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I. Summary

This project has dealt with the use of sequential continuous
culture systems to model the fate of diesel oil in Lake Ontario.
We have attempted to determine what hzppens to the oll after it
is Initially attacked by bacteria and dispersed into the water
column. .Our study has successfully generated information which
heretofose has not been obtainable in laboratory experiments.

We have shown that even under conditicns which #re more ldeal
than those in Lake Ontarlo (i.e. higher amounts of nitrogen and
phosphorous) the oil is .degraded very slowly. To date we have
never seen complete degradation in our systems, although it has
been substantially modified by the bacterial activities. =

We have discovered that the degradation of oil by bacteria
does not lead to its complete destruction but instead results in
a transforzation process in which the o0il hydrocarbons are con-
verted into various end products. The chemical nature of these
endproducts is as yet unknown but they appear to be more resistant
to degradation and possibly more toxic than the original oil.

We also pfeseﬁfﬁétidence indicating that oil droplets adhering
to surfaces will undergo a more rapid and complete degradation
than oil droplets which are freely suspended in the water column.
Consequently, we have generated a predictive model for the fate
of oll In freshwater ecosystems using this information and we are

presently testing this model in field experiments.



IT. Brief Synopsis

The primary goal of this project has been to determine the
fate of oil once it is dispersed into the aquatic environment.
Using the information and the culture techniques presented in
a previously reported project (Ventullo and Pritchard, 1975),
we have developed and tested a sequential continuous culture sys-
tem designed to resemble the natural dispersion of oil in a water
column and its subsequent attack by bacterla. These culture sys-
tems consist of three different sized continuous flow vessels
connected in series so that the degradation products of one wes-
sel serves as the nutrient_source'for’the succeeding vessel. 1In
this way the large deletion capacity of an aquatic body -f water
is simulated. ’

By cobserving the physical and chemical changes in a light
diesel o1l as it 1is attacked by bacteria, we have been able to
characterize to a certain degree, the fate of the oll relative
to bacterialltransformations. Several important generalizations
have been derived from this work:

a) As the oilpin_Qhe primary vessel was 1nitially attacked
by hydrocarbon degrading bacteria, small masses of bacterially
impregnated oil droplets flaked off the oil layer {(equivalent
to a stagnant oil slick) and passed through our sequential con-
finuous culture systems. As a result of its passage through the
sucsequent two vessels, the oil urndergoes an extensive degrada-

tion of the normal alkane fraction (the most predominant type of
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hydrocarbon in the diesel oll used in these experlments) and the
branched alkane/aromatic fraction. The degradation of this lat-
ter fraction has not been observed by other types of laberatory
experiments despite the fact that it s known to oceur in the
natural environment. Its observation in our experimental system
indlcates a functional similarity to the natural aquatlc sltuation.
However, in our experiments the complete degradation of all frac-
tions of the oll has not been observed.

b) Our results have shown that while degradation was occurring
bacterial activities resulted in the appearance of gas chromato-
graphable components which appeared to be synthetized or derived
from the breakdown products of the oll. Two types éf synthesis
have been observed: one involving the production of hig§§molecular
welght and high boiling alkanes which were not originall§ present
in the oll and a second, involving the production of cbmpounds
corresponding to high molecular weight aromatics and branched
alkanes, that are also not found in tre undegraded oil. These
synthetic processes may be responsible for the generation of
organlc materials which are more recalcltrant and perhaps more
toxic than the oil .itself. |

¢) Degradation of‘Bil In our sequential continuous culture
systems under elevated nitrogen and pkosphorous concentrations
did not accelerate the degradation prccess or significantly alter
its pattern. Howevar, it did stimulate the synthesis phenomena
resulting in more types and greater amounts of the degradation

end products.



d) The operation of our sequential continuous culutre sys-
tems under a constant input of unsterilized Lake water (L.e. the
constant addition of fresh bacterial populations) did not sig--
nificantly alter the degradation pattern, thus 1lndicating that
our system closely resembles the natural bacterial activities
occurring in a lake. Llkewise, an increase in surface area and/
or an increase in the volume of the vessels did not altér the
degradation pattern observed.

e) Our anaiys1s of o1l adhering to the glass tubing and
the walls of the culture vessels has shown that this type of
sequestering increases the rate of degradation and may therefore
play a2 major role in determining the fate of oil inhaquatic en-

vironments.




ITII. Introduction

Lake Ontario, like many other large bodies of water, is beset
with a burgeoning onslaught of organic pollutants. from a large
variety of sources. For example, petroleum hydrocarbons from mo-
torized vessels, spillages and bilge clischarges, pesticides from
agricultural run off of fruilt and vegetable farms, organic solvents
and chemical processing wastes from industrial operations in cities
like Buffalo, Hamilton, Toronto, Rochester, and sewage from a large
number of municlpalities all represent significant organic loadings.
Many of the pollutants would be classed as readily bilodegradable
while others would fall into the "reczlecitrant" category.meaning
very slow or non-exlistant hiodegradation.

The input of these organic materials, is of course regulated
by government agencies, local public cfficials and. state and fed-
eral legislation. As our experience with environmental pellution
will atest, however, the regulatory processes are difficult to
nalntain at 100% efficiency due to eccnomic considerations, time
constraints, . and a pavicity of the prorer information. As a result,
one ls faced with the realization that many of these pollutants will
still find thelr way into Lake Ontaric and other bodies of water.
Thus, these aquatic environments serve, intentionally or.uninten-
tionally, as an apparent bottomless repository. Lake Ontario, in
thls sense, can therszfore be considered as a natural resource in
that 1t 1s a sink which can accept and ultimately do away with or-
ganle pollutants up to a certailn limit without any obvious adverse
effects on the environment itself. The central question. of course,
is where does thils limit lie. 1In the case of DDT, which represents
a2 classic recalcitrant organic material, the limlt was very low
because of the concentration effect that occurred at the upper end
ol the food chain. Unfortunately, with this particular chlorinated
hydrocarbon, the amount that any aquatic environment could accept
was determined only after it had reached proportions which, in many
situations, irreversibly damaged the aquatic ecosystem. How many
more chemical compounds like DDT are we golng to belatedly realize
nave passed the thresnold acceptance level of the particular eco-
system involved? Probably quite a few sincs we in fact know rela-

tively little about their actual fate once they are lntroduced
into the environment.

Many factors, of course, will affect tais threshold acceptance
level but one of the more crucial factors will be the degradative
abllitles of bacteria. If the particular pollutants are rapidly
curned over or readily transformed into inrocuous products, the
acceptance limit is going to be much higher, simply because the
pollutant will not accumulate. If these trznsformations do occur,
then 1€ is essential to know the mechanisms involved and how they
are affected by envircnmental parameter. Such knowledge can then



be used to evaluate a particular aquatic environment for its re-~
source potential for each particular type of pollutant. The de-
gree to which the environment can cope with its pollutant load
will very critically determine the extent and magnitude of the
regulatory policles that have to be Implemented and legislated.

It is our contention that the prccesses of bacterial degra-
dation play a preeminant role in determining the fate of many
organie pollutants especially oil pollutlon. We feel very strongly
however, that there is a great lack of knowledge in regard to these
natural bacterial activities and it is in fact very short sited
not to consider their potential when naking declsions about the
regulation of the input of organic pollutants into an aquatic body
of water. One must examine the problem from both sides: 1f there
exists sound and efficlent degradation activities for a particular
pollutant, there i1s no reason not to take full advantage of this
potential. On the other hand if sufficient degradative actlvities
do not exist, considerable restraint must be exerclised.

We have concentrated our efforts over the past two years on
attempting to determine the degradative potentlal for oil and
petroleum hydrocarbons in Lake Ontario and we have been focusing
our efforts on generating encugh information so that we can make
some reasonable predictions about the fate of oil in aquatic eco-
systems. Because of the particular cultural technlgues which have
been used in the past to show that oll can be degraded by bacteria
isolated from Lake Ontario and other freshwater and marianeg environ-
ments, there 1s no assurance that this same type of degradation
will occur in the natural environment. We have therefore concen-
trated on developing a laboratory model of the oil degradation
process which may occur In Lake Ontario such that we might be able
to monitor the fate of oil and subsequently determine the environ-
mental factors which impinge on its fate. As the results presented
in this report will atest, we feel that sequential continuous cul-
ture systems provide just such a model and we feel that the informa-
tion we have generated can be reliably used to make many predictions
and generalizations about the fate of polluting o0il in Lake COntario.
At the very least we have raised questions about the oll degradation
process which have not been provoked by other laboratory or frield
Studies and which demand answers befor: sensible decilsions can be
made about the handling of oil pollutisn and oil pollution abatement
problems.



IV; Materlals and Methods

Most of the materials and methods used in this study have been
previously reported (Ventullo and Pritchard, Final Report to New
York State Assembly Scientiflc Staff, 1973).

The type of segquential continuous culture system used in this
study 1s shown in Figure 1. Three vessels were normally employed
using a volume ratioc of 1:3:9. As car. be seen the oil layer serves
as the carben and energy source for the first vessel. The reservoir-
contalined sterile distllled water and phosphate, ammonium nitrogen
and magnesium chloride salts as described previously. Its contents
weri always pumped into the first vessel at a dilution rate = 0.05
hr==. The carbon and energy source fcr the second and third vessels
consisted of the oil degradation products which were in the effluent
of the preceeding vessel. The second and third vessels were not

supplemented with lnorganic nutrients except for what entered from
the first vessel.

A typical sequential continuous culture experiment was com-
menced.by adding a 200 ml sample of fresh Lake Ontario water to
fhe first vessel and then incubating it as a batch culture for
15 hours with a Z2mm oll layer on the surface. When the flow rate
was started, the second and third vessels were empty and Were
eventually filled by the effluent from the first vessel. All of
the bacteria growing in the second and third vessels came from
the original 200 ml inoculum in the first vessel.

The sampling schedule used was tlre same as the one previously
described. For oil analysis, 200 mls of culture fluid was removed
from either the second or third vessel and replaced with 200 mls
of sterlle water.

In the sequential continuous culture systems which were con-
tinuously ilnoculated, a second reservcir was employed. This con-
sisted of unsupplemented unsterilized Lake Ontario water that was
continuously stirred and maintained at 10°C by a refrigerated water
bath. The lake water was pumped in at a dilution rate of 0.025 hr-—i.
The reservolr contalning the inorganie nutrients was also pEmped
in but at one half the normal dilution rate, i.e. 0.025 hr~i, The
concentration of the 1lnorganic nutrients was therefore doubled to
maintain similar conditions.

The analysis of oil adhered to ttre walls of the vessels and
the connecting tublng was carried out in the following manner. To
remceve material from the vessel walls, the contents of each vessel
was gently poured into sterile flasks and any material left on the
walls was scraped off with a rubber policeman. Sterile water was
used to wash the locsened material off the walls and the suspension
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was poured into a sterile tube. This suspension was thoroughly

mixed and then analyzed for bacteria and oil as previously des-
cribed. '

Materlal on the walls of the tubing was not scraped off but
was extracted for oil directly by passing benzene-pentane solvent
through the tubing. This was done by removing the tubing and re-
placing it with sterile tubing.

Y



V. Results and Discussion

A. The General Pattern of Degradation Sequential Continuous
Culture Systems

From the experiments described in our previous report (Ventullo
and Pritchard, Final Report to New.York State Assembly Scientific
Staff, 1973) it was clear that continuous culture techniques could
be used to follow oil degradation. Our results indicated that con-
Siderable .amounts of environmentally meaningful information could
be generated and subsequently employed as a basis for decision

making processes and as a basis for environmental impact policies
at all levels of government.

However, our results at that time really only represented the
primary stages of degradation and did not reflect on the subsequent
phases of degradation which wauld naturally occur throughout:the
water column.. In this primary stage we were undoubtedly seeing a
process very similar to the initial astack on an oil slick by
bacteria in which the oil is emulsified and dispersed and only
partially degraded. What happens to ~his partially degraded oil
once 1t is dispersed is entirely unknown. In fact, of those oil
degradation studies which have been reported in the literature
(z,3,5,6,7.8,9), very few have reported detecting s:bstantlal
degradation after the primary attack and most reports . have falled
to demonstrate the coaplete degradation of oil under either lab~ .
oratory or field conditions ( 2,6 ).

With continuous culture technlques, we have the unique cap-
ability of monitoring the secondary and tertiary phases of degra-
dation which normally would be difficult to observe in a natural
situation. This can be accomplished “hru the use of sequential
continuous culture systems in which the effluent of one vessel
(carrying partially dsgraded oll and other degradation products)
a¢cts as the substrate or nutrient source for a second larger
vessel connected serlas to the flrst. Thils model system as we
have developed it, accomodates a series of thres econtinuous culture
v2ssels with the volume of each vessel being three times that of
the vessel preceeding it. A schematl: diagram of this system is
shown in Figure 1.

Our sequential system has four important advantages regarding
2 study of the fate of o1l in an aguaiic environment. PFirst, it
closely approximates 2 natural situatlion which would be an open
syscem and which would possess a large dilution capacity. Our
seguential continuous culture system possess both of these proper-
sies. Second, during our current studies with breakdown of oil in
zontinucus culture, w2 have observed that much of the oil, in a
vartially degraded fcrm, flakes-off from the original oil layer
znd washes out In the effluent. If thls effluent is now fed 1nto
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a second continuous culture vessel, its continued secondary de-
gradation can be monitored and its ultimate fate more closely

observed. Simllarly, the sequence can be continued with a third
vessel. '

Third, the mechanism of degradation designated "co~metabolism"
can be readily detected and evaluated as to its contribution to the
ultimate fate of the oil. Conditions in the secondary and tertiary
Phases of degradation should be idsal for the "eo~-metabolism".

Fourth, the sequential contlnuous culture gystem 1s highly
amenable to studles involving the effect of environmental factors
on the degradation process. Factors such as pH, temperature,
organic matter, dilution rates, inocrganic particles, nutrient
concentrations, detergents, seeding, etc. can be readily tested
for thelr effects at all levels of degradation.

1. Physical Changes Occurring During Oil Degradation in
Sequential Continuous Culture Systems

As would be expected, the physical changes in the first
vessel were very similar to what we had previously observed.
Within 4-7 days after inoculation of the first vessel (see mat-
erials and methods) heavy bacterial growth (as indicated by
turbidity) occurred 1in the second and third vessels. Some of
thls turbidity was due to cells washing out from the first ves-

sel but this only accounted for about one half of the turbidity
Observed.

Accompanying this large increase in turbldity in the second
and third vessel was the appearance of a bright yellow coloration
of the culture fluids. It's relationship to the bacteria present
or to the degradation process underway is unknown, but it is an
extremely consistent event accompanying the initial events of most
of our degradation experiments. Aralysis of the bacteprial popu-
lations did reveal yellow plgmented colonies, but these bacteria
did not elaborate the pigment intoc the medium nor do they represent
& significant percent of the mixed bacterial population. The yel-
low color, although present in the primary vessel, was not nearly
as Intense. -7

As incubation continued (6-10 days) the turbidity in the
second and third vessel decreased. Th2 decrease occurred in a
sequential manner with the third vessel being the last one to
lose its turbidity. At about this tim2 a bacterial film was well
formed under the oil layer and the bacteria had begun to impregnate
the oll. From this point on, the turbldity remained relatively low
in all vessels throughout the experiment. Bacterisal pgpulation
densitles remained relatively consiant ranging from 100-107 cells/
ml and did not differ appreciably from one vessel to the next.



The only time that tﬁrbidity increased was toward the latter

parts of the experiments when considerable flaking of bacterial-
oil masses off the oil layer occurred.

When there wasn't substantial flaking occuring in the first
vessel, the culture flulds in the second and third vessels re-
mained relatively free of particulate material and droplets of
0il. There was also no sign of floating bacterial-oll masses in
elther vessel which might have been expected due to washover from
the first vessel. Bacterially impregnated oil droplets did however
accumulate to a small degree on the walls of each vessel. This
material was darkish brown in color and of a flocey, sometimes
stringy consistency. It was readily sluffed off with a solid ob-
Ject or with shaking. Both the second and the third culture ves-—
Sel were vigorously aerated and stirred, yet this material ac-
cumulated on the side walls when the ~loccy material was seraped
off, it readily reappeared in several days. Microscoplec analysis
of the floc indicated large numbers o bacteria and oil droplets
amassed in an unknown amorphorous material.

2. Morphological Composition of Mixed Bacterlal Populations
in Sequential Continuous Culfure Systenms

Analysils of the bacterial populations in each of the three
Sequential vessels usling standard plate count techniques revealed
two characteristic patterns. First, as we have reported,for oil
degradation with just a single vessel, predominant colony types
appeared within the rather heterogeneous populations in each ves-
sel. These predominant types varied from 40-90% of thHe total
population at various times throughoul any experiment and in most
cases they did not persist for more than 2-3 weeks. Most of the
predominant types were eventually rep.aced by some other colony
type never to appear again.

A second pattern was the virtual absence of any differences
in population composition from one vessel to the next. It was
expected that as oil was degraded in the first vessel, various
types of degradation products would be out into the second vessel.
As a result, different types of bacterila would be enriched as a
function of the type of degradation product present and it would
therefore be expected tHat the bacterial populations would be
different in each vessel. This, however, was not the case; a
predominant species in one vessel was also predominant in the
other two vessels. Any differences that were seen were usually
the result of a changs over in predominant species which was
eventually identically reflected in all three vessels.

As with many of the plate count assays, there is a diverse
background of minor colenial types, which for practicality and
efficlency were generally overlooked in favor of the more pre-
dominant types. The members of these minor populations, if they
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could be feasibly analyzed,mayin fact reflect the expected en-.
richment brought on by the different degradation endproducts.

3. Chemical Changes in 0il as a Result of Degradation in the
Sequential Continuous Culture Systems

Our original contention for the use of sequential continuous
culture systems was that 1t offered a means of following the degra=-
dation of oil subsequent to the initial attack by bacteria. We
reasoned that once the oll was dispersed in the water column as
small partially degraded droplets, continued degradation would
occur-because of the renewal of nutrients to the adhering bacteria.
Our sequential continuous culture system models - thls process and-
thus by following chemical changes in the oll with gas chromatography,
the actual degradation steps could be pinpointed. :

Sequential systems were set up and sampled as desceribed in
the materials and methods section. Gas chromatographie analysis
of the samples from a typlcal sequential experiment are shown in
Figures 2-7. All sequential experiments were- designated by the
Symbol Q and the vessels are numbered accordingly. Samples from.
Q-1 represent material from the oil layer and not the culture fluld
below the oil layer. All other samples (Q-2, Q-3, Q-effluent)
are taken from the culture fluid..

As indicated below, we have attempted to express our resuylts
as a function of the incubation time primarily because this seems
to be the simplest method at present. However, many of the results
we have obtained do not fit into a nice continuous time perilod and
it therefore becomes difficult to relate this information around a
progression-type of theme. Much of this problem origilnates from
the nature of our system. As the c¢il undergoes the initial attack
in the first vessel, droplets of various sizes containing ©oil and
bacteria sluff off the olil layer and washout out into the second
and third vessels. The inconsistency of thils process 1s obvious
and thus 1t should not be expected that any type of uniform product
1s going to be supplied to the second and third vessels. The de-
gree of degradation which has occurred in a droplet of oll re-~
leased from the oil layer in the first vessel will also vary con-
siderably. If for 'éxample a quantlty of relatively undegraded oil
was washed over into the second and third vessels, it could in fact
obscure a sample of extensively degradad oil thus, of course, super-
ficially upsetting any abstract degradation pattern.

None the less, 1t is obvlous from an overview of data relating
fto bacterially induced chemical changes that a progression of degra-
dation can be detected whether it be from vessel to vessel or time
period to time perlod. Certainly as the oil layer is more and more
extensively attacked by the bacteria, the degraded oil becomes a
greater and greater proportion of the 1l layer, eventually appearing
in significantly larger concentrations than undegraded oil. This
would result, 1n part, in the progressive type of degradation that
wWe nave observed.



Thus, the chemical changes in oil. have been broken down into
general time equalivancy stages - early, middle and late - but it
should be stipulated that the aectual time period involved may be
quite variable and there may be significant degrees of overlap
between stages. However, i1t is the general pattern of degradation
and the events therein Which we mean to emphasize.

1. Early Stages of Degradation

This stage corresponds to a time perlod of approximately
100 to 600 hours of incubation. It would normally correspond.to
the events in the physical changes of the oll layer through the
formatlon of a thick film of bacterial. growth under the ofl and.
the initial impregnation of the oll layer with bacteria.

The major chemlcal change of thils stage was a significant
decrease (presumedly by bacterlal.degradation) in the major n-alkane
peaks. PFigure 2. 1s a composite of gas chromatographs from each
of the three vessels (Q-l, Q-2, Q-3) and the effluent from the
third vessel (Q-eff) which are representative of this early stage
of degradation (about 300 hrs incubation). The ratios of C-17
n-alkane to pristane and C-18 n-alkane to phytane typically de-
creased by 5-10% in Q-1 (actually the oil layer) and by 10-25%
in Q-2, Q-3 and Q-effluent. The C-20 to envelop ratio typically
decreased by 15-20% in the first vessel (Q-1) and 20-30% in the
other vessels. Also at this stage, the peaks corresponding to
C-11 and C-12 n-alkanes, which were detectable in undegraded oill,
were almost completely missing. This reflects the general trend
of relatively . early preferential degradation of the low molecular
welght alkanes. ‘

Also apparent during thls early state of degradation was the
alteration of the envelcpe proflle. This profile constitutes the
unresolved hump which 1s cutllned by drawing a continuous line at
the base of all the peaks which project out of the hump. This
hump or envelope as it will be called, encompasses most of the
branched alkanes, the cyclic alkanes and the aromatic hydrocarbons
found 1n the diesel oil. These envelcpe components are apparently
not resolvable because of thelr great variance in molecular struc-
ture and their relatlve concentratlon. In terms of the degradation
pattern observed within the envelope components it was important to
study the shape of the envelope profile. The actual size or height
of the envelope profile is not important because it 1s directly re-
lated to the sample size used for injection into the gas chromato-
graph.

At present, there 1s no way to quantitate the degradation of
fhe envelope components except to visually compare the shape of the
envelope profile with that from undegraded oll {indicated as dotted
line on the figures). This has been done for gas chromatographs
in Pigure 2 and 1t was clear that substantlal alteration of the
envelope profile shape had occcurred on the left hand side which
corresponds to the lower bolling alkanes and aromatics. This

14



Figure 2 .

'UNDEGRADED .

Gas Chromatographic Profiles of Diesel 01l Extracted From
the Culture Fluids of Sequential Continuous Culture Vessels
During Early Stages of Degracation (total incubation period
equals 30C hours).




change was particularly notlceable in the latter vessels of the
sequential continuous culture system during this early stage of
degradation. In figure 2, for example, it can be seen that in
Q-eff and to a lesser extent in Q-3, there was obvious deviation
in shape from the envelop profile of undegraded oll in the low
boiling range. Thils would presumedly correspond to a preferential

degradation of these components by the bacterial populations pre-
sent.

It should also be emphasized at this early stage of degradation
that there was some evidence for successlve degrees of degradation
as the oil cascaded down the chain of vessels. For example, samples
from Q-1 (i.e. the oll layer) showed relatively little degradation
(about a 7% change in the pristane and phytane ratios) and an in-
significant alteration of the envelop profile, whereas the effluent
samples (Q-eff) showed substantial degradation (about a 23% drop
in the pristane and phytane ratios) ewven in the envelop components.
In some analyses no signs of successive degrees of degradation
were apparent. (except relative to the oil layer) and in many cases
the Q-eff samples showed only minimal differences. '

The most surprising aspect of the sequential degradation pro-
cess was the sudden appearance of gas chromatographic peaks cor-
responding €o normal alkanes of carbon length C-26 to C-34 (see
Flgure 2 Q-eff). These peaks never detected in undegraded oll and
all appropriate control experiments have indilcated that they re-
sulted from bacteria activitiles occurring during the degradation
process. In the early stages of degradation these extra peaks
appeared only in the effluent and were most prominent in oil samples
taken from the walls of the effluent hottle: The make up of these
extra peaks was quite specific in that all eight peaks invariably
appeared as a group at about the same relative concentrations. Oc-
caslonally there was some variation in the last peaks; in some
samples the peak corresponding to a C--34 alkane would be missing,
especially in the early stages of degradation.

Our present interpretation is that these extra peaks have been
synthesized by bacteria involved in the degradatlion process. They
are most likely some type of metabolic end product, and although we
have no evidence for thelr exact chemical nature, we suspect that
they are in fact normal ‘alkanes.

Along with the apparent syntheslis of these eight extra peaks,
there was 2lso an enrichment of certain peaks originally present
In undegraded oil. This enrichment also involved synthesis of a
particular compound, probably as a metabolic end product, and it
again corresponded most closely with an n-alkane. In Figure 2
in the Q-effluent there was a decided enrichment in the peak cor-
responding to C-25 alkane. This enrichment phenomena generally
occurred hand in hand with the synthesis of the extra peaks but
there were examples where the C-25 peak was enriched independently
of the other peak appearances.
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Figure 3 shows another series of gas chromatographs which
are agaln representative of the early stages of degradation (about
700 hours of incubatlon) but they correspond to the latter part of
this stage. It should be noted that the degradation pattern is
about the same as that seen 1n Figure & but the extent of degra-
dation was conslderably greater. In Q-3 for example the pristane-
phytane ratios have changed by 20-25% relative to undegraded oil
and the C-20/envelop ratlo has changed by 40%. The peak correspond-
ing to a C-13 normal alkane was gone and the peaks for C-14-16 were.
all greatly reduced. The envelop profile was also substantially
modified particularly at the end corresponding to the low molecular
welght, low bolling fraction. _

There was no indication of any synthesls of the extra peaks
except in the effluent samples. However, the enrichment phenomena
was conslderably magnified. In Q-3 there was a tremendous increase
in the peak co-chromatographing with C-25 normal alkane. This ex-
tensive enrichment was observed numerous times and generally ap-
peared farther up the chaln of vessel as the incubation period in-
creased. Note, also that no other enrichments appeared, thus in-
dicating a very specific metabolic process taking place. In Q-eff
the extent of enrichment of the C-~-25 peak has been reduced but now
C-23 and C-24 have also been enpriched.

And lastly, another type of extra synthesls was also apparent.
In this case components making up the envelop profile app-car to have
been synthesized in the higher boiling range since the envelop pro-
file in Q-3 extended out beyond the envalop profile of undegraded
0il. This extension was very difficult to account for by any other
mechanism except the generation of metabolic endproducts which are
hydrocarbon in nature and of a higher molecular weight than the
original substrate. As wlll be seen this process was considerably
magnified In the latter stages of degradation.

During this early stage of degradation it was discovered that
peak enrichment and peak synthesls was not confiungdentirely to the
eifluent. The prevalance of these phensmena was further indicated
by examining the wall growth on each of the continuous culture ves-
sels. Thls wall growth material consisted of masses of oil drop-
lets and bacteria and it was sticky enough to remain adhered to the
walls and thus would not be analyzed during a normal sampling pro-
cedure. If, however, this material was gently scraped off the walls
with a wire loop and then sampled along with the culture fluid,

a considerably dlfferent gas chromatographic picture compared with
analyses without wall growth (see Figure 3) was obtained. This
is shown 1n Figure 4. It can be seen that the peak synthesis
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Gas Chromatographic Profiles of Diesel 0il Extracted
From the.Culture Flulds of Seguential Continuous Culturs
Vessa2ls During Early Stages of Dagradation (total in-
cusation period equals 700 hours). )
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Gas Chromatographic¢ Profiles of Diesel 0il Extracted
From the Culture Fluid and tke Wall Growth of Sequential
Continuous Culture Vessels During Early Stages of Degra-
dation (fotal incubation period equals 700 hours).
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azd enrichment occurs at all stages of the sequential continuous
culture system. In this particular experiment, the amount of en-—
richaent and synthesis was greatest in Q-2 but it was definitely
datectable 1n all the other vessels, Including the first vessel.

I¢ should be reemphasized that the chemical nature of these peaks

is still unknown but that by their behavior during gas chroma-— '
tegraphy, 1t would appear that they are high boiling normal alkanes,
Thus the phenomena of peak synthesis and enrichment cccurs at all
stages of the sequential continuous culture system and it can be
detected in oll adhered to the sides of the vessels before it it
seen 1in the.culture fleld. L

ii.i,ﬂiddlg;Stages of Degradation e il

This stage corresponds to the point in the physical changes:
where the o0ll was highly impregnated wilth bacteria and considerable
flaxing off of bacteria-oil masses was cccurring. The duration of
this phase was variable and its limits are more or less arbitary.
However, a number.of significant degradation events can be used to
generally characterize this stage. Typlcal gas chromatographic pro-
f1les during this stage (for incubation periods of 1200 and 1500

hours) are shown in Figures 5§ and 6. The important events were as
Ifollows: _

a. Most of the peaks which co-chrromatograph with n=alkanes of
C-12 to C-19 were either completely gone or extensively degraded to
thz point of being barely detectable. The branched alkanes, pris-
tane and phyfane, still stand out in most cases but they too were
extensively degraded.

o] Almost 75% of the components comprising the envelop profile
nave been degraded or have at least disappeared from the chromato-
grzphic profile. This removal was again confined primarily to the
lcw boiling fraction but has now progressed to a point where more and
norz of the high boiling components are being degraded.

¢. Peaks which co-caromatographed with n-alkanes of C-26
through C-34 were now present in all three vessels (Q-2, Q-3, and
Q-2I7) but again were not seen in the relatively undegraded oil
$%21i present 1n the oll layer (vessel G-1). There was also peak
enrlzhnment in all three vessels; components corresponding to C-22
thru C-25 were generally ilncreased relative to undegraded oil and
C-25 stood out as being the most massively increased.

A whole envelop profile has apparently been generated which

5 in the higher boiling range. This does not seem to be a

ng of the original snvelop profile but instead appears to be
neration of metabolic endproducts which are unresclvable as

cn the gas chromatograph and which are of a more complicated
12> structure than the substrates from which they were derived.

mical nature of the components n thls new envelop profile is

£nowni out one would possible surmise that they were aromatics and
crzmznsd alkanes.
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Gas Chromavcegrapnic Profliles of Dlesel Q11 Extracted
From the Culture Fluids of Sequentlial Continuous Culture

Vessels During Middle Stages of Degradation (total in-
cubatlion perliod equals 1200 hours).
w
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Gas Chromatograpnic Profiles of Diesel 0il Extracted
From ‘the Culture Flulds of Sequential Continuous Cul~
ture Vessels During Early Stages of Degradation (total
incubation period equals 1500 hours).




e. There was relatlvely little difference in the extent of
degradation {rom one vessel to the next. All of the gas chromato-
graphic profilie data indicate only minor differences in Q-2, Q-3
and Q-eff. pMany of the differences can be attributed to sample size
- While a few others appear to be legltimate occurrences of new peaks.

On. the whole, there actually was little difference in £as-liquid
Chromatographic profiles from time period to time period during this
nlddle phase of degradatlon. On the other hand, in some analyses
there was also gas chromatographic profiles which differed drastically
from typical results normally seen. An example 1s shown in Figure 6.
In this particular analysis it appeared that most of the synthesis of
new hydrocarbon components, both unresolved in the envelop and pro-

. Jecting out of the new envelop, was in the extreme: high boiling range.

This was not pronounced in Q-2 and Q-eff in Figure 7, and. it would
further indicate that even though many extra metabelic endproducts
are belng produced, these too eventually undergo degradation in our
.sequential systems. However, close examination does show that many
of the peaks projecting out of the envelop do not correspond to a
known hydrocarbon peak and thus they were possible synthesized by
bacterial activities or simply enriched because many of the other
components were belng removed.

114 . Late Stages of Degradation

This corresponds approximately to the point where the oil in
the first vessel has been significantly decreased in volumne. The
oll is now & brownish, slimy c¢lump of cells and oil floating on the
surlace. Gas chromatographic analysis of the oil in all vessels 1is
shown in Pigure 7.  For the first time, significant modification of
the oil in tha oil layer (Q-1) is apparent presumedly because the
amount of undasgraded oil was sufficient to dllute out any degraded
0il. This dezgraded oil reflected the same general degradation ob-
served previcusly, i.e. removal of n-alkanes and envelop components,
synthesis and enrichment of alkane-like peaks and a shifting of the
envelop profile into the high bolling range. The branched alkanes,
pristane and shytane are s3till quite prominant and have not under-
gona the extent of degradation seen in the next vessels in the chain.

The other vessels all showed a general decrease in the remaining
components. The peak -corresponding tc C-25 alkane, however, continues
to be produceid In large Quantities. In most cases hydrocarbons up
to C-20 1n carbon length are gone, even the pristane and phytane.

No furthzr degrees of degradatior were usually observed at this
point primarily because the o1l concertratlon becomes so low that
any remaining components are not detectable with gas chromatography.

iv. LD[isaussion

The use of sequential continuocus culture systems dcoes appear to
ce an imporitzni way to study the degradation of oil in aquatic eco-
3¥stems. Wz nzave shown in these results particular aspects of the
- 01l degradati:n process which have herstofor never been reported in



Figure "} .

Gas Chromatographic Profiles of Diesel 01l Extracted

From the Culture Fluids of Sa2quential Continuous Cul-
ture Vessels During Late Stages of Degradation (total
incubation period equals 1703 hours).
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the literature (1) and 1t is doubtful that they could have been
Seen by any other method except in a continuous culture system.
It would appear that this present system could be extremely use-
ful in determining the fate of any organic pollutant in aquatic

ecosystems especially in accessing the role of environmental
factors.

In most oil degradation studies to date, the degradation pat-
tern most often observed is a relatively rapid removal of the easily
degraded normal alkane fraction leaving behind a fraction of un-—
resolvable hydrocarbons conslsting of a large variety of branched
and cycllc.alkanes and aromatics hydrocarbons (2,3,¢,8,9 ).
These studies, which in most cases involved .bateh culture experi-
ments, seldom.show any attack on the fractions other than the n-
alkanes. . Qur-results on the other hand, show a considerably dif-
ferent - pattern of degradation. We have not only shown the typilcal
n-alkane attack but we have also shown a.concominant attack on the
branched alkanes and aromatic compounds starting with the lower
bolling components. This has led us to the general conclusion that
if the proper conditions are present, the branched alkanes and aro-
matics are not nearly as recalcltrant as once thought. In a
natural degradation process fthere 1S not as severe a preferential~
attack on the n-alkanes as so many labc¢ratory expériments had once
indicated. - '

The type of oll degradation pattern in our continuous culture
systems has proven to be very convenlent. In our first vessel the
oll layer wa2s attacked by numerous types of hydrocarbon degrading
bacterla. This lead to a process of emulsification and oil drop-
let formation which under natural conditions would have allowed
the 01l to b2 rapidly dispersed into the water column. This dis-
rersed oil =xlsts as small droplets covered with bacteria and pre-
sumedly as these droplets move throughout the water column, the
adhering tasteria would slowly degrade the oil from the outside
in as inorganic nutrient sources were replenished. This appears to
e the exact process we are observing in our continuous culture
Systems exc2pt that we are preventing & rapid mechanical dispersal
of the oil. Instead the small droplets of ¢ll with their adhering
tacteria were partially retained in the oil layer in the first ves-
sel in such 2 way that qnly small amounts of the oil droplets were
Glspersed. Tnis controlled degree of c¢ilspersal thus occurred con-
tinuously and as such the extended stages of oill degradation could
be observed. We thus have the capability of observing the fate of
enulslified, bacterially impregnated oil droplets as they are dis-
persed througzhout our sequential contiruous culture system, much
in the same nmanner as they would be in a natural aguatic environment.
It 1s also important that we again emphasize the importance of the
Initlal atzzchment and impregnation of the oil by bacteria in crder
to initiats 2ny type of speedy degradation. We strongly feel that
22 oil is zzchanically cor chemically dispersed before bacteria have
nad 2 chanz2 %o attack, the whole d=gradation process is greatly
slowed down. This is simply becausz the individual bacteria must
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first collide with the oil droplet and then must begin to grow and
divide in order to spread throughout the droplet and commence sig-
nificant degradation.

The type of oll degradation we have observed in our sequential
continuous culture systems 1s unique. Not only was the original
0il degraded but new types of gas chronmatographable materials were
generated.as a result of the bacterial activities taking place.
These materials, which represent extra peaks on the gas chromato-
graphs, were not present in undegraded oil and they did not appear
to be artifacts. Our basic conclusions at the present time 1s that
these extra materials are degradation products. of the oil itself
which may: be produced directly from the oil or produced and: ¥¥xic o
subsequently transformed by bacterial action into some other type
of produets... The chemical nature of these extra materials is to-—
tally unknown at present. However, because of their behavior in
a gas chromatograph, we seriously suspect that they are actually
hydrocarbons of a chemical structure not represented in the ori-
Zinal oil. For example, many of the extra peaks which appeared
on the chromatographs corresponded to n-alkanes with higher molecular
weights and therefore higher bolling points. If this is actually
trues, then the c¢ll degradation process resulted in the production
cf essentlally more recalcltrant materials. Since we alsoc see the
agpearance of extra materials corresponding to unresolvable branched
and cyclic alkanes and aromatlc hydrocarbons (i.e. the envelope prq-
file) 1t 1s entirely possible that more.toxle or even car=inogenic
compounds could be among the products. This insinuation can only
be substantiated with further chemical analysis.

As to why these extra materials are produced, 1t is not at all
It could represent a unique type of enzymatic attack which
zlted in more of a transformation than an actual degradation. .
223 type of mechanism 1s not commonly observed in most degradation
uzles (2,5, 6, 7, 3% ). The closest reported case of such a2 trans-
atlon is the formation of high molecular welght waxy esters from
srowth of a Micrococcus species on heptadecane as reported by
w2rt and Xallio (9 ). Whether we are observing ester formation
cur experiments is difficult to say. From simple physical ob-
ryatlons 1t would nov seem to be the case. It is possible however,
223 any esters formed could subsequently be reduced thus leading to
the formatlon of normai alkanes of conslderably fligher molecular
wz2ight than the original materials. '
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Another question which arises, 1s why hasn’t the production of
thess exbra materials ever been detected before in oil degradation
studles. The only explanation that we can give is the following.
In Zzboratory experimsnts, we feel that batch culture experiments
~22Z ©o such a severe sz2lectlon of a relatively small number of
mrirzcarbon oxidizing GSacteria of rather low metabolic diversity
Zn27 the synthesis of these extra materials never occurs because
Tnz »2quired bacteria zre invarlably selected against. Thus the
sxzerinental design is such that this transformation process is
mever allowad o occur.



B. The Effect of Increased Nitrogen and Fhosphorous Con-

centrations on 0il Degradatiorn in Sequential Continuous
Culture Systems _

The degradation of oil by bacteris that we have demonstrated
in the work sighted above 1is actually zn accelerated process rela-
tive to natural conditions. This 1s because the amount of nitro-
gen and phosphorous added to our systems is about 10-100 times.greater
than that. found naturally In Lake Ontario.. However, as partially .
degraded. oil passes thru our sequential continuous culture systen,
the bacterial activities may irefact w2 upwihe availabile sriftrogen -
and phosphorous and thereby slow down the degradation rate. To
test this possible source of limitatior., another sequential systen
(designated as QB) was set up in which the nitrogen and phosphorous

concentrations were doubled (200 mg/l rotassium phosphate, 50 mg/l
ammonium chloride). _ _

Visual changes during the degradation in the QB system were
generally about the same as those seen in the normal @ system. The
0il layer was attacked and impregnated by bacteria in the same
manner and any major changes in turbidity, ecolor, or flaking occurred.
at about the same time in each vessel. The bacterial populations
showed the same predominant species and about the same degree of
heterogenity. -

The only major visual difference between the QB system and the
normal Q system was observed during the latter stages of degradation
when it had become obviocus that the consistency of the bacteriaglly
impregnated oll layer differed. In the QB system the oil layer was
considerably more mucousy and slimy and not as particulate-looking
as the oili layer in the normal Q system. However, the oll layer
in the QB8 system was dark brown to grey in color whereas the Q 8ys-
tem oil layer was more milky-white in color. It should also be
noted that the QB system had slightly more wall growth than the
normal q system.

At present, it is difficult to account for these differsnces
in the physical appearances of these systems since analysis of other
parameters do not necessarily reflect these differences. For ex-
ample, the pattern of colony morphologles resulting from analysis
of fhe bacterial populations was strikingly similar. Since it is
known from other work that changes in the nitrogen and phosphorous
concentrations bring about changes in the composition of bacteria
populatiocns our results are difficult to interpret. It would ap-
pear therefore that the presence of the oll has more to do with
dictating the composition of the bacterial population than the
concentration of nitrogen and phosphorous. The differences in the
physical appearance of the oll layers may then just reflect the
stimulation of some bacterial activity which does not greatly effect
the overzll degradation process.



An examination of the gas chromatographic profiles of o0il ex-
tracted from the G3 system (Figure 8) again indicated relatively
little overall difference from the normal Q system. Degradation
of the alkanes and the envelop components proceeded to about the
same degree and the appearance of extra peaks and the extra envelop
profile also occurred at the same time and to about the same extent.

If anything, the QB system showed slightly more synthesis of
the extra n-alkane peaks and the extrz envelop components. This
can be seen in Figure 9 which represents the analysis of a sample
taken during the middle stages of degradation (1200-1500 hours,
50-60 days incubation). Most pronounced in this particular analysis
"~ 1s.the Increased size of the extra envelop profile which presumedly

had resulted from a greater synthnesis of extra unresolvable organic
substances. ' Also quite apparent in the QB system is the appearance
of two extra peaks In the low bolling range which are not nearly
as magnified in the normal Q system. These new peaks were again
presumedly produced as a result of the bacterial activities. They
are lnteresting in that thelr positior on the gas chromatograph
indicates a low molecular weight product which was not generated
by some synthesis process of linking two partially oxidized hydro-
caroons together. Instead it appears to be a breakdown product
or possibly a partially oxidized hydrccarbon which has a shorter
retention in our .column. They are certainly not peaks detectable
in undegraded oil.

-k

Tne absence of any significant differences in the degradation
patlerns of Q and Q3 (high nitrogen and pnosphorous) seemed to in-
@icate tnat niltrogen and/or phosphorous concentrations were not
vhe limiting factcrs in the sequential degradation process. Some
other partlcular eavironmental factor was presumedly needed in order
co g2t any further degree of degradation as the oil cascaded down
the seguential wvessels. It 1s possible for example that the bac-
terlal populations of the second and third vessels were not suf-
ficient ¢o promote any further degradation and thus the nitrogen
and phosphorous concentrations would impart little effect on trans-
formatlon process. There is also the further possibility, that
the increased inorzanic nutrient concentration enhanced the degra-
catlon of metaboliz .endproducts such &s fatty acids. These acids
are undoubtedly prsduced during the degradation and their further
metabollism would drain the avallable nitrogen and phosphorous.
3ince the detection of these products was not part of our routine
chemical analysis it is difficult to zccess their overall effects
on tne oil degradation. Experiments are presently underway to check
the effects of even higher nitrogen and phosphorous concentrations
and to chemically determine how muchk of these nutrients are actually
consumed by the bacteria.
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Figure 8 - Gas Chromatographlc Profiles of 0Qil Extracted From Culture
Flulds of Sequential Continuous Culture Systems Under Con-
ditions of 1 times (Q) and 2 times (QB) Concentrations of
Nitrogen and Phosphorous.
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Figure A ~ Gas Chromatographle Profiles c¢f 011 Extracted From Culture
Fluids of Sequential Continuous Culture Systems Under Con-
ditions of 1 times (Q) and 2 times (QB) Concentrations of

Nitrogen and Phosphorous.




In field experiments, where you might expect fo see the {ype

o degradation - we have -observed in continuous culture studies

t has not been detected because invesftigators have not looked in
the right place. In thess field experiments (2,6) the only way

in which the degradatlon of the oil can be monitored 1s to sample
the oll directly from its point of input and thils procedure does
not glve a true indication of the degradation progress. Insftead
.the surrounding water column needs to be extracted and analyzed .
"for the oll degradation products. The magnitude of this task how-
ever, makes 1t prohibitive and thus the synthesls of extra materials
during oil.degradation essentially goes on unnoticed.

L Another*aspect of these sequential continuous culture studies
is the absence of significant sequential degradation of the oll.
Much of the materlial leaving the first vessel remained relatively
urdegraded as it passed thru the other vessels In the chain. The
reason for this lack of a more complete degradation was not due-
to a deplstlon of nitrogen and phosphorsous sources since there were
armle amounts detected in the effluents of the third vessel. It
is quite possible, however, that the right bacterial population were
not present in the secord and third vessels. As we have mentioned
avove, the pattern of colony morphology was the same for all three
vassals and we would have suspected that different degradation pro-
ducts would have induced enrichments for different types of bacteria
(as detected by different colony morphologles). Thils enrichment
ocviously did not occur and it 1s not 2xactly known at th:? present
ti=e 25 to what prevented it. In experiments using a continuous
iroculum of unsterilized Lake Ontarlo water into the first wvessel,
the enrichments in the second and thiri vessels also did not occur.
Further experimentation is needed to datermine if this lack of
seguantial degrees of degradation is a natural phenomena or an
arcitacs of our contlnuous culture systems.,



C. The Effects of Adherence to Sirface on the 0il Degradation
Process in Sequential Continunus Culture Systems

As we have noted above, during maay phases of the degradation
‘process significant amounts of material accumulated on the walls
of the culture vessels. This material was usually light brown in
¢olor, rather gelatinous 1n consisteney and not very tightly held
.to the walls. In most other kinds of zontinuous culturs experiments
thils accumulation of material on the walls would be a troubFemome
'problem since 1t normally complicates interpretation of the results.
However,.in examining the wall material in our continuous culture
systems, 1t was discovered that consldarable amounts of small oil
droplets and bacterla were part of this materilal. This meant in
fact that bacterla may have been growling on the walls and utilizing
the 01l under conditions which were still open and ‘in’ fact: contin-
uously maintained. Thus it was declded to examine the chemlcal
nature of the oll that was part of this wall growth to see if any
different types of degradation had occurred.

We have already previocusly alludei to some differences in the
degradation process as a function of wall growth (see pages 16-17)
At that point it was polnted out that the synthesis of extra peaks
corresponding to n-alkanes of C-23 to Z-34 carbon number were
readlly detected 1n the olil adhered to the vessel walls before it
was detected 1n the oll extracted from the culture fluid. To
further verify this difference, wall material has been removed and
extracted from several different systens. In all samples analyzed
a decldedly dlfferent degradation pattzrn has been detected.

Figure 10 shows the gas chromatographic profiles of oll ex-
tracted from the culture fluid and from the material adhering to
the walls. As can be seen, there was a general increased degree
of degradation of oil taken from the wall material. In Q-1 (the
first vessel containing the oll layer) the o0ll from the vessel walls
showed considerably more degradation of the n-alkanes and envelop
components than oll taken directly from the oil layer. Some syn-
thesis of componentsin the boillng range above that for the C-25
normal alkane was alsoc present. The large peak appearing next to
the C-19 peak 1s unknown chemlcally buf appears to be a result of
the wall associated degradation.

The oll extracted from the material on the walls of the second
vessel (Q-2) again showed a substantially different degradation
pattern (Figure 10). Unfortnately the sample obtained from the
culture fluid was not sufficient to give the normal gas chromatographi
plcture but 1f one compares the helght of the pristane and phytane
peaks to the height of the envelop proflle it can be readily seen
that much more degradation had taken place on the walls of the growth
vessel. Tnez amount of envelop components synthesized was also con-



Figure 10 - Gas Chromatographic Profiles sf 0il Extracted From Vessel
Walls and Culture of the Same Sequential Continuous Cultupe
System.

—-—— = — —m— m e [ —— o —

CULTURE FLuio : NesseL WalLLs



sideratly zreater in the wall material. Peaks corresponding to
C-26, 27, 28 and 29 normal alkanes are also present in the wall
material sample and 9l in the culture fluild sample. Overall it
would appear that the whole degradation process has been speeded
up as a result of the oils'! attachment to the vessel walls. Ex-
amination of the analyses from Q-3 2lso> substantiates this general-
ization put not to quite as great an extent, 1.e., the degree of
degradation from each source was more similar.

Not only were. small droplets of oil found on the walls of
the vessels, but significant quantities were found associated
with the walls of the glass and silicone tubing which connected
each of the sequentlal continuous culture vessel. The physical o
appearance.of.this wall material in the tubing was much the same. )
as it was on the vessel walls. However chemical analysis of the =~ -.
oll extracted from the tubing has indicated the greatest degree
of degradation yet obtalned in our systems. This 1is shown in
Figure 11. Three results are immediata2ly obvious in examining

01l extracted from the tubing connecting the first and second
vessel.

First the envelope profile harboring the branched alkanes
and the aromatics, which are typically seen in undegraded oil,
were cozpietely degraded away leaving only traces of pristane
and phytane sticking above.

Second the synthesls of extra envelope= components app®ared
to reacc an extreme in that the quantity of material in this higher
boillng range was conslderably greater than that seen anywhere else.

And third, the peak co-chromatographing with the C-25 n-alkane
was enor=ous, agaln being conslderably more than that seen previously.

None of This degree of degradation was seen in samples extracted from
the cultare fluid.

For the samples taken from the tusing between vessels Q-2 and
€-3 a similar, but not as extensive, degradation has occurred. Very
noticeatls on thls chromatograph was the large number of peaks which

have aprzared after the C-25 peak whica do not correspond to another
type of nm-alkane. .-

In *he tubing betwéen Q-3 and the effluent bottle, no oil was
detectabile. This could mean either that there was not enough oil
to be extracted or that a virtually complete degradation had occcurred
It 1s probably the former case which is true.

This zore extensive type of degradation seen in both the con-
necting Tubing and the vessels walls i3 both interesting and en-
lightenZing. It initially indicates that the adherence of oil to
solld surfaces may greatly stimulate the degradation process and
that for some reason the bacteria find this situation much more
conduclve o gresater degradation efficiency. Since analysis of
bacteriz’ copulation on the culture vessel walls showed about the
same cc_>ny composition as the population in the culture fiuid,
the extrz 3ezree of degradation does not appear to be due to the
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Figure 11 - Gas Chromatograpnlic Profiles of 0il Extracted From Tubing

Walls and Culture of the Same Sequential Continuous Culture
Systemn.




selection of a special type of bacterial population. Rather, the
trapping of the ¢ll on the walls or in the tubing places it in a
position which makes it more susceptibl.e to microbial attack, a
situation which is apparently not present when oll 1is suspended
as small droplets in the water column.

The role of solld substrata in any microbial transformation
process has been debated for some years with many lnvestigators
believing that the attachment of organi.c materlial to particulate
matter greatly increases its rate of degradation. For oil, be-
cause of 1ts hydrophoblc nature, degradation generally takes place
on the outside of an oll droplet and works its way “inward.. How- - .
ever if’ the. oll droplet was to attach to particulate matter or to ... '
some inert surface 1t may allow 1t to flatten or spread out greatly
increasing the surface area and thereby increasing the degradation
rates. This would at least be one explanation for the results we
have seen In these experiments.

In a natural degradation situation an ilmportant question then
arises; would 1t not in fact be better to promote the adherence
of oll to particulate surfaces as a means of speeding degradation.
“Perhaps one of the best places to get maximum degradation would
be in the sediments or on beach sand where the availability of.
particulate surfaces is maximized. Certainly this will depend
on the avallability of nitrogen and phosphorous and oxygen. -The
amount of work which has actually gone into investigating-the
effects of surfaces on oll degradation is relatively sparse and
it is clear that more information should be obtained. For example,
it may be that once oll 1s dispersed as freely suspended droplets,
degradation only proceeds at a slow rate. On the other hand when
these droplets become Impregnated with particulate matter, such as
clay minerals or -silicone particles, degradation 1s greatly enhanced.
This would then mean that the controlled addition of particulates to
oll spills may infact represent a new apprecach to oil pollution abate-
ment programs. Unquestionably one must first obtain more information
about the role of surfaces in oll degradation and determine the type
of degradation which will occur in sedlments in beach sand and on
particulate matter suspended in the water column.

. -



D. The =Zffects of Continuous Inoculation on the 01l Degra-
dation Process in the Sequential Continuous Culture Systems

Because the results we have obtaired from our laboratory model
of Lake Ontario are unique and not extensively reported any where
else, it was. necessary to show that our laboratory model was as
‘much like a natural situation as possitle. In all of our experi-.
zents so far, the source of bacterial populations for the degra-
dation process studled has come from the original sample of Lake
Ontario water used to inoculate the experiment. In other words
the addition of one 200 ml sample of Lake water supplied all of
the bacteria which were needed.to carry out the type of degradation
observed over about a two month period. However, to-date we have
not been able to get the complete degrsdation of oil as it passes
through ourrsequential continuous cultire system and we have not
Seen a2 highly significant difference in degradation as the oil
Psuveeds from one vessel to the next. Thils could be due to the
fact that the right bacterilal populaticns were not present simply

because they were washed out of the grcwth vessels before they had
2 chance to grow.

Of course in a2 natural aquatic situation, this would not be
the case; continual relnoculation of the oll would always take
- place. Thus t0o simulate this reinoculation process, sequentlial
‘continucus culture experiments were set up in which fresh lake
water was continually added. The degradation process was:then
monitored in the same way.

To date, no significant difference in the sequential oil
degradation process was detected when a continuous inoculum was
used. Physiczl changes and changes in the chemical make up of
the oll occurrsd to about the same degree as observed previously
and within atout the same time span. Complete degradation of
the oil was nct cbserved as 1t passed through the sequential con-
tinuous culturs vessels and there was agaln no overwhelming difference
between the degree of degradation in one vessel relative to the one
preceeding 1t. Likewlse an analysis of the bacterial populations
showed no enrizhment of any colony type which was unique to any
vessel. -

Thus it would appear that the bacterial populations present
in our continusus culture vessels were sufficlent for at least
the degradaticn we have obtained so far. Some other factor must
then be limiving the degradation and we are currently doing experi-
zents to determine what this factor might be. Once it 1is elucidated
it could be a very important factor to be considered in obtaining
the complete Z2zvadation of oil in a natural aquatic environment.



E. 01l Degradation Field Experiments

Ever since our conception of this project in oil degradation,
we have expounded on the virtues of continuous culture technlques
over other experimental designs. We have consistently emphasized
the point that because our experiment system has many characteristics
in common with a natural aquatic environment, our results reflect
a degradation process which is, in fact, very similar to the one
observed naturally. Many studies which have tried to relate fileld
and laboratory results have been unsuccessful primarily because one
is forced.to look at only the initial- zttack of oll by bacteria and
not at the:subsequent stages of degradztion which occur once the
0oll 1s dispersed through the water column. In.the fleld, if you
study the-degradation of an.oil slick, once the slick is.gone the
remaining 0il.1s so greatly diluted thst it becomes virtually
impossible: to monitor its further degradation.

The results from our sequential ccntinuous culture systems have
indicated that this secondary degradation of oill as it is dispersed
through the water column represents some rather unique degradation
mechanisms. The central problem, however, is to verify that these
mechanisms do exist in nature. If this can be done, then it will
add tremendous credibility to our sequential continuous systems as
models for thils natural degradation prccess.

Toward this objective, a field study program has bqu developed.
Central to this program is the development of a plece of &pparatus
which will allow us to monitor both the degradation of an oil slick
and the degradatlon of oill which is dispers%% into _the %gti? coigmn.
The designed field apparatus i& _deplctec 1in Ilgure.l’ and plate 1.
Basically 1t consists of three concentric cylinders with perforations
in each to allow for the adequate flow of nutrients bacteria and
partially degraded oll from one cylinder to the other. This design
ls 1n fact an attempt to mimic the sequential continuous culture sys-
tems we have tested in the laboratory. The innermost plastic cylinder
is designed to maintain a water column under condltions of minimum
turbulence. It would thus be very analogous to the first vessel
(Q-1) in our sequential continuous culture systems. The two sur-
rounding cylinders are designed to slow down the dilution of dis-
persed oll so that it-can hopefully be chemically analyzed. The
amount of exchange between each cylinder is a function of the number
of perforations present. The outer two cylinders are thus desligned
to be analogous to Q-2 and Q-3 in our sequential continuocus culture
system and there is a three-fold difference in their volumes.

The entire apparatus 1is fitted with a floatation collar and
anchored to a cement slab. It is covered with a clear plastic
umbrella to keep splashing at a minimum.

To date we have completely built and tested the apparatus

and it very nicely maintains a quiescent oil layer inside the
inner cylinder, even in rough water. W2 are now in the process
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Figure 12. Schematic Diagram of Apparatus Used in Field

Experiment to Study -he Microblal Degradation
of 01l in Lake Ontarilo. '

—

TPaimany, SEtansaly  TemTIARY
CYLILDERS

TaaFommém

gogoojo o o0 ofa

cLEARr Puastic UmgRELia (over

-l"-d\.. . .

o N0l LavEr
a -]

o =4

o] c ° '

e} ) a o

) Q o'

o A2 .=_L Fasrening Bots

o o ﬂ'\‘_'

%74 jlauading

] Q Q

9 o

e \

N

.----——# O R v -ﬁ-——.
—_— —— CZMENT ANCHOR K T SsaimenT

—

W

Ll



Plate 1. Three views of field apparatus.

" View of field apparatus.
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of using 1t in an experiment; water samples from each ¢ylinder
are going to be taken and analyzed for bacteria and oll. 4 se-
quential continuous culture system is also belng simultaneously
studied in the laboratory.

The results of our experimentation attest to the technical
feasibility of using such an apparatus. During several weeks
of water conditions ranging from calm to moderately turbulent,
the oil layer was indeéd Successfully contained. During this
calm period the apparatus proved to be ideal in that it allowed
the researcher to monltor the oll layer as well as the degra-
dation products released Into the aqueous phase as a result of
the initial bacterial attack. Furthermore, the oil layer was
observed to undergo some of the initial physical changes which
were reminicent of processes that occurred in our laboratory
studies.

Unfortunately, our experimental system would not tolerate
heavily turbulent waters. The subsecuent wave action suceeded
in disturbing the oll layer, eventually washing the oll out
of the systen.

Thus 1t became obvious that our experimental success was
dependent on local weather conditions. To overcome the "open-
water” failure of the system, the decision was made to move the
apparatus To an aqueous system with a considerably more. pro-
tected physiography. :

Tne new site chosen is MeCargo Lake, located 1n Orleans
County, New York, on the Fancher Campus of the State University
of Hew York, College at Brockport. The lake 1is part of the
Ontario~Salmon River system and is characterized by large ac-
cumulavion of humlc and clay materials. The lake is approxi-
mately 21ght acres in surface area, 1,250 ft long and has a
maximuz width of 350 ft. and a depth of 19 ft. It is generally
classified as mesotrophic. The shoreline is almost completely
dominated by woodlands, the remainder being swamp area. This
particular feature substantially reduces wind action, and thare-
fore wave action, to a minimum level.

¥elargo Lake bears little semblance to Lake Ontario and
no atvanpt is being made to infer a similarity. McCargo Lake
merely represents an aqueous system which readlly lends itself
to the study of natural microbial degradative processes "in situ'.
Howevar, 1t 1is believed that oil degradation potential for both
environzents is similar and the same or similar biodegradation
precesses will occur in each. Furthermore, McCargo Lake repre-
sencs an area that can be policed, thus keeping sabotage and
theft o7 materials under control. This was indeed a considerabile
°roblsz Iin the Lake Ontarlo experiments and ultimately l=d to
our decision to move the experiments.



The Lake Cntario efforts, did however, yleld a few lnter-
esting initial observations. The first was the appearance of
substantial amounts of wall growth which covered the surfaces
of the three c¢ylinders. This wall growth bore a gross morpho-
logical similarity to the wall growth which was establlshed in
our laboratory culture vessels and was established "in situ.
in approximately the same time span (i.e. 14 days). In the lab-
oratory, when the wall growth was analyzed, 1t was found that
a more complete oll degradation occurred when the micrcorganism
adhered to a solid surface. (See Results, Section C). Whether
or not this phenomena occurred in the field, is difficult to
determine at thls point but further study is being implemented. -

During the course of a number c¢f field experiments, 1t was
also noted that microbial association with the oll layer was
very slow although similar to our laboratory studies. The "in situ"
0ll layer became laden with particulate matter and a white micro
bial film appeared at the oll/water nterface.  These initial
processes were however very slow especlially when compared with
laboratory experiments. It is felt that this increase in time
for microbial =zttachment 1s a reflection of the various nutrient
limitations of the particular natural environment.

To overcoze some of these nutrient limitations, various de-
sign modifications are being introduced intc the system. These
modifications will allow for the confrolled input of amronia
nitrogen and phosphate phosphorous directly onto the oll layer.
Hopefully, in this way, some of the JTactors restraining the oll
degradation prccess will be eliminated.

The problems assoclated with this study of "in situ" micro-
biology are incdsed substantlal. However, we have learned a good
deal from our oprevious experiments in Lake Ontario and are op-
timistic about our experimental success in McCargo Lake. We
believe that we will ultimately be able fo provide the required
degradative information and assess aquatlic environments for thelr
oll poliution tolerance limits.
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F. Tentative Predictive Model for the Fate of 0il in Agquatic
Ecosystems

-

Many of the problems which have arisen during oll pollution
abatement programs have resulted from a poor knowledge of the
various natural mechanisms which exist for the self cleansing of
an aquatlec environment. By far, one of the most important self
cleansing mechanisms is the activities of oil degrading bacteria.

- Because of the complicated process which 1s involved a great deal
more general information is still eritically needed before any
reasonable assumptions can be made about the role of these bac-
terlal actlvities in the fate of polluting oil. However, one must -
be cautious about how the information is generated because if it

is difficult. to interrelate, no meaningful generallizations or con-

. cepts will result. Thus  we have felt that some working model of
the o1l degradation process in aquatic environments must be formu-
lated so that the importance of any information generated can be
evaluated relative to an overall picture of oil degradation.

The advantages of such a working model are three fold; first
it can be designed such that general predictions can be made about
the fate of the oll based on the particular environmental conditions

at hand and based on the particular pollution abatement program being
implemented.

Second, a model of the fate of oil in aquatiec environments
.can act as a gulde for public officials at all levels in naking
policy decisions relative to oil polluiion of aquatic ecosystems.
Their ability to create meaningful and effective legislation de-
pvends on being able to access the problem easily and quickly and
a predictive model will give them this flexibility.

And third, the development of any kind of model is going to
be tremendously useful to research laboratories and water quality
laboratories because 1t will act as a stimulus for increased and
more extensive thought regarding the fate of oll in aquatic en-
vironments. And it will hopefully generate new types of experl-
ments which will lead to an even greater understanding of the oil
degradation process.

- Subsequently, w€ have attempted to generate an initial pre-
dictive model which may‘ultimately lead to a more comprehensive
dicture of oil degradation. Our model, as we have developed it,
is depicted in Figure 13. It should be emphasized that this is
cnly a very tentative model designed more for generating discussion
than for actual practical application. We have taken the liberty
T0 speculate on many aspects, hoping that our generalizations may
e challenged and ultimately evaluated experimentally.

The central theme of this model is that the lrnitial bacterial
attack on the o0il is critical in dictating the eventual degradation
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process. We visualize two basic typss of attack. In one type
the oil is first dispersed as small oil droplets and then these
droplets are attacked by bacteria. In the second type, the oil
is attacked by the bacterlia first and then through their activi-
tles the oll is broken up into small masses and ultimately dis-
persed. The major difference in these two types of attacks 1s
that in the former case bacteria never really extensively im-
pregnated the oil but instead associated only with the outer
surface of the oll droplet. Thus, desplte the fact that the
0il droplet may be completely covered with bacteria, the inside
is st1ll highly nonpolar and degradat:lon must take:place from
the outside inward. This we. are speculating results as a slow
degradation process. _

In the latter type of attack described above, the bacteria
actually have the opportunity to impregnate the oll and it is
through this process that the oil eventually breaks up into small
droplets. These. droplets, however, are more like masses of bac-
teria and oll and thus the oil is dispersed in a form which is
thoroughly mixed with bacteria. The degradation process is there-
fore not restricted to just the outer surface.

As a result of the information generated by this laboratory,
we feel that this latter process encompasses a different kind of
degradation process.,



VI. Conclusions and Recommendations

It can be concluded from the work presented herein that se-
quential continucus cultupe techniques represent an extremely

useful method for studying the degradation of oil under conditions
which are very similar to those found in nature. We have generated
information which could not have beeri obtained through other methods
or techniques. All experiments carriled out so far tend to support
the contention that our laboratory model is & good facsimile of the
natural oll degradation process.

Ouf'cdnclusions are as follows:

a) The rapid visual disappearance of oll from a water surface
as a result of initial bacterial attack is very misleading in terms
of the ultimate fate of the oil. Despite the fact that this pri-
mary bacterial attack 1s crucial for the initiation of the oil degra-
dation process, the subsequent rate of degradation of the dispersed
0il 1s very slow and we seriously question whether the oll is ever
cocmpletly broken down within a reasonable time span (of ‘months to
years). Since in our experiments partially degraded oil or oiil deg-
radation products were still readily detectable after bassage through
three continuous culture vessels and slnce our experiments ware run
under conditions not found year round in a lake (such ag high temp-
érature, high nitrogen and phosphorous and high oxygen concentration)
it would appear that oil can persist in natural environments for con—
siderably longer periods of time than once thought.

As we recommended in our previous report, it is still quite
clear that nitrogen and phosphorous must be supplied in order to
get any significant degradation. The avallabllity of these inorganic
materials, either naturally Oor througa fertilization. and there ac—
cessibility to the site of oil degradation will in fact partially
determine the capacity of the lake to handle certain degrees of oil
pocllution. This would mean that 01l poliution in areas high in
organic¢ nutrients would not need to be as closely scrutinized or
regulated. It also-may be that certain areas of the aquatic habitat
Such as the sediments may be the ultimate Place to obtain the re-
quired nitrogen and phosphorous and thereby glve the fastest and
most complete oll degradation.

b} The o0il degradation process ..s not a simple breakdown
mechanlism with the eventual release of carbon as carbon dioxide
or bacterial biomass but is instead a more complicated process.
Qur work has shown that petroleum hydrocarbons are transformed
inso specific metabolic endproducis. From our work we conclude
tnat these products are actually synthesized from hydrccarbqns
ir the o0il and that they are of 2z higher molecular weight and fall
within a higher boiling range than deo components in the original
ctl. If this is true, 1f means t=at these synthesized productis



are considerably more resistant to degradation than their starting
material and they could be more toxiec than the oil.

We recommend, therefore, that the mechanisms behind these
transformations be investigated and :hat the actual chemical nature
of these syntheslzed products be elucidated to whatever extent posS-—
sible. The conditions which control the production of these pro-
ducts and a knowledge of thelr chemical Structure wlll play a very
important role in determining how much, 1f any, oll can be tolerated
by an aquatic environment.

'¢) -The degradation of oil may .n fact be faster and more
complete when cll droplets adhere to solid surfaces such as sedi-
ments, rocks or biologically derived substrata. From our con-
tinuous culture studies it appeared that 01ll, which has been ini-
tlally attacked and dispersed by bacteria and.which eventually
sticks to the walls of the growth vessels, undergoes a more rapid
and complete degradation relative to that 0ll whiech remains sus-
pended in the culture fluild. If this can be shown to be a con-
Sistent phenomena of bacterial degraclatlion processes, then it may
be possible in the future to recommerd that partially degraded
oil (that 1s oil which has undergone an initial attack by bacteria)
actually be absorbed on to clay particles and sunk into the sedi-
ments. This type of procedure may quilte satisfactorily supply the
needed surface for degradation as well as a greater supply of nitro-

gen and phosphorous. A
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