these isolates, of which the great

c ydrocar bon-

ut I 1 i ze dodecane, hexadecane and i so-octane. Aga in we f l nd a b f
est pel'centaga
a number of hexyi-

benzene util izing bacteria which may be gfowing at the expense fpense o the aronatlc

side chain.

TABLE 3

Percent Substrate Uti 1 ization of Narragansett Bay Kerosene
isolates after 8 Days at Different Screening Temperatures

16 C 8C25 CSub s tra te 0 C

12'
88
75
75
38

0

25
0

12
88

75
75

38 0
25
12

25
88

63
38
38 0
25
l2

25
38
25
13

38 0
25 0

Hexane
Dod eca ne
Mexadecane
iso-octane

Methy 1 cyclo hexane
Xylene
Hexylbenzene
Naphthalene

Percent utilizers.

167

One may obtain a variety of aromatic hydrocarbon-util izing bact«a.er la.

Better resul ts are obta ined if a pure aromatic substrate is used for enrich-
ment rather than a mixture of ai i phatic and aromatic hydrocarbons-arbons. Our data

indicate that aromatic hydrocarbon-util izing bacteria are capab o gc able of rowth

on al ' hat ic hydrocarbons, but that the majority of the bacteriabacteria isoiated on
P aroma t lc hydrocarbons .phat' or mixed substrates util ize ai iphatic but not aromabacteria exist which" "~ the h drocarbon prof i le data show that marine bacte 'carbons, cycl ic hydro-ize al iphatic straight and branched chain hydrocarbo, y1 ic tern rature range.'tic hydrocarbons in the ps chro hill t pe

Figure 2 shows the effect of hydrocarbon pro
rof i le screening tempera-

ture on growth of the Chedabucto Bay isolates ~
As mentioned ear er t es

d naphthalene
isolates were obtained from a 1 6- 17 C environmen ~

t. Dodecane an nap
s they were represre entative

" to demonstrate th aromat ic substrates. sHos t

«with other aliphatic a d romat 16 C, After on y too aof the organisms grew on dodecane promptly at 1 these i so la tes g r ew
ere scored as growing on dodecan . t eAlso, t es

not as inany initiated growth ea yri ar. t is

the isolates at 8 C indicates athat most are a

this temperature but that growth initiation a«/«g 0 C which lndi-o

Five of the isoiates initiated development aft« th,s temperature-10 days at

cates some of the organisms were capable of sl«g . i t s on naphthalene-rowth at
the i so la te

e observation substrate are
organisms grow



general trend ls the same, viz., good initiation at 16 and 24 C but the slow
initiation of growth at 8 C and no growth on aromatic substrates even af ter
10 days at 0 C.
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Figure 2. Number af Ch&ab cto B Y Isolates
Growing on 0odecane and Naphthalene

Seawater Agars at 24, 16 and 0 C
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Narragansett Bay! initiate growth earl ier at 0 C and 8 C than organisms fry~
a borderl ine psychrophil ic environment such as Chedabucto Bay in mid-su~er
The organisms from Narragansett Bay have a wide temperature span for growth
as do those from Chedabucto Bay. None of these isolates could be considered
as obligate psychrophi les but I would class them as facul ta tive psychrophi]es
or psychro-tolerant in that they initiate growth and develop a population
within a few days at low temperatures.

The data presented are not complete and represent an analysis of only
certain facets of our work. Currently, we are studying rate of growth and
substrate util ization at different temperatures with selected i solates from
both sampl ing sites. This winter �973-74!, after Narragansett Bay has re-
turned to psychrophil ic temperatures we wi I 1 continue isola tions but with
technique modif ications which should yield obl igate mar ine psychrophi les that
can utilize the aromatic hydrocarbons of petroleum. We would also 1 ike to
resample Chedabucto Bay in the spring while its waters and sediments are in
the psychrophilic temperature range. Preliminary examination of the isolates
indicates an assortment of genera represented among the organisms from both
locations. Our data demonstrate that marine facul tative psychrophiles
 psychro-tolerant bacteria! can be isolated which readily utilize a variety
of aliphatic, cyclic and aromatic hydrocarbons. We feel we will be able to
demonstrate the existence of obligate marine psychrophiles with similar deg-
radative potential.
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NyDRPCARBON BIODEGRADATION IN ALASKAN HATERS

B. ROBERTSON, S AR" ELGER> P- J- KINNEY and D. K. BUTTON
Institute of Marine Sciences
University of Alaska
Co I I eg e, A I a s ka 99701

Populations of hydrocarbon-oxidizing organisms were of the order of
I/cc in Alaska's Cook Inlet and Port Valdez, less in the Arctic Ocean. Dis-
tribution decreased with salinity in Cook Inlet and with depth in Port Valdez.
In situ oxidation of ' "C-dodecane  91 gg C/liter! started within hours and
proceeded at a rate of 1 pg/liter-day. Storage of Cook Inlet crude oil for
four years in sea water at 10 C effected removal of most visible components.
Mixing had a major effect on oil slick stability. The solubilization process
was little affected by added silt, a major component of many Alaskan estu-
ariess. Isolated organ i sms had un ique preferences for various components of
kerosene, emulsified crude oil and responded in a normal way to incubation
temperature, Ea 14.5 to 16 Kcal/mole. Some effects of crude oil inhibition
are discussed. Calculations show that moti I ity, particularly in combination
with chemotaxis, is necessary for rapid s'I ick inoculation.

I NTROOUCT I ON

Hydrocarbon biodegradation depends on the association of oil nutrients
and appropriate organisms. In the case of marine spills, the nutrient ratios,
»oculum size, mixing cond it ions, temperature, oil solubil ity and vapor pres-s«e al 1 affect the ha 1 f 1 ives of residua! components. In Alaska's Cook Inlet
we estimated some of the oil removal terms  9!. Tide-driven flushing was 90'4
complete in 10 months. Evaporation removed about half of the C-12 hydrocar-«om sl icks in 8 hours and was found to be a major removal mechanism for
this ard lighter fractions. Large slicks had half lives of the order of aay due to the 20-30 foot tides and 5 knot currents. In this communicatione report observat ions an the distribution of hydrocarbon-oxidizing organisms,
some character istics of several organisms isolated, rates of hydrh drocarbon oxi-

dation observed and some estimates of inoculation frequency.

MATER IALS AND METHODS

p~te Courcts af' In Si~ pgpuQficne.� Microbiological samples were
'". " fr» rubber bu'Ib type bacteriological water sample  
t ~ View, Calif,!, evacuated, and triggered to fill at pa de th. Samplers were

15 min! prior to hydrographic casts. aSea water in 0.1 to
coura e airborne contami-ples was transferred in a glove box to discou g'm re size! of organic;:sReSuiting f ilterS �.45 um pO
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collected were transferred to agar plates and incubated at 10 C for subse-
quent enumeration.

Agiu' Nedkz,--Agar for plates had the following compos i t ion per 1 iter:
agar, 15 g; NaC1, 30 g; NazHPOq, 2g;  NH�!ISO~, 60 mg; KCI, 40 mg; MgSO~,
25 mg; CaCI z 2kz0, 5 mg; Fe NHg! z SOg! z'6HpO, 5 rng; ZnSO~ ~ 7Hz0, 0.7 ljg;
CuSOv'5Hz0> 25 ng; NnSOg'7Hz0, 1,5 ng; CoSOy ~ 7HzO, 1,5 ng; Ho03, 0.5 ng;
v ltamlns B>, Bjz and biotin, 10 mo les. Hal f of the agar mixture conta ined
1 g/I iter of both yeast extract and succinic acid, and the other half of the
medium had no further additions. The pH was adjusted to 7.3 in both media,
which were then autoclaved for 15 min at 15 psi.

At each station, sea water samples were col lected and f i I tered from
depths of 0, 5, 10, 25 and 50 m. For each depth at each dilution there were
four plates with filtered samples; two yeast extract-succinic acid plates,
and tm pla ln agar plates. Sample volumes passed through the f i 1 ters were
0.1, 1.0 and 10.0 ml for the yeast extract-succinic ac id plates and 1.0,
10.0 and 50.0 ml for the pla ln agar p'lates, Samples were passed through f i I-
ters and the f il ters were incubated on the agar surfaces. Crude oil was
added to one of each pair of the tm types of agar plates by dropping it onto
sterile filter paper situated on the inner top of the culture dish. The
plates were inspected periodically for the appearance of colonies on the
filters.

Minimum Sarrrple Volume for Oil SLiok L4iamption.� A nutrient supple-
rnented sea water medium was prepared by adding 100 rng/liter  NHq! 2SOq,
4 mg/liter NazHPO~, and 10 moles/liter EOTA to 20 liters of sea water,
which was taken in October 1971 from a depth of 10 meters in Valdez Narrows.
The pH was adjusted to 7.3 and the carboy was autoclaved for 25 min at 15 psi.
After the medium cooled, 20 ml of Prudhoe Bay crude oil, sterilized at 121 C
in sealed ampoules, was added to the carboy, which was vigorously shaken for
several minutes and left to equi 1 ibrate for 24 hours during which time the
oil phase separated out on top. Without disturbing the oil phase, 100 ml of
oil-equil ibrated medium was siphoned into each of 200 sterile 250-ml screw
cap bottles. Care was taken to keep the medium sterile during transfer.

Sea water samples of 1, 10, or 100 ml were introduced into the bot-
tles. After incubation for one week, the bottles were charged with an o il
sl ick by adding three drops, or about 30 pl, of the sterile Prudhoe Bay crude
oil. Adenos inc tri phosphate resulting from oil metabol ized was measured ac-
cording to Stroehler and McElroy �3!.

In Situ Niczobial QehkxHon Ratea.--Either "C-I-dodecane or an amino
acid mixture uniformly labeled with '"C was added to I-'I iter sea water sarn-
ples. After substrate addition, al I samples were incubated in situ from 0 to
35 days. After incubation, the COz was extracted from the samp'Ie, collected
in alkal i, and precipitated as BaCOs. The radioactivity of the BaCOs precipi-
tate was measured to quantify the amount of substrate respired during incuba-
tion. The amount of particulate and dissolved "C-substrate remaining after

incubation per iod was a Iso measured.

Uniformly labeled solutions were prepared of: I! "C-amino acid rnix-
ture, speclf ic activity 54 mC i/rnatom-C  Amersharn Searle, Arlington Heights,
ill-!, containing 2.5 uCi and 550 ng C/ml; and 2! '"C-dodecane, specific

172



THE Ml CROBIAL DBGRADATTON Ok' OIg pO~~ANZ'8

activity I.86 mCi/mmole  IC4 Tracerlab, Maltham 4ass,!, containing 826 nCI
and 75.5 irg 4odecane in 0.125 ul. Radiochenicals were autoclaved and stored
in sealed ampoul es.

Samples of coastal water �0 m total depth! were pumped from IO m to
f'ill dark incubation bottles. The pump consisted of a PVC plastic hand bilge
pump f ixed to 10 m of 2.5 nm 0.0. polypropylene tubinq. The tubing was
weighted to remain at depth. The whole system was flushed in 95Z ethyl alco
hol before use an4 then with large volumes of sea water from sample depth.
Samples were divided into two exper irnental sets as fol lows: a! bottles wi th
amino acid mixture, each containing 2.5 lrCi and 550 ng C in 1 I i ter of sea
water; and b! bottles wi th do4ecane, each containing 825 nCi and 75 5 pg do-
decane in 1 liter of sea water.

Immediately after the addition of substrates, the samples were lowered
and lef t to incubate for up to 35 days. An arrangement of buoys. nylon line,
and anchors kept the bottles submerged at IO m during incubation.

Microbnzi Gmruth Rates.� Maximum growth rates of i solated organisms
were determined using the hydrocarbon liquid medium at pH 7.5 with the addi-
tion of 0.14 kerosene. Rates of COs evolution were monitored by recording
the infrared absorption of the effluent gas on a cal ibrated COz analyzer. Gas
flow was regulated by passing compressed COs-free air through a flow restric-
tion of small glass beads packed into capillary tubing, and quantitated by
passage through a wet test meter. Absorption by volatile hydrocarbons was
corrected out by subtracting the response of a parallel sterile control.
These two reactors were 500-ml magnetically stirred indented conical flasks.
Haximurn growth rates in nutrient broth were measured by following the rateof change of absorbency at 565 nm in a medium containing 8 g/'I iter nutrient
broth, 10 g/1 i ter glucose and 20 g/'I i ter 4aC I, pH 7.65.

C~tmatographp.--Gas chromatography was perforrne4 on the pentane ex-
tracts of isolated cul tures grown on hydrocarbons. The mineral salts me4iumwas supplemente4 with 4 g/1 iter kerosene and inoculated. After growth and
extraction with a ha lf volume of pentane, the pentane phase was filtered,concentrated 50:2 ml and sealed in an ampoule for subsequent chromatography ~
parallel uninoculated controls were carried through the procedure and used
for a peak height reference.

RESULTS

J3rzcger~g, pcrpu~5scns.� Hydrocarbon-oxidizing organisms were eas'e
to obtain from Cook inlet than from Valdez or arctic coastal areas.
deva'loping on membrane f il ters through which water samples had been p ss
could be cul ture4 on glass f i 1 ters over otherwise nutrient-free I iqu'4 m
exposed to crude oil vapors. Their concentrations were essentially conant

with respect to depth, respond ing to the high order of tidal mixing rep
 9!. Even the surface f i im, col lected on a wire screen contained poputlons similar to those in deeper portions of the water column. Averag~ poplations of hydrocarbon oxidizers are shown in figure 1 representing abouut IOR

of the total colony-forming units developing «nutrient agar plates-
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Figure 'i. Average distribution of hydrocarbon-oxidizing
organisms per 1 iter in Cook Inl et in July

K uJ
IJJ

Z I-
Q uJ
O

ORGANISMS / CC

Figure 2. Average heterotrophic populations from six stations in Port
Valdez that would grow on hydrocarbon vapors and mineral
sal ts agar plates or on complete medium plates; with
r espec t to depth
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Usual membrane f il ter counts were taken throughout Port Valdez.
Populations of organisms developing on agar plates with oil or with glucose-succinate carbon sources are shown in Figure 2. Of those colonies developing
on oil plates, 177 were transferred to yeast extract plates with oil, yeast
extract without oil, mineral salts medium with oil and without crude oila44ed. Hydrocarbon vapors were not found to be inhibitory to the development
of co'ionies. The crude oil vapors stimulated the growth of colonies fromplates designed to select for hydrocarbon oxidizers ln only 2 out of 177 casesover the agar base alone. This technique suggested general bacterial popula-
tion levels but gave little evidence of a vigorous hydrocarbon-oxidizing
f lora.

Degradation of oil slicks is wi4ely observed to produce visiblechanges in the consistency of the sl ick. Also the responsible microflora can
be detected by transfer to nutrient agar plates or by measuring the adenosinetri phosphate produced by the organisms at the expense of the oil. These tech-niques were used in conjunction with "most probabie number" techniques for
estimating the hydrocarbon-ox,dizing microflora in Port Valdez.

8ottles containing 100 ml of sterilized sea water were inoculated
with various volumes of water samples from Port Valdez. The water was pre-equil ibrated with crude oil and supp'lemented with nitrogen, phosphate and a
chelate. These additives were all shown to increase the degree of positivesamples compared to controls, but did not affect the sample volume required
to initiate biodegradation. Effects on the oil slick, whether or not it wascoagulated compared to the smooth consistency of sterile controls, adenosinetriphosphate content, and colony-producing ability of the disruption bottles
were measured . Thus, if a bottle produced large amounts of ATP or if the
slick was materially altered, organisms collected in the volume of watersample added were a ttr i buted to inoculation, The oil slick must have servedas the major carbon source. Some 34 replicate tests of these various tech"niques gave fair'ly good reproduc i bil ity and precision, showing acceptab'iylinear response with respect to dilution, General populations measured bythis technique were quite similar to those measured by the plate count tech-
niques. Total populations tested by the ability of 4eveloping cultures toappear on inoculated nutrient agar plates were about an order of magnitudeabove hydrocarbon oxidizers. As judged from samples at four depths from six~t~~ions during spring and fall, the density of hydrocarbon oxidizers at most
points in Port Valdez was suff icient for each cubic centimeter of water to
initiate bio4egradation. Smal ler volumes were generally inadequate. These
observations do not differ substantially from the Cook In'let results. Com-
plete 4ata are reported el sewhere �1! .

Iri Situ Qe~tion Ratea. � The occurrence of hydrocarbon biodegrada-
tion as an ongoing process in port Vaidez was confirmed by incubating at

p f 32 sepa ra te 1 0-meter water samp 1 es to which "C-dodeca ne had beenadded- "C-COz appeared in these during the first few hours of incubation.
The oxidation rate sustained was about 1 lig hydrocarbon/liter-day from aninitial concentration of 9l. i lig C/1 iter  Fig, 3! . For compar ison, parallelsamples using radioactive amino acids produced carbon dioxide at a rate of
about 0.2 ng/1 l ter-day from an initial concentration of 0.65 ling C/1 iter.
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Figure 3. Carbon dioxide 1 lberated from radioactive dodecane and from
an amino acid mixture incubated in Port Valdez
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A series of plate enumerations in the Coivii le River del ta area of
the Arctic Ocean during summer fai led to reveal any hydrocarbon oxidizers.
Amino acid oxidation rates off Point Barrow were of the order of 0.01 pg/I iter-
day; glucose, an order of magnitude less  I!. awhile these data are 1 imited,
there appears to be significantly less microbial activity in summer arctic
water than in western Alaska. Since a heterotrophic microflora does exist,
one would expect the process of oil biodegradation to proceed, however s ow y.I 1

Much of the Alaskan coastal water carried fairly heavy suspended
sediment loads. Suspended sediment in Cook inlet runs as high as l500 mg/
liter, rendering a few centimeters of this water opaque. Port Valdez nor-
mally contains 5-10 mg/1 iter of this material. Suspended sediment loads in
the Colville River delta area of the Arctic Ocean run to 10 mg/liter during
the spring run-off  A. S, Naidu, personal coamunication!. The effect of this
silt on oil slick dissipation was observed by inoculating 3 carboys of syn-
thetic sea water with a mixed culture. A'I l contained surface slicks of 1.9
mg/cm . Two conte ined Cook Inlet sediment at 100 mg/I iter, one of which was
"poisoned" with I mg/liter HgC12. The unpoisoned slicks sol idif ied and
stopped moving with the stirred medium on the third day. Both microbial ly
active slicks broke and mixed down in on the 14th day, showing that added
silt had no effect on the stability of the sl ick. Our ing this time and in
the succeeding 45 days no change was observed in the poi soned control .



THF MICROBIAL DZGRADATI'ON OF OIL POLLVTAlFPS

TABLE I

Characteristics of Hydrocarbon-Oxidizing Organisms

umax umax EBroth Kerosene 1~ 1 Bnulsification Type"Shape h q h i Keel/moleI so'late Gram
Cell

Dimensions
Ho. Iteac t ion

+oobao salaam
ifocardsa54

72

80

114

179

181

197

0.6 x 1.0

0,5x 2,0

I.D x 1.2

0.6 x 3,0

0.6 x 3.0

D.5

0,5 x 20

D. 23
0.35 0.20 16.0

0,35 0.087

0 35 0.020 16.0
0 35 15.2

0,15

A~ throbactsr

Bocazvfi a
cocco id

rod
ffoccu'1fa

pfjoradocaua

gcraptomjjc aa

+cobacsart~

cocc 1

bra nchcd
filaments

198 0.6 x 3 0 35 14. 5

eitost closely related genus.

All of the hydrocarbon-oxidizing organisfns reported here had st '"'"
emul sif ication characteristics. Cul ture ll 5, for example, stabil ized tw'its dry weight of crude oil as an emulsion. Cul ture tubes otherwise wetby crude oil presented clean wal ls when shaken with a few mg of the~e o g.
nisms. Accordingly these cul tures were frequently masked from micro so scop «

~ ~ ~ into theview when presented with an oil emu'Ision because the organisms ente~j on pf theoil phase. The presence of cells was sometimes apparent by distortion~ s. Culture
otherwise spherical droplets and by CQ2 evolution of these emulsio ns.
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The importance of mixing was observed by adding a very thin oil
10 iig/cm, tp a carboy of synthetic sea water enriched with 10 mg/liter nitro�'
gen and I mg/l iter phosphorus and inoculating as before, Although rapid dis
sipation of the sl ick was anticipated due to the comparatively high nutrient
concentrations, it was found to be stable throughout 50 days of observatip�
The only obvious consistency changes were the development of opalescence and
the appearance of aer ial hyphae from surface mold. Generally oil s'I ick sta
bil ity is enhanced greatly by the absence of turbu'lent mixing energy, but
little affected by the presence of suspended sediments.

To establish general characteristics of northern hydrocarbon-oxidizing
organisms, a number of hydroca'rbon-oxidizing organisms were isolated  Table ]!
and examined for thei r potential to use oil slicks� . Culture 179 came from a
winter plate near an oil sp il l in Cook Inlet. Cultures 18l and 197 were from
a beach near the 1969 Santa Barbara oil spill. The rema in ing organisms were
from po ints and depths d istri buted throughout Cook Inlet in July. Maximum
growth rates, grams of cel I s/  grams of eel 1 s x hr! ~ are reported for these
isolates growing on mineral salts with kerosene the sole source pf carbon,
and on nutrient broth, These rates are related to temperature by their acri-
vation energies Ea calculated from growth rates at 10 C and 25 C according to
the Arrhenius equa tion.
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TABLE 2

Utl I ization of Kerosene Components by Mar ine Microorganisms I sola ted

P ea k
7 2 22 2 29 30 32 33 3 P D

Carbon Number

5 10

7 10 215

Degree of Util izationbOrgan i sm

54 +
72
80

114
l79
'l81 I
197 I
198 + +

a Carbon number shows number of carbons in normal hydrocarbon columns:
P is 2,6,10,14-tetramethylpentadecane  pristane!; D, dodecane; I, peak size
increased.

b + ~ peak utilized; - = peak not util ized,
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broth from which the organisms had been centrifugally separated retained
emul sif ication properties, suggesting the production of an extracellular
emulsifying agent. Relative emul slf ication capacity is shown in Table I.

The isolates were examined for hydrocarbon spec if ici ty using kerosene
as the sole source of carbon. A representative gas chromatogram is shown in
FIgure 4 together with an unreacted control, Each of the isolates was charac-
ter ized by a different group of components af ter fermentation. Table 2 shows
the fate of the larger peaks numbered in Figure 4. None of the lesser compo-
nents were observed to change in concentration. These are probably aromatic.
The frequently metabol ized peaks 10, l7, 22, 29, 32 and 34 are probably normal
saturated straight chain hydrocarbons as deduced from kerosene analysis and
hydrocarbon standards. Al I organisms isolated produced a unique spectra of
remaining hydrocarbons from kerosene so that: a! individual hydrocarbon com-
ponents can be separately categorized by organisms; b! several hydrocarbons,
but not all, are used by each species; and c! a group of organisms is required
for complete hydrocarbon removal. Tabie 3 shows that I iter quantities of Cook
Inlet water contained suff iclent flora to remove about 90k of the vis ibl e por-
tions of an oil sl ick in 30 days. Storage of the samples for 4 years resul ted
ln samples with the lowest level of oil added completely clear except for
traces of very small black specks entrapped in mycel ia1 matter.
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Figure 4.

Added crude Dissolved organic 9 day
oil carbon, mg/L popul at i on,
mg/L ~0da s ~6da s colonies/L

Residue
12 mo, mg/L

IO

179

1.9
21,0
48. O
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Gas chromatographs of remaining hydrocarbons after fer-
mentation together with a kerosene control. Large
numbers identify cultures used and small numbers
identify kerosene components.

TABLE 3

0 i I Ox i da t ion in Cook I nl et Ma ter Samples

2.6 8 1 x 10
5.3 8
9.1 15 9x IO



ltad lOac t i v i t i e s o f d i s t i I I ed wa t e r - equ i I i br a ted pu
SoradlOaCtlye hydrOCarbOnS indlCated SOiubll it leS ln 9~ agre~cot with th,Se

Of HCAu] lf fe  IQ! . However ~ So'lubi I i ty meaSurements were suspeCt becauSe Of
partic es g e

t'C]es generated from ti Pyrex carbOYS us~. TheSe were vlslble In ab f coll imated I ight and could be e"~ated by s'torage of water, pre-
eam o co I n fi'Iviously passed through macromo lecular separat ion i ters, in pol ypropylene

containers, This procedure resulted in water free of Tyndal I effect fqul
libration for these studies was done with qreat care to avoid emluislon for
mat jon, convect ively mixing the water wi 'th f loa t ing dodecane by warming one
side of the po'Iypropylene carboy. awhile solubil ity studies are continuing
present indications are that particles, such as suspended clays as well as
sil icates from Pyrex carboys, can absorb s igni f icant quant i ties of dissolved
hydrocarbons from aqueous solution.

thL T~tzj.� Three mechanisms appear to be dominant in short ten
Oil toxicity toward micrOOrganiSms. One resul ts frorl the cOalescence of or
ganisms with oil droplets on contact so that their microenvironment becomes
an oil rather than the usual aqueous phase. The second is metabolic response
to hydrocarbons in the C-5 to C-8 range �! . The third is interference with
the process of chemotaxis �4!. beany heterotrophs grow on low molecular
weight hydrocarbons when suppl ied at low concentrat ions, a l though hydrocarbon
concentrations approaching aqueous saturation inhibit growth. This is prob-
ably due to solution of phospholipid membrane components in locally high hy-
drocarbon concentrations collected by parti t.ioning aga inst the hydrophobic
cell surface. Alteration in the important capacity to perform metabolite
specific osmotic hark would be expected. Different species might be expected
to differ in their tolerance thresholds toward these solvents. Me observed
reduCtiOn ln pOpulatiOn Of a randOmly miXed COntinuOuS Cul ture Of heterOtrOphlC
organisms by additions of crude oil to the feed  unpubl ished data!.
lowing experiment was designed to test oil toxicity on a specif ic membrane
function, that of phosphate active transport into a mar ine occurring yeast ~5~
This system has been found to be exceeding'ly sensi t ive toward various natu
rally occurring inhibitors. Table 4 shows that saturated aqueous solutions
of the lower molecular weight solvents, al 'I constituents of crude oil, Pro ~e
grossly inhibited transport rates. However, in the several experiments s~n
no response was noted with crude oil addi tions. This auld indicate that the
mole fraction of solvent components in our crude samples was insuff icient to
develop the dissolved aqueous concentrations necessary for major membran«
orientation in this system.

Pererturbation susceptibility of an algal cul ture t«r"de
tested b iy introducing oil into the cont inuous cul ture»pply
moni tor in reacg reactOr pOpuiatlon ConcentratienS. Populatimn ~S

con-

stant by adjusting the feed rate equal to the maximum growth rate
r !. The culture was then growing at

poP»tlOn  ~aEeme~ Oa~rnu~j waS
as shown in Table 5. The steady state alga'I cul ture was uncha"g
tion after perturbation with oil as sho n. Thus, the maximum gro wth
the organisms under conditio s of both I ight and " t

us e . s no't

r uced by soluble e crude oil components as the
med l ~"

IS paf t l'tlOned a a lh
~ y ex l w Bac-

g inSt the many COnlpOhen'tS Of Crude
er i a popul a t i ons in n the unialgal culture

rs of

i8O
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heterotrophic spec i es compr i s ing the total population however d
crea sad marked 1 y.Thi s was apparent f rom the number of colony typesappear-on pl a tes, 5 Im i 1 a r reduct ions i n spec i es number, but an increase i n
heterotroph r c b i orna ss, i s the. ant i c i pated response of the microb io log ical
cormnunity to an oil spi1 1 ~

TABLE 4

Inhibition of Phosphate Transport in a Marine Yeast
by Various Dissolved Hydrocarbons

Flux,
uM PQ~ per g
cells per min

4 Control
Component

Control
Prudhoe Bay crude oil
Toluene

Xy 1 ene
Naphthalene
Cyc 1o hexa ne
Benzene
Pentane

Dodecane

TABLE 5

Response of Algal Continuous Cu'I ture to perturbation
by Oil Added to the Cul ture Medium

Cul ture time Condi tions
Bacteria/ccAlgae/cc

5 x 10"

12x 10

Hydrocarbons in the oil phase were carefuliy omi«om'Itted in these exper

ments. Where present as an emulsion, the probabilityit exists of separating
ted ear 1 i er the a b i 1 i ty osurfaces «orn aqueous contact. We noted eao and metabol ize inside t eh

"y rocarbon-oxidizing organisms to pass into an1 used in our laboratory areThe three microorganisms commonly used i
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480
490
504
528
540
548

or 1 free
oil free
oil free
oil added
oil added
oil added

13.0
13.0

0.0
0.3
4.0

7.0
9,0

12.0
12. 5

1,1 x 10
1,0 x 10
1.1 x 10
1.1 x 10'
1.2 x 10
1.2 x 10

100
100

0 2 3
31.0
54.0
69.0
92.0
96.0
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a hydrocarbon-oxidfzing bacterium  isolate 198!, a marine occurring yeast
 Phodotcmcka a&ra!, and a fresh water alga  S. ozpz'mornutum!. Al I three
organisms col1ect around oil droplets upon microscopic examination in accord
with the observatians of Ahearn  paper presented at Workshop on Microbial
Degradatian of Of 1 Pollutants, At'lanta, Ga., December, 1972!. The extent of
their preference for the oil phase varies greatly and is in the order 1isted.
The bacterium is particularly o'leophll ic in that where an oil phase is pres-
ent in a growfng culture, cells are diff icul t to col lect from the underlying
medium. Ofl droplets fn the yeast culture are densely coated with organisms
to the exclusion of nearby medium. The algae can be seen in contact with
crude oil droplets when medium and ail are shaken together.

It appears that effects of all emulsions on microbial processes would
be due in part to their propensity for hydrophobic surface adhesion and con-
comitant alteration af the organisms' immediate external chemical environment.
Microbial surfaces, normally exposed to aqueous chemistry, contact oil when
present. In that such organisms are sustained by functional transport sys-
tens on their surfaces which concentrate required metabolites, part of the
effects of emulsified oil on microbial metabol ism might be one of physical
exclusion of the aqueous median. Loca'I oil concentration around the organisms
would then fncrease by a factor of several mil I ion.

D I SCUSS fON

The fate of oil spills is one of disruption and emuisif ication, dis-
persion and finally biodegradation. The fatter is prevented only in the un-
likely event of deposltfon in anoxic sediments. Mfxing is the dominant driv-
ing force of dfspersal in marine systems. Resulting particles are near natu-
ral buoyancy and remain suspended �!, probably until oxidation is complete.
Caok Inlet, a large turbulent estuary with a flushing time of about a year
 9!, engulfs oil spills without visible or detectable effects. The extant
heavy suspended 'sediment loads appear to be of I ittle consequence in sl ick
dissipation. Mechanisms for rapid dispersal and biodegradation are indigenous
to Cook inlet and Port Valdez. Port Valdez has not yet been exposed to major
oil spills, An abundance of hydrocarbon-oxidizing organisms are present in
Port Vaidez but this site is a much more quiescent system than is Cook In/et.
One estimate of the flushing time of the former smal'I harbor is 30 days  R,
Muench, personal ccemunicatfon!. Spills are 1 ikely to remain at least as
long as in open ocean systems such as the week periods observed in the Santa
Ba'rbara  8! and Torrey Canyon �2! incidents. Arctic ail spill stabi1 ity is
difficult to predict at this paint. Clearly the twa major dissipation mecha-
nfsms, mixing and biodegradatian, are potentially less effective in the arctic
than at other points around the Alaskan coast.

Oil particle inoculation from indigenous populations may be suff i-
ciently slow to allow considerable dispersal before biodegradation can occur.
The rate at which particles P are inoculated to form inoculated particles P.
fs gfven by

dpi
kXO

dt
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X and 0 are numbers of bacteria and oil Particles/cm, respectively.
order' rate cons tant can be est imated by observ ing bac ter ia-phage

f ct ion rates Qe measured thi s col 1 is ion rate in order to estimate thenf 1 uence 0 f turbui ent d if f us ion on col 1 is ion frequency  unpubl i shed data!,ge chose the T-4 Escherfchia oo2i bacteria-phage system. Higher stirringrates decreased the infection rate, apparently due to the rather fragile T-4system. However, this d id show that turbulence had sheer effectswi thin mp d i stances f rom part ic les� . Rate constants were near those predictedfrom diffusivities and those measured in the 1 iterature �! of about 10-Thus, at a concentration of one bacterium and one phage"sizedparticle per ml, 2000 years would be required for the f irst collision. Con-sidering the coll ision frequency of larger particles, the velocity due toBrownian motion �! is R T
�!

where hX is distance traveled per unit time and r is particle radius. This6gives even slower particle collision frequencies for larger particles, 10years for pm-sized particles and 10 years for lan-sized particles with amillimeter-sized target. Motility, however, greatly enhances the frequencyof probable collisions to once per 600 hours if moving randomly at 100 pM persecond and once per minute if oriented by chemotactic mechanisms. Cultures197 and 1 98 of Ta bi e 1 appear to be motile and exhibi t chemotact ic response
toward oxygen.Growth cannot be accelerated in excess of maximum growth rates at thetemperature of the water, Growth rates are reduced to about 104 of their 25 Cvalues near the freezing point of water, This means nutrient saturation adequate supply of nitrogen, phosphorus, oxygen and water! occu swat r occurs at about

iOR of' the 25 C concentrations since nutrient diffusion is essentially unaf-fected by' temperature. Thus, based on either the large body of literature on
nutrient limitation or on collision frequency calculations, a qade uate nitrogen-e

and Phosphate at the cell surface are probably of the orderrof 10~and 10 M

for nitrogen and phosphate respectively �!.
Toxic effects toward microorganisms, aside from p yh sica 1 smothering,

aPpear to be difficult to document, Coating or oiling occ'1'n occurs with aquatic

m«roorganisms in much the same way it does with sea bea birds. This has demon-

strable local effects. Barsdate �! has reported reduce p ' y peduced r ima r y produc t 1 v i ty

In an arctic pond subJected to a controlled ol 1 spil ' 9 yill durin the year follow-
microbial transport processes' 9 o'1 addition. However, even very sensitive micro ' pore not in direct contact wit hPPear 'to function normally when the organisms are no ithe low molecular weight com-P"ase and when large mo'le fractions of the C 4 to C-8! are avoided. Effects on chemotatactic response are ap-

fect of oil addition to they a Possibi 1 ity. One probable local effecnt of the hydrocarbon-oxi izing
s"stem»ght 1 ikely be the enrichment o'n rease in total popu a ion1 1 tonand
ophic microflora with a concomitant increa

t"e number of predominating species.
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NICROBIAL ECOLOGY AND THE PROBLE'Ni OF
PETROLEUN DEGRADATION IN CHESAPEAKE BAY
R. R. COLWELL, J. D. WALKER and J. D. NELSON, Jr.
Depar tment of Mi crobio logy
University of Maryland
Co 11 ege Par k, Ma ryi and 20742

Petroleum degradation in the marine environment is one of the manyprocesses effected by microorganisms. Control of this process will beach'ieved only through an understanding of microbiai ecology. information ob-tained on the ecology of mercury-metabolizing bacteria in Chesapeake Bay hasprovided interesting comparisons with the petroleum-degrading microbial popu"lations. Petroleum degradation studies are being done to obtain a seasonalincidence, as wel 1 as species distribution of petroleum-degrading microorga-nisms in Chesapeake Bay. From analysis of water and sediments col lected attvN stations in Chesapeake Bay it was found that the concentration of petro-leum in an oil polluted site in Bal timore Harbor was cc five times greaterthan in Eastern Bay. The numbers of petroleum-degrading microorganisms, mea-sured by direct and repl ica plating, in the water and sediment samples wererelated to the concentration of oil in each sample. Total yields of petroleum-degrading microorganisms grown on an oil substrate were greater for those or-ganisms exposed to oil in the natural environment. Microorganisms isolatedfrom water and sediment samples collected in Baltimore Harbor grew on sub-strates representative of the ali phatic, aromatic and refractory hydrocarbons .From analyses of spec ies d i str i but ion, it was observed that a hydrocarbon-util izing fungus, Chzdoapowium zeainae, and actinomycetes were predominantamong the hydrocarbon-u t i 1 i zing i so lates. Microbial degradation of petroleumin Chesapeake Bay appears to be mediated by the autochthonous microbia'1 flora.T"e objective of work in process is to determine whether a seasonal fluctua-
'tion in the petroleum-degrading microflora occurs in the Bay.

lNTRODUCTiON

Many of the environmental problems facing society today are microbio-logical 1 problems, in the sense that the primary level of activ i ty is withinthe microbia 1 community. Mercury and petroleum, as contam'inants and/or po 1-iutants of the environment, are metabolized by microbia 1 spec ies found in thenatural envirorsnent. Enhancement of the activities of the autochthonous spe-cies in hastening degradation or cyc'ling of these materials is a log ical ave-nue of pursuit. However, without requisite knowledge of microbial systemsecology and quantitation of such parameters in the microbial populations, aswell as microbial species interactions, attempts to harness "microbial power"
on a large scale will not succeed.
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Basic knowledge of the total viable microbial populations, population
shifts with season or with introduction of a new metabol ite, and of the kinds
of microorganisms composing the natural microbial flora is not available cur-
rently. Problems in the acquisition of such ecological data include lack of
appreciation of the principles of microbial ecology as well as the sheer mag-
nitude of characterizing the individual species units of the microbial commu-
nities.

ln our stu4ies of the microbial ecology of Chesapeake Bay, we have at-
tempted to characterize the aerobic heterotrophic bacterial flora of the water,
sediment and anImals in several Bay locations, The incidence of mercury-
tolerant bacteria, for example, is seen to fluctuate on an annual basis ac-
cording to season �3!. The problem of isolating, identifying and classifying
the microbial species of Chesapeake Bay has been approached using numerical
taxonomy methodology �0! and molecular genetic taxonomy. Fatty acid prof iles
of microorganisms also offers promise as a rapid diagnostic tool, particularly
for petroleum-degrading microorganisms.

Dne of the aims of our research program ls to identify and enumerate
the genera of petroleum-degrading microorganisms in Chesapeake Bay, in order
to assess the potential of microorganisms to degrade petro'leum in vitro and
ln vivo, as well as to examine the type of petroleum attacke4 �1!. In the
current work, the composition of oil in water and sediments in Chesapeake Bay
is being analyzed and seasonal fluctuations of heterotrophic and petroleum-
utilizing microorganisms are being determined.

Chesapeake Bay is the largest and most important estuary, with respect
to aquatic fauna, in the mid-Atlantic coastal area �1!, lt provides a feed-
ing ground for fish �3! an4 shellfish �9!, a recreational facility for pub-
lic use, and a repository for in4ustrial and domestic waste �8!. Since 90'0
of the pollution of water and waterways is of petroleum origin �00,000,000
tons per annum!, and because construction of superports for oil tankers is
being considered for Chesapeake Bay, the assessment of the microbial potential
for degradation of petroleum in the Bay i s important and timely. Basel ine
data on the natural microbial flora are necessary to ascertain the effects of
oil on biolog ical communit ies  9,36! .

The full extent of the effects of petroleum on biological ecosystems
is unclear, al though petroleum persists in the natural environment �,8,10,
11!. The use of microorganisms �, I9! or mechanical devices �7! has been
suggested for control of oil pollution, but rigidly control led tests must be
conducted before microbial seeding of oil polluted areas can be done on a
large scale.

MATERIALS AND METHODS

SampHng.--Mater samples for bacterial enumeration and chemical analy-
ses were collected using a Niskin Sampler �4!, at a depth of 'I meter from the
bottom, Asept-ic procedures were followed in transferring the samples from the
sampler to sterile bottles prior to analysis, The top layer of sediment, i,e.,
the mud-water interface, was sampled using a Ponar Sampler and an Ekman Oredge
 'Wildlife Supply Co,, Sag inaw, Michigan!, Immediately upon obtaining the
water and sediment samples, appropriate dilutions were prepared and inocula-
tions were performed aboard ship.
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yed~.� An estuarine salts solution consisting of 10.O g Hacl, 2.3 gHgCiz an4 0.3 g KCl per liter of distilled water was used to prepare the di-lution blanks and for the diluent in the basal medium. The pH of the saltssolution was adjusted to 7.0 for the bacter ial counts and to pH 5.5 for iso-lation of yeasts and molds. The basal medium employed for the determinationof total viable counts  TVC! consisted of: 2,0 g glucose; 5.0 g casaminoacids; 1.0 g yeast extract; and 20.0 g Difco purif ied agar  Difco Laboratories,Detroit, Hichigan! per 1 iter of estuarine salts solution. The culture mediumused for the petroleum-degrading microorganisms  "motor oil medium" ! was com-posed of: 10.0 g HaCl; 0.5 g MgSOw,' 1,0 g HH~HOs-, 1 drop FeC1 s �5 g/ml!;20,0 g Difco purif led agar; 10.0 g oil powder; and a specific ratio of KHzPOqand KqHPOu per l i ter of distilled water  see below! . The oil powder was pre-pared by adding 10 g sil ica gel to 10 g motor oil  non-detergent! dissolvedin 30 ml of diethyl ether. The ether was evaporated and the resulting powderwas added to the basal medium prior to autoclaving. From a sterile solutionof KHqPOq or KzHPOq �0 g per 100 ml distil led water!, a specific ratio ofeach salt was added after autoclaving, to obtain the desired pH, e.g., pH 5.5for molds and yeasts, To obtain pH 5.5, 9.4 ml of KH2POu solution and O.- in' ~ l

K HPO solution were a4ded per 'l iter. The pH of the basal medium used to iso-
2

dlate bacteria was 7.0, obta ined by addition of 3.0 ml of KH2POv solution an7,0 ml KzHPOv solution per liter, Antibiotics were also added to the basaland to the petroleum media after autoclaving, viz., fungi zone �0 lig/ml! tothe bacter ial cul ture medium and streptomycin �0 pg/ml ! for isolation offungi. To estimate growth of microorganisms on refractory petroleum compounds,the compound, e.g., naphthalene or perylene, was substituted for the motor oil.
The liquid cul ture medium employed consisted of either sterile Chesa-peake Bay water or salts solution  lO.O g NaCl, 0.5 g NgSOa, 1.0 g HH~HOs perliter of distilled water and the appropriate ratio of KHzPO~.KzHPO~ to achievethe desired pH!. Antibiotics were added as described above for preparatio~ ofsolid media� . Liquid hydrocarbons and the motor o i 1 were sterilized separatelyby filtration. The sal ts solution was sterilized by autoclaving and was sub-sequently over laid with 14  v/v! hydrocarbon or oil. Sol id hydrocarbons  llw/v! were added to the media prior to autoclaving. arith some cultures a mix-ture of hydrocarbons or "model petroleum," consisting of 14 of the total vol-

ume, was used as the carbon source.
Ieolatson and Identi fiegtiori of Mscmarpaoisme.� -Heterotrophic bac-ter'la molds and yeasts were isolated by direct plating of appropriate dilu-d H'tions of water and sediment onto basal medium, adjusted to the required pand supplemented with the appropriate antibiotics. Petroleum-util izing micro-organisms and those capable of degrading refractory hydrocarbons were alsoisolated by direct plating of water and sediments onto media containing oioil

or the refractory compounds. As above, the medium was supplemented with anti-biotics and adjusted to the appropriate pH. The laboratory aboard the JohnsHopkins Oniversity vessel, R/V Ridgeway lilac'fee%, was used for microbiolog icalanalysis of the samples immediately upon retrieval of the samples. Forstudies not perforined aboard ship, samples were processed upon return to theshore laboratory. The time interval between samples and ana'lysis wasSamples that were processed ashore were kept at 10 C in transit. Plate countsfor heterotrophs were tabulated after 7 days incubation at 20+2 C. Platecounts for organisms util izing oil or refractory compounds were made af eaf ter 21

days incubation at 20+2 C.
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When repl ica plating was done, heterotrophic bacteria were transferred
to hydrocarbon or motor oil media and the plates were examined after incuba-
tion for 2l days at 20+2 C.

iso»ted colonies of microorganisms demonstrating degradation of oil
of refractory compounds were transferred to basal agar slants and were

Petroleum-degrading microorganisms were identif ied following
P ocedures descr I bed elsewhere  Walker and Colwel I, in preparation! .

~>~8.--To measure microbial growth on oi I, hydrocarbons or
petroleum in 250-mi flasks conta ining l00 ml sal ts solution or ster i le

Chesapeake Bay water were inoculated with sediment or water samples. The in-
oculated flasks were placed on a reciprocal shaker set at 60 f4-In strokes per

Unless stated otherwise, cultures used in this part of the study were
incubated at 20+2 C . Growth was followed by visual inspection, turbidimetry
 "Spectronic 20," Bausch and Lomb, Rochester, New York!, or direct plate
counts, Dry weight determinations were obtained by filtering the spent cul-
ture medium through pre-weighed Mhatman No. I f il ter paper, washing the cells
retained on the f i I ter with hexane to remove residual oil, and drying the
f il ters to constant weight at 100 C.

~icaE Arsatyais.--Mater samples �l! were extracted twice with 800
ml benzene. The sediment samples �00 g! were extracted twice wi th 200 ml
benzene or chloroform. Extracts were concentrated by rotary evaporation at
35 C. Methods used in determination of the chemical composition of the pe-
tro'leum present in the samples will be described e'Isewhere  Walker and Col-
wel l, in preparat ion! .

Ptpatcrzl am' Ckemicrzl Rzrameteza,� To correlate the microbial popula-
tions ln the samples tested with environmental conditions observed, se'Iected
physical and chemica f measurements were made at the time of samp'I ing. Drs-
solved oxygen  DO! and temperature were measured using a YSI Model 51 A DO
meter  Yellow Spr ings instrument Co., Yellow Springs, Ghio! speci f ical i y de-
signed for use with estuar ine and seawater samples, Percent saturation of DO
~s calculated using the nomogram prepared by Dawson �4!. Transparency was
measured using a standard Sekki Disc. The pH of water and sediment was taken
using a Corning portable pH meter and sal inity was recorded with a Model RS53
Beckman sal inometer {Beckman instruments, Cedar Grove, New Jersey! .

Ch~~hr.--Af 1 of the solvents employed were of reagent grade,
spectro-quality for GLC analysis. Hydrocarbons purchased from Chemical Sam-
pl es Company  Columbus~ Ohio! were 99+% pure, according to manufacturer's
spec if i cat ion.

RESULTS AND DISCUSS ION

Two stations ln Chesapeake Bay were sampled during the prel iminary
phase of this study- On«f the sites was Eastern Bay, a relatively unpol-
luted and cormrrerclaf ly productive region, found to contain stable bacterial
populations in the water and sediment �0!. Baltimore Harbor, the other site
sampled, is relatively o» polluted  Table l ! . Twenty-f ive percent of the
traff ic passing into a timore Harbor involves oi I tankers �2! . Al though
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TABLE 'I

Yield of Petroleum from Chesapeake Bay Water
and Sedimentsa

Source

0. 0024
0.1

0.05 4
0.4

0. 002'4
0.1
0.08 a
0.5

Eastern Bay Water
Eastern Bay Sediment
Colgate Creek Water
Colgate Creek Sediment

Yield expressed as  w/v! for water and  w/w! for sediment.

The aerobic heterotrophic flora of the water and sediment of EasternBay has been studied on a seasonal basis since 1964 �0!. Many species ofseveral genera are present, in a f inely-tuned ecological balance. EasternBay Is commercia ily productive for shel if ish while the Baltimore area ofChesapeake Bay no longer provides shellfish harvests. Also, Marurnsco Bar, onthe Eastern Shore of the Bay, is not commercial iy productive for shellf ish.Here, the bacter ia1 flora is dominated by Vibzm spp., including some Pathogenic species �0!. Hence, an imbalance in the microbial flora has occurred
in the Marumsco Bar r eg ion o f the Bay.Concentrations of mercury-resistant I cterla are higher in BaltimoreHarbor than in Eastern Bay �3!. A particularly noteworthy aspect of the~~populations is that there is a seasonal incidence of mercury-resistan-resistant bac-

teria, with large populations being observed in the spring.ma spp. clearly predominate the mercury-resistant populations «n of bacter ia in

Bal timore Harbor.Water and sediment samples were col lected from an area srea south of Par-

sons Island in Eastern Bay and from Colgate Creek in Baltimorei re Harbor. Envi
are 1 isted in Table Z.nme«al parameters measured at the time of sampling are 1 is

The higher concentration of oi'I in water and sedimentimen t from Co I ga te

ree"  Table 1! correlated with higher numbers of petroleum- eg ' gum-de ra di ng bac ter i a

ble 3! ~ Appropriate controls were run to ensure that tht the oil medium did
r anisms. A higher con-ppo t growth of non-petroleum util izing microorganisms. igth the o i I- 'I 1uted s i tepetroleum degraders were associated with the oi -no

"es" its from «plica plating  Table 4! conf ir edble 3! for petroleum-degrading bacteria, Dodecane was use
189

this may be relatively low compared with the ports of Providence, Rhode Island
 91%!, and San Francisco, California  84%!, it nevertheless presents a problem
because of tank washings and accidental spills. These can account for the
higher percent of petroleum extracted from water and sed iments compared with
samples from Eastern Bay  Table l!.
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as a carbon source to determine whether toxic components in the oil inhibi
microbial growth. Slightly higher numbers of petroleum util izers were fo��d
on the oil medium, compared with dodecane. This observation most likely
reflection of the large number of different hydrocarbons in oil capable of
supporting bacterial growth. Al though percent recovery was higher on replica
plating than on direct p'lating, the trends with respect to percent of petro
leum util izers from each source were the same.

TABLE 2

Physical and Chemical Parameters from Chesapeake Bay
Samp 1 ing 5 ta t i ons

Stat ion and date

Parameter

TABLE 3

Total Aerobic Bacterial Populations from Eastern Bay
and Colgate Creek Samples in October 1972

Total Viable Bacterial Po ulations from
stern Bay Eastern Say o gate ree Co gate Creek
Wa ter Sediment Wa ter Sediment

Bacteria

1 .1 x 10

9,0 x 10'

1.5 x 10

5.0 x 10

Hetel otf ophs

Petroleum
Degraders

7.9 x 10" 1.5 x lO

6.0 x 103.0 x 10

0 Petroleum
Degraders 8.23.3 4.o
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Air Temperature  C!
Di ssolved Oxygen  ppm!
Water Temperature  C!
Percent Saturation
pH
Salinity �/00!
Depth  m!
Transparency  m!

22. 0

8.3
19.5
90.0

79
7.1
9.0
1.6

10.0
11.4
7.0

95-0
6.8

l 2. 1

9.0
1.6

2l.0
8.i

20.5
90.0

7.3
9.2

l0.7
0.9

8.5
10.3
11.0

93 0
7.0
9.5

10.7
1.0
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TABi.E 4

Percent Heterotrophic Bacteria Utilizing Gil or Hydrocarbon
after Replica Platinga

Source of heterotrophs Hotor oil medium Oodecane medium
26.7
48.3
40.0

75 0

l8.3
46.5
40.0

55 0

Eastern Bay Water
Eastern Bay Sediment
Colgate Creek Water
Colgate Creek Sediment

aResults are expressed as the average of two separatereplica plati ngs . Repl i cates did not d iffer by more than 10'4.
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Further sampling demonstrated that greater numbers of petroleum-degrading bacteria and fungi were present at the Colgate Creek site, when thedata for Eastern Bay were compared  Table 5!. About 84.6 to 98.2'4 of thebacterial population and 66.64 of the fungal population utilized naphtha'ieneas a carbon source, thus confirming the previous report that naphthalene sup-
ports growth of these organisms �1!.Oil-degrad i ng microorganisms have been isolated from a number of har-bor water and sediment samples, as well as from bays throughout the ie>rid�5!. However, stud ies of the ecology and seasona l distribution of petroleum-degrading microorganisms are lacking. A routine rrenthly sampling is now un-derway in our laboratory to evaluate the results obtained to date with respectto the complete annua l cycle of petroleum-degrading microorganisms in Chesa-Peake Bay. Furthermore, very few reports describing the ecology and inter-action of petroleum-degrading bacteria, yeasts and fungi, one of the goat e oals of

thi s research, are ava i 1 able  l6! .Resul ts in Table 6 describe the growth of different microbial p pula-
tions after 7 days incubation in a motor oil medium. The 9rowth yowth ields of

microorganisms isolated from each of the two sites tested and harvested byfiltration, correlated with the percent petroleum de9raders recovertial examination  Tables 3 and 4!. The decrease in PH o t e cuinoculated with petroleum-degrading microorganisms from Colgat +due to acid production or the replace nt of the HH4 ion 0 4 3yielding HNOs. Chemical analysis of the oil degradation Pr ucts
progress. Growth of microbial populations from Co'lgate r yCreek on h drocarbons is
described in Figure l. Samples from the area were us~~ si nce i t i s highi yprobable that those microbial populations would be exp sed to suc,h compoundsth and higher yields were"ll hydrocarbon mixtures supported growth a 'gFi . 1 . However, benzene,ed wl th cultures inoculated with sediment  Fig. !.~t suPport growth and naphthalene suppo rted only slight growth tof an earlier report t a"e f~~~~r observation conf irmed resul ts of

gen«a l l y more suscept ib e o gto de radation than benzene
ane Plus benzene, the fol 'lowing may occur: i! dodecane egra ali i! stimu'lation of dodecane oxidation by benzene
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TABLE 5

Total Aerobic Microbial Populations Isolated from Eastern Bay
and Co'Igate Creek Samples in November 1972

Bacteria

1,3 x 10

3.0 x 10

5.0 x 10

5.0 x 10

7.0 x 10

4.5 x 10'

5.6 x 10'

5.0 x 10"

Hetero trophs
Petroleum

Degraders
4 Petro'leum

Degraders
Naphthalene

Degraders
4 Naphthalene

Degraders

8.g 23.064.212.5

1.1 x 105.5 x 10

84.6g8.2

~Fun i

Heterotrophs
Petroleum

Degraders
4 Petroleum

Degraders
Naphthalene

Degraders
4 Naphthalene

Degrader s

3.0 x 10

1.0 x 10

].5 x 10

1.0 x 10

5.0 x 10 2.0 x }0

5.0 x 10 5.0 x 10

100 25 6.6 33-3

I.O x 101.0 x 10

66,666,6

TABLE 6

Growth Yields and pH of Cultures Grown on Motor Oil
in Salts Solution

Dry weight  mg/ml!Source of i nocul um

7-3
7.1

10.2

6.0
6.0

5-5
4.8

Eastern Bay Water
Eastern Bay Sediment
Colgate Creek Water
Colgate Creek Sediment

-initial pH ~ 6.2.

bAfter seven days incubation.
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Eastern Bay Eastern Bay Colgate Creek Colgate Creek
Microorganism Water Sediment Wa ter Sediment
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o 4 ti ma Ioavsi

Figure I. Growth of Microorganisms on Dodecane  circles!,
Dodecane plus Benzene  8: 2, v/v; squares! and
Dodecane, Benzene and Naphthalene �:2;I, v/v/w',
tr iangles!. Cul tures were inoculated with Col-
gate Creek sediment  closed f igures! and Colgate
Creek water  open figures!.

Growth curves of microbial populations on oil are shown In Figures 2»4 3 Higher yields were recorded for cultures in a medium containing anestuarine salts solution than in media with Chesapeake Bay water. Since thelatter was not supplemented with nutrient, phosphate and nitrate may havebeen l imiting. OIauxle was observed for Eastern Bay water and sediment PoPulations grown in media prepared with the salts solution. Maximum growthyields of cultures from Colgate Creek samp'les was aa I x 10 organisms pefor al I cul tures tested. Morphology of the organisms growing on oil hasfollowed using scanning electron microscopy �0! and have been obse«bserved to be

located preferential ly on the surfaces of the oil ~
Studies show that seawater supports signif icant growt" of Ph of etroleum-

degrading microorganisms only when supplemented with nitrogen an / Pen and/or phos

phorus �, 16! . In this work, the synthet lc estuarine salts solutl n anChesapeake Bay water were intended to approximate the optimum  mum in vitro! and

 in sit"! ~"d ' tI««or petroleum degradation, respect' y.
ggest that microorganisms are capable of growth on ph on etroleum under

"natura I" condi t ions.
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Cladoapomum rsas.nae may well be one of the most Important petroleum-degrading fung i in the natural environment �2!. Five species of Chzdoeporitetwere isolated from Colgate Creek and Eastern Bay water and sediment samples,as well as three Penicill~um spp., an ASte~aria sp,, a ZHahoderea sp. andseveral unidentif ied fungi. Prel 'iminary resul ts suggest that several of theCLadoeporixarr spec'Ies are C. zaeinaa. The isolates of yeasts and bacteria havenot yet been 'Identified. Data obtained suggest that between fifty and seventy
percent of the bacterial Isolates are actinomycetes.In summary, the results indicate that a petroleum-degrading microbialpopulation ex ists i n the sed iment of Colgate Creek. Clearly, microbial popu-lations capab'le of degrad ing petroleum are present in Chesapeake Bay. Throughextended stud ies of the microbia 1 ecology of Chesapeak Bay, it is hoped thatthe distribution and significance of these microorganisms can be conf irmed.
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ALKANE DEGRADATION IN BEACH SANDS

T. E. AHLFELD and P. A, LaROCK
Department of Oceanography
Florida State University
Tallahassee, Florida 32306

An estimation of the rate of v-aikane degradation was made in beach
d f om Coal Oil Point California. Bulk sand samples from a beach chroni-

caLly polluted with oil from natural seeps were extracted and ana yze gas
chromatographically and gravimetrically for hydrocarbon content. Calculations
Indicate that a maximum degradation of 0.32 g of n-alkanes occurs per day for
100 m of beach. The oil input on the day of sampling was estimated to be5 g/100 m /day. From these figures it is seen that the daily maximum oxida-
tion, 'Including bacterial degradation, evaporation and autoxldation accounts
for only 64 remova I of the alkane content of the sand,

in recent years, considerable interest has developed to "seed" oil
sl icks wi th bacteria as a f ina1 clean-up af ter mechanical removal procedures.
The present study was undertaken to determine the rate at which m-alkanes aredegraded under natural conditions, and to provide base-1 ine data for compari-
son of see4ing experiments, There are few accessible locations where steady
ol I seepage occurs natural ly, which have some mechani sm for the estimation of
the time period over which the observed hydrocarbon degradation takes place.
One area that fulfills these criteria is Coal Oil Point, California. The
beach at Coal Oil Point receives a daily input of crude oil from a number oF
naturally occurring offshore seeps  'I! and experiences periods of active sand
transport, i.e., away from the area between December and Hay, and deposition
between June and November �,5!. By measuring normal alkane concentrations
in the sands at increasing depths, the rate at which these hy4rocarbons were
oxidized could be estimated. In this instance, the rate of sand deposition,
which is known for the area, served as a "clock" to give an appropriate time
sca le.

The oil seeps at Coal Oil Point account for an average release of
50-70 barrels of crude oil per day  I!. ZoBeii �! reported that an average
of 21.5 'Ibs of oily material per 500 ft were 4eposited each year on the
beach, in the current cananunication, prel iminary estimates of thef the rate of

n-aikane degradation in beach sands are noted under natural conditions. How-
ever, for a closer approximation, a more exhaustive sampl ing and ana yand anal tical

program over a longer time span is needed.
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MATER IALS AND METHODS

Bulk sand samples, col lected as 6" x 8" x 1" blocks, were taken at
four beach locations designated A-D  Table 1!. For hydrocarbon analysis, the
sand was allowed to air dry and one microl iter of C-hexadecane was added to14

the samples for the determination of extraction eff iciency. Extraction was
accompl ished with three separate washings using 250 ml of chloroform-methanol
�- I! each time. The sand was vigorously shaken in the solvent for 10 min in
an acid-washed 1 L Erlenrneyer flask fol lowed by a 24 hr soaking period for
the first extraction and I hr for the remaining extractions. The three wash-
Ings were combined and concentrated in a rotary evaporator. The chloroform-
methanol remaining in the concentrated sample was evaporated under pre-puri-
f ied nitrogen, the residue redissolved in hexane and quantitatively applied
to a silica gel column as described by Meinshein and Kenny �! for separation
of the aliphatic fraction. A 21 cm glass column packed with Moelm  activity
grade 1! activated silica gel was used. After elution, excess hexane was
evaporated under nitrogen and the alkane fraction maintained in about 0.5 ml
hexane for analysis in a temperature programmed gas chromatograph  Bendix
Chroma-lab 2100 with a 54 Dexsil 300 on 60/80 mesh Chromosorb G column
treated with dimethyldichlorosilane!. Normal alkanes were identified by com-
parison of retention times with standards and their relative abundance deter-
mined as the percentage of n-alkane peak area to total chrornatograph area.

TABLE I

Locations of Bulk Sand Samples Collected
at Coal Oil Point, California

Distance
from water

 feet!

interval
depth below sand
surface  inches!

Sample
Ho.

a
Occasional high waves carne within 3 f t of

Station B at the time of sample collection.
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A-2
S-2
B-4
8-6
C-2
C-4
C-6
0-2

0-6
D-8
0-10

0

7-5
7 5
7-5

17-5
17-5
17 5
37-5
37. 5
37-5
37-5
37 ~ 5

0-1
0-1

2-3
4-5
0-1
4-5

IO-ll
0"I
2-3
6-7

12-13
I 8- I 9



THE MICROBIAL DEGRADATIGS OF OII POLLUTANTS

The hydrocarbon remaining after gas chromatography was transferred to
dried and tared aluminum pans, the hexane evaporated and the remaining mate-rial weighed to 10 mg on a Hettler H160 balance. The weights were correctedfor extraction eff iciency and for the materials removed for other analytica'I
purposes .Sand samples for bacterial enumeration were collected us ing a flamedspatula at the same depths as the sand for hydrocarbon analysis. One gram ofthis sand was shaken vigorously in a 250 ml bottle containing 100 ml of sea-
water. Dilutions were made of the suspension and surface-spread on an agarmedium composed of  NH~! ISO» IO ppt; KzHPO», 50 ppm; yeast extract, 0.014;agar, 1.54 in sea water. The hydrocarbon source consisted of Fisher paraffinoil and coinnercial kerosene inixed 1:1 and added to the cover of the inverted
Petri plate.

RESULTS

Twelve bulk sand samples were collected at various depths from thefour Coal Oil Point locations. The distance from the water line to the samp-'ling locations at the time of collection and the depths through the sand col-umn are shown in Table I. The results of our analyses are presented inTable 2 and indicate that the stations nearest the water  locations A and B!have greater hydrocarbon burdens than the stations further back on the beach locations C and D!. The concentration of ri-alkanes was found to decreasewith depth within the sand column at the point of more recent oil deposition Table 2, col. 5, Station B!. At a depth of 5 inches at Station B, approxi-mately 854 of the n-alkane component was degraded. Station C shows a moreuniform hydrocarbon burden with increasing depth. The relatively high valueof C-4 was due to the presence of tar veins which were observed at the timeof col lection. Below a depth of 7 inches at Station 0, a large increase inalkane content was found. This increase occurred where the sand showed acharlge in texture and was f irst observed to be f looded. Johnston �!, demon-strated that in the interstitial water of beach sands, the oxygen may be de"pleted In the presence of crude oil . Under such conditions hydrocarbon deg-radation wil 1 not occur, and the enrichment of alkanes observed in samples0-8 and D-10 may be the result of the development of anoxic conditions ~
The total bacterial population was uniform for a'l l samples. In viewof the alkane degradation at Station B relative to Stations C or D, we wouldhave expected to see greater variation in the magnitude of the bacterai num-bers between these locations. While the population of hydrocarbon-utilizingbacteria is large, the consistency of the data indicates a better method

needed to assess the activity of these organisms.
DISCUSSION

Sand samples were collected on a beac h at the water line  Station A!iat a point beyond the wave reach but within the normal intertida'I zone  Station B!; at a point beyond the intertidal zone as estimated by the positionof deposited kelp  Station C!; and at a point on the backbeach near thec 1 I f f s  S ta t ion D! . Sta t ion A was race iv ing o 1 1 inpu t a r. the t ime o f samp-I ing and wil 1 serve as an index of the amount of oil reaching the beach on
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the particular Sampling day, Station 8 had received oil the day of sampling
ompariso> of the changes in rr-alkane concentration at this location to

tM concentration observed at Station A can be used to estimate the percentage
of the daily oi 1 input degraded.

TABLE 2

Hydrocarbon Analysis for Bulk Sand Samples from Coal Gil Point,
Cal ifornia, and Bacterial Populations
Determined through Direct Enumeration

2

Weight
Sampl e of Sa nd

No. Extrac ted

 gm!

5
Hicrograms

Normal Hydro-
carbons/100 gm

Sa nd

3a

AdJusted
Weig ht
Hexa ne

Eluate  gm!

6
Hydroca rbon-
Oxidizing

Bacter ia

 eel 1 s/ml j

4

4 Normal Hydro-
carbons of total

Chromatograph of
Hexane Eluate

a Corrected for extraction eff iciency.

Referring to the data for Station 8 in Table 2, l58 irg of n-alkanes
were removed between samples 8-2 and 8-4. Each of these samples had an aver-
age thickness of 2-5 cm when collected, and it is assumed that the observed
hydrocarbon loss ocrurred 1 inearly between the centers of the samp'le blocks>
i.e., between l .25 and 6.25 an, or over a net distance of 5 crn. Sedimenta"
tion rates determined by Kolpack �! indicate that approximate'ly l meter of
sand is deposited on the beach at Coal Oil Point during the six-month period
from June to November. From this datum a deposition rate of 0.6 cm of sand
per day is calculated- At this rate the 5 crn interval between samples 8-2
and 8"4 corresponds to a time interval of 8,3 days during which 158 pg of rr
alkanes were removed per 100 g of' sand. The degradation rate of the alkanes
can also be expressed on an areal basis. Each sand sample had an average
weight of 500 g and represented an area of 300 cm when col lected. A 100 9
al iquot mu]d then correspond to a beach area of 60 cm and the 158 pg of
rt-alkanes degraded per 100 g of sand would correspond to the hydrocarbon loss
of the oil deposited on 60 cm' of beach over a time interval of 8.3 days,
Ass+ning a linear degradation rate, this reduces to a daily degradation rate
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A-2
8-2
8-4
8-6
C" 2
C-4
c-6
0-2
0-4
0-6
0-8
O-lp

429
290
580
446
529
474
474
425
486
525
491
471

0.0012
0.0018
0.0024
0.0010

0.0019
0.0022
0.0021
0.0011
0.0012
0.0027
0.0037
0.0020

100

39
19
16
16

i8
13
13
13

7
68
49

300
234

76
32
64
90
52
39
26
35

345
196

1.8 x ips
1.5 x Tps
1.1 x Tps
2.3 x 10s
3,4 x 10
1.4 x 10
6.0 x }0
9.6 x 1 ps
1.1 x 10

9.7 x ip
2.7 x 10
3.3 x 10
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of 0.32 g of n-alkanes per 100 m of beach.
The input of oil for Station A was calculated to be 5.0 g n-alkanes

per 100 m per day. The degradation rate calculated for the first 7 cm of
sand at Station B accounts for only 64 removal of the daily input of n-
alkanes. Thus the oil input at Coal Oil Point exceeds the degradation rate.
Other factors such as sand and oil transport away from the beach would appear
to be more important than the immediate action of microbes in the removal of
beach o i 1 a t thi s 1 ocat ion.
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HYDROCARBONS OF SUSPECTED POLLUTANT ORIGIN
IN AQUATIC ORGANISMS OF SAN FRANCISCO BAY:
METHODS AND PRELIMINARY RESUI TS

L ~ H ~ DiSALVO, H. E. GUARD, L. HUNTER, and A, B. COBET
Naval Biomedical Research La bora tory
University of California, Berkeley
Nava 1 Su pp 1 y C ent er
Oakland, California 94625

Large amounts of petroleum-derived hydrocarbons enter the waters of
San Francisco Bay each year, yet 1 ittle is known concerning the fate and ef-
fec'ts of pollutant hydrocarbons on estuarine organisms and, indirectly, on
the human environment of the Bay area. investigation into fate and effects
of petroleum-derived hydrocarbons was initiated by analyzing the hydrocarbon
con'tent of selected Bay animals to determine if this served as an indicator
of chronic hydrocarbon pollution in Bay food chains. initial resu'its have
been obta ined using solvent extracts of sponge, mussel, and crab tissues.Closely related animals were obtained from relatively clean waters along the
northern Cal ifornia coast to prov ide "unpolluted" control extracts for com-parison. To date, it has been shown that Bay organisms have a significantly
h'Igher content of hydrocarbons than the clean water organisms'. Nethodstested included gas chromatography  GC!, thin layer chromatography  TLC! .fluorescence spectrometry, and high pressure liquid chromatography  HPLC! ~Comparative resul ts between the different methods suggest thin layer chroma-
tography to be the method of choice.

iNTRODUCTION

The group of embayments and river deltas of the San Francisco Bay
region form one of Cal ifornia's few estuarine ecosystems. The "Bay" is p«s
ently about 450 square miles in area with approximately 270 miles of shore-
1 ine, The current population of the Bay area is nearly 5 mill ion; the domes-
tic and industrial waste water effluent is approaching 800 million gallons perday- The ports of San Francisco, Oakland, and other cities host a brisk mar-
ine trade, and naval facilities at several Bay 'locations are moderately ac-
tive. ConInercial shipyards as well as other industries are located around theBay margins; these are often built on reclaimed land, the development of which
has reduced the surface area of the Bay by about 30C in the last 100 years ~Armng the most prominent of the industr ies on the Bay shore and on its tr Ibu
taries are the oil refineries of several companies which receive tanker-trans-
ported crude oil. Additional ly, the Bay is the site of popular boating and
sport-f'ishing, with small boat marinas widely scattered around its shores.All of this suggests a high level of usage placed on the environment regal ding
waste disposal, transportation, and recreation. The natural functions of the
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Bay ecosystem, in relation to the uses placed on it by man, have been largely
ignored.

Hatch'oem'borr. Impute.-- In 1971, oil pollution of the Bay received nation-
wide recognition when a tanker cali i sion released approximately 800,000 gal-
lons of crude oil. According to U.S. Coast Guard estimates, an additional
90,000 gallons of oil were spilled in the rema inder of 197'i in miscellaneous
instances. These total s, al though unusually high that year, represented only
the acute hydrocarbon inputs. Chronic low-level inputs at a number of 'loci
around the Bay margin are of serious import in assays of environmental stress.
The Bay Area Regional Water Qual ity Control Board estimates that 10-100 tons
of oil and grease probably enter the Bay ecosystem each day. The fate and ef-
fects of hydrocarbons reaching the Bay are largely unknown.

A simpl if ied model of hydrocarbon flow through the Bay ecosystem in-
cludes compartments representing input and output from the system with inter-
mediate storages in water, organisms and sediments. Storrs et al. �8! re-
ported widely ranging amounts �0 -10" mg/kg! of hexane-soluble residues in
Bay sediment samples. Hydrocarbons may be lost from the system by tida I and
river flushing and microbial decomposition. Cobet and Guard  9! have begun
to demonstrate the potential of microorganisms in decomposition of residual
oil fractions in Bay beaches. To date, the I iterature has deal t prirnar ily
with studies of overt oil spi'I is in which the amount and composition of the
spilled oi'I was known �,4!. However, subtle effects on organisms of crude
oil constituents at extremely high dilution have been recently described  l4! .

Although hydrocarbon pol lut ion may exist as microscopic and di ssolved
particulate rnatter, we chose to assay rnacroorganisrns f irst, hypothesizing
that these might serve as integrative indicators of dispersed hydrocarbon
'lution. FIlter-feeding and scavenging organisms accumulate these fat-soluble
po 1 I utants through norrre I f ceding act i v i t i es and/or d iree t t i s sue uptake f rom
the water. Of long-term signif icance was the problem of determining if suf-
ficientt petroleum residues were concentrated in the food chain suff icient to
interfere with physiological functions of the organisms and their natural
waste processing abil ities. Of Imnediate interest was the need to determine
the type and quantities of pollutant hydrocarbons in certain organisms such
as crabs and f i shes used for human consumption.

Since very 1 i ttle work has been done on the chronic buildup of petro-
'leurn residues in organisms in the natural environment, an important problem
in the current research was the selection of methods of hydrocarbon ana'lysis.
We attempted to simpl ify existing research methods for development of a
straightforward technique to be used to provide survey information useful in
publ ic health and environmental evaluations.

Since a range of naturally occurring hydrocarbons exist �,6,16! it
was necessary to make relative discrimination between natural ly-occurring and
pollutant hydro ca r bon s. N et hodo } og y wa s need ed wh i c h would r emove o I eo ph i I i c
compounds, other than hydrocarbons, from extracts prior to hydrocarbon deter-
mination. Since petroleum-derived hydrocarbons are extremely ubiquitous,
was of great importance to prevent contamination in our determinations by
exogenous hydrocarbons, i .e., pa in t fumes, I ubr i cant s, etc .
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METHODS AIID MATERIALS

TABLE I

Organisms Sampled for Content of Petroleum Hydrocarbon Residues

Location of
co I lect iona

Nab i tat
Cosrsan name Trophy c posit ianSpec i es

SFB, NSC pier
SFB, NSC pier
FR

LeucoeoLenia sp
OpftLati epongia spT
Tetfrya attrantia

Ãffti Lue edfzLis
hlpti Lus ca Li fornizrnus
Cancer antennarstre
Cancer magieter

Pi easter breui spiruza
Pi easter ochraceue

Sponges su spen s ion f cedars st., p
st, t
st, b

SFB var ious
FR ~ VBNussels

i t ~ st~p
it, bsuspension feeders

SFB, NSC pier
 no e I!Edible crabs scavenging' ma Itivorous

carnivorous on sessile
and slow moving species

st, b
st, p

SFB ~ BP
SFB , FRStarfish

SF6, NSC p ier
FR

st, b
Sea slugs Lnatr Lu La saudi age neis

Anisodoris nobiLi,e
benthic grazers

SFBe*, NSC pier

SF B.'-
suspension feeders

carnivorous motile species
Sea squirts Ciona inteetinaLis>*

Leo pa rd
shark

Triafti e earnifaeciatue**

b it
P b

aSFB - San Franc i sco Bay
NSC - Naval Supply C en ter  Oa kf a nd !
FR " Fort Ross
BP - Berkeley Pier
VB - Vandenberg Air Force 6ase  location of

natural of I seepage!

aPresfdfo, near Golden Gate.
eeTo be col lected at as yet undeterminert clean

we ter s ta t fons.

subt idai
intertidal
piling
bot tcsu
free swfsvnfng

Obta ined f rom f i sherman return fng
to F fshermans Wharf, San
Francisco� .

Note I:

Tf'aette Zztpgotjott cf~ Colldmrt Chyvprnato~p4tJ � Extractions of tissue
samples were carried out fol lowing the procedure of Clark and F inley  8! .This method includes two 16 hour Soxhlet extractions, one with 50:$0 methanol
benzene, and the other employing pure benzene. Al 1 solvents were doubie-
distiiled  Vigreaux column! to avoid contaminant concentration in subsequent
procedur es.
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0 ganiem Sampling.--Organisms were collected fram San Francisco Bay
and selected points on the California coastline based on the degree of expo
sure of the water to waste hydrocarbons ~ The species col lected, location,
and feeding lnechanismS of the anima'Is are sufiwtar ized in Table I. Samples
were co'Ilected by diving, and placed in clean containers during col lection to
avoid extraneous contamination. Sampies were returned to the laboratory, and
tissues of interest were obta ined by di ssection with care taken to prevent
exposure of internal tissues to contaminants residing on animal surfaces.
Samples were placed in solvent-washed containers and deep frozen until dis-
sected for extraction procedures. Al I dissections were carried out ~sing in-
struments r insed in acetone and chloroform to avo id contamina tion by hydro-
carbons in lubricants� .
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Tissue extracts were concentrated by rotary evaporation, dried using
solvent washed anhydrous magnesium sulfate, and taken up in ei ther pentane or
hexane, Extracts were then transferred to weighing bottles and evaporated to
constant tare weight.

Our column chromatography procedures employed a ratio of 1 g organic
extract to 100 g column adsorbent. For GC procedures below, extracts in pen-
tane were passed first through 300 g of a lumina, washed in double-distjlled
solvent and activated at 240 C. The column was maintained at 5 C to prevent
degassing of the pentane. Approximately 120 ml pentane was used to elute the
entire hydrocarbon fraction. This eluate was concentrated by rotary evapora-
tion and passed through a column containing 50 g washed, activated silica gal;
UV detection at 260 nm was used to separa te the initial fraction containing
alkanes and olef ins from the subsequent fraction containing aromatics. Ap-
proximately 100 ml of solvent was needed to elute the alkane-olef in fraction.
For TLC procedures, iipids  polar, fat-soluble compounds including fatty
acids, fats, waxes, phospholipids, steroids!, pigments and other extraneous
biochemica is were removed from the crude extracts by passage through 50 ml
silica gel columns at room temperature using hexane as solvent. Approximately
350 ml hexane was used to obtain the colorless hydrocarbon fraction. Excess
solvent was removed from the samp'les by rotary evaporation prior to analysis,
with samples adjusted to standard volumes of 2 ml or less,

Cae C~mtogmuphy  GC!. � Some analyses were performed using the gas
chromatographic analytical procedures of Blumer et al. �! as detailed by
Clark  8!. This method was designed to obtain alkane prof iles of extracts for
interorganism comparisons �!. A Hewlett-Packard Hodel 700 gas chromatograph,
with a 4 m column packed with OV-101, was used. The sensitivity of this
method was approximately 1 ppm for each alkane in the sample.

A sample of shark oil  ~k7.s aemifasoiatue! was analyzed by this
method during development of methodology and attempts were made to analyz~
sponge and mussel extracts.

Shin oyez' Chromatography  TLC! ~ � A TLC method modif ied after Kirch-
ner et al.  l3! was tested as a possible determinant for patterns of hydro
carbon content between Bay and clean water organisms. The method separates
extracts into alkane, alkene and aromatic fractions at a sensitivity of abo"t
1 pg of individual compounds in the anal yzed sample.

G'lass plates � x 20 cm! were coated to a nominal thickness of 25o 9
with sil ica gel "G" using an adjustable appl icator  Brinkmann instrument Co-!
The plates were dried, activated at l 10 C for at least 30 min, cleared wit"
single vertical migration of chloroform, and then air dried. Known amount~
of prepared tissue extracts �-10 pl! were spotted on the plates l-l ~ 5 cm
apart and 2 cm above the edge of the plate, Two samples were usual 'ly spotted
on a single plate, leaving an unused blank position for background correction.
Sample spots were migrated vertically for 10 cm using hexane as so lvent. The
plates were air dired, observed for fluorescent spots with lJV 1 ight, and then
sprayed with concentrated sulfuric acid containing a trace of selenium.
pounds on the plates were f inally visual ized by charring at 200 C ~ F 'gu
illustrates a conceptual TLC plate with loc i of model compounds ~
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olvent Finishing Line

Saturates
 Alkan el
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C20H421 bra nched!
C>6H+straighl!
Cl 8H~

efin
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CH

>~urates
Lone ooo
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z one

 Fluorescenti

cP
Sample Application Line
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Figure l. Thin layer chromatography plate  xl! showing ideal-
ized positions of several marker compounds and
approximate zonal locations of hydrocarbon types
in ig ra ted w i th hexane.
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Hydrocarbon spots were scanned dens itometr ical ly using a Model 520hotovolt Co, photometer and a Hodel $2-C transmission density unit in pre-liminaryy attempts at quantitative estimation of recovered residues. A corre-sPonding blank portion of each plate was scanned to correct for absorp'tiondue to the sii ica gel. The resulting differential optical density was graPhiY related to distance along the TLC plate to provide a quantitative esti-
~te of each visualized hydrocarbon type. Control determinations estastablished

that linear  n-octadecane! and branched  phytane! aliphatic hydrocarbons "f 7 10! gave the same area vs weight response curve when visual ized underidentical conditions  Fig. 2A!. A general response curve for aromatic hYdro-»s was not establ ished. Hydrocarbon spots in the "aromatic" region ofPlate  Rf 2-6.5! are tentatively expressed in terms of anthracene,
""ich a standard curve has been establ ished  Fig. 28! ~

»easure of' the amount and type, saturate  alkane! akane and unsaturate

'f hydrocarbon in the sample was obtained by cal ga'icuiating the
with the above area vst"e Peaks on the graph and comparing these wit

weight curves
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F igure 2. TLC Response Curves; A. rr-octadecane and
phytane; B. anthracene.

Qeetrofluo~etry. � Some spectrofluorometr ic ana lyses of o i 1 sl ick
samples and extracts of organisms from areas of chronic oil sl ick occurrence
have been made using methods simi lar to Zi tko �0! and Thruston and Knight
 l9!. Organism extracts and authentic residual fuel oils diluted in CClq
have been analyzed with a Hodel SF-l Baird Atomic spectrofluorometer  mercury
vapor lamp! scanning the emission spectrum between 300 and 550 nm using exci
tation at 363 nm, Emission spectra have been compared between new and aged
sl icks, and mussel s from pol luted and unpolluted regions. This method may
differentiate pol luted and unpolluted organism extracts by showing higher Pro
portions of f 1 uorescent aroma t ic compounds in po 1 1u ted extrac ts. Z i tko �0!
has obtained a sensitivity of l pg/ml for "bunker fuel" in extrac'ts of orga
nisms affected by an acute oil spill of known composl tion.

High preaauze Liquid Chmmatogrvzphp  HPLC!.--Analysis of tissue ex
tracts by HPLC was performed using a 2.1 by 150 mm column packed wi th "Vydac
Reverse Phase"  Chromatronix, inc., Berkeley!, wi th a Chromatronlx Hodel
UV detector at 245 and 280 nm. The samples were eluted with a gradien«
initially 26t aqueous methanol programmed at 4g per min to 100$ methanol
flow rate of 6 ml per min. However, analysis time is greatly reduced compa
to gravi ty 1 iquid chromatography and quent i tat ive determi net ions al e more
readily obtained than in thin layer chromatography.

The appl ication of high pressure liquid chromatography to the a" al sis
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pf Ioi i utant s In t i ssue extract s i s based on the hypothes i s that a rom t ic
hydrocarbons may be used as indicators of pollution since tissue extracts
sho uld not contain any of these compounds. Mith properly selected conditions
it is Possib'le to separate the aromatic hydrocarbons from the alkanes I <pids
and other polar compounds. The aromatic hydrocarbons can be detected readily
by a UV-detector.

RESULTS AND PISCUSSION

g~ctmn and Sample Preparation.� Soxhlet extractions of animal
tissues were performed with mixed success. Several times, the mucoid nature
of the tissue fnass clogged the Soxhlet cups and it was necessary to change
cups and add glass beads to the samples. Additionally, the methanol caused
Precipitation of proteins which hindered Soxhlet extract ions. it became ap-parent that extraction procedures would require modif ication in continuing
wor k to shor ten t imes between samp I e co I I ec t ion and ins trumenta I anal ys i s as
well as to reduce the risk of contamination due to added sample manipulation.
One method investigated was the grinding of a weighed amount of sample in a
mortar with solvent  CCI ~! and clean sand, using several changes of solvent
until a color 1.ess extract was obta ined. For example, a I g sample of mussel
gonad using 100 g sand required four 10 ml solvent washes. Mater and ex-
tracted tissue rema ined in a bolus with the sand, and only a minor MgSO~ dry-
ing step was required. Continuing experimentation will 4eterm inc the effi-ciency of this recovery technique using known amounts of hydrocarbons added
to the tissue sample.

Cop~ ~0' ~gpgpg. --pifficulty was experienced in reproducing
results of Clark and Finley  8! Involving separation of a'Ikane, ol f inic ~ and
aromatic compounds on an alumina-sil ica gel column using Pentane as eiuent
Aromatic compounds were detected in early phases of column elut'on wh«e othe alkanes were expected to appear. Sy col lecting only the earl test f ac-tions which showed no UV absorbance at 260 nm, the a'Ikane fractio"s were oftentoo small to analyze in our instrumental system which is sensit've only toabo ut I pp of any given alkane in th Injected sample Altho ugh greater
strumental sensitivity wou14 alleviate this problem, it woui«nly Pro"'
qual i tat ive results regar4ing the alkanes. Me assume that imPortant
of the alkanes were left behind in the aromatic-containing fract'on.
would thus escape quantitative detection. Aromatics mixed with the ah the alkanes

would produce peaks on the chromatograms leading to erroneous qua
estimations.

d has been b or ani sms as
hydrocarbon residues

the result of acute oil sP'llauthent ic s i I l were ava I labl e extracts~ a"din our experi-
relative changes could be observed o" hl gh 4 I f fere~ ' between the alk ne

h yd o bo A ha k liver ext'act
Ba su ested the

imatel i ppm each of abo t 30 ompoun
nds in the chromato-

y ear. II ixed resul ts
through Cs> al kanes wer x ect d to

wer " sponge and mussel extracts, leaving quest ions of repro-
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ducibi'I ity of results. Difficulties experienced in column chromatography
 above! in obtaining a purely alkane fraction and the high risk of contamina-
tion in the procedures  8! coupled with the fact that alkanes are most rapidly
biodegraded �2! have suggested that more emphasi s be placed on techniques
such as thin layer chromatography. The GC methods are not readily adaptable
for survey work, and it should be noted that previous workers using this tech-
nique have been 1 imited to single species or sample types �,2,10,11!.

Thin Rape>' Chromato~aphy.--Prel iminary resul ts obtained with the TLC
method suggest its use in d ifferent iating between "polluted" and "unpolluted"
organism extracts. Figures 3, 4, 5 and 6 illustrate TLC plates run to com-
pare clean water organism extracts with those from areas of suspected chronic
hydrocarbon input. In all cases the extracts of "polluted" organisms show
comparatively greater amounts of hydrocarbons than appear in extracts of un-
polluted organisms. Signif icantly, no aromatic compounds were observed in
extracts of unpolluted organisms. Preliminary quantitative estimates obtained
by densitometric scanning of the ELC plates are listed in Table 2, Control
stud ies are in progress to determine percentage recovery of known amounts of
hydrocarbon content in these organisms. The mussel  unpolluted htyHlua cali-
fornianue! data compare favorably with those of Lee et al. �5! who reported
approximately 1 mg natural ly-occurring hydrocarbons per mussel  this includes
straight and branched chain hydrocarbons from C>s to Czs, with no aromatic
hydrocarbons occurring!. Order of magnitude agreement is also noted ln com-
paringg our results with those of Ehrhart �0! in his stud ies of polluted
oysters.

Figure 3. Th'in layer chromatography plate to show positions of com-
pounds as follows: A - 5 mg hexadecane  top!, 5 mg methyl naphthalene
 middle!; B - 50 mg Chevron Bunker fuel; C, D - lipid extracts of
W4ilua echlis gonad from the Naval Supply Center pil ings, Oakland;
K - lipid extract from Mytilua mlifornianue gonad, Fort Ross area.

212



THE MICROBIAL DEGRADATION OF OII POLLVTAN'8

Fig. 4 .

Figures 4-6. Thin layer chromatography plates with organism extracts de-veloped in hexane and visual ized by use of concentrateHzS0~ and heating. Dotted circles on chromatograms repre-sent locations of fluorescing compounds visualized usingUV light. Amounts marked at top of plates representamounts spotted from 0.5-1.0 m'i concentrates of 350 micolumn eluates  see Table 2!. "Heat C" in Fig. 6 repre-
sents an unrelated sample.
Fig. 4. Sample 26, a San Francisco Bay sponge extract,

versus sample 39, a clean water sponge from
the Fort Ross area.

Fig. 5. Sample 33, a San Francisco 8ay mussel extract,versus sample 22, a clean water mussel from the
Fort Ross area.

Fig. 6. Sample 41, a San Francisco Bay crab extract.
See Table 1 for organ'ism identif 'ications.
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TABLE 2

Preliminary Densitometric Results from Thin Layer Chromatographic
Determinations of Hydrocarbon Res idues

in Sel ected Mar ine Organ i sms

Approx. tote I
Hydrocarbons in

Net tlssoe sample
p pm

Tissue wet Extract Hydrocarbons 2 of
Height Height Tote I Extract

9 g Para Inlcs Aromat les

TIssoe
Sampled

gamp I e
Ho. Species

Sponges
26
39

Iiassels
33
32

Crabs
41

i580.610 0.704 1.310
1.526 <0,004 <0.004

Oplt a ties ngia sp
Tethya aurantia

entire 75,9
entire 95.0

85o
<38

1,375 1.545 1.183
1,336 0.385 <0.02

Hytiiaa rxrxiie �! ant I re 46.4
srrrti lee oa$ifornianoa �! entire 136,'I

106�! gonadal 45
and
digestive
g 'land

3.505 1,332 0,351Canner antennaritar

b Calculated as anthracene  see F ig, 20!,See Tab f e I .

The basfs for the TLC quantitative procedure rests on the following
asstsnpt fons;

I! That, 'In general, the two main types of hydrocarbon, saturates and un-saturates  oleflns and aromatfcs!, consistently appear In wel I-def ined sepa-
ra'te r'egions  Fig. I! of the thin layer chromatogram. While a further divi-sion between aleflns and aromatics  Fig, I! may very wel I be possible, thfs
Is probably of l lttle practical importance since the presence af olef ins in
aged oil sl lcks is very unl ikely. The separation may become somewhat blurredln certain extresne cases, e.g,, aromatics highly alkylated wi th long carbon
cha ins.

2I4

2! That the degree of fntensity of charring in the Hzsob visualizationprocedure varies in a regular manner with amount of hydrocarbons. This is
amply confirmed by the curves for 2-octadecane/phytane and anthracene Figs. 2A and 2B!.

3! That the charring behavior is similar for a given type of hydrocarbon ~This appears to be true for alkanes, as suggested by the curves in Fig ~ 2A ~A similar situation has not yet been established for aromatic hydrocarbons-Accordingly, the figures calculated for aromatic content are provisions> ly expressed as anthracene for which an acceptable weight vs optical density curvehas been obtained. It should be noted that there is a lower I irnit, in termsof hydrocarbon molecular weight, which can be detected and measured by thl sprocedure as is common in most TLC procedures. This lower  volati I i ty! I imi thaS nat been eetabl IShed far hydrOcarbOnS but prObably oCCurS in the Ce"C30range, e.g., toluene and xyf ene could not be detected. In the present in-stance, the effect of this I imitation Is minimal since the weathered oilspills responsib'le for chronic po'flution wi1 I genera'fly have already lost the
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bulk of their volatile components.
Al though conf idence intervals for quantitative accuracy of the pro-

cedure have not yet been establ i shed, its simp'licity and speed make It an
attractive method for surveying a wide var'iety of samples.

Specks'of Zuoranetry. � Spectrof luorometry of the po I luted and unpol 1utad
PlytiZua samples analyzed by TLC  Fig. 5! showed differences in pattern and in-
tensity of fluorescence emission. This  Figure 7! suggests differences in
content of fluorescent substances, probably polynuclear aromatics, which may
have been taken up as pollutants. F'iuorescence spectra of oily material col-
lected from the water surface at the NSC pier are shown In Figure 8. Thismay indicate that over a period of a few days fluorescent compounds in thesi ick were broken down by microbiological action; nevertheiess, they were lost
from the s'I ick. A remarkable comparison was obtained between the fluorescencespectrum of the "incoming oil slick"  Flg, 8! and the total I 'ipid extract of
Mussel "A"  Fig. 7! col lected from a nearby pil lng. It must be emphasizedthat the sl ick material  Fig. 8! is representative of chronic oil pollution
seen almost daily at the collecting site. Origin of the slick material isunknown, and could be anywhere in the Say north of the Naval Supply Center,as prevail ing winds, tidal flow, and as yet to be def ined circulation patterns
tend to col lect Bay surface detritus at the NSC wharf,

W VI

5 ! CE
BC A B C

WAVELENGTH, nm

Figure 7. Fluorescence spectra of CC1~ extracts o tiZua MZsa A. g!*, ACT',Zua CCHfareuZnua  C!* and a reSidual fuel SC! . Histogram compares relative peak heights whensamples are calculated to standard concentrations.
*See Table I for organism identifications.
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Bunker "C" 1;5000

Incoming Oil Slick
6

t2

k3

CCI4 solvent

450

WAVELENGTH, nm

Figure 8. Fluorescence spectra of material obtained from a sl ick collected
at the NSC pier 29 Sept, 1972  ill !, 28 Sept. 1972  S2!, and
26 Sept. 1972 �3!. Spectra of incoming oil sl ick and of a
residual fuel oil  Bunker "C"! are included for compar ison.

The spectrofluorometric technique is an interesting qual itative
method in these studies, al though of 1 ittle quantitative value. Zitko �O!
was able to analyze the hydrocarbon content of oil-pol luted organisms after
an oil spill primarily because the type of spilled oil was known and could be
used as a reference standard. We have included the spectrum of a bunker «el
 Standard OII of California! since this is a type which is a potentia'I source
of oil pollution in the Bay. Known petroleum products undergo various changes
upon enter'Ing seawater, thus the use of oily matter from chronical 1 y-occ«r'n9
slicks may be a useful background standard for oi'I in tissues of pil ing or9a
nisms. Further experimentation is needed to obtain meaningful quantitative
data using this method.

egg ppaaaure g~~ ~~~grip+.--This method offers the same
possibilities for separating complex mixtures into constituent classe~ of
compounds, i.e., saturated aliphatic hydrocarbons, aromatic hydrocarbons an
lipids, as gravity liquid chromatography or thin layer chromatography'
ever, analysis time is greatly reduced compared to gravity liquid chroma«'9
raphy and no pre-separation is required as for the thin layer chromato9raphy
procedure. The application of high pressure liquid chromatography « the
analysis of pollutants in tissue extracts is based on the hypo'thes»
aromatic hydrocarbons may be used as indicators of pollution since tiss«s
marine organisms contain only very smal I amounts of biogenic aromatic hydr
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carbons. With proper ly selected conditions it is possible to separate th
aromatic hydrocarbons from the alkanes, 1 ipids and other polar compounds
The aro atic hydrocarbo ns can be detects readily by a UV detector

The HPLC chromatogram  at 254 nm! of tissue extracts of polluted and
unpolluted mussels is presented in Figure 9. The initial large peak results
from the lipids which are eluted most rapidly in reversed phase chromatog-raphy. Subsequent peaks have retention times corresponding to aromatics andalkylated aromatics. For example 2~ethylnaphthalene has a retention time
of 9 min. The a 1kanes are not detected by a UV detector.

28 24 20 16 12
Retention Time i mini

ig«e 9. Comparisons of high pressure liquid chromatograms ofbfpt7'.L24s cv2H foreian24a col leCted at Ciean water areanear Fort Ross  a! and near Vandenberg Air ForceBase  b!, in a region of chronir. naturai petro'leum
seepage.

The tissue extract from the oiled mussel conte'ntains several aromatic
mussel extract. heseT

o't detected in the clean water musonl compar i son between wot

interest as this is the on y paOther comparisonss~e spec ies  ÃyHlua cc41'forniangg!
e 'genu»evel or higher,
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CONC LU S I ONS

Early resul ts suggest measurable differences between the hydrocarbon
content' of animals from chronical ly-pol luted waters and that of their counter-
parts rom clean waters. Al though we have as yet no basis for general conclu-
sions from data obta ined to date, the first results bear out the hypothesis
that' such differences would indeed be found. Continued f indings of this type
In the general survey of organisms I isted in Table I wil 1 better elucidate
the extent of thi s type of t i ssue contamination, The exper imenta I des ign and
methods employed In TLC determinations strongly suggest that the hydrocarbons
recovered are, in fact, pollutant in or igin rather than natural ly occurring.
This further suggests that continued development of these techniques may re-
sult in a widely appl icable standard method in oil pollution research.

Thhe tentative numbers for hydrocarbon content reported in Table 2 are
s ignif icant for comparative purposes, as orig ina1 I y intended in using the TLC
method. As research progresses, the dens itometr ic method should provide in-
creasingly val id resul ts for absolute estimates of fractions. Using the
va ues for alkane hydrocarbon content of the ~tilua edulie sample in Table 2v 1

�.545k of "total extract" or approximately 20 mg!, with the dry weight of the
five animals approx'Imately 25k of the wet weight  approximatel y 2,3 g per mus-
sel!, the total amount of hydrocarbon per dry g of polluted mussel was about
1.7 mg. This compared favorably with the reported value of 1.0 mg heptadecane
per dry gram in mussels incubated In 6.2 mg heptadecane per I i ter seawater for
48 hours �5!.

Assuming a f irm basi s is establ ished showing an unusual ly large hydro-
carbon burden In Bay organisms, further steps in the research wil 1 be to de-
termine:  a! Its effects on the physiology, population dynamics, and eco-
systems functions of the animals involved, and  b! the public heal th and other
human-oriented aspects of the problem. In the former category, large hydro-
carbon burdens may explain the unusually sparse distribution of mussel s  Myti-
Zus edulia! on Inner Bay pil ings and also the absence of starf ish  Piaaeter
br eviepinua! as not iced dur ing our co I lect ing ac t i v i t les. In the I a t ter cate-
gory, large numbers of crabs  Cancer antennurius!  see Fig. 6! are taken from
h
the 8ay for human consumption by Sport fishermen. Obviously it is of publ ic
eal th Interest to determine the types and toxicities of the hydrocarbons oc-

curring in these animals.

The "polluted" animals which have been analyzed were apparently in
healthy condition although no behavioral or physiological measurements were
conducted . Thus, the question of physiological effect of hydrocarbon poilu"
tants is unanswered . Nore important, perhaps, is the fact that these orga-
nisms indeed survived to adulthood and thus acted as indicators of pollutant
buildup. Specif ic experiments suggested for future research include trans-
plantlng of "clean" individuals into polluted water areas with determination
of t ime of buildup of poll utants in the ti ssues. Conversely, "polluted" or-
ganisms should be transplanted to clean waters and rates of elimiant'on of
h d Iydrocarbon pollutants from tissues determined. In this manner, coupled with
Information on uptake rates and discharge rates from literature �5!, a steady
state model may be constructed. Such a model could be used to approximate
concentrations of hydrocarbon pollutants in the water, and analyze the dy-
namics of their transfer through animal populations in the Bay.
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Of ul timate interest, however, is the total coneiunity response tohronic hydrocarbon input. This includes informa t ion on rti t ion lng af thepa

c ronic yhydrocarbons among different members of a ben chic conmiunity and symbiot icbans .

interactions between macro- and microorganisms pin rocessing the hydrocar
oin

Other points of interest include effects of ch peronic troleum inputs on c

mun l ty me ta bo I i sm, and qua n t i ta t I ve and qua a1 itative information on t e
This t e of exper menof biologically intractable hydrocarbon residues. Th s typetion is h'ighly adapted to the use of m'Icrocosm techniques.
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' THE IMPACT OF OIL ON MARSHLAND MICROBIAL ECOSYSTENS

S. P. HEYERS, D. G. AHEARN,' S. CROW, and N. BERNER'
Department of Food Science
Louis iana State University
Baton Rouge, Loui siana 70803

The vast productivity of wetland regions along the Louisiana coast,
and their proximity to oil-producing sites, necessitates a more comprehensive
understanding of the significance of alterations in the microbial conmtunity
concurrent with oil intrusion and massive depositions of petroleum effluents.
Investigations are concerned with examination of such effects on the microbiai
acology and the basic food web of the Spina marshland ecosystem.

I NTKODUC T I ON

The real and potential toxicity of pollutant oils for freshwater,
'- brackish and marine invertebrates and vertebrates has been variously docu-
mented after oil spills, and is the subject of an increasing number of com-
munications. Certain'ly, the signif icance of the problem has been well empha-
sized. In contrast, there are comparatively few studies on the effects of
oil pol lutants on inshore plant-dominated ccemunl ties and especial ly their
complex microbial ecosystems. Publ icized oi1 spills have occurred mostly in
coastal areas, characterized by cl iffs and pocket beaches. The effects of a

: major oil spill in a broad shallow salt-marsh estuary, such as that along the
Louisiana coast, are largely speculative.

Normally, estuarine energy flow systems are able to absorb fluxes in-
duced by environmenta1 changes; however, impact of stress factors of signifi-
cant magnitude, or within a restricted time frame, I.e., a sudden oil spill,
can deleteriously al ter the balance of the system. The extent of al teration
ts largely unknown, but indications are that under certain conditions, it can
lead to irreversible changes in the habitat. Thus, pertinent information is
needed on the biotic and abiotic factors that control normal and induced micro-
bial degradatlve processes and the effect of these activities on the food web
kinetics of the estuary.

A major portion of our current investigations has been concerned with
Spm'Nina aLt~ifEoza-dominated marshiands along the southeastern Louisiana
coast �,5,12,13,14,15,16,18!. These wetlands, comprising a range of ecologi-
cally diverse areas, from fresh water to marine, are among the most productive
ecosystems known. The significance of such regions to estuarine and marine
food webs cannot be underestimated. In Louisiana alone, seven million of the

'Department of Biology, Georgia State University, Atlanta, Georgia
30303 ~
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state's 28 mi I I ion acres cons i st of coastal mar shes, swamps and estuar'les,
Over two mill ion acres ot estuaries are considered Important habitat areas
for f ish and wi ld'I ife and compr ise vi ta1 nursery grounds for shr imp and a
range of other economical 'Iy va luable spec ies,

Our overal I program, portions of which are summarized here, involve
analyses of the biodegradation of Spartinrz, including detrital-microbial
interrelationships and the overall role of bacteria, molds and yeasts jn
transfer of energy-rich substrates into subsequent levels of the marine food
web.

RESULTS

Baseline studies, described elsewhere �,15,I8!, have demonstrated
the unique mycological characteristics of the Barataria Bay  Fig. I! marsh.
Significant concentration of yeasts, notably sporogenous taxa, exceeding
90,000 viable cells/cm sediment are not uncommon within the oxidized portion
of the ~tina rhizosphere. Densities of this magnitude are comparable to
those found in a productive meadow, and in general are indicative of a region
of high productivity and considerable organic deposition. One of the pre-
dominant species, P. epartinae �!, is characterized by a relatively strong
utilization of the cellulose breakdown product, cellobiose, In addition to
its presence in rhizosphere sediments, P. epzrtinrze occurs in high concentra-
tions ~thirr the fluid and cavities of the plant culm and on the stem surface.
Evidence indicates that the inner culm is a virtual microcosm of biological
activity. Kluyverorrrpcee drosophibarum, a species with a repressed cellobiase
 B-glucosidase! predominates in the uppermost portion of the plant rhizosphere.
Although species of Pichirz and Zluyveromycee have been isolated occasionally
from marine environments, these marsh collections comprise a heretofore unre-
ported concentration of the genera in terms of total cell biomass. In many
instances, species of the two sporogenous genera constituted over 70% of the
tota I yeast populat ion isolated. Ev idence indicates that P. sprzrbinrze plays
an important role in turnover of plant carbohydrates in the carbon cycle of
the marsh.

In general, the pr inc ipa1 yeast species of the Spartina community
show discrete distribution patterns. In addition to the yeast populatlonl
the stems and sheath areas of the plant, particularly in the decaying
tions, support populations of cellulolytic fungi of the genera Lep~epir<er~
and Lulvorthia. The fungal biota appears essential For optimal mineral i»
tion and conversion of the plant substrates. The role of fungi in Spaz'«nrem
transformation has been discussed elsewhere  I 2! . Molds colonizing external
plant surfaces differ from those isolated from within the culm. Fungal at
tack is correlated wi th seasonal development and subsequent decompos It'o"
the plant. Mutual istic associations of B-glucosidase-active yeasts and molds
on ~tinrz breakdown have been suggested �6!.

As noted in Table I, exposure of marsh areas to controlled addi tron
of oil significantly alters the composition of the yeast conMnunlty.
oil fractions and volatile components �! may influence this
in the yeast popuiat ion toward an asexual hydrocarbonoclast ic.
I ike hi e that recovered in the area of the Gul f of Mexico oil spi I I, have b«"
documented. Cel lulose agar prepared wi th water exposed to crude ail s fa'
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to support signif icant eel lulase activity by the cel luiolytic fungus Tzioho-
davma viz'de. Previous studies �! indicated that the c'ellobiose-util izing
species, P. spaz tinae, was inhibited by vapors of certain aromatic hydrocar-
bons. Such phenomena could serve to retard cellulose decomposition and the
production of a microbial food source for herbivores. Biodegradation of
cellulose and chitin, as weil as other complex polymeric substrates, by bac-
teria, yeasts and molds is fundamental to energy input into the marsh system.

Figure l. Map of Louisiana Coastal Region with insert of Detailed
Barataria Bay Study Areas

The response of Pichia ohmez'i, Tz'ichoepoz'ozz sp and Rhodotomkr  in-
cluding Bhodosporidium sp! to oil enrichment is specially noteworthy. Pz'chia
0hmez'i, generally not isolated from the marshlands prior to introduction of
oil, is physiological ly similar to Cardida guilliavmondii, an established
hydrocarbonoclastic species. isolates of P. ohmezi grew more rapidly on
crude oil than did any of the other marsh/and yeasts tested. Selected
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representatives of Pichuz and Tvichoeporon demonstrated emul s if ication capa-
bilitiess ~ whl le certain of the Trichoeporon strains were oleophil ic, even-
«ally f» 1 lng the interior of the oil globules end exhibiting a filamentous
g o«h consisting of short bulbous hyphae, The Trichceporon isolates al-
ho gh «»t»el' slow-growing, util ized a wide spectrum of hydrocarbons in-

cluding aromat ics.

TABLE 1

Yeast Populations in Marshland Sediments Before and Af ter
One-Year Controlled Enrichment with Oil

Spec i es

Pichia cpm tinge
P. aai toi
KLuyver ompcee cb oeophi harum
P. ohmeri
Trichoaporon sp
RbodotaruLa sp
~ptococcue sp
~roboZomycea sp

Mea n Po pui a t i on

15-40
20-30
10-25

<10
<10
<10
<15

<15

7800

<10
< l0
<10

20-30

15 "30
20-30

<10
<10

17400

Adapted in part from Ahearn and Meyers, 1972 �! .
Based on the number of colony forming units  CFU!/cm

sed iment, 72 samples anal yzed quarter i y.
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Hydrocarbonoc last ic yeasts, Candhkr tropica2ie and Zrdompcopsis Lipc-
lpHca  syn. C. lzpokytica!, from sites chronically polluted with oil, were
introduced into marshland plots seeded with oil. These stra ins demonstrated
rates of oxygen uptake, with 14 v/v crude oil as the substrate, of nearly
400 mg of oxygen/1 1 ter. This rate is approximately twice that found for the
most active indigenous marsh flora  Pichia ohmeri! responding to oil enrich-
ment �!. Seeding experiments sho wed that C. NopicaKis and Z. 7ipalptica
introduced into o i l-enriched plots either as a paste of actively growing cells
or as lyophil ized cells could be establ ished as an active part of the flora
for up to 2 months of testing. The hydrocarbonoclastic yeasts appeared to
survive best during the fall-winter season and remained restricted to the
hydrocarbon-saturated Plots. Ecological factors, such as effects of higher
temperatures, the role of predator invertebrates and competi t ive flora, in
failures to estabi 1sh the hydrocarbonoclastic species in the marshland through-
out the year rema in to be clar if i ed.

Bacterlolog«» aspects of the marsh also have been examined, espe-
cial ly organisms active in transformation of chitin. predominant species of
marsh bacteria have comprised representatives of the chit inoclastic genus

representing a significant bacterial biomass active in chitin
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turnover. Concentrations as large as 10 cells/gm sediment are not uncoimen.s

Evidence indicated that the total bacterial biomass as well as species diver-
s y 0 c i I
ity of chitinociastic bacteria may serve as indicators of chitin turnover,reflecting meiofauna1 development in the marsh and crustacean m gratlon intoi

the estuary. Measurements of in situ chltinoclastlc activities showed maxi-mal substrate turnover of 35 x 10 mg/month occurring at water-sediment inter-faces  8i9!. Studies of activities of selected chltinoclastic bacteria dis-closed util ization rates of 30-40 mg chitin/24 hrs/10 bacteria. &creesthe few s ec'es of Beneckea examined in our work have been non-hydrocarbono-hclastic, more extensive studies of this type are planned to fully assess t eimpact of oi'I deposition on the major microbial components of the S!xiz'tinsecosystem. Elsewhere  C. Knowles, Personal coiimunication!, studies on amarine Berieckea  B. na~egens, syn. Peeudamoexe natriegena! have 'Indicatedan ability to readily metabol ize a wide range of organic compounds, including
aromatic and ai iphatic hydrocarbons as well as heterocycles.

DISCUSSION

Disruption and alteration of chitin and cellulose turnover can sig-nificantly alter the basic stage of the food web, either shifting the produc-tivity of the area to a marginal level, or allowing developme nt of allochtho-nous microorganisms, with an effect on the biomass kinetics of h y.of the locailt

The development of hydrocarbonoc last ic microorganisms in response to oiltrusion has been observed, but apparently strains with dispersant properties
and enzymatic capacities for rapid attack of a broad spectrum ytrum of h drocarbons

are rare. Indeed, a single organism with these combined capacities andsimple growth requirements may not exist. In the absence of ap'da't'lon it is reasonable to expect that the physical coating of' c0 f' m i c ro b I a 1 sub-

strates with oil wil 1 block active sites for enzymatic attack on detritus ~moreover, after volatii ization and initial photochemical oxidation, the sub-
% tra te now coated w i th a b i tumen f rac t ion, may become a naeronaeroblc and recalci-

trant. Oil-coated or oil-saturated detritus may also pose rea prea 1 rob I ems in

acceptability and transformation by the detr itivore populatio As noted byMeyers and Hopper �7!, a complex balance exists between thehe meiobenthos and

its associated microbial biota.
The estuarine salt marsh habitat is a eutrophic high yh net- leid system

with the most important unit of primary production being the g ~the marsh grass,

Production of Spzrtina aLterrcifLom in Barataria Bay  in bounda yundar zones be-

tween tide-affected waters and the marsh! is the h'Ighes«vsalt marsh i.e. net production 2800 g dry wt/m /yr �0!. Decomp sition otrophic sti ucthis substrate into detritus is of vast significance, for th pture of tidal estuaries and their associated per lphyton and eben th I c commun I
us and a I lochthonous

ties is heavily dependent on an input of both autochthonous a
detritus �0 21! . The importance of benthic algal systems an

and detritai micro-

bial communities on dead Spm t~mz in penaeid shrimp nutritioni n has been shown

recent'ly by Condrey et al . �!- processes,
The detrital surface through both microbial and adso pf el cellulosic plant

effectively converting the lar e y~ duct ion and modi f i ca-a protein-rich substrate. Changes in product
ough oil pollution could seriousi aaffect the
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marshland ecosystem. S ince transformation of detr itus is mediated by a host
of microorganisms, any deleterious effect on this population has signif icant
impl ications. In our Barataria Bay studies, oil-induced yeast populations ar
not as metabol ice 1ly active in regard to carbohydrate metabolism as the in-
digenous mycota, thus a signif'icant reduction in the nutr ient regeneration in
the estuary could be expected, especially in view of the inability of the
dominant marsh yeasts to signif icantly assimilate crude oi I .

The cons iderations ra ised here on the Impact of oi I pol lutants on the
marshland ecosystem are by no means theoret.ica I . Wi thin a two-year period,
two major wel I blowouts have occurred off coastal Louis iana �9,22! . Fortu-
nately, the greater part of the spii led oil was swept away from the marshes
b y current and wind action. Current considerations  ll! of a deepwater por t
 "Superport," an oil-receiving and super tanker terminal! off the coast of
Loui siana has ra ised many questions. Among these are the major environmental
stresses concerning possible oi I spi 1 1 damage and util izat ion of coastal wet-
lands and estuaries as support facil ity areas. Estimates of the magnitude of
o i 1 invo 1 ved are ca I cu la ted a t approx ima tel y 4 x 10 barrel s per day �,5 x 10
b arrels/yr or an order of magnitude comparable to the tota I 1968 production
from both onshore and offshore Louisiana!

Increased spillage of petroleum products, particularly waste oils,
into these areas, and projected deve'lopment of the Superport facil ities, with
concurrent environmental risks, indicates the need to critically examine mi-
crobial ecosystem patterns with oil as a major stress factor. The effect of
concentrations of organic substances within the aquatic environment on both
the incidence and activities of yeasts and molds has been readily noted  I! ~

The reality of the situation has recently been emphasized by a pipe-
line break in 1972  comprising 300,000 galtons of spilled oil within a 24-hr
period! in the Barataria Pass  Fig. 1! region. While outgo ing tides and
northeast winds carried the major portion of the oil offshore rather than
within the marsh system, portions of the oil still were transported into Bare
tar la Bay and depos i ted at several s i tes . This has allowed close moni tor ing
and evaluation of the microbial ecology of the affected si tes to ascerta in
species patterns and successions. The ignition of the oil on the marsh sedi-
ment has permitted an examination of the impact of burning and oil residues
on the macro- and microbiota. Prel iminary studies of the areas affected by
the plpel ine break and the subsequent burning show the comparative ineff i-
ciency of burning oil after its landfal I . Microbial populations af ter one
week of the oil deposition indicate a lower ing of "basel ine" concentrations.
Continual monitor inq over the past six months has demonstrated the obv ious
presence of crude oil and its location within the subsurface microaerophilic
to anaerobic zones of the sediment. The importance of this reduced zone to
the nutrition of Spar Nina is well establ lshed. Comparisons of the dry weight
of the above-ground material with that of the roots  to a 53 cm depth! indi-
cated that approximately 924 of the Spar tsna is in the below-ground rhizoida 1
system  Patrick, Persona! communication! . Furthermore studies of m i neral I za-
t ion o ammonium nitrogen in marsh soils of Barataria Ba  over a 4-monthf

per iod! have shown rates as great as 3.8 to 5.5 g/week/m~. An understanding
of the effects of oil intrusion on the microbial systems of the Qar'Nina
rhizosphere is necessary.
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PRODUCTION AND CHARACTERIZATION OF EMULSIFYING FACTORS
FROM HYDROCARBONOCLASTIC YEAST AND BACTERIA
P. E. GU I RE, J. D. f R I EDE, and R. K. GHOLSONI 2

Department of B i ochemi s try
Oklahoma State Universi ty
Sti 1 1 water, Oklahoma 74074

A hydrocarbonoclastic yeast  Cards! and bacterium  PaeudIÃlonaa!were found to release into the culture medium heat-stable factor s!. Thelatter were effective over a wide range of pH in emulsifying hydrocarbons
and crude oils in water,

The chemical conversion of oil pollutants to carbon dioxide  mineral i-zation! and water-soluble, non-toxic organic oxidation products is an estheti-cally pleasing decontamination process which is being performed continuouslyby microorganisms in natural environments chronically polluted with oil. eo i i. The

time required by the naturally occurring biological systems to assimilate thesudden surges in pollution levels resulting from man's activities, however,ls frequently unsatisfactorily iong. We are therefore interested in gainingan appreciably greater level of control over the location, rate, and perhapsend products of thi s biolog ical wet combustion process. Qe have nothave noted that

 perhaps universal! characteristic of the growth of hydrocarbono-c lastic microorganisms in liquid media containing hydrocarbons is pbons is the roduc-

tion of hydrocarbon-water emulsion early in the growth phase.ha e. Because of the

potential value of biodegradable, non-toxic emulsifying facto sactors f or accei era t-
s on oil llutants,ing the growth and metabolic processes of microorganisms on o powe have examined the production and some pertinent charact r'characteristics of emulsi-

fying factors from a yeast  Card~ pattopps~, ATCC 202 6!0226 and a bacterium

 Pa~ o onaa aerug~nosa, HCIB 9904! grown on hexadecane.
The microorganisms in this study were grown in sin shake culture at 30 C

in basal salts medium--pH 5.5 with glycerol for the yeas,east and 7,0 with

succinate for the bacterium. These conditions were us Pe used to roduce emulsify-
al salts with 0.5R n-hexadecaneIng factors by the organ isms inoculated i nto basal sal tscells were removed by cen-source. After incubat ion for 30 hours, cellsred through cheesecloth totrifugation and the chilled supernatant was filtered gu ture su rnatant was use ord f

~"«he rema inlng hydrocarbon. This crude culture pe'n activity to temperature, p Hs of toxic'ity and stabii ity of the enuisifylng ac y
and hydrolytic enzymes.

I Hidwest Research Institute, Kansas City~H~ssour<

lvania 19085.V il lanova University, V i 1 lanova, Pennsylv
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Preliminary toxicity tests with the water flea  Mphe&z ~! have
indicated an LDsp concentration after 48 hours exposure, of 404 for the yeast
cul ture supernatant. and 84 for the pseudomonas supernatant. Such concentra
tions of toxins are unl ikely to be attained at oil spills on large bod1es of
water.

The stabil ity of the emul s i fying factors to extremes of temperature
and pH and their susceptibi 1 ity to enzymes and biodegradation were tested by
means of a semi-quantitative assay for emui sifying power  minimum concentra-
tion giving stable emul s ion wi th water and hydrocarbon and/or width of emul-
sion band produced by a known concentration of emulsifying factor!, The re-
sultss of these tests indicated essentially complete stability to boiling
water temperature for at least 30 minutes for both preparations, and a pH-
activity optimum of about 6.5. Signif icant emulsifying power was exhibited
by the yeast preparation over the pH range 0.2 to I 1, and by the bacterium
from 2 to P  Figure 1!.

10

8

'- 7

V o! 6
5

LlJ

0 D 3

2 0 0 'I 2 3 4 5 6 7 8 9 10 1 1 12
pH

F igure 1. pH Dependence of Emul s i f y ing Act iv i ty

Partially purif ied emulsifying factor preparations were placed
in water to 2 mg/ml . The pH values were read with a glass
electrode. Changes were made by the addition with stirring «
HCl or NaOH solutions. Emulsifying activity tests were made
with n-heptane.
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The art ivity of both PreParations was susceptible to pronase  a bro d-protease! bvt neither was affected by trypsin or chymotrypsin  Table l!
pseuldomona s pr cpa r a t i o r s howed some su seep t i b i l i ty to hog pane r

the activity of nei her preparat w ea germ ipase.

This enzyme suscePtib' l 'ty data and a preliminary test with an g. cogt growth
culture indicate the biodegradabi! i ty and low toxicity leve'is of these pre
rations-

TABLE l

Enzyme Su seep t i b i l i ty

l ncvba t ion T ime

I min. 1 5 hrs.
  t � Und i 1 ~t~ ~ IEn zym e

P seudomonas Fac tor

Yeast Factor
2+  +!  +!
3+ 2+ 2+

 +!
2+ l+ l+
3+ 2+ 2+

Th ti 1 i�pur i f i ed emu is ifying factor Prep ratio
placed in ater to l r g/mi and adjusted to P" 7-~

s dd d to 0 2 mgjmi. After various P«'
at room temperature, a l iqvots were rem ved
ties with ~-heptane.

Ef for ts toward the pvr i f i cat ion and ch~'ca
act ve emul sifyi g facto  s! n th se PrePara
the aim of evaluating the feasibil ity « la'ge sc
production of non-toxic biodegr adable emvl sifylng fa t

for enhancing the

rate and/or reducing the lag time in the microbial 9
; on o f o i I po 1 1 u-

tant,s.
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THE RELATIVE CHANGES IN rs-ALKANE COMPOSITIQN
IN SURFACE HATER SLICKS

P. A. LaROCK and T. E. AHLFELO
Department of Oceanography
Florida State University
Tal lahassee, F lor ida 32306

Hydrocarbon oxidation by bacteria has been the subject of numerousinvestiga tions. However, the activity of hydrocarbon oxidizing bacteriain natural environments and the rate at which hydrocarbons are assimilated
Is not as well documented . Hydrocarbon metabolism in soil and sea watersamples has been followed using either a Marburg or other forms of re-spi rometr ic devices �, 3, 4, 5!, Buswel 1 and Jurtshuk �! measured micro-bial hydrocarbon oxidation using an oxygen electrode. Another approachwhich would permit estimation of hydrocarbon assimilation is to quantita-tively fol low changes in the composition and extractable weight of an oi Isl'Ick relative to time, flow or position of the slick. The use of an in-ternal standard or a more refractory natural ly occurring hydrocarbon suchas phytane could be used to normal ize the data or account for dispersion.Preliminary findings are reported here on the changes of n-alkane composi-
tion in surface sl icks in Barataria Bay, Louisiana.

At the locations studied in Barataria Bay, the net nmvement ofwater is to the south away from the gas wells in the north, and throughBarataria Pass. By sampling away from the producing areas and toward the»ss. qual itative changes in the n-alkanes in surface slicks was followed.Samples of surface slicks were sampled with I.5 ftz sheets of '&atman PIfilter paper, pre-extracted with chloroform to remove any contaminants.At each of the sampl ing sites  Figure 1!, four sheets of filter paper werecareful ly appl ied to the water with metal tongs. These papers were thenstored in glass jars for subsequent analysis. Before hydrocarbon extrac-C-hexadecane was added to each paper to indicate extraction eff i-clency. The papers were shredded, and soaked in 350 ml of chloroform.The ch'loroform was removed in a rotary evaporator and the sample Purif ledby the method of Heinschein and Kenny �957!. The hexane eluate wasbrought up to 2.5O ml, and O.5 ml removed for ' C counting. The rema'n'ngsample was concentrated and chromatographed on a Bendix Chronolab Series2100 GLC, and the resul ts for each n-alkane expressed as a percentage ofthe total n-alkane peak areas. The extraction efficiencies were <sad «correct the weight of extracted materia'I. For this experiment,nt C-l8 was

assumed to rema in unchanged at all of the sampling sites and the other~ alkanes normalized to it to permit comparison of relative c a g
data are shown in Table l.Station 7 was the scene of a small spill and thus the total quan-
tity and composition of the material collected is not compacorn rable to the

remaining stations. Station 2 was at the mouth of the Baye Ba and the sample
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was col lected wi th on-shore winds. Such condi t ions may have served
introduce surface mater ial from the off-shore wel ls account ing for the
enrichment of C-20, C-22 and C-28 relative to stations 3 to 6.

Figure 1. Sampling I.ocations at Baratar la Bay, Louisiana

Station 5 was 200 f t south of a large gas we I I and the low va lues for C-16
and C-17 and the higher values for C-I9 to C-28 may be the result of
hydrocarbon addition ry i t ion from the wel I . For comparat ive purposes,
we will use only the data from stations 3, 4, and 6 to follow relat«
changes in the r~-alkane compos i t ion of surface s I icks. At this

on the movement of water wi th t ime in the t«t
thus must limit our d'-our discussion to qualitative changes only .
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TABLE I

Relative Concentration of n-Aikanes in Surface Mater Slicks
Sam ie Location

Carbon
Number

14
15
16
17
i8
19
20

aConcentration expressed as percent peak area o
ch n-alkane

normalized to C-18 plus phytane. In each of the chromtog pC-18 + phytane was the dominant peak and accounted for betw etween

at station 6 to 27.9g at station 2 of the total -alkan p

The general trend at stations 3, 4, »d 6 alkanes with a
chain length between C-17 and C-20 to be relatively unc ngC 14, C-16 and C-21 to C-32 show net decreases moving toowa rd

This decrease amounted to 50 to 804 for alkanes over C- If d~sperslon
were the principal factor in reducing the hydrocarbonn dens it, we would

p ted to find little change in the aikane compom os i ti on. Evapora-

ect t"e lower molecular weight materia'ai and thus the
must resumably be t eho"ce" tration of the long chain aikanes mu p

t of bacterial degradatio .
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21

22

23
24
25
26
27
28
29
30

31
32

lz.6

20.3 z4.8
71.6 76.0

100 100
7z.6 56.4
48.5 28.4

18.1 11.8
36.7 12.6
18.1 10.5
40.0 8.7
i0.3 6,4
6.1 5.4
6.1 5.4

33.3 6,2
6.i 5.4
2.4 1.0

15,3

36.2 iz.z
96.0 61.5

100 100
60,0 89.0
38.3 55.3
z3.7 27.6
zz.6 38.8
19.3 28.2
21.5 55 3

16.0
13.2 13.8
11.7
11.7 34 5
11.7

3.0

6.6
3,0

54.5 8.9
62.8
43.5 17.B
93,0 64.5

100 I00
55.6 44.5
31.2 33.5

18.0 28-0
25.6 13.2
zz.4 35.6
25.6 28.0
19.8 19.1
18.6 11.0
17 3
16.0 11.9
15.4 8.5
9.0

11.0

7-7
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ESTUARINE HICROBKS AND ORGANOCkl ORINE PESTICIDES
 A BRIEF REVIEW! '

A. W. BOURQUIN 2
Gul f Breeze Env ironmenta I Research Labora tory
U.S. Env ironmental Protection Agency
Gul f Br eeze, F I o r i da 32561

Little is known about microbiological degradation of organochiorinepestlcides 'In the estuarine and oceanic environments. Since mircoorganismsare probably the main instruments of pesticide breakdown, and possibly offer
an array of mechanisms by which pollution may be reduced, r esearcr search is needed

to learn the pathways of microbial degradation in the marine environment.
Table 1 1 lsts a number of microorganisms, chiefly soil and aquatic,with demonstrated ability to partially degrade organochlorine pesticides invarious environments, An excellent review of the interaction between haloge-nated pesticldes and microorganisms has been given by Pfister and Matsumura�8!. Lichtenstein and Schulz �8! found that soil bacteria converted aldrinto its more stable epoxide, dieldrin; the peak of dieldrin formation occurred

56 days af ter treatment. A bacterium, Proteus vu'Lgm'ie, isolatei >ated from the

gut of a mouse, converted DDT to DDD �! and some soil actinomycetes degradepolychloro-nltrobenzene  pCNB! and dechlorinate DDT  8!. Most of the reportslisted In Table 1 were concerned with pure cultures and few involved morethan one or two step transformations. However, other investigators have re-INrted extensive degradation by soil microorganisms leading to speculationthat biodegradat'ion could result In mineral ization of organochlorine compoundsin the presence of certain microbial assemblages and environmental parameters.Bixby et al. �! reported a soll fungus, ~chodemm koningi, which degradeddieldr In to carbon dioxide with cleavage of the chlorinated ring structure.Focht �0! reported that an aquatic fungus, isolated from sewage effluent,metabolized chlorinated bacterial degradation products to water, carbon di-
oxide, and hydrochloric acid.Many soil microorganisms also occur in water, thus environmentai re-lationships and microbial associations similar to those in so'll may exist.The essential differences between terrestrial and aquatic environments rela-
tive to microbial activity appear to be:  a! usually fewer nutrients per
unit mass and less biochemical activity are found in water than b! usually fewer adsorptive surfaces for microbial growth in water than insoll- Reports have indicated that fresh surface waters da not have a charac-
teristicc bacteria'I flora �2!. However, cer ta ln microorganisms, such as>enaokea and Caulobactaz, have been designated as typical mar ine or estuar ine
genera. Differences between estuarine, freshwater, and soil ecosysos stems make

Gulf Breeze Contribution No, 165.
Associate Laboratory of the National Environmental Research Center,

Corval 'I is, Oregon.
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the estuarine area a unique environment for study of microbial degradation.
Because of this uniqueness, data from soil and freshwater ecosystems cannot
necessarily be extrapo'iated to estuarine systems, Therefore, research is
needed to learn more about degra4ation pathways in the marine environment.

Several i nvestiga'tors have reported that degradation of pestle Ides by
aquatic microorganisms is slml lar to degradation by soil microorganisms.
IIIIes et al. �4! reported that soil microorganisms metabolized heptachlor tol-hydroxy-2,3-epoxychlordene. Bourquin et al. �! reported similar resul ts,proposed a pathway for microbial transformation of heptachlor in theaquat ic env ironment. Hetabol i sm of DDT occurs in soi l, f reshwa ter, and la kesediments �6!. The similarity of transformations of these compounds may bedue to similarity of microflora in the different environments. However, mi-
crobial differences as wel I as env ironmentai factors exist between aquaticand terrestrial ecosystems. For example, most cul tivated soils to which in-secticides are appl ied are more aerobic than aquatic sediments. Al though DDTis converted to DDD and other products in anaerobic systems, it is stable in
aerobic systems �, 13!.

Estuarine sediment is a reservo ir for pesticides transported byrivers, Because organochlorine pesticides are strongly sorbe4 on soil andother particulate material �0!, including microorganisms �7!, they areon suspende4 particulates in rivers and are incorporated into estuarinesediment �!. These sediments are often enriched by decomposing organic mat-ter and are anaerobic beneath the surface. Although the rate of carbon turn-over due to microbial act iv i ty in the sea may not be substantially differentfrom that in fresh water, estuaries are areas of rapid microbial transforma-
tiors �5! ~ The latter play an important role in estuarine nutrition.

Biodegradation of organochlorine pesticides in estuarine or oceanicenvironments has been little stud ied despite the known persistence of thepesticides. patil et al. �7! studied microbiai metabolic transformations oDDT, dieldrin, aldrin, and endrin in samples of marine water, bottom sediments, and surface f llms Transformatlons of DDT and cyciodiene insecticidesoccurred in samples with biological materials such as surface f i"s, planktonand algae, but not in waters from the open ocean. Pure cultures of ma'i"emicroorganisms also metabo] ized the pesticides. In general, patterns o g-radation that have been observed in terrestrial and aquatic ec systo stems closely

se «und for the marine environment �7!. For example, production" dihydroxy-dihydro-aldr in was the major metabol ite found in soil! ~ ~n an aquatic bacterium �3!, in algal cultures  g!, and in pureof a«ne algae, bacteria, an4 surface films �7!. Similar resultsbtained from aldrin, endrin, and DDT, except that algal cultures ap-
to convert DDT to a "DDQH-1 ike compound �,2-bis ~p p~ -chloro henyl!!.

gradation activity associated with surface f i mf iles is signif icant.

«e films are areas of high biological activity  9! aand concentrators of

olved organics �4! and pesticides �9!. Such films p
ms rovide the environ-

sary for selection of hydrocarbon-degrading m' gmicroorganisms and a
ion of cel ls. Presencenutrient concentration for proliferation o4 enriched area of micro-or pest ic ides, in an already en"' '"'""y may select for hydrocarbon-degrading microorganisms.vironment provides an opportunityrgan'ca I I y-enr iched estuar ine env ironmen p ed b Focht

meta bo I I sm o f pcs t i c i des by mi croorg
r ani sms, As not y o
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and Alexander  I 1!, "Co~etabo} ism is the adventitious biological transforma-
tion of organic compounds which provides neither energy nor structural com-
ponents to the organism." Many bacteria break down certain compounds while
metabolizing other substrates but do nat utilize the co-substrate as a source
of energy or carbon for growth. Relevance of this phenomenon to natural soil
ecosystems was noted by Horvath and Alexander �5!. Facht and Alexander  il!
demonstrated degradation of DDT by sewage bacteria that grew on diphenyl-
methane, an analogue of DDT. Co-metabolism has not been reported in the es-
tuarine environment. Natural conditions, however, predispose estuaries to
such metabolism because of the large microbial corrrnunities that exhibit a
wide variety of physiological activities. These include degradation of rela-
tively recalcitrant large molecular weight compounds such as complex polysac-
charides and some petroleum products  l,23!.

Synergism within the micrabial ecosystem, including bacteria, yeasts
and fungi, in the estuarine environment is anather factor ta consider when
studying breakdown of pesticides. In the soil, microorganisms act synergis-
tically to degrade malecules considered resistant to attack by single species
� 0! . Nawever, in estuarine and oceanic environments, such complex interre-
lationship's among microorganisms have not been investigated adequately.
Studies of' interactions of estuarine microbia I assemblages can provide impor-
tant data for understanding microbial degradation in estuarine systems.

Estuaries, periodical'ly flushed by tides, provide the near shore por-
tions of the open acean with many organic nutrients in solution or in the
form of partially degraded arganic detritus, Organic matter from estuaries
and other bialogical ly productive waters often forms a slick, or calm streak,
on a rippled sea. As noted, surface sl icks are areas of high biological ac-
tivity and could provide nutrients necessary far co-metabol ic transformation
of pestlcides in off-shore marine locales. Microbiology of natural ly accur-
ring surface sl icks and oil slicks caused by spills or seepage is an impar-
tant but neglected area of estuarine research.

Pathways of microbial attack upon chlorinated hydrocarbons in the es-
tuarinee environment need to be investigated since breakdown by microorganisms
is probably the main natural process of pesticide degradation. Although mi-
crabiolog Ical pracesses might reduce environmental pollution attributed to
use of persistent pesticides, detailed studies of degradative pathways are
required to assess the degree of hazard caused by breakdown products. Re-
quired informat lan on microbial degradation of organochlorine pesticides in
estuaries will be supplied when we answer the fo'llowing questions:

What types of microorganisms are involved in transformation af organo-
chlor inc pesticides? Are they the same types that predominate in organic
detritus formatian or are they species selected by exposure to pesticide
pollution?

What is the degree of degradation of specific compounds?

Does co-metabolism occur in the estuary, and is it a means of de-
grading pesticides?

What effects do additianal hydrocarbons, such as oil, have on micro-
bial degradatian of pesticides in the estuary'?

Is synergistic activity within the estuarine microflora a factor in
microbial degradation of pestic ides?
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What is the role of microbial intracelluiar accumulation and adsorp-tion in biodegradation and/or biolog ical magnif ication of pestle ides7
What environmental factors in the estuary prevent or inhibit or ac-

celerate microbial breakdown of pesticldes?
What types of pestle'ides are easily degraded?What are the effects of degradation products on estuarine macro- and

microflora and fauna' ?Considering all the above questions, are similar reactions, selectionsand effects occurring in the water column and ln the sedimentsf
Such studies wi'll provide data for an accurate picture of the role ofes'tuar'Ine microorganisms on the fate of organic pol'lutants. Such data areneeded to formulate water quality criteria for pesticide regulation in the

estuar inc env ironment.
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NEASUREMENT OF BASELINE LEVELS OF ENTFRIC
BACTERIAL ACTIVITY IN RIVER MATER

C. W. HEHDRICKS

Department of Microbiology
The Univers i ty of Georgia
Athens, Georgia 30602

This investigation indicates that natural populations and selectedlaboratory strains of enteric bacteria, including pathogens, have the capa ye he ca cit

to metabolize substrates present in the Oconee River, including autoclavedriver water. These organisms, however, lacked the ability to increase in
numbers in continuous culture with river water and suspended t~ed detritus recov-

ered above a secondary sewage treatment facility, but demonstrated positive
growth rates with substrates recovered below the plant. D tathat the sands and clays forming the stream bottom had the capacity to sorb
substrates from the overlayering water, and that sediment e~ iment el ua tes stimulated

the respiration rate of bacteria. This suggests that t eha the stream bottom can

provide a suitable environment for the growth of bacter pe pter'ia and rhaps controls

asal nutr ient concentration in the water itself.

i HTRODUCT I OH

Reports concerning the hazardous nature o pee of troleum pol lutants and
ic 1 ife are well known and have been re-

o i l-dispersants toward aquatiwed by Smith �7!, Carthy and Arthur   !,r4> LaRoche I, an y o
rs have examined the possi ityHo~ever comparatively few investigators hal rbons mi ht also be capa e o cau ibl f using

some organisms able to oxidize hydrocarbons migvest ion deserves cons i erat ion'd not
disease in man or other animals. The questionbut also in regard to possi e ebi f fects

only from a publ ic heal th standpoint, but a egnt variously contaminat wied with oil
to ard fauna within the aquatic environmen
pollutants. ion of ssible pathogenicity of hydrocarbonoclastic

ganlsms, base l ine information is need toh natural aquatic environmen .p thogenic bacteria in the aures used to measure t eport suer izes tm different procedures c enter ic bacterianic non-h drocarbonoclast!c, en
y pa ge e outfall. ese exp

anic material in a onwater recovered near a sewage
ability to support growtp s to rel a te the types of organ ~ c

f~esh water stream to their a i i ypa 9 and nonpathoge n ' c enter i c bac ter i a. n ul

obt i ed concerning t ' uc s, uhe util ization o suc s
be in a better position to understan nd the roles o t e atream. Such data cou ld also aid in clas-f
I ts bacterial b'iota in a pol luted s rnd form a foundation for construction o
s'f ication of rivers and streams and
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model systems to predict the theoretical pol lution I imits of a g iven body of
wa ter.

HATE R I A L S A ND METHOD S

Chemical and Bacterial Aaeays

Site Selection.--Three sites were selected on the north branch of the
Oconee River that flows through Athens, Georgia. Site one, about 4 mi north-
east of the c ity, is an area of agricultural and undeveloped land . Site two
is located near the center of Athens, well within the c ity limits . The river
at this point has received water from various storm drains and creeks that
drain the residential areas. No domestic sewage is known to be added to the
river in this area. Site three is about 750 meters below one of the tNo
Athens municipal sewage plants. The sewage at this fac i I ity receives both
primary and secondary treatment, and the effluent is chlorinated and allowed
to sett'ie prior to addition into the stream.

Aaeay Procedur ee,--Chemical and physical parameters of the Oconee
River were monitored by techniques approved by the American Public Health As-
sociation and publ ished in Stanchrd Nethode for the Examination of Pater and
Vaatmruter  I!. Glucose and total hexose were measured by the Glurostat
 Worthington Biochem. Corp.! and anthrone �6! procedures, respectively, and
protein content was determined by the Fol in-C iocal teau and Biuret procedures
�!. Enteric bacteria enumerations were made according to the techniques of
Morrison and Fa ir �7!, and species ident if ication made with the use of
Bergey's Hanua'I �!, the taxonomic aid, The 1dentification of Enterobacteria-
ceae �! and then confirmed by NCDC, Atlanta, Georgia.

Organic-Free Rtzter and Glazer@ e,� Since many prototophic enter ic
bacterial species are reported to be capable of growth in basal sal ts solu-
tion without added organic material �,20,26!, distilled-deionized water that
was carbon-nitrogen free, as determined by C-H-N analyses, was used in al I
phases of the study. I aboratory glassware was soaked in hot sulfuric acid-
dichromate solution overnight, rinsed repeatedly in carbon-free, deionized
water and capped with paper prior to autoclaving. With these precautions,
control experiments using the test organism in a basal sal ts solution  with-
out carbon source! demonstrated no increase in bacterial cel I densities.

Reepira tiara et>dice

Organiama.� One strain each of Fschermhia coZi, ATCC 11775; Zntero-
bactar aerogenez  Aerobacter aerogenea!, ATCC 12658; Proteua rettgeri, Arizona
arizonae  Paracolohzctrum arizcmae!, ShigeZLz flezmzi AI, NCDC  Atlanta,
Georg ia!; and SaLmanel2a aenften&erg, CPHS  Ottawa, Canada!, was grown in
Trypticase Soy Broth  BBI ! at 30 C for 16 hours. Cei is were then harvested
by centrifugation; washed 3 times in ster il e, carbon-free, deionized water;
incubated at 30 C for 4 hr to exhaust endogenous reserves; and stored at 4 C
for 18 hr before each experiment.

Zxpe~ental Subatratea.--River water and stream bottom sediments
were collected from each study site. The r iver water was ' .i~3 iately
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steri'l ized at 'I21 C for I5 min and then frozen after samples were removed for
chemical analysis. Sediments from each site were divided into 30 g lots, and
each ai iquot was washed three consecutive times with 50 ml volumes of carbon-
free deionized water. These slurries were agi tated for 30 min with a magnetic
mixer and then clarif ied by centrifugation. Each washing was collected,
steril ized in the autoclave, and frozen for later use.

After determining optimal pH and buffer ionic strength for elution,
30 g al iquots of washed sediment from each site were eluted with 50 ml of
0.3 H sodium phosphate buffer �!, pH 7.0, in separate experiments, and with
river water from the site where the sediment was col lected. These eluates
were also autoclaved at 121 C for 15 min and then frozen for later respira-
tion studies and chemical analysis.

Bacterial, Reapiratmn SMd~ee with Elated Sed&nenia.� Cel 1 suspensions
of each rested bacterial culture were prepared in deionized water and stan-
dardized to 0.9 optical density at 540 nrn with a Spectronic 20  Bausch and
Lomb! color imeter-spetrophotometer . Dry cell weights were obtained by corn"paring the optical density with a standard curve which was prepared with cells
washed with deionized water and then dried overn ight at 1 05 C . Respiration
studies were carried out with the use of a Biological Oxygen Monitoring Sys-
tem  Cole-Parroer, Chicago, Il I inois! in which 4 ml of a particular substrate
were placed into the monitor with 2 ml of the standardized bacterial suspen-
sion, and oxygen uptake was measured for 15 min. Individual experiments for
each organism and substrate were run in duplicate at temperatures o 30f 3h C

20 C, and 5 C. Control substrates consisting of deionized water, river water
from each site, varying di lutions of minimal sa1 ts-glucose medium  dilute
minimal medium x 10!, and minimal medium containing 0.1, 0.2, and 0.3 N phos-
phate were run in each temperature series. Temperature of incubation was
controlled wi thin +0.2 C with a Lauda-Brinkman K-2R Circulator  Westbury, New
York! and respirat ion was calculated as mg atoms 0/hr/mg dr ied cell weight
�0! after correcting for endogenous activity.

Chemoahzf SMdiea

Organiarrra.--ln addition to the organisms emp'ioyed in the respiration
studies, bacteria naturally present in the river water from Site 3 were also
used in some chemostat experiments. For these studies, 1.7 I iters of water
was centrifuged at 8,500 x g for 30 min in a Sorval 1 RC2-B centrifuge. Theresulting pellet was resuspended in carbon-free, deionized water and centri-fuged in conical tubes at 2,000 x g for 5 min to sediment the heavier particu-
lates and leav rng most of the microorganisms free in the supernatant . After
aspirating the supernatant into another conical tube, the microorganisms were
sed irnented at 'I 1, 000 x g for 10 min, washed i n carbon-free, deioni zed water
and prepared for direct use by the same procedure outlined for the stock cul-
tures.

Egperimentcr7, Sujbatrrztea.--River water was coll ected from each study
site. The river water was immediately sterilized at 121 C for 15 min annd

then frozen after samples were removed for basal nutrient analysis. No at-
tempt was made to use f il ter-ster il ized water because of the high so 1 id con-
tent present. As a control substrate, a dilute glucose-mineral salts medium
was prepared of the following composition per 1 iter: KzHPOu, 7 ~ 0 mg j 2KH PO

247



Center for Ve42ard Reaourcea, LSU-SG-73-01, 2978

3.0 mg;  NHv!zS0v, 1.0 mg HgSOq ~ 7HzO. 0,1 mg; glucose, 10.0 mg. The glucose
in this medium was autoclaved separately from the rest of the medium and
added aseptically when both the glucose and the salt solutions had cooled to
room temperature,

Cont'inuoua CuLture System,--A chemostat similar in design to that re-
ported by Herbert et al.  I 1! was constructed to yield a working volume of
1,7 liters, The dilution rates were controlled by varyi ng the height of the
pressure head and the speed of the medium-waste peristaltic pump  Buchl er I n-
struments ~ Fort Lee, N.J.! . The temperature of the chemostat was contro I led
with a Lauda-Brinkman K-2/R Circulator  Westbury, H.Y.!, and back contamina-
tion of the medium from the chemostat was prevented by heatfng a portion of
the medium In'let-tube with a 0.1 ohm/cm nichrome wire connected to a regulated
power supply- This system yielded satisfactory dilution rates as low as
0.005 hr over extended periods of time.

Bxctarktl Gzceth Studiea with River' hhter.--Two different procedures
were used to study enter lc bacterial growth in dilute nutrient systems. The
first series of experiments employed stock cultures of enteric bacteria while
later studies util ized organisms from the river, All individual experiments
were run ln tripl fcate, and the rate of bacterial decl ine in numbers was re-
solved by I fnear regression �8!.

Rested cell suspensions of bacterial cultures were prepared in carbon-
free, deionized water and standardized to 0.9 optical density at 540 nm as
noted ear'lier, In separate experiments, 0,'I ml of each bacterial suspension
was introduced Into chemostats containing river water from each study site-
Inltial experiments with E. cali were run at varying dil ut ion rates, but ul ti-
mately 0.012 hr ' was used fn all subsequent experiments unless otherwi se
noted. Samples were taken from each chemostat daily and the organisms pres-
ent were enumerated on M-Endo broth  Difco! by the membrane f if ter procedure
at 30 C.

To determfne specif ic growth rates of enter ic bacteria in river water
from the three study sites, bacteria present in 1.7 1 iters of river water
from Site 3 were recovered by centrifugation and prepared for use by the pro-
cedure outl lned earlier. These organisms were then introduced fnto chemo-
stats in which minimal medium and river water from each site were used as nu-
trient sources. A dflutian rate of 0.012 hr ' was maintained in these experi-
ments and the Incubation temperature was 30,0 C, Samples were also take~
from these chemostats on a daily basis, but organisms present were enumerated
on M-Plate count broth and M-Endo broth  Difco! on membrane f i I ters at both
30.0 and 44.5 C. Growth rates were calculated by the procedure of Jannasch
�2! .

RESULTS AND DiSCUSSIOH

The basal nutrient concentration of the autoclaved river water and
bottom sed iment from the three study locations is presented in Table 1.
These concentrations increased gradually as the river water flowed down
stream  Sites I and 2! and reached a maximum below the sewage effluent  Site
3! . The carbohydrate and protein colorimetric procedures used al low for thedetection of a var iety of' compounds, some of which may not be readily
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degradable by some enter ic bacteria. Attempts to elute measurable quantitiesof the basal nutrients from the sediments with river water above those already
present in the river water were unsuccessful .

TABI.E 1

Basic Nutrient Analysis of Oconee River Mater and Extracts
of River Bottom Sediment from the Three Study Sites

ed iment
R iver
wa terNutrient assayed

a Site Ma sh eluted

0.6
0.2
1.0

Ammonium nitrogen

1.5
0.2
0.2

folin protein

12.0
22.5
36.0

d

1.0
0.6
2.4

Carbohydrate

0.0
0.0
0.4

Or thophospha te

7.0
7.0
7.0

7.0
7.0
7.0

pH

bConcentration of nutr tents present in the 3rd successive washing
of deionized water.

Microbial metabol ism of the substrates in the river water and those
in buffer eluted bottom sediments is shown in Tables 2 through 4 and inFigure 1. Tables 2, 3, and 4 expressed the respiration rates of the non-pathogenic enter ics at 30, 20, and 5 C with the test substrates from Sites 1,2, and 3, respectively. In Figure 1 are compared the respiration rates ofthe nonpathogenic enter ics with the pathogenic species of 8. fldner'~, S.eenftenberg, and A. ~aomra in buffer-eluted sediments and river water taken
at Site 3.
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1.6
2.3

2.9
3 2

1.6
2.4
2.8

1.5
2.0
4,1

6.9
7.0
7.0

a Concentrat ions expressed in mg/I of sample.

Sediment eluted with 0,3 M phosphate buffer  pH 7.0!,
d phosphate concentrations were 0.3 II.

9.0
8.5

25.0

45.0
63.0

120.0
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TABLE 2

Respirat ion of Various Enter ic Bacteria in Oconee River Water
and in Extracts of River Bottom Sediments from Site I

Bottom sediment

C watera Washed
el utedc

Organi sm

Eeoher~hm coH

&4erobacter
aez'og ence

Proteue r ettgers

Respiration rates expressed as mg atoms oxygen �!/hr/mg
dry cel 1 weight.

Af ter third success ive wash,
0.3 H phosphate buffer  pH 7.0! .

dAl 1 respiration rates have been corrected for endogenous
activity.

Mean spec if ic growth rates at 30, 20 and 5 C for the selected enteric
bacterial strains in river water from Site 3 are given in Table 5, ln these
chemostat studies, al 'I six organisms demonstrated pos it ive spec if ic growth
rates at 30 C, but growth was sl ight or undetectable at the lower tm tempera-
tures, Table 6 shows the mean spec if ic growth rates of natural bacterial
Populations in Oconee River water  Site 3! and in dilute minimal medium. No
growth was observed with these organisms nor with the selected enter ics in
water from S ites 1 and 2  F lg. 2! .

It is known that various bacterial species are capable of growth and
reproduction in extremely dilute nutr tent concentrations of laboratory media
�,8,15!, but most of these organisms are not involved in pathogenesis of
man or higher animals. The enterobacter iaceae, however, not only conta ins
species which serve as indicators of fecal pol'lution, but others, such as
Sabnanekkr, Sh~elk4 and /iriaona, that are responsible for serious intesti-
nal disease. Da ta obtained in this study  Table I! indicate that the basal
nutI ients for the test organi sms were in short suppl y, River water taken
below the sewage plant effluent was sl ightl y higher in nitrogen, Fol in-
protein, carbohydrate, and phosphate content than was water from the other
two si tes.
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30

20 5
30

20 5
30

20 5

O.I9 0 34 1.98
0.00 0 .00 0 44
0.00 0.00 0 .44

0.22 0 .46 I .60
0.00 0.09 1.13
0 00 0 16 0 00

0.26 0.12 1,64
0,00 0.00 1.38
0.00 0.00 0.00
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TABLE 3

Respiration of Various Enteric Bacteria in Oconee River Mater
and in Extracts of River Bottom Sediments from Site 2

Temp, River
Bottom sediment

dcOrganism

43d 0 23 1.81
0.2I 0.52 1.68
0.00 0,00 0.18

0.53 0.37 1.26
0.00 0.00 1.27
0,00 0.24 0.10

0.25 0.00 1 .68
0.00 0.21 0.80
0.00 0.00 0.00

Eschert'.oh~ coli 30

20 5
30

20 5
30

20 5

Znt erobae ter
acr ogenea

Proteus r ef.Qez s,

aRespiration rates expressed as mg atoms oxygen �!/hr/mg
dry ceI1 weight.

After third successive wash.

c0.3 H phosphate buffer  pH 7.0! .
dAII respiration rates have been corrected for endogenous

act iv i ty.

There is, however ~ a certain amount of difficulty in attempting to
directly compare basal nutrient data from one site with that from another,
or even that from distant locaiities. Even though the co'Iorimetric proce-
dures used in this study are capable of detecting a wide range of possible
nutr ients ~ it is conceivable that other compounds could be present in thewater that could either stimulate or inhibit growth and still remain unde-tected. However, on the basis of the growth studies, the enteric bacteriaemployed here were able to grow in river water from below the sewage plant»Ich impl ies that conditions were more favorable in the water from this
site than the other ten sites.Table I al so demonstrates that bottom sediments from the Oconee River
carl be washed relatively free from loosely associated material and that avery high concentration of anInonia nitrogen, protein, and carbohydrate can
be sorbed onto the river bottom sediments, This observation becomes evenmoresignif icant because three successive washings with deloniz~ water andtrial elution with river water failed to remove the tightly bound material.though, was accompl i shed with buffer of ionic strengths which mightto onl y the most severely po1 I uted aquat ic env ironments. Thesesuggest that the basal nutri ants were very tightly sorbed on the sands
and clays forming the stream bottom sediments, and that ey yt the ma not be

«adily available for metabolism by aquatic microorganisms, We have tested
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this concept with BOD studies in our laboratory and found that washed sedi-
ments had no stimulating effect on the oxygen demand. This is in agreement
with Weber and Cable �0!, who found that cationic pesticides, subject to mi-
crobial degradation, could be adsorbed on various clays and were then no
longer subject to decomposition or even readily ava ilable for plant uptake.
Perhaps this vmuld be true for hydrocarbons also.

TABLE 4

Respiration of Various Enter ic Bacteria in Oconee River Water
and in Extracts of River Bottom Sediments from Site 3

Temp. R 'R iver Bot tom sediment

eluted

0rga ni sm

Eeohersohsa col i

Bhterobacfer
aerogenea

Props rettger i

Respiration rates expressed as mg atoms oxygen �!/hr/mg
dry cel 1 weight.

After third successive wash.

0.3 M phosphate buffer  pH 7.0!.

All respiration rates have been corrected for endogenous
act iv 1 ty.

Respiration of organisms in the aquatic environment has been used as
a means of estimating in-situ activity �8,22,25!. Previous studies  9! have
suggested that a respiration rate of about 0.5-3.5 mg atoms 0/hr/mg dried
cell weight could be achieved if the carbon  hexose and protein! analyses of
the river water and extract bottom sediments represent readily oxidizable
substrates. Similar rates would be expected with the prepared natural sub-
strates at both the 30 and 20 C incubation temperatures, but respiration at
5 C should be minimal or nonexistent. Results of the respiration rate
studies using river water and extracted sediments confirmed this hypothesis
 Tables 2, 3, and 4! and reflected the basal nutrient concentration. Respi-
ration rates above endogenous level s for al 1 organisms tested in river water
were lowest at Site 1, but as nutrient concentration increased in the water
from Sites 2 and 3, respiration rates at both 20 and 30 C approached the pre-
dicted values  Tables 3 and 4!. Sediment eluted with phosphate buffer in
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30

20 5
30

20 5
30

20 5

0.58 0.22 2.58
0.33 0.10 1 .73
0. 00 0.00 0. 34

0.45 1.34 4.25
0.00 0.90 1 .13
0.00 0.00 0.10

0. 36 0,36 3. 23
0.17 0,12 1.07
0.00 0.00 0.00
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al 'i cases yielded respiration rates far exceeding those observed with riverwater. With the exception of Enterobacfer aerogenss at Site l, both Esohe-
richia cali and Entezobaoter aerogenss could use the substrates present inthe eluates from ail sites at 5 C. Sediments eluted with buffer from belowthe sewage plant demonstrated the highest respiration rates achieved at 30 Cwith rates at 20 and 5 C approximating those at the other two sites. Whenthese rates were compared with those for the pathogenic species, e.g., Shi-galla fr~i, Sabnonslla ssnftenberg, and Arizona ariaonas, equivalent res-piration was observed  Fig. l!. These data indicate that both pathogenic as
wel I as nonpathogenic bacteria could use substrates present in the riverwater and those adsorbed on the bottom sediments af ter relatively mild labora-
tory treatment.

RESPIRATiON RATE
  MG 4TOilS 0 /HR/ MS PRIED CELL 'CT!

O lO Ql !
O O O 0 O

ENTClIOSAC TEIL *EROOEIKS

ROTC Vl Itt T TOE RI

SHwtLLi  LPNRI

~ ALNWlt IXI WNFTCNMI

IRIIONA AltZONAE

Figure 1. Respiration Rates of Selected Pathogenic and Nonpathogenic
Enter ic Bacteria in 0.3 M phosphate buffer
extracted sediments  s! and river water  w!

from Site 3

Results  Fig. 2!, which demonstrated the lack of growth of E. ooli inriver water from Sites i and 2, were confirmed with the remaining five stockcultures. Growth, however, was observed for all s ix cul tures, includingpathogens, in water from Site 3  Table 5!. Haximal specific growth rateswere observed in Site 3 water at the 30 C incubation temperature for a'l l or-ganisms tested, while generation times ranged between 33.3 and 90.0 hrs atthis temperature. E. coLz. and E. aaragenes dermnstrated generation times of34,5 and 33.3 hrs, respectively, while the remaining ~teus, Ariaona, Salmo-nella and Shigella sp. reproduced at a rate 2 to 3 times greater than the
253
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TABLE 5

Growth Rates of Selected Enteric Bacteria
a

in Oconee River Mater from Site 3

Genera t ion
T ime

 hrs!

Wash out
Rate

 hr '!

Growth
Rate

 hr '!

Temp .
COrgan I sm

34.5
333.3

1,000.0

33 3
166.6

Zacherichic cali 30
20

5

30
20

5

30
20

5

30
20

5

30
20

5

30
20

5

O.OI7
-0.009
-0.011

0.029
0.003
0.001

o. o18
-o.oo6
-o.oi8b

0.030
o.oo6

Znterobacter aerogenes

0.012 83.3
0.010 100.0

Proteua rettgeri -0.002
-0.001
-0.017

-0.001
-0.011
-0.011

0.011
0. 001
0.001

90. 0
l,000.0
1,000.0

76.9SalmonelLa eenftenbarg 0. 001
-0. 020
-0. 032

0.013

0.013 76.9
0.005 200.0
0.002 500.0

Shigellc flezneri 0, 001
-0.007
-0.010

aDilution rate was 0.012 hr ' in each case.

A washout rate of -0.012 hr or less is defined as death of
the population �2!.

The mean specific growth rate for the coliform bacteria naturally
present in the oconee River was 0.006 hr '  Table 6! with an equivalent gen-
eration time of approximately 166 hours. Although the fecal col iform bac-
teria, as estimated by the 44.5 C population, demonstrated a negative growth
rate which can be def ined as death of the population �1!, both the 30 and
44.5 C population of heterotrophic bacter ia were capable of growth in the
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col iforms. Generation times of the six test organisms were extended at 20
and 5 C, and death was observed for S. senftenberg at 20 and 5 C and for E.
aerogenee and P. rettgeri at 5 C. These results are consistent with those of
Postgate et al. �0! who observed generation times of approximately 100 hrs
 D ~ 0.0101 hr at 37 C! for E. aerogenee in med ia where the carbon source
was rate limiting. In later studies, though, generation times of 38.9 hrs
 D ~ 0.0145 at 37 C! were also observed �1! and agree in general with the
data from the respirations stud ies.
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water. When these data were compared with those obtained with dilute minimal
medium, the heterotrophs as well as the enterlc and coliform bacteria were
capable of growth.

TABLE 6

Average Growth Rates of Native Bacterial Populations in Site 3
Oconee River Mater and Dilute Minimal Medium

Nutrient
Source

Bac ter la 1
Group Population Population

Minimal Medium
1:1,000 dilution 0. 019

0.015
0.012

0.017
0.018
0.019

Hetero trophs
Enterics
Coliforms

River Mater

 Site 3! 0.013
da

d

G. 007
0. 007
0.006

keterotrophs
Enterics
Coliforms

Death of the culture.
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In all chemostat experiments using bacteria recovered from the river,bacterial numbers were observed to osc'illate with a periodicity of approxi-mately l00 hours. Although such growth has been termed "cryptic" by otherinvestigators �1, 23!, it is doubtful whether suff icient energy could be de-rived from the dead and lysed cells to allow for replenishment of the loss inpopulation, especially in a chemostat where wastes are being constantly re-mved. A more plausible explanation could involve the slime layer tha t isproduced on the glass walls of the chemostat. Studies �3,24! have shown'that mixed bacterial cultures capabie of growing in water or dilute nutrientsystems can produce slime layers on bare artificial surfaces. Sanders �4!has shown that the slime layer can slough off when the underlying layers be-come sufficiently anaerobic to alter the metabolism of the bacteria present.Since s lime production is a function of time, it is conceivable that theslime could be sloughed at I00 hr intervals. This process contributes bac-teria and added nutrients for metabolism by the suspended populations. Sucha hypothesis is consistent with previous reports of bacterial and nutrient
sorption to negative!y charged surfaces  9,29! .Certainly data reported in this study cannot be extrapolated directlyto the natural aquatic environment to conclude unequivocally that entericbacteria, including pathogens, are capable of growth in fresh water. Thereare, however, data to indicate that these organisms are able to grow in situunder very limited nutrient conditions  8,10!. This study has demonstratedthe presence of suff icient nutr lents in autoclaved river water, taken below
a sewage outfall, to support limited bacterial growth.
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O. IO

0 DO

0DS

Z O D O
0 DO

0.02 0.0 O.oz 0.04 0.08 o. 0$

WA SHOU T R ATE   hr !

Figure 2. Washout Rate versus Dilution Rate for Escherichia CoH
in Oconee River Water from Sites 1, 2, and 3 at 30 C
E. coH was capable of growth where the dilution rate
minus the washout rate equals a positive growth rate  p!.

 l/y ~ cul ture generation time!
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SUBLETHAL EFFECTS OF THE WATER SOLUBLE
COMPONENT QF OIL: CHEMICAL COMMUNICATION
IN THE MARI NE ENV I RONMENT

F. T. TAKAHASHI and J . S. Kl TTREDGE

Zoology Department
Oregon State University
Corvallis, Oregon 9733l

Crude oil and petroleum products contain water soluble components
that are potent inhibitors of chemoreceptors in marine organisms. Since many
species rely on chemoreception for location of food and sexual partners, dis-
ruption of chemoreception in the marine environment by oil spills can have
profound effects on survival and reproduction, These effects on species sur-
vival will not be revealed in the usual toxicity  LD! studies of pollutants.

I NTRODUCTI ON

Present studies of the biolog ical effects of oi'I pollution have fo-
cused on the lethal effects, either attenpts to establish changes in the
biota following a spil I or by exposure of adul t organisms to pollutants in
the laboratory. Few studies have been concerned with the sublethal physio-
logica I effects of oil pollution or with the water-soluble components of the
oil �!. Some studies have even emphasized that, fol lowing a spill, those
components of the oil that evaporate or are dissolved in the water are no
longer a pol lut ion problem �!.

In our laboratory we have been studying the functions of chemical
corrmunlcat ion in the marine environment, We f ind that for most species the
chemical sense is the dominant one. Chemical cues are needed not only for
detection of food or a suitable substrate or niche, but also provide the sig-
nal for gamete fusion in many species, the trigger for metamorphosis during
development in some species, homing and aggregation behavior, and in many
species the location and selection of a sexual partner. Social struc'tu« in
groups of some species of f ish is also mediated through chemical cues �! ~
Among the crustacea, the female may release a sex pheromone to signal her
presence and physiological state. In the crabs we have studied �! tIle Iow
est concentrations of the pheromone  be'low 10 M! stimulate a search beha-
vior in the males. At higher concentrations, the pheromone triggers a 'mat
ing stance" in the males. On approach of the male to the female, belavroral
evidence suggests that the male then releases a sex pheromone that may have
the function of an aphrod jsiac. The male then seizes the female and protects

Division of Neurosciences, City of Hope National Medical Center,
Duarte, Cal ifornia 9101 O.
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her during ecdysis, The pair copulates after ecdysis and the male protects
the emale while her new carapace hardens, In addition to the initial femalef

sex pheromone which functions to attract the male, the female releases tea
additional sex pheromones. These tm pheromones, besides functioning as at-
tractants, may signal the receptiveness of the fema'le. One is released only
before ecdysis while the other ls released after ecdysis.

Utilizing both behavioral response and electrophysiological recording,Case and Gwi ll 1am have shown that the "feeding response" of crabs is tr fggered
by a number of amino acids and that the acidic amino acids are the most effec-
tfve �!. The "feeding response" is characterized, in its initial stage, by
a rapid lateral movement of the mouthparts,

HETMOOS

In these studies we have utilized a loca f intertidal crab, Pachygmp-
aua creeaipea. The tm bioassays are based on the response of the males to
the female sex pheromone, crustecdysone, and the response of both sexes to a
feed/ng stimulant, taurine,

When a mafe P. craeaipee is presented with a 10 M solut ion of crus-
tecdysone, a 'mating stance" is exhibited within a period of three minutes.
Small aquar fa were constructed for this bioassay by forming a large trans-
verse indent fn each of several 2000 mf beakers just above the base. Except
for a viewfng window opposite the indent the beakers were painted flat black.
The niche beneath the indent simulates a rock crevasse and a layer of 3 mm
glass spheres provides a normal substrate, The central space Js suff iciently
large for the crab to display a normal "mating stance" while requiring a
minimal vo'lume of sea water solut tons of the pheromone, The crabs were ex-
posed to the water so'iuble extracts of crude of is or petroleum products for
varying per locfs of time, rinsed five times and then placed in the bioassay
beakers and stimulated with 1000 ml of 10 crustecdysone.

A study of the response of' P, oreeeipee to various amino acids led ta
the selection of a 20 ul al iquot of a 3 mM solution of taurine for the stan-
dard stimulus for the "feeding response." This stimulus was administered in
the region of the antennules of the crab from a 20 cm syringe needle attached
to a repeating syringe. In the control crabs this stimulus always released a
strong "feeding response." After exposure to the "polluted" water, the crabs
were rinsed five times and placed in 1000 ml beakers for the assay. The
stimulus was presented to each crab f ive times at five-minute interval s and
the response was scored as negative, partial or positive, based on the extent
of the movement of the mouthparts. Four experimental crabs and one control
were assayed for each exposure condition. The crabs were tested one hour
after exposure and each day until recovery. The initial experiments revealed
an inverse relationship between the concentration of the "pollutant" and the
length of exposure in the expression of the inhibition of chemoreception. To
establish consistency a 2' hr exposure was selected for our standard bioassay.
It was felt that this exposure might best reflect the conditions occurring
during an oil spill in the marine environment .

We are unable to state the concentration of the total "water solubles"
to which the crabs were exposed, but the method of preparation assures that it
was low. To obtain 'the "water so'iubles" in low concentration and to avoid the
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problems inherent in separat lng an emulsion of oil in sea water, a thin f Ilm
of oil was extracted. In Initial studies two crude oils were util ized, a
Slsquoc sand and a Cal ifornia crude from the lower Niocene, Thin f ilms of
these two crude oils were prepared by swirl ing dilute diethyl ether solutions
in 2000 mi beakers until the solvent evaporated, The crude oil content of
these films was about 0.2 m'I, Each of the beakers was filled with sea water
and stirred slowly overnight, In later experiments dialysis was util ized,
as suggested by Gal tsoff �!, to obtain the water soluble fraction of petro-
leum products. Spectrofluorometric studies have indicated that the attain-
ment of equi l ibrium is quite slow with simply dialysis, requiring tm to
three days to attain equil ibrium.

During the course of this study it was learned that the Navy was de-
veloping oII/water separators for use aboard ship. These separators employ
centrifugation followed by percolation of the aqueous phase through a "co-
al escer" to remove the col loidally-dispersed emulsion. The design of these
"coalescers" is based on the surface properties of a packing of f ine glass
f ibers. The water effluent of these separators would be expected to be
"saturated" with the water-soluble components of the initial petroleum prod-
ucts  i.e., the concentration of each water-soluble component in the aqueous
phase wi I I reflect the partition coeff icient of that component In the equi-
libriumm partition between sea water and the organic phase!, Samples of the
effluent of each of these separators were obtained and subjected to the
"feeding response" bioassay. A sample of Navy Specaal Fuel 011 was also ob-
tained and an extract prepared of the water-soluble components by dialyzing
5 ml of the oil against 2000 ml of sea water.

RESIILTS

The exposure of the crabs to the water-soluble extracts of the two
crude oil s completely inhibited both the "feeding response" to the taurine
stimulus and the "mating stance" response of the males when exposed to the
sex pheromone. It was found that this inhibition was persistent. Ten of the
crabs that exhibited inhibition of the "feeding response" fo'Ilowing exposure
to the "pol luted" water were tested daily for recovery. The recovery per'iod
varied from three to six days, eight recovering In four or five days. The
sea water extracts of the crude oil s were diluted 10: l and 100: I. Each of
these diluted extracts was effective in inhibiting chemoreception in the
crabs fol lowing a 24 hr exposure. If it is assumed that lk of the crude oil
f ilms was extracted into the sea water, we can conclude that the threshold
concentration of total water solubles that is effective in inhibiting chemo-
reception in P. craeaipaa is below 10

As in all behav ioral bioassays, in the "feeding response" bioassay of
chemoreception fo1lcwing inhibition by petroleum extracts there are partial
responses that are diff icul t to score. A ful l response is expressed by a
rapid and persistent lateral movement of the mouthparts following a pulse
stimulus; however, often during the recovery of the crabs responses were ob-
served ranging from one or two movements of the mouthparts, sometimes involv-
ing only one side, to rapid movement persisting for a few seconds. In an at.
tempt to quantitate this, we scored any movement of the mouthpart persisting
for 'less than f ive seconds as a partia'I response with a value of one and as-
signed a value of three for a ful I response  Table l!. Unscored are the
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other changes in the behavior of the crabs. After exposure the crabs often
exhibited movements that might be described as restless or confused; occa-sionally the proper presentation of the stimulus was diff icul t due to this
excess fve movement. The dialysate of the Navy Special Fuel Oil exhibited
strong inhibitory properties. Two of the crabs exposed to this extract didnot recover their chemosensory capacity until the eleventh day after exposure.

TABLE 1

Effect of Water-Soluble Extracts of Oil
on Feeding Response of Crabs to Taurine

Oil

Extrac t
Oa

A 6b 2 'f 7 I I I I 15 13 8 19 i! 22 22 43�!
B 15 6 I 9 6 ] 3 17 19 4 i  I! 33 l ! 45�! 58 I !
C i 2 21 I! 21 22�! 41 31 43 l ! 52

A, dialysate of Navy Special Fuef Oil; B, ail/water separator ef-fluent; C, 1000: I dilution of B.
b

Cumulative response of mouth parts of four crabs to five stimulationswith 20 ul of 3 mM taurine; 3--full response, l--part fal, 0--negative. Num-bers in parentheses are number of crabs judged to have recovered. fn "A", onecrab escaped the second day; in "C", one crab molted after the fifth day.

The attempt to bioassay the effluent of the oil/water separator beingdeveloped on the west coast indicated that the water was toxic to the crabs.Investigation revealed a high bacterial count in this water �0 cei ls/ml!.
Inqu fry of the contractor indicated that they had repeatedly cycled a 25,000
gallon supply of sea water through "pol lution" and "separation" for several
months and that the sample of effluent provided had not come directly from
the coalescer but from a large storage reservoir for the effluent that had
contained varying amounts of effluent for most of this period. The bacteria
were not characterized, but the evidence suggests a massive enrichment cul-
ture. Observations also suggest that some of the metabol ic byproducts ofhydrocarbonoclastic bacterfa could have contributed to the toxicity of this
water. No attempt was made to characterize the bioiogica'fly active compoundsin this sample.
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The effluent af the oil/water separator being developed on the east
coast resembled the dialysate of the Navy Special Fuel Oil in its content ofsubstances capable of inhibiting the chemoreceptors of P. cmasipea. The
crabs exposed to this water were strongly inhibited and did not recover their
capacity until the eighth to eleventh day after exposure. Like the dialysate,
this water was diluted 1000:1 and was still effective in inhibiting the chemo-
receptors; however,.the crabs exposed to this concentration of "pollutant"



THE MICROBIAL DEGHADATTOA' OP 01L POLLUTAA'TS

recovered in one to six days and the "partial responses" were more frequent
dur ing the recovery per iod  Tab l e 1 ! .

What are the compounds in the water-soluble fraction that are re-
sponsibl e for this pers istent inhibit lon7 Aromat ic hydrocarbons are known
to have a 1 imi ted solubi i ity in sea water and we therefore examined the ef-
fects of a number of monoaromat ic and po1ynuclear aromatic compounds, We
found that al I of the monoaroma tie hydrocarbons were effective as inhibitors
of chemorecept ion in crabs but that the effect was transient, the crabs re-
covering in about 30 minutes to one hour. The polynuclear hydrocarbons, how-
ever, exhibited an effect that paralleled our observations with the "water-
soluble" component. Crabs exposed to solut ions of naphthalene and binaphthyl
were inhibi ted for 8 to 11 days, those exposed to anthracene were inhibited
for 13 days. The threshold for this effect was not sharp, but with naphtha-
lene and binaphthyl at 100, 10 and 1 Ug/I iter concentrations the duration of
the inhibit ion decreased and there was greater var iabi 1 ity between the re-
covery time for different crabs. At 1 Ng/liter of naphthalene the crabs
started to recover af ter 3 days.

D I SCUSS I ON

These observations suggest that the sublethal effects of the water-
soluble components of petroleum products may al ter species surv ival . The
basic elements of spec ies survival are reproduction and growth. It has been
shown that both of these elements, because of the major role of chemoreception
in the marine environment, are sensitive to minute concentrations of aromatic
hydrocarbon po I 1ut ion.
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SOME ACUTE EFFECTS OF LOW-BOILING PETROLEUM
FRACTIONS ON THE CELLULAR STRUCTURES GF FISH
GILLS UNDER FIELD CONDITIONS

W. G. BLANTOH and M. C. ROBINSON

Division of Science
Texas Wes I cyan Col 1 ege
For t Wor th, Texas 76105

Short chain hydrocarbons and arena compounds in crude oil have arelatively greater dispersabii ity and solubility in sea water than the longelchained fractions. Short chained fractions are often considered insignlf i-cant in environmental pollution as they are rapidly dissipated by volatli iza-tion and possibly by microbial degradation. Recently, Takahashl �! reportedthat oil fractions may interfere with the chemoreception in arthropods byrendering them unable to detect pheromones secreted by others of their
species. Personal investigations as wel'I as repeated references in the I ltera-ture indicate the gills of f ish to be excellent indices of the effects of ex"ternal irritants and toxins upon fish populations in the f'ield �!.

MATER IALS AIID METHODS

Representative specimens from seven species of fish were randomly se"lected from areas around the spill site off the Louisiana coast southeast ofEast Timbal ier Island  Fig. 1! and from Aransas Bay, Texas. Test specimens
and their area of collection are given in Table l.The f irst gill arch was removed from each specimen and f ixad in aformalin-based preservative. The gills were embedded in a soft paraffin andthin sections, 4-6p, were prepared with a rotary microtome. These sect'ionswet e stained with Delafield's heamatoxylin and eosin and a modified Azan-Mallory trichromic stain. Ail sections were observed under a compound microscope using normal and polarized 1 ight and signif icant areas were photographAi I comparisons were made using high-contrast prints and black and white pro
ject ions.

RESULTS

In the higher fishes, the gill pouch is located along either side oithe head and opens directly from the pharynx to the outside. Contained witit"e gill pouch are a series of gill arches, covered with a mucous membranethat is raised into numerous horizontal ridges cal'led filaments �!. As se
Department of Bio logy, Tarrant County Junior College, Fort Worth,

Texas.
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ln Figure 2a, the basic histological structure of the branchial filaments can-
sists of a low, single-layered epithel lum overlying a basal structure called
t' he lamel la. The blood vessels are lacunar or subslnusoidal in shape and are
supported by connective tissue cell s ca 1 led pil lar cei Is, Mucous secreting
cel ls are comren and scattered along the lamel lar structure �! . Numerous
acldophil ic secretory cells are also present and are presumed to be the site
of production of the carbonic anhydrase-I ike enzymes  I! . These acidophi I lccells are located on the side of the lamellar structure suppl ied by the af-
ferent capillaries. In addition, fish adapted to I ife in salt water possess
an "excretory vesicle" at the free surface of the epithel ia1 cel ls. When
damaged the branchial filament takes on a clean appearance due to the loss of
much of the epi thel ia1 t issue.

TABLE I

Test Specimens and Site of Collection

Coll ection Sitea~Sec ies

A ra nsas Ba y
SPNW-17
Aransas Bay
SINW-16

Aransas Bay
SPN-8

Are n sa s Bay
SPN-8
SPN-ll

Ancpc lopeef5x quadvoce lhzta

Micropoeozi umhlatue

Fh'opue croeeo tee

P,r ionotue ~bulue
Chloroecombrue ch"peerage
Chaelodipterue faber

See Fig, I for location of SPN sites.

The specimens examined in this study exhibited the anomal les expected,al though the different species varied somewhat in the degree of damage. Theflounder, Ancpclopeetta, showed a loss of epithel ial and mucous cells, as wel I
as a considerable reduction ln the number of acldophil ic eel 'is  Flg ~ 3! ~ Theflounder from the control site exhibited a ragged gll I f ilament with looselyarranged cell s between adjacent filaments  Fig. 4!, The clean appearance of
the f ilaments in Fig. 3 was caused by sloughing of the epithe'I ial tissue andthe rema ining portion of the filament appears to be swollen, causing the"blurred" effect.
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The specimens of Micropogozz showed changes comparable to those ob-served in the flounder, al though some mucous cel ls rema in and fewer acido-phil ic cel ls are mi ssing from the filaments of the specimen taken from thespi I I si te  F igs. 5 and 6! . This may be due to the relatively greater ten-dency of Micropogon to migrate away from areas of stress, while the bottom-dwei I ing f iounder would be more I ikel y to experience a higher degree of expo-
sure to external irritants. This hypothesis was checked by examining speci-
mens of the sole, Ftropue, another bottom-dwel ling fish and tm species offree-swinming f i sh, CIzloroecombrue and Chaetodipterue. As seen in Figs. 7 and8, the sole showed almost identical changes as those seen ln the flounder,
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while the specimen from the control area exhibited no damage, Chkr~a<~a
and Chaetodipt.cree  Figs. 9 and 10! were examined and found to be aimost com-

pletely y norma 1, F igur e 1. Trawl Sta t ion Loca t ion INap
DISCUSSIOH

Fish taken from the area of the oil sl ick showed gi 1 1 damage in theform of cell loss. The alterations of branchial filaments discussed herein
may produce certain p ysio od t ' hysiological malfunctions. The loss of suff icient aci-
dophiles would reduce the production of carbonic anhydrase-like enzyme. This
enzyme e iciency cou

~ ld lead to pH changes in the blood and ti ssue fluids  do 1 1 '! through a reducf ion in the I a'te of di ssoc Iation of ac 1 dos i s or a i ka los i s! «ug ff
carboni c ac id into C 2

bo ' d ' CO d hence malfunction of the blood-bu er system ~
Loss of mucous ce may

f 1 15 may resul t in the clogging of the f i 1 aments wi th
1 tat ion of the f i lament may Produce ep i thel i a 1 slough-

detritus. Resu]tant irr
ing as that seen in test specim ns ~
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Blood eel le in
capillariesfpi thai ilal cei le

idoph il I e
cells

Blood calls ln
lamellar veas

us gland
ce! IPl I I ar ce'I Is

2a. Typical teleost branchilal f I lament

i a I f i I areen t
me tissue

te loss of
pi thai ia I
ce I I s

Blood cell

Figure 2. Histolog ica l structure of Branchial F i lainents
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These data are not conclusive with regard to the impact of petroleumfractions on pelagic megafauna because of the migratory nature of' these ani-
inal s; however, the observed damage raises certain critical questions which
deserve further investigations under controlled laboratory conditions. La-
boratory studies using sublethai quantities of oil and histological tech-
niques should be incorporated into other studies on the fate and effects of
marine oil spil ls and chronic low-level oil pollution. Standard TLH tests
coupled with autopsies of terminal animals and histological procedures are
also indicated, Such studies would estabi ish direct cause-affect relat ion-
ships.
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«p

Figure 3. Normal Branchia1 F l lament from Ancyolopaetta, Note eel 1 s
between each f 1 lament  arrows!, mucous cells  H!, pl 1 lar
cells  P!, and acidophiles  A!.

Figure ~,. Branchlal F llament from A~yakpeeeh taken near SpNM-17.
Note loss of ePithe'1 ial cell s  sloughing! between the f 1 la-
ments, giving a rather "clean" appearance. Also,
swol 1 en f 1 laments  S! .
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Figure 5. Normal Filaments from Micmpopon. Structures seen are
identical to those in F ig. 2a. Ep i thel ia 1 cel 1 s  arrows!,
mucous cells  M!, pil lar cells  P!, and acidophiles  A!.

F igure 6. F i 'laments of Hi~ropogon f rom Sp i 11 S i te. Note washed-out
appearance due to sl ough ing  arrows! and swo 1 1 en
filaments  S!-
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'r g +X ~ I I

Figure 7, Normal Etvopua from Aransas Bay. Note many mucous cel ls  B!,
acidophl les  A!, epithel ium  E!,

from SpN-8 ~ Note swell ing  arrows!, fewer mucous
Figure 8. ~pua «m

eel l s  H! ~

2/1
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/
s~

F lgure 9. CALoraecombrue from SPN-8. Al 1 cel ls intact. Swo l len
filaments  S!, acidophi1 es  A!, pi 1 lar cel 1 s  P!, and
mucous cells  M! .

492tr

o~

Figure 10. Chaetodipterus from SPH-11. Al 1 cells intact. Ac ido-
philes  A!, mucous  M!, pi 1 1ar cel 1 s  P! .
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The damage to gills reported herein appears to have resu'Ited from
short term exposure to freshly spil led oil. The data, however, are subject
to the following 1 imitations:  I! the actual composition of the oil in ques-
tion is not known since its origin was not determined, however, its odor indi-
cated a short residence time; �! no data are available at this time concern-
ing such critical subjects as recovery from gill damage; and �! certain ques-
tions arise concerning the migration of the specimens examined, There ap-pears, however, to be an inverse relationship between the amount of gi ii dam-
age and the speed with which the f i sh in question usually swims, suggesting a
direct relationship between damage and time of exposure  escape time!.
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INHIBITION OF BACTERIAL CKEHORECEPTION
BY HYDROCARBONS

F. WALSH and R. MITCHELL

Division of Engineering and Applied Physics
La bora tory of Appl ied Mi crob iology
Harvard University
Cambridge, Massachusetts 02138

A wide variety of chemical and physical water pollutants is shown to
Inhibit microbial chemotaxls, Such chemotaxis inhibition may have direct ef-
fects on microbia'I predator-prey relationslps or on the rate of degradation
of organic substrates in the sea.

I NTRODUCT ION

Intraspecies chemical communication in animals is a well-known phe-
nomenon, Its importance in providing signals to determine sexual behavior,
territory def inition, prey location, and social structure has been demon-
strated by Wilson �! . Similarly, bacteria 1 intraspec ies and interspec lesresponses may be dependent upon chemical conInunlcation. Adler  I! observed
that Sachet'~hm coli is attracted to a broad spectrum of organic compounds,
most of which were metabol ized. Chet, Fogel, and Mitchel I �! observed that
motile bacterial predators on the fungus Pythian, or orr the marine diatom
Skale&nema, are attracted specifically to exudates of the prey. Such motile
bacteria thus exhibit an apparently beneflcla I chemically"based response to
suitable food sources; they are capable of moving in a non-random fashion due
to chemotax I s.

The rate of degradation of organic material, and thus the transfer of
bound energy, in most ecosystems i s catalyzed by bacteria. Thi s rate has
been assumed to be dependent only upon bacterial enzyme activity. However,
signif icant populations of bacteria must be maintained in the vicinity of 'the
organic source to maintain enzyme concentrations. Bacteria'I chemotaxis may
provide such a mechanism and may thus increase the rate of degradation of or-
ganic matter.

Bacterial predator-prey relationships may also be dependent on chemo-
tax'is, Mitcheil �! has shown that many marine bacteria are predacious on
other microbial forms such as phytoplankton, bacteria, and fungi. The popula-
tions of these predators and prey are both generally less than 10 /ml.
one assumes that a single coll ision is necessary for direct predator-prey in-
teraction, or that a minimum interaction sphere is necessary because of the
threshold concentration essential for enzyme activity, then such predato r-prey interaction can be viewed in terms of coll isions of single gas molecules-
The frequency of random collisions, assuming populations of 10 /ml, is too
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small to resul t in significant die-off in natural waters. Again, bacterial
chemotaxfs may act to make predator motion non-random and thereby increase
coll fsion frequency, This would explain observed rapid die-off rates of such
bacteria as 8'eoh~hia ooH in sea water.

In this report is described the effect of a broad spectrum of hydro-
carbons on bacterial chemotaxis, Those hydrocarbons which affect chemotaxfs
at concentrations found in the environment may be ecological�'Iy significant in
that they may al ter predator"prey interactions or the rate of biodegradation
of organic substrates without affecting gross bacterial physio'fogy.

METHODS

The motile marine bacteria used in this study were isolated on sea-
nutr len't agar  Dl fco! and were cul tured routinel y in seawater nutrient
 offco! ~ The main test organism was an isolate of a motile marine

Pesmdomonae sp.

Chemotactic response was evaluated using the method described by
Adler �! of bacteria capture in microcapillaries. The pollutants were formu"
lated as l0 M or 20,000 ppm solutions in seawater; these stock solutions
were diluted ln seawater to yield concentrations as low as Ip" M or 0.002
ppm. The test bacterium was added to each of the diiutions at a concentration
of approximately l0 cell s per ml. These suspensions were immediately placed
on a microscope slide. A 0.84 solution of nutrient broth  the attractant!
was placed in a 5 lfm capillary tube, sealed at one end with agar, and placed
In the bacterial suspension. A control capi'I lary containing only seawater
was also placed 'In the suspension. The capillaries were covered with a cove-
sl lp. Bacteria'I attraction was observed microscopical ly to the mouth of the
capillary containing nutrient broth. After ten minutes, the capiliares were
removed from the suspension. Quantftative estimates of the numbers of bac-
terfa attracted to the nutrient broth were obtained by plating the contents
of the capf1 lar les and comparing the number of bacteria captured. The con-
centration of hydrocarbon whfch signif icantly fowered the number of bacteria
captured in the capf1 fary containing seawater and no attractant was consid-
ered to be the threshold concentration for pol lutant toxicity, At concentra-
tions less than this threshold value, the population difference between the
control and the attractant capiflaries was considered to be an estimate of
the sub-lethal effect on chemotaxfs of that pollutant concentration.

RESULTS AND DISCUSSION

pne mar inc bacterium, studied in detai I, showed a wfde var fat ion In
chemotactfc response in the presence of the hydrocarbons. Table l shows the
effect expressed as an index of chemotax is inhibit ion. The C I so is def ined

cpncentrat ion of the hydrocarbon which reduced the chemotactf c response
by 50$ wf thou t af f ect ing gross bee ter ia 1 phys io logy. I t was poss i bi e to re-
verse the chemo tax I s i nh i b I t i ng ef f ects of these hydroca rbons by wa sh i ng the
ba cter f a i n f resh seawater . Th i s Impl I es that chemotax I s I nhi bi t lon I s the
resu I t of a r evers ibl e blocking of chemoreceptors.
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TABLE I

Chemotaxis inhibition Index for Some Carson Hydrocarbons
Using a Moti'Ie Marine isolate

Concentration for Clsy
 ppm!Po I lutant

a These concentrations result in 50K chemotaxis inhibition
without affecting the gross physiology of the bacterium.

The hydrocarbon concentration ranges which affect chemotaxis by 504
are at feast a factor of I 0 greater than would be expected in natural eco-
systems on a routine basis. Table 2 shows the effect of lower concentrations
of o-chlorobiphenyl on chemotaxis. The concentration of this water pollutant,
found by the Corps of Engineers in Massachusetts waters 'in 1972 �.004 ppm!,
decreases bacterial chemotaxis by approximately five percent.

TABLE 2

The Effect of 0-Chlorobiphenyl on Chemotaxis
of a Motile Marine Bacterium

Concentration, ppm Chemotaxis Inhibition, R

The effect of pollutants on chemotaxis has important short- and long-
term implications. In the vicinity of a pollutant release, the latter canseriously affect the microbiai consnunity by altering predator-prey relation-
ships or degradation rates without direct'Iy affecting the gross physiology oof
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2,4-0
a-Chloroblphenyl
Kuwa it crude o 1 I
Kerosene
Benzene
Squalene
Aniline
Phenol
Forma I in
Chloroform

0.
0.005
0. 02

0. 05
0.2

0,5

1.0

0.5
10
12
0.1
1.0

1000
120

115
15

0 5
17
23

33
50
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the bacterium. As the spill is dissipated and the pollutant is diluted, the
extent of inhibition of chemotaxis will be decreased, Mitchell, Fogel, and
Chet �! observed that if bacteria are washed clean of po llutants, the ir ori-
ginal chemotactic response level returns. Apparently, the chemoreceptors are
bl«"ed by the pollutant. By decreasing the pollutant concentration through
dilution, an increased number of chemoreceptors again become active. If, how-
ever. a significant concentration of the pollutant remains, chernotaxis inhibi-
tion becomes a Iong-term ecologica'I problem, A portion of the bacterial popu-
lation will become less efficient in locating food sources, adaptation phe-
nomena may occur, and new, less sensitive, species may develop. The microbial
c~unity> both in species diversities and population numbers, must change in
response to this new physio-chemical environmental constra int. The impact of
this change may be reflected either in the stabil i ty of the microbial conmuni ty
« that of the h'igher organisms as further stress is placed upon the ecosystem
by the pollutants,
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DEGRADATION OF CRUDE OIL BY YEASTS AND
ITS EFFECTS ON LESBISTES RETICULATUS

W. L. COOK, J. K. MASSEY, and D. G. AHEARN
Depa r tmen t of B io logy
Georg ia State Univers i ty
Atlanta, Georgia 30303

W i g h dens i t i es o f hyd roca r bo noc I a s t i c yea s ts have been i so I a ted f rom
oil-enriched fresh and marine waters �,5!. Certain strains, mainly from
sites affected by chronic oil pol iution, have demonstrated relatively high
rates of oil oxidation and emul sif ication and the abil ity to utilize various
hydrocarbons �,4!. These observations have suggested that yeasts may pos-
sibly be util ized to facil itate degradation of oil pol lutants. If high con-
centrations of microorganisms are dispersed as inocula "seed" into the envi-
ronment, careful attention should be given to the potential pathogenicity and
toxicity of their metabol ites for the natural biota. Two hydrocarbonoclastic
yeasts, Camfida 0zopt'caLia and Zmkmycopasa Lt'paly@ca  perfect stage of C.
Npolptfca! selected for the aforementioned hydrocarbon-util ization activi-
ties, have been examined in combination with crude oils for their effects on
the mortal i ty of the conInon guppy, Leabiates reticuLatus.

MATERIALS AND METHODS

In all instances, the yeasts were grown in 100 ml of a glucose-peptone-
yeast extract medium  GPY! for 72 hours. The cells were separated from the
medium by centrifugation and washed three times ln sterile aquarium water,
An inoculum of 4 x I 0 cells of each organism was added to test aquaria con"taining four liters of water and l~  v/v! of oil. Both high asphalt-low vola-
tile content Mississippi crude oil and low asphalt-high volatile Louisiana
crude oi I were tested. Five guppies, L. retioukatus, were added to eachaquarium and monitored daily for feeding activity and survival. The fis»«e
maintained on a commercial f ish food which was added to the surface of thewater at a break in the oil sl ick, Al I experiments were conducted in trIPI I
cate. Control aquaria conta ined crude oil and f ish, crude oil alone, yeasts
a lone, and f i sh alone.

~ter samples were removed from the tanks at one-day intervals fo r
first two weeks and periodically thereafter to determine the viable populationof yeasts. Samples were streaked on casein media for differentiation o
caseinolytic species, E. Lipolptiaa �! from C. ~pt,caNs,

To compare the dispersant properties of the yeasts, a~tively gro
cel is from GPY medium autoclaved cel ls, and lyophil ized cells in concen«a
tions ranging from 10 to 10 cells, were added to 16 x 125 Am tubes «ntaining 0.014  v/v! crude oil in tap water �0 ml total volume!. Aft«agitation, samples were removed from tubes showing optimal emulsification and the
average diameters of the dispersed oil droplets were determined ~
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RESULTS AND DISCUSS lON

dition of yeasts to the aquaria with oil caused partial but
lcat Ion of the oil. The degree of emulsification lncreaseci
ay "t periods with an obvious disruption of the surface

uction of ol'I adhesion to the sides of the aquaria. The surfac
t e high a>phal t Mississippi crude oil was less extensively affected

pha I t Lou I s lane cr ude, M I cro
is if led oi I droplets were surrounded by yeasts, with the I ighter col-

oplets eve" tua I l y being penetrated by yeasts, The aquaria were wel I
ted and the res<1 ting turbulence always kept a part of the oil droplets
uspens ion. Never theless, in st i 1 I tanks wi th o i I and yeasts, the surface

s st i 1 1 s Igni f Icantly disrupted and, in contrast to tanks without
y st, slgnif icant custer was lost through evaporation. In still tanks, the
yeasts occurred ma inly as hyphae growing in oily surface patches.

The numbers of yeasts isolated periodically from the aquaria are pre-
sented in Table I. The yeasts, after an initial reduction in colony forming
units  cfu!,ma inta ined a more or less stable population in the aquaria for
over 30 days. Higher populations of yeasts were found wi th the Louisiana
crude than with the Nississippi crude, in both instances, C. tt'opicabia was
the predominant organism. The guppies survived an average of I l days in
aquaria with Louis iana crude. With the addition of yeasts, the fi sh survived
an average of 12 days. In Mississippi crude, the fish survived an average of
25 days, whereas, wl th yeasts added, survival was reduced to an average of 13
days. In tanks wl thout oil or yeasts the guppies survived an average of 25
days, whereas with the addition of yeasts the fish survived an average of 28
days. In tests using these same two crude oils with the recommended amount
of a biodegradable chemical dispersant, the emulsification was not stable
after 96 hours and the oil droplets gradual ly coalesced. Moreover, 1004 f ish
mortality occurred in less than 2 days,

Bnuisification of the crude oils was accomplished by all yeast prepa-
rations  Table 2!, Cel Is of E'. lipolptica, particularly 1yophi I ized and ac-
tivelyy growing preparat tons, appeared to give the better emul sif ications wi th
Louisiana crude, whereas C. ~opica2ia gave best resul ts wi th Mississippi
crude. With both o i Is, however, the most stable emulsif ication with permanent
disruption of surface f ilm, was produced by C. tz'opiccrgia. Oil added to cell-
free GPY cul ture broth of' C. t'ropicciia reacted as if placed on a chemical oil
herder.

Water samples from tanks with yeast and crude oil were examined micro-
scopical'iy. In nearl y every f ieid examined, numerous amoebae, flagel lates,
c il iates, Daphnia and other micro" invertebrates were observed feeding on the
yeasts as wel I as Ingesting «al I oil globules. in aquaria with oi I, but
lacking yeasts, apprt>x line tel y «e microscopic f i eld in 50 conte ined inver te-
brates. The concentration « invertebrate predators in the natural environ-
ment in areas enriched with yeas'ts has been noted �!,

Our closed syste Iab ratory experiments suggest that metabolites or
by-products produced during yeast decomposition and emulsif ication of certain
high asphalt crudes may be ha~~ful to fish. in contrast, a readily emulslf led
and general 'iy less reca lcitr»t oil may have its toxicity reduced by the addi-
tion of yeasts. The extrapolation of these closed system studies to events
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in the open environment have not beeeen yet undertaken.

TABLE I

Growth of Yeasts on Crude Oll

Colony Form'ing Units  cfu!/L x IO
Mississippi Crude Oil

Mean
Range

114 9
1-44

�4!a

123 5
<1-21

�4!

Louisiana Crude Qil
Mean
Range

170 12
<1-51

�4!

8
<1-47

�4!

146

Yeasts, No Oil
Mean

Range
237

<1-19
�3!

2
<1-10

�3!

112

aNumber of samples

TABLE 2

Average Diameter of Crude Oil Droplets Emulsif Ied by Yeasts

Lou i s iana Crude
C. zropzcc ze K. zpo y~a

Cond it ion
of Cells Diamb

Au toe laved 101

, «orna ter af ter ag i ta t i on; sampl from P
material.

lobu1 es' g lobu i es 1 arger than I nm not cons ' dere
cSize ran of globuies; globules lavage than l ~ not onsider&.

28i

Lyophi1 ized 80
Active 83

Control  no yeast! 165

Rangec

20-580

15-405

I 5-450

50-925

Size in Micrometers

D i aiilb Rangec D i amb Ra ngec D i amb Rangec
82 20-385 63 1 0-395 55 15-230
58 10-250 44 10-2QQ 51 i0-530
51 10-180 54 I 0-515 94 lO-335

574 20-2870
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EFFECTS OF SOME COMMERCIAL OIL HERDERS, DISPERSANTS
AND BACTERIAL INOCULA ON BIODEGRADATION OF
OIL IN SEAWATER

R. M. ATLAS~ and R. BARTHA

Depar tment of B iochemi stry and Microbiology
Rutgers University
New Brunswick, New Jersey 08903

The effects on petroleum biodegradation of several oil herders, dis-
persants and commercial bacterial inocula were tested, The oil herders and
dispersants signif icantly increased the rate of mineral ization but not the ex-
tent of petroleum biodegradation. The benef icial effect is apparently due to
the increased surface of oil drop'lets and an absence of toxicity to oil de-
grading microorganisms at the reconmended concentrations. The two commercial
bacterial inocula tested fa i led to improve either the rate or the extent of
oil biodegradation when tested in natura'I seawater. In steri'le seawater,
these inocula showed inferior performance compared to the natural microflora
of seawater, and were judged to be ineffective for marine applications,

Data on the safety and effectiveness of available oil pollution con-
trol products are basic to their correct use. Whi'le numerous studies have
been conducted on the toxicity of such products to vertebrates and inverte-
brates �,6,7!, I ittle is known about their effects on the indigenous micro-
f lora of the sea. Since microbial degradat ion is the major natural process
for the ul timate destruction of polluting oil, it is essential that this pro-
cess not be interfered with. The recommended concentrations of tv+ oil
herders, six dispersants and two bacter ial inocula were tested for their ef-
fects on the biodegradation of Sweden crude oil in freshly collected seawater
samples.

MATERIALS AND METHODS

A seawater sample was col lected in early May off the east shore of
Sandy Hook, New Jersey. One hundred mi I I il iter al iquots of the seawater were
introduced into a gas train arrangement previously described �!. Oil disp«
sents or oil herders were added in quantities of 0.05 ml either alone, w>th
phosphate and nitrate, with crude oil, or with phosphate, nitrate and crude
oil . Sweden crude oil  gift of Sun Oil Company! was added in 1 ml  800 mg!
amounts. The composition of Sweden crude, a paraffinic petroleum,
described previously �!, Phosphate and nitrate were added from a concen-
trated solution to give f ina'I concentrations of 10 mM NO~ and 0 5 mM PO~.
These levels of N and P were previously found to be optimal for the degrada
tion of 800 mg of Sweden crude �!. The oil dispersants tested were Cor«it

Present address: Jet Propulsion Laboratory, Bldg. 77, 4SOO Oak G
Drive, Pasadena, California 91103.
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7664  Enjay Chem., New York, N.Y,!, Corexit 8666  Enjay Chem., New York, N.Y.!,
 gifts of Esso Research, Linden, N.J.!, Magnus  Magnus Chemical, Garwood ~
N.J.!, BP 1100  BP Horth America inc,, New York, H.Y.!, Marine Cleaner 8555
 Enjay Chemical, New York, N.Y.!, and Pyraxon  Guardian Chem. Corp., Long
Island City, N.Y.!  gifts of EPA, Edison Mater Qual ity Control Lab!. The oil
herders tested were: Shell oil herder g3  Shell Oil Company, Tulsa, Okla.!
and Smith herder  Merner G. Smith, Inc., Cleveland, Ohio!  gifts of EPA, Edi-
son Mater Qual ity Control Lab,, New Jersey!,

Two commercial petroleum-degrading bacterial inocula, Ekolo-Gest
 National Chen, Corp., Lakewood, N.J,! and OBC bacteria  Gerald Bauer Corp.,
Calif.! were also tested  gifts of EPA, Edison Mater Quality Control Lab.,
Hew Jersey!. Ekolo-Gest is also marketed under the name Petrobac, The viable
numbers of microorganisms in the inocuia were checked by plating serial dilu-
tlons on marine agar 2216 and on oil agar. The techniques for enumeration of
total and oil-degrad ing microorganisms have been described elsewhere �!.

The bacterial inocula were added to the seawater samples In quantities
of 8 mg, alone, with 800 mg of Sweden crude oil, or with 800 mg Sweden crude
o'll and additional nutrients. The additional nutrients were added either as
0.5 mM POT, and 10 mM NOs or as 72 mg of the nutrient source supplied with the
bacterial inocula. The bacterial inocula were also added in quantities of
8 mg to sterile artificial seawater medium with 800 mg Sweden crude oil,

All combinations were incubated at 28 C on a rotary shaker at 200 rpm.
The flasks were aerated with CO2-free air at a rate of 15 ml/min. The COs
produced from the minera I ization of the crude oil and/or the oil d i spersant,
o'll herder or commercial petroleum-degrading bacteria I inoculum was monitored
continuously �!. After 28 days of incubation the residual oil was extracted
with diethyl ether and the percent biodegradation was determined by gas-
Iiquid chromatography as previously described �!.

RESULTS

A'l l of the chemical dispersants and oil herders tested increased the
rate of oil mineralization when the seawater was amended with nitrate and
phosphate  Flg. I!. None of the oil herders or dispersants were able to re-
place the need for phosphorus and nitrogen supplementatlon and no COz produc-
tionn was detected when only the crude oil, dispersant or herder and seawater
were incubated without added nitrogen and phosphorus. No COz production was
detected from the dispersants or herders incubated with seawater without
added crude oil, even when supplemented with phosphate and nitrate.

The most extensive enhancenent of minera'I ization occurred with the
two oil herders and with BP l 100  Fig. I, G, H, I!. These three substances
resul ted not only in an increase In rate but also in the overal I CGz produc-
tion. The extent of biodegradation showed some variation but no signif icant
enhancement as a resul t of treatment with any of the dispersants or oil
herders  Table I!. In al I cases, about 704 of the Sweden crude oil was bio-
degraded within 28 days.

The commercial bacterial inocula tested were totally ineffective in
stimulating biodegradation, both in terms of the extent of degradation  Table
2! and the rate or extent of mineralization  Fig� . 2! . When the inocu'la were
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added to natural seawater, the rate of crude oil mineral ization was Identical
to the unlnoculated case  Fig, 2, A, B, C! . No mineral ization occurred when
the inoculum was added without a source of nitrogen and phosphorus, The nu-
trient source supplied with the Ekolo-Gest inoculum provided suff icient nitro-
gen and phosphorus to result in identical oil conversion as when 10 mM nitrate
and O.! mM phosphate were added. The viable numbers of microorganisms were
I x 10 /g Ekolo-Gest inoculum and 5 x 10 /g DBC inoculum. The viabie number
of oil degraders were 3.1 x 10" in the Ekolo-Gest inoculum and 87/g in the
DBC inocu'lum.

TABLE 2

Effect of Seeding with Some Commercial Oil-Degrading Inocula
on Crude-Oil Biodegradation

4 BiodegradationTr ea tment
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Figure 2. Effects of Seeding with Some Commercial Oil-Degrading
Inocula on Crude-Oil Mineral ization. A--Natural seawater
 control!; B--Natural seawater + DBC inoculum; C--Natural
seawater + Ekolo-Gest inoculum; D--artif icial seawater +
Ekolo-Gest; E--artif icial seawater + DBC inoculum,
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When added to artificial seawater as the sole source of microorganisms,
the DBC inoculum did not result in mineralization of the oil  Fig. 2 D! and
the Ekolo-Gest inoculum resulted in a rate of mineralization that was much
slower than that of natural seawater  Fig, 2 E!, The Ekolo-Gest and DBC in-ocula biodegraded 23 and 0 percent of the crude oil respectively within 28days  Table 2!, which was much lower than the amount biodegraded by the natu-
ra 1 microbial population of seawater during the same time period . Addition-a lly, it was revea led by gas-chromatographic analysis that, unlike the natural
microbial population of seawater, the microorganisms in the Ekolo-Gest inocu-
lum were unable to degrade any of the branched components of the oil.

DISCUSSION

Treatment of oil spillages with methods that are essentially cosmetic
should not interfere with the ultimate removal of the polluting oil from themarine ecosystem. For this reason, the effects of some suc.h measures on the
natural removal process of microbial degradation were tested. In addition,the effectiveness of some commercial products designed to stimulate this
natural removal process were evaluated,

The term "biodegradation" is used wi thin the context of this study to
denote the d isappearance of the original petroleum components. The term"mineralization" describes the complete degradation of the organic petroleumcomponents to inorganic substances. The mineralization of hydrocarbons re-sults in the formation of carbon dioxide and water. Although some geologistsview petroleum and petroleum hydrocarbons as "minerals," hydrocarbons are
properly classified as "organic" by chemical convention,

There are a great number of chemical formulations that have been de-veloped and marketed as oil dispersants  I!, Same of them have been found tobe tox ic to marine life or to increase the tox ic i ty of .spilt oil �, 6,7! .The dispersants tested in this study were of a variety of types includingwater-based, petroleum-solvent based, aromatic, and non-aromatic  I!. 1heconcentrations used were within the range of concentrations recommended by
the manufacturers for treatment of an oil spill,

No toxicity to the microbial population was detected for any of thedispersants tested. Rather, adding a dispersing agent resul ted in more rapidmineral ization of the oil. A similar enhancement of oil biodegradation bychemical dispersants has been reported by Robichaux and Myrick  8! who testedsix dispersants, BDOWH 2, BDOWE 8, BDOWE 7, BDOWB 1, BDOWH i0, and BDOWH X.
All six formulations were composed of anionic and nonionic. chemicalsganic solvents. Robichaux and Hyrick found that addition of these dispersantsincreased the rate of oxygen uptake by seawater that had been supplementedwith phosphate, amnonium nitrogen, and a mixed microbial culture. Thecreased rate of oil biodegradation in response to the addition of chemic»dispersants probably is the result of increased surface area, which makes the
oil more accessible.Recently, oil herders have received much publicity as a method «rdeal ing wi th sp i 1 t o i I, On ca Im waters, o i 1 herders spread on the surf a«pushing back the oil and thus facilitating physical collection of the oil .lf agi tated, however, oil herders may act as dispersants. The two oi 1
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tested resulted in a marked increase in the rate of oil mineral ization. This
effect may have been the result of dispersion of the oil, analogous to the
enhancement found with the dispersing agents.

Several conwnerclal microbial inocula have been marketed for combatting
oil spil ls. The microorganisms are sold in a freeze-dried state for "seeding"
the oil spil I and are suppl ied with a nutr ient source for f crt il izing and wi th
a dispersant for increasing the surface area. Unfortunately, none of the in-
ocula tested stimulated oil biodegradation, In fact, the DBC inoculum was
totally unable to degrade the crude oil used in this study, and the Ekolo-Gest
inocuium degraded the oil at a much slower rate than natural seawater. This
does not exclude the possibil ity of using microbial seeding as one measure for
deal ing with spil t oil . It does, however, point up the need to test products
to insure that they do the job for which they are sold,

Microbial seeding with effective petroleum-degrading microorganisms
wou'id be of most value when an oil spill occurs where the natural oil -degrading
microbial population is low. Such areas would probably include the mid-oceans
and the cold oceans of the world, In coastal waters, microbial seeding would
probably have to be done with active rather than with freeze-dried inocula so
as to minimize the lag period prior to the onset of oil biodegradation.
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BACTERIAL SEEDING TO ENHANCE
BIODEGRADATION OF OIL SLICKS

R. M I GET

University of Texas
Marine Science Institute
Port Aransas, Texas 78373

Evaluations have been made to determine the feasibil ity of adding se-
lected hydrocarbon-oxidizing bacteria and required nutrient sal ts to an oi'I
slick to enhance biodegradation of the polluting hydrocarbon. Fifty active
mixed cul tures were isolated. Cul ture characteristics including cell mor-
phology, temperature tolerance, and resistance to chemical dispersants were
determined. Biodegradation of adsorbed vs. non-adsorbed oil was compared,
and media for mass cul tivation of organisms was developed.

Siinulated f ield, or tank, exper iments showed the effectiveness of mi-
crobial seeding varied more with the type and quantity of crude oil used thanwith such factors as inoculum density or nutrient sa'It concentration, Initial24-hr oil losses were genera lly twice as large in bacterial seeded tanks rela-
tive to uninocu'lated controls. Biological Oxygen Demand and Total OrganicCarbon anal yses of tank water indicated little metabolic product pollution of
the water.

INTRODUCTION

Our environment has been exposed to naturally occurring hydrocarbons
such as submarine seeps, and plant and animal oils through much of geologictime. During this period natural processes such as microbial decompositionand photochemical oxidation have prevented a significant accumulation of
hydrocarbons in the ocean �9!-

About f if ty years ago, with the conversion from coal to oil as a
major source af power and manufacturing, increasing amounts of oof oil and oil

products have been released to the environment. Much of this is returned to
the sea where it evaporates, emulsifies, sinks, or is beached ashed shore all the

while being slowly decomposed by sunlight and microorganisms.
Blumer  I ! stated that tar on the sea surface now exceeds the amountof surface plant 1 ife, and estimated that oil influx to the oceans from ship-ping losses alone amounts to about ID grams/year. Other sources, i,e.,

sewage, manufacturing, and incomplete or 2-cycle combustion, may'o ma add consid-

erably to this value. More alarming is the fact that a single accident canaccount for most of this spillage. For example, the Santa Barbara mishap re-leased an estimated lO grams of crude oil into the sea, and the "Torry Can-
yon" lost 10 grams of oil. Qhen vast quantities of crude oil are so
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released, the detrimental effects on terrestrial or marine I ife are acute.
Stringent enforcement of government regulations deal ing with Indus

trial pollution and shipping procedures can reduce careless or negl igent oil
pollution; however, there still remains the problem of adequate cleanup
methods for accidental spII Is which, considering the volume of oil transported
over water  approximately 10' grams/year!, wi I I inev i tabl y occur.

Proposed methods for cleaning up accidental spills in the marine en-
vironment include physical removal, chemical dispersal, adsorption to sol ids,
ignition of the oil on the sea surface, and seeding the area with hydrocarbon-
oxidizing bacteria �3!. Each of these methods has obvious I imitations, de-
pending primarily on the spil I location, the condition of the sea, and the
type and quantity of oil spilled. An optimal procedure for cleaning up oil
spills quid involve actual physica I removal of oi I from the sea surface. An
array of cleaning equipment, from suction pumps to magnetic oil adsorbents,
have recently been introduced. The eff icacy of phys ice'I removal, however, is
largely dependent on the condition of the sea and the extent and th ickness of
the oil slick �6!. Burning the oil on the sea surface has met with limited
success due to the rapid transfer of heat to the water and the loss of vola-
tile components through evaporation and dilution �4! . The use of chemical
dispersants has been severely limited because of their toxic ity to marine
life �1,18,19,21!. The most universally accepted method of oil removal is
still adsorption onto straw and recovery �!, but this is time consuming,
costly, and often inefficient once the oil reaches the shoreline �2! .

Considerable research has been devoted to the study of m icrobial hy-
drocarbon metabolism �8,4,13,25,3,2!, but few if any investigations have been
carried out to determine the possibility of cleaning up oil spills by seeding
with hydrocarbon-degrading microorganisms and nutrients �3,1 6! .

In areas subjected to chronic oil pollution, such as Cook's Inlet,
Alaska, popu'lations of 10" hydrocarbon-oxidizing bacteria per liter  about
104 of the total microbial population! are estimated to be present the year
around �0!. However, in unpol luted areas, oil-degrading microbial popula-
tions are usual ly low; furthermore, it has been estimated that periods of one
to two weeks are necessary for bacteria to colonize the oil "water interface
and another two or three months for decomposition �6! . ZoBel 1 �9!
that out of several hundred 10 to 50 ml samples of seawater col lected beyond
the continenta'I shelf, fewer than 54 contained bacteria able ta oxidize
liquid hydrocarbons. However, he states that oil-oxidizers in the vicinitY
of coastal settlements or oil f ields ranged from <I to 10 cells per ml of
seawater or gram of mud. In addI t ion to the number of natural ly-occurr»g
oil-degrading microorganls 5, the rate of natural decomposl tlon ls affected
by water temperature, agitation, type of oil, and nutrient concentratio~ ~
Removal of oil from the sea surface by microorganisms can be accompl lsh«
primarily through one, or both, of the following mechanisms:  I! d«e«o"'
dation for carbon and energy to CQz and cel 1 material, or �! conversion of
oi I to surfactants such as fatty acids which emulsify more resistant crud~
o i I components �2! .

The purpose of this research has been to determine the feasibi I lty
of seeding an oil spl I I area with selected cultures of bacteria and nutrient
to accelerate natural degradation and emulsif ication of the pol luting o I I ~
In v few of this being a feasibil ity study of an appl ied research problem.
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rous experiments were carr'Ied out in order to assess th t ' 1 r ba-assess t e potential of bac-
seeding as an oil cleanup method. The paper has been divided into tm

sections in order to preserve continuity, and to show an orderiy sequence of
experimenta 1 work: �! The i solat ion and character ization of oi 1-degrading
microof gani sms, as we! 1 as laboratory exper iments using closed f iask systems,

�! the, development of seeding and sampl ing techniques for, and resul ts
of, experiments carried out in large outdoor ponds used to simulate environ-
mental condit ions.

Control led laboratory studies were used to determine the characteris-
tics and oil-degrading properties of isolated cul tures. Investigations were
designed with future f ield application in mind and included such studies as
 a! the effects of temperature, aeration, and agitation on rates of microbial
degradation of oil;  b! a determination of cond itions to bri ng about more
immediate oxidation of oil  i.e., lag time decrease!; and  c! development of'
optimal conditions for mass cu'I tivation of seed organisms. The potential
lethal effect of sunlight  and UV radiation! on microorganisms exposed at the
oil-water interface was investigated. In addition, the toxicity of commer-
cial dispersants was determined, and biodegradability of adsorbed vs. non-
adsorbed oil was compared.

The simulated f ield experiments were generally designed to verify lab
results. Techniques were developed to measure changes in the quantity and
composition of seeded and control crude oils. These included bacterial assay
procedures, chromatographic analyses, surface tension measurements, total or-
ganic carbon determinations, and oil weight differences. The low oil to sea-
water ratio used for all simulated field experiments permitted an evaluation
of possible metabolic product pollution, i.e., secondary pollution. The ob-
served and measured changes resulting from microbial degradation of five test
crude oils In these tank experiments were considered to constitute a rel table
basis from which to project the 1 imitations as well as the potential of bac-
terial seeding as an oil cleanup method under actual field conditions.

Since many similar studies have been presented by numerous investiga-
«rs within the past year �,17,27!, only data which will enhance this body« literature wil 1 be given here. Additional experimental data are reported
elsewhere  8,9,14,15! ~

METHODS

IaoLaHan of Culturea.� Bacterial cul tures which rapidly degraded«ude O'I ls were isolated from a variety of soils and water, continuously ex-posed to hydrocarbons for several years. Isolation methods, employing nu-
«lent salt-enriched seawater  ESW! overlain with a hydrocarbon substrate,
have been previously reported �4!.Al 1 flasks used in isolation and laboratory experiments were modif ied
"Ith indentations around their bases to increase phys'cical emulsification of

the oil when sam les were incubated on a rotating sha ehaker table. Laboratory

experiments were conducted in closed flasks containing 5P t inin 50 ml ESM and capped

Ith alum'Inurn foil unless otherwise noted.
~o~tory Kxpermenta,--Ultraviolet ra ia ' pd ' t ion was rov i ded by a 20-

t germicidal lamp instal lect 18 inches above e pobove ex sed samples in a sterile
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incubation box. Both UV radiation and sunlight intensity were measured with
a YSI model 51 radiometer.

Adsorbents tested were commercially available clays and chemicals, as
well as oats straw. In some experiments montmorillonite was f irst bo iled for
15 min in I N NHvCI, then rinsed with distilled water, dried, and ground to a
fine powder before being applied to an oil f i fm.

Simulated EieM  Tank! Rcper&te~te.� Various homemade and comnercial
oil booms were used In an attempt to contain bacteria-seeded oil f ilms in
offshore f ield experiments. Unfortunately none of the conta inment devices
proved sat isfactory. High winds and wave action invariabl y ei ther destroyedt' he booms or washed the oil out in the course of an experiment. Large ply-
wood epoxy-coated tanks �' x 4' x 2'! with provision for flow through circu-
lation of fresh seawater via submersible pumps were therefore used for field
tests. Experimental details concerning application of cells and nutrient
salts, sampling procedures, and ana I yt ica I techniques employed in these
studies using a var iety of crude oils have been reported e! sewhere  9, I 5!,

RESULTS

2eohxtion, 1Vaintenance, and Cbuacteriaation of Oi l-Degrading Micro-orqanietne.--0f the 50 mixed cultures initially isolated, two di stinct types
of hydrocarbon-degrading bacteria were observed. Certain of the mixed cul-
tures grew and remained at the oil-water interface, leaving a flaky residue
of oil which quickly floated to the surface after the flask was shaken. The
aqueous phase of these reaction flasks rema ined clear, Nore of ten, however,microbial oxidation resul ted in extens ive emut sif icat ion of the oil, which
only slowly came to the surface when left undisturbed. The aqueous phase
contained numerous cell s as evidenced by turbidity and microscopic examina-
tion. Sinre the majority of mixed cultures exhibited this second type ofgrowth ~ and because the resul ting oil emui s if icat ion was more extens ive,these cul tures were used for most laboratory and simulated field experiments.

Fifty mixed cu'I tures original ly isolated were preserved for labora-tory and f ield use by freeze"drying. Twenty of these stock cui tures were
reconstituted in ESW plus oil after five months to check viability and o il-degrad ing characteristics� . Fifteen of the twenty cultures grew as they had
prior to lyophilization, i .e., remaining at the oil� -water i nterface leaving
a flaky residue, or resulting in more extensive oil emulsif ication with
numerous cells in the aqueous phase. Of the remaining five cultures, three
degraded crude o lls differently  type one to type tm!, while two did not
survive or had lost their ability to degrade crude oil.

Repeated attempts to isolate pure cultures which consistently de"
graded crude oils were unsuccessfu'I. Often single isolates from a m ixed
population were unable to effectively degrade crude oil even when recombined.
Therefore, since mixed bacterial populations consistently degraded crude oils
tn a characteristic manner, and were easily maintained on ESW+agar slants,
they were used for both laboratory and field experiments. Data given hererefer specifically to the BHHO culture mentioned below, a mixture of aa 14-'15
morphotog ica l types probably comprising a number of different species.
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Crude Oile and Pure Hydrocarbon Oxidized hy a Single Mixed Cultuze.
One active mixed cul ture, BHMO  BH--Boston Harbor- isolated; MO--mineral oil-
grown!, was tested for its abi I ity to oxidize a variety of crude oils and pure
hydrocarbons. One-tenth ml of a 24-hr ESW plus oil culture, centrifuge-
havested and resuspended with sterile seawater to an O.D. of 1.0, was added to
ESW flasks containing I4 of the test substrate. Opticai density of the
samples, conta ining emulsif ied o il and cells, was determined after 3 days.
Results are presented in Table 1.

Al though chemical analysis  i.e., heptane, methanol, CCI q eluates! of
the compounds in each crude oil were not determined, the most rapid and ex-
tensive emul sif ication of oil was observed to occur in those crudes which had
a low viscosity and smelled strongly of gasol ine.

Sunlight amf Ultraviolet Radiation,--Sterile Louisiana crude oil was
added to three of four white enamel trays f il led with 0,45' membrane-f il tered
seawater. The fourth tray served as a control with no oil f i le. Each tray
was inoculated by applying a dense �.0 O.D,! cel 1 suspension of BHMO cells
to the surface. Samples were col l ected from the interface with disposable
syringes initially and after three hours exposure to bright sunl ight  8xlO
ergs/cm -sec!. Results are shown in Table 2.

The lower initial concentration of cells in the control tray without
oil was due to the dilution of bacteria throughout the water, whereas cells
applied to the oil films remained principally at the oil� -water i nterface.
Exposure for three hrs to bright sunlight apparently was not lethal to these
microorganisms.

The UV screening effect of oil f ilms was determined by exposing cel ls
at the oil-water interface to radiation from a 20-watt germicidal lamp. A
sterile loop was used to collect samples from the o il-water interface. Re-
sults are seen in Table 3.

Concentration of Celle at. the Oil-Pater Interface.� Sunl ight and UV
studies had indicated that seeded bacteria remained concentrated at the oil-
water interface. The following tests were designed to quantify these obser-
vations. In the f irst experiment, a 1,0 O.D. BHHO cell suspension was
sprayed onto the surfaces of three oil films  Venezuelan, Louisiana, and
Cal ifornia crudes!, each approximately IQp thick. The ce'I is were applied
using a chromatographic atomizer wi th the pressure adjusted so the oil fi lms
were not broken. Accurate direct microscopic counts of cells remaining at
the oil-water interface could not be determined as most of the cells adhered
to oi I droplets. However, it was estimated that at least IOO to 1000 times
more cells were concentrated at the interface than were in the seawater.
Gentle spraying consistently resul ted in higher concentrations of cells at
the oil-water interface than did vigorous spray intensities which broke the
oil f ilms.

In a similar experiment seawater was first inoculated with hydro-
rarbon-oxidizing bacteria, then the oil was added. The flasks were vigorously
agitated for one minute and samples from the interface and from the water
phase were examined microscopical ly, Again, the bacteria concentrated at the
interface were 100-fold over numbers in the water phase.
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TABLE

Oxidation of Crude Oils and Pure Hydrocarbons
by Mixed Culture BHMO

Crude Oil
Well location No.

c
Score

5 6
7 8

10

13
15
16
17
18
19
20
21

23
25
26
27
28
29
30

+
++0
t++

++

+
+

0

+ +

++

+ +
++

prlstane
butylamlne
toluene
dodecane
cyclohexane
hexadecane
cyc looc tane
2,2,4 tr imethyl pentane
decane

a
Flasks were incubated at 30 C and agitated at

160 rpm for 3 days.
b
Mell locations are 1 lsted in the appendix to

Table l.
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c
0 no measurable turbidity in the water but the

oil becomes flaky; - ~ O.D. less than 0.01;
+ O.D. 0.01 to 0.10; ++ ~ O.D. 0.10 to 0.80;
+++ ~ O.D. greater than 0,80,
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TABLE 2

Effect of Sunlight on Survival of BHNO Cells

Time
Sample 0 hr 3 hr

10

lO

10

104

10

t0

10

10

gl oi 1--exposed

P2 o i 1 --exposed

0'3 oil--not exposed
g4 no oil--exposed

a Cells were applied in a gentle spray which did
not break the surface oil f ilm. Film thickness was
calculated to be approximately lp in tray one, and
approximately 2p in trays two and three.

bValues refer to the numbers of viable hydrocarbon-
degrading cells at the oil-water interface as deter-
mined by dilution tube technique.

Inoculum aa a Nutrient Source.--The following experiment was designed
«determine whether appl ication of a large number of cells, without addi-tional nutrient sal ts, would facil itate rapid oxidation of crude oil. BHHO
cells grown ln ESM plus Kuwait crude oil were centrifuge-harvested, resus-pended in sterile seawater to an 0.0. of 8.10, and used as inoculum. Flaskswale prepared by adding different amounts of inoculum to sterile non-enrichedseawater to give a final vo'iume of 50 ml. Control flasks contained identical
volumes of heat-kil led cells. One-tenth ml sterile Kuwait, crude oil wasadded 'to each sample, and the flasks incubated at 25 C and 160 rpm. Resultsa«shown in Table 4. As noted, the degree of oil emul sif ication in unen-'ched seawater resulting from microbial util ization of cell nutrients, rela-tive to emulsification resulting from surfactants in the inoculum  control
»Ples!, was neither large nor predictable,
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Adeorbenta: Effects on Microbial Ozidatio~ of' Oit.--An exper imentwas designed to compare the fate of adsorbed vs. non-adsorbed oil in inocu-ated ES> beakers. Ammonium stearate, straw, montmor i l lonite, kaol in, andFullers Earth were tested. The clays were treated with Siliclad  TH for awater-soluble sil icon solution manufactured by Clay-Adams Co.!, dr ied, andground to a f ine powder before being appl ied, Enough mater ial was added to" selective beakers to adsorb the oil f ilm as comp'ietely as possible. Two ofhe adsorbents  kaol in and Ful lars Earth! were relatively inef fective in~aking up the oil. Therefore, quantitative data on the comparative rates of
ude o 1 1 oxidat ion could not be determined, since non-adsorbed o i 1 was

read i 1 y metabol ized.
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TABLE 3

The Effect of Ultraviolet Radiation
on Oil-Oxidizing Microorganismsa

I rrad ia t ion Time
0 min 1 min 5 min

SampleCrude Type

1--no oil f ilm
2 � lp oil f i lm
3"-2p oil f ilm
4--3p o i 1 f i lm

+ + + +Lou i s iana
crude

l--no oil f ilm
2--lg o i I f i 1m
3--2p oil f i 1m
4"-3p oil f i 1m

+ + +
+

Cal ifornia
 E-76! ~ru~~

I--no oil film
2--lp oil film
3--2p oil film
4--3p oil film

+ + +
+

Venezuelan
crude

+
+

a
One ml of a 0.5 O.D. BHMO cul ture was added to each 30 ml

sample of sterile seawater contained in 100 mm diameter petr i
plates. Oil was added, and the samples were gently swirled to
concentrate cells at the interface.

b
Survival was determined by inoculat ing the loop samples

Into ESW dilution tubes overlain with the respective sterile
crude oil . Resul ts were scored posi tive if oil emul sif ication
occurred after 3 days incubation at 22 C.
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Extensive oil emul sif ication was observed in inoculated control
samples containing no adsorbent, and in the beakers in which the oil had been
only poorly adsorbed  i.e., kaol in and Fullers Earth!. Material s which ««
most effect ive in adsorbing oi'I  anwnonium stearate, montmor il loni te,
straw! showed minimal bacterial degradation.

These three adsorbents were further tested for their effects» m'
crobial degradation of hydrocarbons. Crude oi I f ilms in pa irs of inocu»ted
ESW beakers were adsorbed with exactl y three t imes their weight of ammonium
stearate or montmor i I lonite, or f ive times their weight of straw. 0ne of
each pa ir was "poisoned" with HgC12. Inoculated controls conta ined only ES
and o i I. 411 beakers were incubated at 22 C and 160 rpm. Optical Oensl ty
�. D.! and Total Organic Carbon  T.O.C.! were determined for samples at. 24~
60 and 108 hours. Results are presented in Table 5 with bacter ial popuia
t ions shown in Table 6.



TABLE 4

The Effect of Cell Concentration on the Microbial Oxidation
oF Kuwait Crude Oil in Non-Enriched Seawater

Optical Density
48 hours

Change in O.D.
after 1 minbInoculum Volume

0. 04
0. 06
0.08

 dupl icate!
 co nt ro I !

0.02
O. 05
0. 00 control !
0.00
0.00
0.04 control!
0.00
0.00
0.00 control !

 con tro 1 ! 0.03

0.00
0,00 ml

0. 5 ml in 50 ml ESW

a Flasks were v igorously shaken and samples wi thdrawn
immediately.

bStabi I ity of the emulsions was indicated by the change
in optical density of vigorously agitated samples after
settling for one minute.

These resul ts showed that adsorbed oil was slowly degraded rela tive«oil floating on the surface. This was presumably due to the greatly de-
creased surface area of the adsorbed oil . While the O.D. values for stra~Indicated rates and extent of degradation comparable to control values, itwas not possible to separate microbial growth and emulsif ication of oil re-suitl~g from the util ization of dissolved organics leached from the strawFI om oxidation of the oil i tsel f. The T.O.C. data more accurately reflect:ddegradation of the oi i itsel f, as indicated by the much larger carbon valuesrelative to 0.0. in the inoculated controls as compared to the straw-adsorb bee:
sampl es. Since straw is suc'h a wide'Iy used oil spil 1 cleanup material, thefollowing exper iment was designed to quant i fy the microbial oxida t ion ofcrude oil adsorbed to straw. Straw was added to Pa irs of' beakers containinga«urately weighed amounts of o i I overl ying ster i le ESW. Ore of each Pa i;wa s po i so ned w i t h Hg C I z . One pa i r i n ea c h s e r i e s con ta i n ed on I y c e 1 1 s a;and served as inoculated control s. Beakers were incubated at 22 CAf ter three days the contents of each beaker  straw and water,'
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0.5 ml
0.5 m'I
0.5 ml

3.0 ml
3.0 ml
3.0 ml

5.0 ml
5.0 ml
5.0 ml

10. 0 ml
'10.0 ml
10. 0 ml
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0.50
0.63
0.45

0.71
0.83
0.63

1.62
1 .62
I . 77

2.82
2.36
3. 60

0.43

5.84
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extracted with benzene, the solvent evaporated, and the res idue weighed,
sul ts seen in Table 7 are presented as the percent difference between
lated and control  poisoned! samples of benzene extractable materia I .

TABLE 5

The Effects of Adsorbents on the Rate and Extent
of Oil Oxidation by BHMO

0 t ical Dens it  Total Or anic Carbon!c
AdsorbentOil

0 hrs 10 hrs2 hrs

Montmor i I lon I te
Ammonium stearate
Straw
Control

Bunker C
Bunker C
Bunker C
Bunker C

Cal ifornia
California
California
California

Montmoril lonite
Annnonium stearate
Straw
Contro'I

a
Beakers were inoculated with 0.1 ml of a 0.5 O.D. BHMO cul ture.

b
Montmor il'lonite was treated with Si I ic lad and dried.

c
Optical densi ty and total organic carbon  ppm carbon! values are

presented as the difference between inoculated and control  " poisoned" !
sampl es in each pa ir. Sampl es were wi thdrawn f rom the midd I e of each beaker
after settling for 10 min. Negative T.D.C. values represent samples in which
the control value exceeded the, inoculated value.

Under these closed flask conditions, the adsorbed Kuwait crude was
microbial ly degraded as was the non-adsorbed oil . However, the more v iscous
Bunker C fuel was only sl ightly oxidized when adsorbed to straw, relat ive to
the contro I.

S&mwLated FieM  Tcrnk! Ezpez menta. � The exper imenta 1 parameters «r
a typical tank experiment are given in Table 8 and resul ts presented in
Figure I. Data on F'Igure 1 are surface oil sampl es col l ected us ing the glass
s I ide technique  9! ~

Samp I es taken the f ir st day showed the character i s t i c ra p i d ra te o
o i I loss in the inoculated, nutrient-enriched tank, No. 5. Loss of o i I in
tank No. 2, conta ining lyophii ized cel ls only, wi thout nutr ients, was corn
parable to oi I loss in the control tank, No. 4. Only one of the t~ pumps
was operated in tank No. 1 during the f irst day. The difference in evapora
tive losses between tanks No. I and No. 4 ref 1 ects the Importance of
turbulence in promoting evaporation.
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0  -.i3!
0 �.51!

�.32!
0 �.04

0  -2. 65!
1.0 �.14!

17.5  -26.76!
0 �.17!

0.0 �. 28!
0 0 �-79!

25.5 �i .36!
5.0 �7.80!

0 �.60!
I.O � 5.14!

12.5  -2.31!
8.0 �2.7i!

2.5 �.64!
2.5 �.05!

27.0 �7.41!
3i.5 �5.06!

I.O  i 2,04!
5 0  l4.53!
9.0 �8.42!

24.0 �0.11!



TABLE 6

Ba c ter i a I numb er sa
AdsorbentOil

Bunker C
Bunker C
Bunker C

Bunker C

Nontmor i I loni te
Ammonium stearate

Straw
Control

Ca I i fornia
California
California
California

Hontmor il ion i te
AAmonium steara te

Straw
Contro I

Oil Adsorbent Percent loss of oil

Kuwa it
Kuwa i t
Kuwai t

Straw a
Treated straw
None  control!

Bunker C
Bunker C
Bunker C

Straw
Treated straw
None  control !

a Straw chopped up and leached in successive changes of
boil ing seawater, Al though much of the water soluble material
was removed, additional leaching took p'lace during the experi-
ment as evidenced by a yellow coloration of the water.

By the third day, oil in al I tanks had a parchment-1 ike texture and
ex«emely uneven distributions. Quantitative sampl ing was not possible.
Ho ev«. the asphalt ic residue in each tank was easily collected completely
by moving a glass sl lde through the f ilm  9!. The residual oil in each tank

thus collected and presented as third day samples in Figure I . The datahow a greater loss of oil in the inoculated, nutrient-enriched tanks  Nos.
"d 3! ~elative to the control  No. 4!, and the nutrient-def icient  No. 2}

tanks.
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0 i I -peg rad i ng Bac ter i a I Popu1 a t i ons Oevelop i ng
in ESW Beakers Containing Adsorbed Oil

10'
i04
10
'I 0"

10"
1 0'
IO
106

Populations were estimated using the HPN technique.

TABLE 7

Microbial Oxidation of Oil Adsorbed on Straw

42.2

5I 9
38.1

3 3
'! 3.0
27.9

104

10
IO
10'

104
104
10
10
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TABLE 8

Experimental Parameters for a Typical Tank Experiment  No. 6!
Using Venezuelan Crude Oila

TreatmentTank No. Appl ication

In i t ia I

1 day
1 day

Initial

initial

I day

Initial

1 day

a
Fresh seawater was added at the rate of 1 L/min which

replaced the volume of each tank twice a day. 'Arrmronlum-N
concentration was approximately 9 mg/1 initial ly, in all
tanks, and 5 mg/I after one day and 4 mg/I after three days
in tanks I, 3, and 4. Film thickness was calculated to be
approximately 50Ir in each tank.
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The residual oil
thin film on each tank.
tanks  Nos. I, 2, and 3!
iridescent film remained
days.

50 ml Venezuelan crude only
200 ml BHHO culture �0 cells/rnl!
200 ml 104 Ammonium sulfate

so iu t lon

50 ml Venezue'lan crude oil
2 gm lyophil ized BHHO cul ture re-

suspended in 200 ml seawater

50 ml Venezuelan crude oil
200 mi BHHO cul ture �0 cel ls/ml!
200 ml 104 Ararronlum sulfate

so 1ut ion
200 ml 104 Ammonium sulfate

solution

50 ml Venezuelan crude only
200 ml 104 Ammonium sulfate

solution
200 ml 104 Ammonium sulfate

solution

which could not be col lected with the si ides lef t a
It was observed that the oil f ilms in the seeded
were no longer visible after two days, whereas an
visible in the control tank  No. 4! for several
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220[ GLA SS SL! DES

18
NU200

22'

180-

160

140

Q 120

� 100

DAY 5

Glass Slide Sample Data for Unevaporated Venezuelan
Crude 011 Experiment No, 6  Table 8!. Vertical
I ines represent standard deviations for each sample
point. Surface temperatures are noted at each
sample point. NU refers to nutrient application.
The glass sl ide technique has been described else-
where  9!.

Figure i.

DISCUSSION

3O3

H ixed bacterial cultures more effectively degraded a variety of cruJeoils and pure hydrocarbons than did single isolates from these mixed popula-tions� . This observa tion is cons istent with the conclusions of severalauthors �0,4,3, 29! that the complexity of crude oi'Is requ ires a diversity ofmicroorganisms capable of attacking various oil components as wel I as meta-
bol ic products.I-yophi I ized mixed cul tures displayed a 4 to 5 day lag per iod be oreef r

«ively degrading oil, in contrast to a one-day lag for cells from ESW plusI»gar slants. Since laboratory experiments showed that cell concentrationan important factor in reducing lag time in ESW plus oil flasks �5!, thelow number of cells surviving lyophii ization �! might explain the increased"g time before active oil degradation occurred. These resul ts indicatedthat, al though bacteria highly active for hydrocarbons could be easilystockpiled" by ]yophll ization, a mol e active culture in terms of immediate
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oil degradation could be obtained in large quantities within 24 houl 5 by
cultivation In industria'I fermenters,

Oata from suni ight and UV radiation tests showed that oi I-degrading
cells at the air-water interface were not affected by intense sunl ight, and
were afforded protection from lethal UV radiation when trapped at the oi I-
water interface.

Laboratory experiments with oi'I-adsorbing materia Is demonstrated that
the rate of microbial degradation of crude oils is greatly decreased when of I
is adsorbed, relative to an oi'I film floating on the surface. This decrease
is presumably due to the decreased surface of oil exposed to bacterial action
as the adsorbed oil aggregates. These resu'Its contrast with reports of in-
creased bacterial activity on suspended particulate materials, which was at-
tributed to the concentration of dissolved organics on the particles, and the
stability of the microenvironment which afforded surface area for efficient
enzyme actfvity �0!.

In dealing with an oil spill, however, the concentration of available
carbon on surfaces is less important than in an unpolluted environment where
carbon may be low. The natural dispersion of oil due to wind and waves forms
oil droplets which themselves become sites for increased bacterial activity
without the oil being adsorbed on partic'les.

Simulated field experiments using tanks showed a general trend for
all crudes tested. An initial rapid loss of oil occurred in both seeded and
contro'I tanks due to evaporation of low molecular weight components in the
crude o if s. Addi t iona 1 oil loss dur ing the f irst day in the inoculated tanks
due to microbial oxidatfon resulted in a total oil loss for the first 24 hrs
approximately twice as large as control tank losses. Rates of oil loss in
Inoculated and control tanks after the f irst day were usual ly similar, indi-
cating that sampl lng techniques could no longer differentiate between oil
lost due to evaporat fon and that lost as a resul t of m<crobia I oxidation of
the residual weathered oil. These observations are similar to laboratory re-
sults from ESW flask experiments where a decrease in the rate of oil degrada-
t Ion co incided with depletion of biologically labile low molecular wei ght n
paraffins, C"12 to C-20  9!.

Seeded oil films lost their cohesiveness and "sticky" property within
the first day following application of cells and nutrient salts. These ob-
servations complemented earlier laboratory stud ies which showed that oil
emulsified via bacteria l activity in ESW flasks lost its "stickiness," or
abi 1 ity to coat beach sand �5! .

Laboratory experiments using ESW flasks resulted in extensive emulsi
f ication of the test crude even though sometimes as little as 254 of the
crude oil was converted to non-extractable  wi th benzene! products �5! ~
Tank experiments, however, indicated I ittle emulsification of degraded oil
either at the surface or in the water column. Biochemical oxygen demand
 BOD! data and Total Organic Carbon  T.O.C.! analyses of water samples showed
only slight increases in carbon in the water, suggesting that I ittle emui s'
f ication of the surface oil, or solution of water soluble metabolic product~
occUr red during the exper imenta I time periods.

The general conclusion drawn from the tank experiments, therefo«~
was that microbial seeding could measurably enhance crude oil degradation
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within a 24-48 hr timee period provided a sufficient nutrient salts conc
tion could be ma inta inined at the oil-water interface, However, the nutrient
salts concentrations required are 100 to 1000 times the values typically re-
ported for inshore waters.

Since laborlaboratory resul ts and tank experimental data indicated that
additio" of nutrient salts was required to effect observable microbial degra-
dation of an oil sl ick wi thin 24 to 48 hrs, a search was begun for a method of
supplying these salts at the oil-water interface. The possibility of peri-
odic appl ication of water-soluble sal ts was f irst considered. However, a
prel iminary exper iment carried out at the laboratory boat basin on a calm day
showed that a concentrated nutrient salt solution, gently sprayed onto the
water, was no longer detectable at the air-water interface after 15 min.

The next approach was to evaluate materials which cou'ld be used to
encapsulate water-soluble nutrient salts, and which would also remain at the
oil-water interface. Af ter screening several potential materials, ordinaryparaff in wax was examined as a potential encapsulating material. Paraffin
wax is relatively Inexpensive  $0.10 per pound!, has not been shown to betoxic, and adsorbs oil�. Thus the wax-salt composite ideally should both ad-
sorb the oil and provide a constant source of nutrient salts to increase the
rate of microbial degradation. Several wax-salt composites are presentlybeing tested for their nutrient release capabilities and oil adsorbing proper-
ties. Although laboratory experiments showed adsorbed oil to be more slowlydegraded relative to f inely dispersed oil drop'lets or a floating oil film,perhaps certain of the more biologicaliy refractory components in crude oils e.g., high molecular weight polynuc.lear aromatics! might be more rapidly de-graded if adsorbed onto a wax-salt composite than if dispersed in nutrient-poor water. Research is presently being carried out to determine the fate ofselected high molecular weight crude oil components when the oil is adsorbed
to wax-sal t compos ites in non-nutrient enriched seawater.

At the present time, microbia'I seeding of oil slicks might be realis-tically viewed: a! as a useful cleanup method to be used alone on relativelythin oil films covering large areas where physical removal is not possible orpractical, or b! to be used in conjunction with other cleanup operations suchas mechanical removal, chemical dispersion, adsorption, or burning � perhapsas a f inal treatment to cleaning up residual oil. Using microorganisms totreat onl y thin f i lms would a I so lessen requirements for additional ni trogen
and phosphorus.
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APPENDIX TO TABLE 1

Locations of Crude Oil Well s

LocationF ie'IdFormation

Ship Shoal Blk
32
274 A Platform

1 L2-127 Pi el stocene "B" Sand

Bul.  I! A 5 S S. 208

High Island

Sp i nd 1 etop

W. Hackber ry

E. Hast ings

W. Hackberry

West Flank

S.E. Flank

6 L2-175 Miocene

7 T2-568 Oligocene N-I  A-4!

8 L2-179 Oligocene Mang Howell

Hockley Dome

Big Piney

Bell Creek

Shangelo Crk.

Nancy

Rangley

Yegue

Ft. Union

12 M8-107 C re taceou s Muddy

13 M6-211 C retaceous Rod essa

Smac kover

M. Brush
Basin
0- Zone So. Sturg in

Lake
NewbergSpear f i sh

Woifcamp

Minnelusa

Wi idea t

Wildcat

Ranger Lake

Medora

NW Hope

Pennsyl-
vanian
Pennsyl-
vaniann
Missis-

sippian

20 N5-127

21 N8-59

22

Tyl er

Mad i son
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Container Sample
No. Des igna t ion Age

2 L2-132 P 1 e i stocene

3 L2-133 PI iocene

4 T2-76 P 1 iocene

5 T2-86 Miocene

9 L2-180 Eocene

10 T2-409 Eocene

1'1 W4-168 Paleocene

14 M6-214 Jurassic

15 C3-39 Jurassic

16 C2-30 Triassic

1 7 N8-78 Triassic

18 T2-554 Permian

19 W4-318 Perm ia n

Wilcox-Hinter Five Mi. Bayou

Terrebonne
Parish, La.
Houma Par.,
La.
Vermi I I ion

Par., La,
Ga ives ton
Co., Texas
Jefferson
Co,, Texas
Cameron
Par., La.

Brazor ia
Co., Texas
Came ron

Par., La.
Avoyelles
Par., La.
Harris Co.,
Texa s
Subiette

Co., Wyo.
Powder R iver
Co., Hont.
Smi th Co.,
Hiss,
Clarke Co.,
Hiss.
Rio Blanco
Ca,, Co lo.
A lber ta,
Canada
Bottineau
Co., N.D.
Ward Co.,
Texa s
Crook Co.,
Wyo.
Lea Co.,
N. Mex.
Bi 1 1 ings
Co., N.D.
Bottineau
Co,, N.D.
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FieldForma t ion Location

Warsaw

28 N5-218 Ordovician E I 1 enbur ger Fowl er
moore

Wi I dca t
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Conta incr Sampi e Age
No. Des i g na t i on

Ki-29 H i ssi s-
s i pp ian

24 N5- 138 Devonian

25 C2-145 Devoni an Keg R iver

26 T2" 603 S i lur i an Fusselman

27 C2-148 Si lur ian Guelph

29 02-147 Ordovician Simpson
�nd Wilcox!

30 K2-58 Cambr ian Rome Sand

W. Fra 1 ick

Knowles

Utikuma Lake

Wi ldcat

C iay Creek

Kiowa Co.,
Kans.
Lea Co.,
N, Hex.
Alber ta,
Canada
Dawson Co.,
Texa s
I ambton,
Ont., Canada
Lea Co.,
N. Hex.
C 1 eve l a nd
Co,, Okla.
Boyd Co.,
Ky.



DISTRIBUTION OF HYDROCARBON OXIDI>[NG BACTERIA
IN SOME PACIFIC OCEAN HATER MASSES

E. A. AND ERE 5

Oepar tment of M i crab io log'y
Ca 1 i forni a State Uni vers i ty
San 0 i ego, Cal i fornia 92I15

One hundred seventy-three water samples from twenty-seven hydrographic
stations in the California current, the Eastern Gyre of the Pacif ic Ocean and
Hawaiian waters yielded forty-one cultures of hydrocarbon-util izing bacteria.

Oil pollution of oceans and coastl ines is a continuous and increas-
ingly urgent environmental problem. The terminal degradation of petroleum
must be accompl ished by microbial action, thus, the amount of oil degradation
may be assumed to be proportional to the numbers of microorganisms present.

During the 197l summer cruise of the Stanford University R/V ~Ceua,
from Monterey, Cal ifornia, to the waters surrounding the Hawaiian islands, a
survey was undertaken to study the relative concentration of hydrocarbon-
utilizing microorganisms in this oceanic sector.

A total of 173 water samples were collected in Ni skin bacteriological
samplers and Nansen bottles at 27 hydrographic stations at 10 sites equidis-tant between Monterey and the Hawaiian islands and at areas adjacent to theislands of Hawaii, Maui and Oahu, Specimens were taken at varying depths fromsurface to 1000 meters; however, since this survey was coordinated with otherscientif ic studies the samples obtained at different hydrographic stations
were not always from uniform depths.All samples were immediately taken from the collection devices andtransferred into autoclaved glass stoppered bottles. Portions of each samplewere f i 1 tered through 0.45 pm porosity membranes which were implanted on pep-'tone and hydrocarbon agar media. Incubation was at room temperature, i.e.,«om IB C at Monterey Bay, Cal ifornia, to 29 C in the Hawaiian Islands. Colo-nies of bacteria growing on peptone agar were enumerated at 24 hours of incu-bation and discarded. Hydrocarbon-grown cul tures were similarly examined at
24-hr intervals for 10 days.Hydrocarbon media for isolation and maintenance contained Per literof distilled water: NHrCl, 0.14; MgSOg, 0.5'4, CaC12, 0,0054; feCI3 0 ~ 005~'NaHPOgHz0, 0.036$; KgHPQp, 0.07$; NaC1, 3,0$; agar, 2,04; n-hexane, n-heptaneisoocane �-2-4 methyl pentane! were added as single carbon sources toth'Is mel ted, cooled medium just before use. Peptone-containingMedium 2216 of ZoBel 1 �!. All ingredients were autoclaved except the hydro-
carbons which were ster i I ized by passage through 0.45 micron mmicron membrane filters.
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Hydrocar bon-ut i 1 i z ing bac ter i a, when compar ed w i t h pep tone u t i I i zer s,
were sparsely but widely distributed in the waters surveyed, A t I i 73 water
samples had peptone-util izing bac ter ia but on> y 41 water sampl es conta ined
hydrocarbon-utilizing bacteria. It is known that yeasts and fungi exist
oceanic waters, and that they may be involved in hydrocarbon degradation,
none were obtained from any of the I73 water samples with the isolation tech-
niques used �!.

In the California Current east of l30 W longitude hydrocarbon-utiliz-
ing bacteria were absent from 14 samples taken at two hydrographic stations,
although one hydrocarbon-utilizer was obtained from the surface water of Mon-
terey Bay. Between 130 and 150 W longtiude in the Eastern Gyre of the Pacific
Ocean, IO of the 46 water samples at 6 hydrographic stations contained hydro-
carbon-oxidizing bacteria. The 113 samples from 17 stations close to the
Hawaiian islands yielded hydrocarbon-oxidizing bacteria in 30 samples. Hydro-
carbon-ut I iiz ing bacter ia were usually found at only one or two depths . How-
ever, at 3 stations, 2 near the Hawaiian Islands and 1 in the Eastern Gyre of
the Pacific Ocean, culturally identical hydrocarbon-util izing bacteria were
present throughout the upper water column. Al though samples were col lected
to depths of 1000 m at five stations, hydrocarbon-oxidizing bacteria were not
found below 250 m.

Rarely were there more than 5 colonies of hydrocarbon-oxidizing bac-
teriaa on the isolation f il ters even when peptone-util izing organisms from t,he
same water sample were present in such high concentration that color,ies were
too numerous to count. Al 1 hydrocarbon-util izing bacter ia grew luxur iantly
on peptone medium but produced only small, slow growing colonies on hydrocar-
bon agars. Of the 23 different hydrocarbon-utilizing cultures selected for
further examination, 15 were small gram negative rods, 7 were gram positive
rods and one was a gram positive coccus.

Growth occurred on the medium with the branched chain compound iso-
octane as a carbon source as readily as it occurred on the medium with the
stra ight cha ln compounds . Utilization of benzene, bi phenyl and naptha 1 ene as
single carbon sources demonstrated the ability of all 15 of the bacterial
hydrocarbon-utilizers tested to use the benzene ring and compounds composed
of the benzene ring as substrates.

A greater number of hydrocarbon-utilizing bacteria possibly may have
been obtained during this study by use of longer chain hydrocarbons as single
carbon sources since short chain hydrocarbons, such as the ones used here,
are toxic to some organisms �!.

LITERATURE CITEO

I. Foster, J. W. 1962. Hydrocarbons as substrates for microorganisms'
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ABSTR4CT

LIPID BIOSYNTHESIS IN HYDROCARBON-UTILIZING ORGANISMS
C. RATL EDGE

Depar tment of 8iochemi stry
The University of Hull
Hu1 1, Yor kshir e, U, K.

n-Alkanes can be directly oxidized to fatty acids which are then in-
corporated into triglycerides and phosphol ipids within the growing cell.Elongation of chain-length only occurs with alkanes below C>s so that it isfeasible to consider "tailor-making" certain of the more expensive plant1 ipids such as those containing a high proportion of myristic acid  C~~! byuse of appropr iate microorganisms. 8esides a study into the factors influenc-ing lipid formation yeasts growing in continuous culture on n-aikanes, we arealso examining the metabolic state of such yeasts. The effect which alkanesand al kane products have on the regulation and control of intermediary metabo-1 ism is under current investigation. We have noted that inhibition of g'iucosetransport and metabol ism, as well as de novo fatty acid biosynthes is, occurs
in some organisms exposed to n-alkanes.

313



ABSTR4 C2'

OIL BIODEGRADATION INVESTIGATIONS AT THE UNIVERSITY
OF WESTERN ONTARIO

J. E. ZAJIC, A. WELLMAN, and B. VOLESKY
Faculty of Engineering Science
University of Western Ontario
London 72, Ontario CANADA

Studies on the biodegradation of oil at the University of Western On-
tario are being conducted in biochemical engineering. In addition, smal I
activities are located in the Departments of Bacteriology and Immunology, and
Plant. Science. Although we have conducted numerous studies on the paraff inic
hydrocarbons, efforts during the last two or three years have been concen"
trated on the following topics: Biodegradation of Bunker C Oil; The microbial
emul sif ication of Bunker C oil; Flocculatlon reactions produced by microorga-
nisms causing oil to sink; Chemical changes in Bunker C Oil which occur during
b i odeg rada t ion.

One emul sif ying agent produced by Corynehzcterium hydracid'boc'Eaatua
has been purified and found to be highly reactive, This emulsifying agent
has many important properties. It acts as a surfactant on detergent and will
even flocculate clays and certain other co'I loidal materials. More recently
we have Initiated projects on the movement of oi I on the surface of water but.
underneath an ice cover, In addition, we are studying the biodegradation of
asphaltenes and po'Iycycl ic hydrocarbons which are present in Bunker C or
Grade 6 fuel oil. Attention will be directed for some time toward the bio-
degradation of high molecular weight hydrocarbons both in pure and mixed form
Since we have also isolated some other emulsifying agents from hydrocarbons
which are synthesized by microbes, this latter area wi I I continue to be
emphas i zed,
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PROGRAM OF THE WORKSHOP

MORNING PRESENTATIONS

December 4
Welcome Address, Charles B. Vail

Dean, School of Arts and Sciences
Georgia State University

Impact of Oil on Marshland Microbial Ecosystems,
Donald G. Ahearn

December 5
M icrobes and Petroleum, A Reappraisal of Dynamic Interrelationships,

W. R. Finnerty

December 6
Status and Future Prospects for Contro'lied Biodegradation of Oil,

C. E. ZoBell

PANEL MEETINGS

Bacterial degradation of oi'I, the range and mechanisms of enzymatic
activity

P. H. Pritchard, Chairman

Fungal degradation of oil, the range and mechanisms of enzymatic
activity

J. J. Cooney, Chairman

Toxicity and pathogenicity of hydrocarbonoclastic microorganisms
C, W. Hendricks, Chairman

Environmental cons iderations in microbial degradation of o i I
J. D. Friede, Chairman
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LIST OF OIL BIODEGRADATION WORKERS

The follow'Ing 1 1st has been compi'led from replies received to a 'letter of in-
quiry request ing names of those oil biodegradation investigators not in at-
tendance at the Workshop. In all I ikel ihood, this I i st is incomplete and
subsequent addenda wii I be necessary. Names of researchers not listed below
should be forwarded to the Co-Edi tor  S. P. Meyers! for inc 1 us ion in a future
expanded I 1st.
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