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A B S T R A C T

Background: Chrysochromulina (Haptophyta) species are recognized as seminal contributors to marine and
freshwater ecosystem function. Historically, scale vestiture is used to augment taxonomic identification of these
algae, and a large literature exists concerning the morphology of many scale-covered representatives. Scale-less
freshwater isolates present a new challenge. Details concerning the microanatomy of naked cells remain es-
sentially unreported. Insight into morphological similarities/differences between scaled and naked cells provides
information on the evolution of the taxon, especially as discussions defining cryptic species complexes become
more germane. Using light, scanning, and transmission microscopy, we present an analysis of the cellular
structure for three Chrysochromulina freshwater isolates.
Results: Chrysochromulina tobinii Cattolico, Chrysochromulina parva Lackey and ChrysochromulinaAND cells are
approximately 5 μm wide, saddle-shaped to globose, and devoid of scales. A lipid body is nestled close to each of
two chloroplasts and numerous mitochondria. Plastoglobuli are frequently associated with thylakoidal mem-
branes that encircle an internal pyrenoid. The Golgi apparatus has large, club-shaped cisternae. The haptonema
consists of 9 microtubules within the cytoplasm, but 6 or 7 microtubules in the external portion. A rootlet system
anchors the two flagella that are sub-apically inserted adjacent to the haptonema. The flagellar complex is
anchored in the cytoplasm by a flat ribbon of microtubules and microtubular rootlets associated with each basal
body. Fibrous rootlets, several of which are cross-banded, interconnect the two flagellar basal bodies and
haptonema.
Conclusion: Three freshwater, scale-less Chrysochromulina isolates are almost indistinguishable in ultrastructure,
even though extensive genome sequencing studies verify their distinctiveness. These freshwater representatives
certainly comprise members of a cryptic species complex. Extensive morphological similarity also occurs be-
tween freshwater and scaled marine isolates. Importantly, this report addresses the misidentification of
Chrysochromulina tobinii Cattolico as Chrysochromulina parva Lackey and clarifies a complex literature regarding
the morphological description of the type species for this algal clade.

1. Introduction

Haptophytes represent an ancient and complex assemblage of algae
whose evolutionary ascendance most likely took place approximately
1000million years ago [1]. Accelerated awareness of the central role
haptophytes play in the maintenance of global ecology [2–6] has

promoted a continued re-assessment of the phylogeny of this algal
taxon [7–9]. This awareness has also fostered new studies into the
metabolic programs (e.g., lipid, toxin, DMS production) that enable the
understanding of haptophyte contribution to aquatic biology and po-
tentiate their commercial application [10–13].

Two classes of haptophytes are recognized – the Pavolvophycidae (4
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orders) and Prymnesiophycidae (6 orders) [14]. Biodiversity within this
algal taxon is well recognized [14–16], and morphological variability is
extensive. Motile unicellular representatives can be spherical, bell,
conical, or saddle-like in shape, and heteromorphic, diplontic life cycles
are observed for some species [17]. Frequently, haptophyte micro-
anatomy is associated with two specific cellular characteristics: (a.) the
presence of a flagellar-like haptonema – a specialized appendage (ves-
tigial in some representatives) that is posited to augment the recovery
of food particles [18], and (b.) scale embellishment on the cell – a
feature which often has taxonomic value. Architecturally, scales may be
of simple, delicate configuration (e.g., patterned plates) or be of com-
plex, multi-dimensional construct (e.g., coccoliths). More than one scale
type may be found on a cell. Scale composition may be organic, or
mineralized with silica or calcium carbonate [19]. Notably, haptophyte
representatives having solely an extracellular mucilagenous coating
have also been described [20,21].

Among haptophytes, Chrysochromulina (Prymnesiophyceae) ranks
as one of the most prevalent genera. Representatives of this taxon are
abundantly found in oceanic microplankton profiles [22–24] and can
also reach high cell densities in lake ecosystems [3,5,25]. Chrysochro-
mulina is truly a cosmopolitan organism. James Lackey first described
the genus Chrysochromulina in 1938 [26] while analyzing a water
sample from the Big Walnut Creek tributary of the Scioto River (Ohio,
USA). The description of this alga, based on light microscopic ob-
servation, was of a 3–5×2–3 μm cell having two chromophores and
three flagella – one of which was 5 to 8 times as long as the cell. No
description of extracellular scale embellishment was noted. Chryso-
chromulina parva Lackey is considered to be the type species. Many new
Chrysochromulina species, especially marine, were found beginning in
the 1950's when electron microscopes became available (e.g., [27,28]).
All species reported had scales. When examined by electron micro-
scopy, a freshwater isolate (designated Chrysochromulina parva Lackey
[29]), collected from Lake Windermere (England) was found to have
delicate scales, as were isolates collected from additional freshwater
locales (Table 1). Contemporary thought was that scales were so
ephemeral in some Chrysochromulina isolates, that investigators did not
see them, especially since most analyses used light microscopy [26], or
that scales were actually lost during culture curation (Andersen pers.
comm.). However, as early as 1985, scale-less Chrysochromulina isolates
were also found in Canadian lakes [30] and more recently, in geo-
graphically dispersed locations (Table 1: see discussion below). Over
time, the genus Chrysochromulina, which presently comprises approxi-
mately 60 species [14], was subdivided into additional genera [7].
Among these, three additional freshwater Chrysochromulina re-
presentatives were described: C. breviturrita [31], C. laurentiana [32],
and C. inornamenta [33]. All have scales.

The goal of this study is to compare the morphology of three
freshwater Chrysochromulina isolates: Chrysochromulina tobinii Cattolico
[34], an isolate recovered from a Colorado lake, USA (identified as
Chrysochromulina parva Lackey when it was submitted to the National
Center for Marine Algae and Microbiota: strain CCMP291); Chryso-
chromulina parva Lackey, the “type species” re-isolated from Big Walnut
Creek, Ohio USA (University of Washington: strain UW 1161); and an
unnamed Chrysochromulina species (ChrysochromulinaAND) obtained
from the Fox River (Illinois, USA).

Until this study, no one had re-isolated the Chrysochromulina “type
species” (Chrysochromulina parva Lackey) from Big Walnut Creek, the
type locality for the species since it was originally described in 1939.
Revisiting the morphology of this recovered organism is especially
important given the long-term controversy concerning the scale mor-
phology of the type species, and the fact that new genomic data strongly
support the observation that the Chrysochromulina tobinii Cattolico
(CCMP291) and Chrysochromulina parva Lackey (UW 1161) isolates
differ genetically [34].

2. Results and discussion

Micro-anatomical descriptions are described for the three fresh-
water Chrysochromulina isolates as: (a.) a detailed cellular analysis of
Chrysochromulina tobinii, followed by (b.) corroborative morphological
observations for Chrysochromulina parva and ChrysochromulinaAND. A
discussion of scale vestiture and compilation of freshwater
Chrysochromulina representatives is also presented.

2.1. I. Chrysochromulina tobinii Cattolico

Chrysochromulina tobinii Cattolico (CCMP291) is a halo-tolerant
alga, growing robustly in low salinity (e.g., 8 mM NaCl) cultures, but
able to survive higher salt concentrations (e.g., 32mM; Fig. S1). Cells in
the G1 phase of growth vary in shape and size, ranging from elongate
(4–6 μm long by 3–4 μm wide), to globose (4–6 μm in diameter) by light
microscopy. The organism is biflagellated, with equal or slightly sub-
equal flagella, and has a coiling haptonema that is approximately 6–9
body lengths in size (Fig. 1A). The flagella and haptonema of elongated
cells are inserted sub-apically near the anterior end of the organism
(Fig. 1B, C) within a groove that runs the length of the organism. The
presence of this groove leads to the description of many cells in this
genus as being “saddle-shaped” (e.g., [48]). Several different swimming
behaviors have been observed for this alga. With the haptonema fully
extended, cells can move slowly through the water, either with or
without helical rotation. While moving, the haptonema can assume
different orientations relative to the cell body. When extended, the
haptonema can be directed in front or trail behind the cell body
(Fig. 1A). Alternatively, when coiled, the haptonema lies adjacent to
the side of the cell (Fig. 1C). In either case, the two flagella are extended
out the sides of the cell. Cells have been observed to suddenly start
spinning around their axes, then very rapidly swim away. This swim-
ming behavior is so rapid that determination of haptonema and flagella
orientation is not possible. Chrysochromulina tobinii Cattolico shares
many ultrastructural similarities to marine saddle-shaped Chrysochro-
mulina species described in the literature (e.g., [48–51]) with a singular
difference. The organism is naked, lacking scales on the cell surface, in
the Golgi apparatus, or within intracellular vesicles. Ultrastructural
details are presented below.

2.1.1. Nucleus
The nucleus is nestled between the two lateral chloroplasts, at the

posterior end of the cell (Fig. 1D). Diffuse euchromatin and prominent
patches of condensed heterochromatin are often observed near the
nuclear periphery. A large, centrally located nucleolus that lacks sub-
structure is consistently seen. Preliminary data show an estimated 22
chromosomes (Brewer, Deodato, and Cattolico, unpub.).

2.1.2. Chloroplasts
Each cell in the G1 phase of growth contains 2 peripheral chlor-

oplasts that are flattened against the plasma membrane (Fig. 1D). As
with other chloroplast-containing members of the Haptophyta [52], the
outermost chloroplast membrane is continuous with the outer mem-
brane of the nuclear envelope (Fig. 1E). The thylakoids, which can run
the length of the organelle, are organized in layers of three (Fig. 1E).
Neither girdle lamellae nor eyespots are present. The central portion of
the chloroplast typically contains a large, immersed pyrenoid. Often
visible within the pyrenoid matrix is a tubular structure parallel to the
thylakoids (Fig. 1F). The true nature of this tube is somewhat uncertain,
possibly representing a thylakoidal remnant. Similar pyrenoidal tubes
have been observed in Chrysochromulina apheles, Chrysochromulina
bergenensis, and Chrysochromulina mantoniae [51]. Plastoglobuli are
scattered throughout the chloroplast matrix (Fig. 2A, C).

Although interphase cells were predominantly analyzed for this
study, dividing cells that contained three or more chloroplasts were
observed. Dividing chloroplasts appear to have thylakoidal bands that
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are positioned ~45° relative to one another (Fig. 2A). Recent genome
sequence analysis of Chrysochromulina tobinii Cattolico (as well as
Chrysochromulina parva Lackey) demonstrates conservation and dupli-
cation of the ftsZ genes – one of which is novel to haptophytes [34].
FtsZ proteins determine the location of the division ring within the
plastid and help recruit additional division proteins [53–55]. Presently,
little mechanistic information is available concerning plastokinesis [56]
in 4-membrane enclosed chloroplasts.

2.1.3. Mitochondria
Mitochondria are delineated by two membranes, of which the in-

nermost forms tubular cristae (Fig. 2B). Fluorescent labeling suggests
the presence of 2 to 3 mitochondria per Chrysochromulina tobinii Cat-
tolico cell, while serial sections reveal a complex, most likely tentacu-
late, morphology for this organelle (data not shown).

2.1.4. Lipid bodies
The G1 phase cell contains two prominent lipid bodies that each lie

nestled into the concave inner surface at the anterior of the plastid.
Lipid bodies appear electron-translucent to electron-dense in thin sec-
tions (Fig. 2C). These organelles predominantly serve as neutral lipid
storage compartments for the cell, but may have additional function,
such as a site for the storage and degradation of proteins [57,58]. At the
light microscope level, lipid bodies were identified by their retention of
BODIPY 505/515 dye (Fig. 2C insert), which accumulates in lipidic
compartments via a diffusion-trap mechanism [59]. Mitochondria are
regularly juxtaposed closely to the surface of this organelle (Fig. 2C).
When Chrysochromulina tobinii Cattolico cultures are subject to a 12 h
light:12 h dark photoperiod (12 L:12D), lipid body volume shifts, being
largest and smallest at the end of the light and dark periods respectively
(see [10]; [60] for discussion).

Table 1
Representative geographical distribution of fresh water Chrysochromulina isolates with observations on scale vestiture.

Chrysochromulina isolate:
published identifier

Geographical originc Scale type Reference

C. sp. Andersen
Culture lost

Fox River, Illinois, USA Absent This work

C. parva Lackey
Culture collection UW 1161

Big Walnut Creek tributary of the Scioto River, Ohio,
USA

Absent This work

C. parva Lackey
Field sample
(holotype)

Big Walnut creek tributary of the Scioto River, Ohio, USA Absent [26]

C. tobinii Cattolicoa

Culture collection CCMP291
Alpine lake, Colorado, USA Absent This work;

[10,34,35]
C. sp.

Field sample
Dowdy lake, Lake John, Rolland Moore Park pond,
Larimer County and South Delaney Buttes lakes Jackson
County, Colorado, USA

Absent [36]

C. parva Lackey
Field sample

Escondido Lake and Ezquerra pond, San Carlos de
Barioche, Argentina

Absent [37]

C. parva Lackey
Field sample

Vets and Elk ponds; Lakeview Turnpike marshes; Neosho
River, Kansas, USA

1 type: Spider web; rim appears slightly raised [38]

C. parva Lackey
Field sample

Tarns in the English Lake Region, UK 1 type: Circular to oval delicate plates; spider web pattern
on one face, radiating ridges on the opposite face

[29]

C. parva Lackey
Field sample

Sadashivangar Tank, Banglore, Suraj Kund, Haryana,
India

1 type: Circular to oval delicate plates; spider web pattern
on one face, radiating ridges on the opposite face

[39]

C. parva Lackey
Field sample

Brandenberg, Germany 1 type: Delicate, roundish scales of polysaccharide seen
only by electron microscopy

[40]

Uncultured haptophyteb Lake Stechlin, Germany Microscopic analysis verifies Chrysochromulina parva
abundance but with no morphological detail; Molecular
data

[41]

C. parva*
Field sample

Freshwater ecosystems in Chevereuse, Tour, Vallees,
Perray, Pourras Bourget, Annecy, France

Molecular data only [5]

C. parva* Pyrenean mountain lakes, between Spain and France
(227 sampled)

Molecular data only [42]

Uncultured eukaryoteb Lake Ciso, Girona, Spain Molecular data only AJ862446
Uncultured eukaryoteb East Tibetan Plateau, freshwater High Lake 2, Quinghai,

China
Molecular data only [43]

C. parva Lackey*
Field sample

Lake Tahiu, China Molecular data only [44]

C. parva Lackey*
Culture collection NIES-562

Ibaraki, Japan Molecular data only [34]

C. parva* Ward Hunt lake, Canadian Artic Molecular data only [45]
C. breviturrita

Field sample
Shield Lakes, Ontario, Canada 2 types: Complex outer spine containing scales with base

plate; oval plate scales structured differently on upper and
lower face

[14,31,32,46]

C. inornamenta
Field sample

Lake Booker, Florida, USA Oval scales with rim; no sculpturing [14,33]

C. laurentiana
Field sample

Experimental Lakes area L223, Ontario, Canada Oval to diamond shaped scale with raised rim; sculptured
or criss cross pattern on distal but not proximal face

[32]

a The isolate CCMP291 has now been shown by whole genome analysis to be C. tobinii Cattolico and not C. parva Lackey [34].
* Molecular studies often use the 18S r DNA sequence (accession number AM491019 [5]) designated “Chrysochromulina parva” (i.e., CCMP291) as the reference
sequence for phylogenetic studies.

• Comparison of the AM491019 probe vs C. parva UW 1161 (redefined in our study) reveals three nucleotide differences exist between the two: 1 gap (position
181) and 2 single nucleotide changes-alterations are at position 561 (T to G) and at position 589 (G to C.).

• Use of the UW 1161 18S sequence (the type species) for further phylogenetic studies is encouraged.
b High sequence similarity to C. parva AM491019.
c Although Chrysochromulina has been reported to occur in Lake Baikal, Russia [47], re-examination of data suggests that further studies are necessary to verify this

taxonomic assignment.
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2.1.5. ER and Golgi
The Golgi apparatus consists of 10 to 20 stacked cisternae (Fig. 2D,

E) adjacent to vesicles believed to be vacuolar in nature. The edges of
the cisternae closest to the vacuole are flattened and tightly appressed
compared to the opposite side of the cisternal stack which appears in-
flated, giving the cisternal cross-section a wedge-like configuration
(Fig. 2E). This cisternal morphology has been observed in other Chry-
sochromulina species [51]. There is no evidence of any scale material in
the Golgi cisternae, or in cellular vesicles (Fig. 2D, E). There are no
external plates or scales on the outside of this naked cell (Figs. 1D, 2A,
C).

2.1.6. Flagella and haptonema
The haptonema and flagellar apparatus are closely associated

(Fig. 3A). The haptonema of Chrysochromulina tobinii Cattolico consists

of 6–9 microtubules inside the cell, but 6 microtubules in cross-section
when viewed outside the cell body (Fig. 3B). In many cases, fine elec-
tron-dense connections can be seen between adjacent tubules. Also
present along the length of the haptonema is a vesicular compartment
(Fig. 3A, B) that is an extension of the cytoplasmic endoplasmic re-
ticulum [61,62].

The basal bodies of the two Chrysochromulina tobinii Cattolico fla-
gella are oriented at approximately 90° relative to each other. Using the
rootlet nomenclature of Eikrem and Moestrup [49], basal body 2 (BB2)
terminates midway along the length of basal body 1 (BB1) (Fig. 3A).
Fibrillar electron-dense material connects the terminus of BB2 to the
side of BB1. Each flagellum exhibits a pair of basal plates distal to the
basal body. These plates occur as electron-dense lines in longitudinal
slices of the flagella (Fig. 3A) and appear as intra-tubular electron-dense
connections when viewed in flagellar cross section. The distal flagellar

Fig. 1. Light, SEM and TEM observations of
Chrysochromulina tobinii Cattolico.
A) Globose biflagellate cell, with extended
haptonema (arrow) ~7 times the length of
the cell and two flagella (asterisks).
Nomarski optics scale bar= 10 μm.
B) Saddle-shaped cell, with longitudinal
groove, extended haptonema (with coiled
tip, arrow, and coils at the insertion point)
and two flagella (asterisks). SEM scale
bar= 5 μm.
C) Saddle-shaped cell, with longitudinal
groove containing fully coiled haptonema
(arrow), and two flagella (asterisks). SEM
scale bar= 1 μm.
D) Whole cell, with 2 parietal chloroplasts
(C) and embedded pyrenoid (P), Golgi ap-
paratus (G), posterior nucleus (N) with
chromatin and nucleolus, and subapical in-
sertion of flagella/haptonema within a
groove in the cell (F). TEM scale
bar= 1 μm.
E) Outer chloroplast and nuclear mem-
branes are continuous (arrow), and thyla-
koids stacked in layers of three (arrow-
head). TEM scale bar= 200 nm.
F) Embedded pyrenoid with penetrating
tubule (arrows). TEM scale bar= 250 nm.

C.R. Deodato, et al. Algal Research 40 (2019) 101492

4



Fig. 2. Chrysochromulina tobinii
Cattolico chloroplast, mitochondria,
lipid bodies, and Golgi apparatus.
A) Dividing chloroplast, with daughter
thylakoids oriented approximately 45°
to each other (arrow). TEM scale
bar= 1 μm.
B) Mitochondrial profiles with tubular
cristae. TEM scale bar= 200 nm.
C) Lipid bodies (L) and associated mi-
tochondria. TEM scale bar= 1 μm.
Insert: Chloroplasts autofluoresce red,
lipid bodies stained with BODIPY 505/
515 dye [59] are aqua. Fluorescence
microscopy scale bar= 1 μm.
D) Golgi apparatus, showing inflated
wedge-shaped lamella, and adjacent
presumptive vacuole (V). TEM scale
bar= 500 nm.
E) Golgi apparatus, showing stacked
cisternae. TEM scale bar= 500 nm.
(For interpretation of the references to
colour in this figure legend, the reader
is referred to the web version of this
article.)

Fig. 3. Chrysochromulina tobinii Cattolico basal body and haptonema microtubule embelishment.
A) The two basal plates, proximal (P) and distal (D) are visible near Basal Body 2 (BB2). The haptonema (H) lies adjacent, and endoplasmic reticulum can be seen
extending into it (arrows). Basal Body 1 (BB1) is seen perpendicular to BB2. Parts of the electron-dense Distal Fiber are visible (asterisks), extending between BB2 and
the microtubule R1 rootlet (arrowhead). TEM scale bar= 500 nm.
B) Two different cross-sections of the haptonema reveal differing orientation of the 6 haptonemal microtubules, with electron-dense crosslinks and haptonemal
endoplasmic reticulum (arrows). TEM scale bar= 100 nm.
C) Distal plate of basal body in cross-section. Electron-dense connections resemble a wagon wheel. TEM scale bar= 200 nm.
D) Rootlet R1, here composed of 13 microtubules, decorated along one side with electron-dense material (arrow), attaches to the side of BB1 via electron-dense
plaque (asterisk). TEM, tilted 20°, scale bar= 300 nm. Insert: another section of the same R1 rootlet serial ribbon exhibits only 7 microtubules. The number of
microtubules in the ribbon increases in number as the ribbon extends into cytoplasm. TEM, tilted 0°, scale bar= 300 nm.

C.R. Deodato, et al. Algal Research 40 (2019) 101492

5



plate resembles a wagon wheel whose electron-dense spokes radiate out
to each of the flagellar doublets (Fig. 3C).

2.1.7. Microtubular rootlets
There are four microtubular rootlets, 2 sets per basal body. All ap-

pear to attach to the basal bodies via electron-dense pads. A flat ribbon
of microtubules (R1) originates in an electron-dense layer located ad-
jacent to BB1. Most commonly, the ribbon appears as 7–9 microtubules.
However, it has been observed in some sequential sections (Fig. 3D)
that the number of microtubules can increase distally from 7 to 9 at the
proximal end of the ribbon of microtubules (Fig. 3D, D insert) to about
15. A similar increase in the number of R1 microtubules is seen in se-
quential cross-sections of Chrysochromulina acantha [63,64], but whe-
ther this change in microtubule number in Chrysochromulina tobinii
Cattolico represents a common occurrence or an early stage in rootlet
and basal body reproduction could not be determined. A portion of the
R1 ribbon is always observed alongside the flattened side of a mi-
tochondrion, as reported for other saddle-shaped Chrysochromulina
species [51]. In some cells, the proximal portion of the R1 rootlet is
covered with an electron-dense layer along the side of the ribbon facing
away from the mitochondrion (Fig. 3D). Distally, the R1 ribbon of
microtubules splits into two groups: a group of 4–5 tubules closest to
BB1 splay apart and pass individually through the cytoplasm toward the
adjacent chloroplast, and the remaining microtubules of the ribbon
extend as a flattened ribbon alongside a mitochondrion toward the
adjacent chloroplast. The second microtubular rootlet, R2, located on
the opposite side of BB1 from the R1 ribbon, consists of 1–2 tubules that
are very short and oriented parallel to BB2, and pass between two cross-
banded fibers that connect BB2 and the haptonema (Fig. 4A, B). The
second basal body, BB2, also exhibits two rootlets, R3 and R4 (Fig. 4A,
B). R3 begins in an electron-dense mass located to the outside of BB2
and consists of 3 microtubules, usually arranged in a 2 over 1 or-
ientation (Fig. 4C). As it extends between a chloroplast and the plas-
malemma, the microtubule number may increase to a 4-in-line or a
three-over-one orientation. The R4 rootlet, originating on the side of
BB2 that faces the haptonema and BB1 and on the opposite side of BB2
as R3, consists of 2–3 microtubules (Fig. 4D). In Chrysochromulina ah-
rengotii [48] the single R4 rootlet extends into the cytoplasm and joins
with the microtubules of the R3 rootlet. We could not determine if a
similar merging of the R3 and R4 rootlets occurs in Chrysochromulina
tobinii Cattolico.

2.1.8. Fibrillar rootlets
There are several fibrillar rootlets connecting the basal bodies and

haptonema. A large fibrillar distal fiber (DF) extends between BB2 and
the opposite R1 microtubular ribbon (Figs. 3A, 4A, B). No distinctive
connections were observed at the junction between the distal fiber and
the microtubular R1 ribbon. Associated with this distal fiber is a wide,
banded fiber extending between BB2 and the haptonema (Fig. 4E).
Narrow, elongate, cross-banded fibers also extend from either side of
BB2 to the haptonema (Fig. 4B). In some cells, a single elongate, cross-
banded fiber also appears to connect BB1 with the haptonema.

2.2. II. Chrysochromulina parva Lackey and ChrysochromulinaAND

To corroborate and extend the observations made for
Chrysochromulina tobinii Cattolico preliminary SEM and TEM analysis of
two additional freshwater isolates have been made.

Chrysochromulina parva Lackey was isolated in 2014 from Big
Walnut Creek, Shadeville, Ohio at a site close to that in which the type
species Chrysochromulina parva Lackey was initially found [26]. Whole
genome sequence comparison shows Chrysochromulina tobinii Cattolico
and Chrysochromulina parva Lackey to differ genetically. For example,
almost 1000 single nucleotide polymorphisms occur between the mi-
tochondrial coding regions of these two isolates [34]. A third Chryso-
chromulina isolate, ChrysochromulinaAND was collected by Celia Lopez

from the Fox River near McHenry, Illinois in 1981. The alga was iso-
lated into culture, and at that time was fixed and embedded for TEM by
Dr. Robert A. Andersen. The fixed organism was never examined in
detail and the EM blocks remained in storage until our studies. Un-
fortunately, a living ChrysochromulinaAND culture is no longer available,
thus we were not able to generate genetic information for this isolate.

2.2.1. Comparative morphology of Chrysochromulina parva Lackey and
ChrysochromulinaAND

Chrysochromulina parva Lackey is approximately 4–5 μm in size
(Fig. 5A, B) when analyzed by light microscopy, with a longitudinal
groove clearly visible by SEM (Fig. 5C). The haptonema appeared as
much as thirteen times the body length, slightly longer than that ob-
served for Chrysochromulina tobinii Cattolico. Because this organelle is
very dynamic, and can exhibit coiling and uncoiling, the observed
differences in maximum haptonemal length should not be considered as
a definitive taxonomic character. Given that live cultures of Chryso-
chromulinaAND are no longer available, analysis of ChrysochromulinaAND
size and shape could only be estimated from TEM sections. These ob-
servations suggest a cell size of about 5 μm and the presence of a groove
(Fig. 7A). TEM analysis reveals that both Chrysochromulina parva
Lackey and ChrysochromulinaAND are naked cells. No scales are seen on
the cell exterior (Figs. 5D, 7A) or in the internal vesicles or Golgi of
either isolate (Figs. 5G, 7A, B, C).

A nucleus with its prominent nucleolus is located in the posterior of
the cell between the two chloroplasts in both Chrysochromulina parva
Lackey and ChrysochromulinaAND (e.g., Fig. 5D). The two peripheral
chloroplasts of both isolates (Figs. 5D, 7A) are each enclosed by a
periplastidial membrane that is continuous with the outer nuclear
membrane (e.g., Fig. 7D). Chloroplasts have an embedded pyrenoid
(Figs. 5D, 7A) that is fenestrated by a single tubule (Figs. 5E, 7E).
Multiple mitochondrial profiles, exhibiting tubular cristae, are visible in
most sections (Figs. 5D, F, 7A).

Each Chrysochromulina parva Lackey and ChrysochromulinaAND cell
has two large lipid bodies as well as several large vesicles containing
electron-opaque material (Figs. 5D, 7A). The Golgi apparatus of these
two isolates contains multiple cisternae (e.g., Fig. 7B), some of which
are wedge-shaped (Figs. 5G, 7C).

The flagella and haptonema of both Chrysochromulina parva Lackey
and ChrysochromulinaAND insert into a groove in the cell (Figs. 5C, 7A),
although the details of this groove could not be easily ascertained from
thin slices generated for ChrysochromulinaAND. It was not possible to
determine the relative length of the ChrysochromulinaAND haptonema
from the sections produced in this study, but clearly a portion, if not all,
of the haptonema can coil (Fig. 8A). In both Chrysochromulina tobinii
Cattolico and Chrysochromulina parva Lackey, the haptonema has 6
microtubules in the portion of the organelle that extends from the cell
body (Figs. 3B, 6B), whereas ChrysochromulinaAND has 7 (Fig. 8B). It is
important to note that the naked, freshwater Chrysochromulina parva
Lackey we isolated from a site near the original Chrysochromulina parva
Lackey discovery [26] has 6 microtubules in the external haptonema,
when compared to the freshwater scale-covered Chrysochromulina parva
described from the English Lake District [29] which has 7 microtubules
in its external haptonema. Haptonema microtubular number varies
among Chrysochromulina species, from 6 (Chrysochromulina apheles,
Chrysochromulina camella, Chrysochromulina companulifera, Chrysochro-
mulina cymbium, Chrysochromulina strobius, Chrysochromulina thrond-
senii) to 7 (Chrysochromulina acantha, Chrysochromulina ephippium,
Chrysochromulina scutellum, Chrysochromulina simplex) in these saddle-
shaped organisms [49]. Haptonemal endoplasmic reticulum (Figs. 3A,
B, 6B) is commonly observed. While there is no molecular data avail-
able for the ChrysochromulinaAND isolate, the difference in haptonemal
microtubules clearly differentiates this morphologically-similar isolate
from either Chrysochromulina tobinii Cattolico or Chrysochromulina parva
Lackey.

In Chrysochromulina parva Lackey and ChrysochromulinaAND, two
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basal bodies are oriented approximately ninety degrees relative to each
other with BB2 terminating about the middle of BB1 (Fig. 8F, G). Both
microtubular and fibrous rootlet systems are associated with the two
flagellar basal bodies (BB1 and BB2) and the haptonema (H). The R1
rootlet consists of a flat ribbon of microtubules, varying in number but
most commonly 9–12 in complement (Figs. 6C, 8E). The first micro-
tubule of the ribbon is attached by electron-dense material to BB1
(Figs. 6C, 8F), and initially the tubules in the ribbon are oriented par-
allel to each other and to the long axis of BB1. This ribbon extends
toward one of the chloroplasts alongside a mitochondrion (Fig. 8E–H).
The 4–6 microtubules in the ribbon closest to BB1 spread apart as they
extend into the cell cytoplasm (e.g., Fig. 8H). The rest of the micro-
tubules in the ribbon remain as a flat sheet as they extend toward the
adjacent chloroplast. A second rootlet (R2), also attached to BB1 by
electron-dense material, is composed of 2 very short microtubules that
extend toward BB2. On either side of BB2 are microtubular roots R3 and
R4, each of which originate in an electron-dense plaque. Rootlet R3
consists of 4 microtubules arranged in either a 2–2 or 3–1 orientation

where they originate at BB2, but seem to diminish to 3 microtubules as
the rootlet extends under the plasmalemma alongside the chloroplast
adjacent to BB2. The second rootlet, R4, originates alongside BB2 on
the side of the basal body adjacent to the haptonema. The two micro-
tubules in this rootlet are very short.

A distal fiber, without apparent banding, extends from the side of
BB2 past the haptonema, ending adjacent to the flat ribbon of micro-
tubules originating alongside BB1 (Figs. 6C, D, 8G, H). This fibrous root
ends at the R1 microtubular rootlet, and in ChrysochromulinaAND ap-
pears to attach to the microtubules of the R1 rootlet by fine electron-
dense connections (Fig. 8H). Cross-banded fibrous roots extend from
the sides of BB2 and attach to the side of the haptonema (Fig. 8F), while
in ChrysochromulinaAND an elongate crossbanded haptonemal fiber
connects BB1 to the haptonema (Fig. 8G).

Each of the two flagella in both Chrysochromulina parva Lackey and
ChrysochromulinaAND has a single basal body at its proximal end. Similar
to Chrysochromulina tobinii Cattolico, the transition region between
flagellum and basal body is characterized by the presence of two

Fig. 4. Chrysochromulina tobinii Cattolico flagellar mi-
crotubule complement.
A) The Distal Fiber (DF) extends from BB2 toward the R1
microtubular ribbon. The oblique views of R3 and R4
microtubular rootlets are visible adjacent to the cross-
section of BB2. Glancing oblique slice through the hap-
tonema and BB1 show relative positions of these com-
ponents. The single microtubule rootlet R2 is seen in
cross-section (black arrow). TEM, tilted 36.6°, scale
bar= 200 nm (in 6B).
B) An additional section through same rootlet serial
shown in Fig. 6A. The attachment of the DF to BB2 is seen
(white arrow), as well as two elongate cross-banded
haptonemal fibers (double-ended arrow) extending from
either side to BB2 toward the haptonema, seen in Fig. 6A.
The single tubule of R2 is still visible (black arrow). TEM,
tilted 36.6°, scale bar= 200 nm.
C) The R3 rootlet extending from the side of BB2 into the
cytoplasm is seen here as a 2-over-1 configuration (R3).
The electron-dense origination plaque is not visible in
this section. TEM scale bar= 250 nm (in 6D).
D) Additional slice through the same rootlet serial as in
Fig. 6C showing the electron-dense origin of 2 micro-
tubules of rootlet R4 (R4). TEM scale bar= 250 nm.
E) A fibrous, cross-banded root (arrow) extends between
BB2 and the haptonema (H). TEM scale bar= 200 nm.
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Fig. 5. Chrysochromulina parva Lackey light, SEM, and TEM analysis.
A, B) Whole cell LM images (Nomarski optics) Chrysochromulina parva Lackey. A) Longitudinal view of a globose-shaped cell with 2 flagella (asterisks) and extended
haptonema ~ 6 times the length of the cell. The lipid body associated with each chloroplast appears as a bright dot. B) The intersection of the two flagella and
haptonema in a groove in the cell is imaged, and the extended haptonema is ~10× the cell body length. Scale bar= 5 μm.
C) SEM of cell showing the longitudinal groove with antapical insertion of the 2 flagella (asterisks) and the partially coiled haptonema (arrow). Scale bar= 1 μm.
D) Whole cell TEM image showing the 2 lateral chloroplasts with embedded pyrenoid (P), mitochondria (M), Golgi apparatus (GA), and flagellar apparatus inserted
into a groove in the cell. Scale bar= 1 μm.
E) Embedded pyrenoid with tubular inclusion. Scale bar= 200 nm.
F) Mitochondria with tubular cristae. Scale bar= 500 nm.
G) Golgi apparatus with wedge-shaped cisternae. Scale bar= 500 nm.
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electron-dense plates (Figs. 6A, 8C). In cross-section, the distal plate
consists of electron-opaque connectors between doublets, in the shape
of a wagon wheel, as well as a central plug (Fig. 8D), whereas the
proximal plate only consists of microtubule doublets arranged in an
interconnected circle and a central plug (Fig. 8E).

2.3. Phylogeny

Striking in the microanatomy assessment of three freshwater
Chrysochromulina isolates is the saddle-shaped morphology of the cell –
an architecture Estep [65] suggests maximizes the area available for
auxotrophic chemical receptors. Also noteworthy is the complete lack
of scales either on the surface of the organism or within intracellular
vesicles. Electron microscopic observations made by our laboratory
using cultures originally obtained in Colorado; one generated from Big
Walnut Creek (Ohio); a sample from the Fox River (Illinois); as well as
high-resolution analysis of Chrysochromulina by other investigators

(e.g., the analysis of viral infected Chrysochromulina tobinii cells [35])
reveal a scale-less cell morphology. The fact that the cultures in which
Chrysochromulina retains a naked morphology have been obtained from
several geographic locales; curated by different investigators; main-
tained in dissimilar growth media (e.g., DY-V, RAC-5, or lake water plus
Alga-Gro [66]); subjected to several temperatures (15 to 20 °C) or
photoperiods (12 h light:12 h dark; 16 h light:8 h dark) during labora-
tory maintenance, and then subject to various EM preparation proce-
dures, argues that the scale-less morphology is not an artifact of culture
or of EM preparation [17].

So why do some Chrysochromulina isolates lack scales? As noted
above, documented haplo-diplo life cycles that are correlated with
distinct cellular morphotypes have been reported for several hapto-
phyte taxa [17,67]. Mostly, changes in ploidy level are reflected by a
modification in cellular scale type. For example, when Chrysochromu-
lina palpebralis cells shift from tetraploid to haploid, cells are embel-
lished with 3 and 2 scale types, respectively [16]. Chrysochromulina

Fig. 6. Chrysochromulina parva Lackey haptonema and flagellar microanatomy.
A) Flagellar proximal (P) and distal (D) plates. Scale bar= 250 nm.
B) Haptonema cross-section showing 6 microtubules and E.R. compartment (arrow). Scale bar= 100 nm.
C) Flat microtubular ribbon of 9 microtubules attached by e-dense pad to BB1, Distal Fiber (asterisk) extending from BB2 past the haptonema (H) toward the flat
microtubular ribbon. Scale bar= 100 nm.
D) Elongate cross-banded roots extending from BB2 to the haptonema (H) and Distal Fiber (asterisk) from BB2 to the flat microtubular ribbon, seen in longitudinal
view. Scale bar= 100 nm.

Fig. 7. ChrysochromulinaAND micro-
anatomy.
A) ChrysochromulinaAND whole cell,
with anterior lipid bodies (LB), 2 par-
ietal chloroplasts (C), embedded pyr-
enoid (P), Golgi apparatus (G), and
subapical insertion of flagella/hapto-
nema (F) in a groove in the cell. TEM
scale bar= 1 μm.
B) Golgi apparatus, showing stacked
cisternae. TEM scale bar= 500 nm.
C) Golgi apparatus, showing wedge-
shaped cisternae. TEM scale
bar= 500 nm.
D) Continuity between outermost
chloroplast membrane and the outer
nuclear envelope (arrow), and hetero-
chromatin and nucleolus in the nucleus
(N). TEM scale bar= 500 nm
E) Embedded pyrenoid with pene-
trating tubule (arrow). TEM scale
bar= 500 nm.
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polylepis reflects ploidy state by transitioning between two morphotypes
that differ both in cell size and in scale vestiture [67]. A ploidy-mor-
photype conversion is not seen in all Chrysochromulina taxa. Most
Chrysochromulina species are haploid. Documentation of a full meiotic
and recombination gene complement in Chrysochromulina tobinii Cat-
tolico and Chrysochromulina parva Lackey shows sexual reproduction in
these haploid isolates appears to be fully potentiated [10,34].

Interestingly, a hypothesis posited by Niklas and colleagues [68] argues
that meiosis evolved before sexual reproduction as a method for recti-
fying spontaneous whole genome duplication (aneuploidy). If still in
effect, this mechanism could also explain the presence of genes for re-
combination and repair.

Whether scale-less marine forms of Chrysochromulina exist remains
an open question. Certainly, both scaled and naked isolates of

Fig. 8. ChrysochromulinaAND haptonema and flagellar structural analysis.
A) Coiled haptonema seen in section. TEM scale bar= 500 nm.
B) The 7 haptonemal microtubules and crosslinks are visible in cross-section and haptonemal endoplasmic reticulum is indicated (arrow). TEM scale bar= 100 nm.
C) The two basal plates, proximal (P) and distal (D) are visible in longitudinal section. TEM scale bar= 100 nm.
D) The distal plate of the flagellum contains a wagon-wheel shaped assemblage of electron-dense interconnections. TEM scale bar= 125 nm.
E) Cross-section of the proximal plate of BB1, showing interconnections of microtubular doublets. Rootlet R1, with 11 microtubules, is also seen in cross-section
adjacent to a mitochrondrion (M). TEM scale bar= 125 nm.
F–H) These three images are from a serial series, sequence #s 13(8F), 15(8G), and 17(8H). TEM Scalebar= 250 nm (in 8H). F) The R1 rootlet (R1) is aligned
alongside a mitochondrion (M). G) An elongate cross-banded fibrous rootlet (arrow) extends from BB1 toward the haptonema (H), seen here in glancing section. The
electron-dense Distal Fiber (asterisk) extends from BB2 to the R1 ribbon of microtubules adjacent to a mitochondrion. Rootlet R3 is seen in longitudinal view adjacent
to BB2. H) The ribbon of microtubules in rootlet R1 are attached via electron-dense fibers (white arrow) to the distal fiber (asterisk). Some microtubules of the R1
microtubular ribbon are seen more longitudinally oriented as they separate from the rest of the cross-sectioned R1 ribbon (black arrows). Microtubules of the R1
rootlet (black arrows) separate and turn away from the ribbon and each other as they extend into the cell cytoplasm.

Fig. 9. Phylogenetic analysis of selected
Chrysochromulina 18S small ribosomal subunit se-
quences. Chrysochromulina tobinii Cattolico 18S rRNA
sequence probe that was used in the construct of this
phylogeny differs from the published 18S rRNA
CCMP291 NCMA sequence (Table S2). We find a
guanine at position 181 whereas GenBank:
AM491019.2 has a deletion at this site [10]. In-
dependent Bayesian and maximum likelihood (ML)
analyses estimated the same tree topology. Numbers
indicate ML bootstrap values above 70 and Bayesian
posterior probabilities above 0.80 respectively.
Branch lengths shown are from the ML estimation.
Genbank accession numbers for sequences are in-
cluded in parentheses.
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Chrysochromulina are known to be present in freshwater ecosystems
that range from small ponds to rivers. Given the frequency of fresh-
water lineages arising within the haptophyte phylogenetic tree
[3,5,69], it will be interesting to know if genes critical to scale forma-
tion are eliminated (provide vulnerable targets?) as an ancillary con-
sequence of a marine to freshwater transition. Unfortunately, the fragile
and delicate nature of some Chrysochromulina scale types [29] can make
determination of their presence illusive. Although our efforts to identify
molecular markers for scale generation have yet to be successful, we
certainly know that the metabolome of freshwater and marine Chryso-
chromulina are differently impacted. For example, betaine, a key de-
terminant in the maintenance of osmotic balance, is produced by os-
motolerant Chrysochromulina tobinii Cattolico at 10 times the level of a
marine Chrysochromulina isolate [12].

The occurrence of scale-less, freshwater Chrysochromulina strains
has only been verified by micro-anatomical analysis for isolates found
in North and South America. Although molecular studies strongly
support fact that Chrysochromulina-related algae are present in many
European and Asian freshwater ecosystems (Table 1), whether these
isolates are scale-less, awaits further morphological study. The fact that
micro-anatomical similarities between the North American Chryso-
chromulina tobinii Cattolico and Chrysochromulina parva Lackey fail to
reflect their extensive genetic differences [34] argues that scale-less
representatives (regardless of geographic origin) most likely will form a
cryptic species complex. Such data also suggests that strong stabilizing
selection may be in play [34,70].

Assessment of the relationship among Chrysochromulina species is
presented in Fig. 9. A paucity of genomic data for this clade dictates
that 18S ribosomal gene sequences are used in this analysis. Chryso-
chromulina parva Lackey and Chrysochromulina tobinii Cattolico show as
much difference from one another as recognized closely related Chry-
sochromulina species within this clade (e.g., Chrysochromulina acantha
and Chrysochromulina throndsenii). Also evident are significant phylo-
genetic differences among freshwater isolates.

2.4. Chrysochromulina “type species”

As noted in the Introduction, there has been a long-standing con-
fusion in the literature on whether scales are present or absent on
Chrysochromulina parva Lackey (e.g., Table 1, [26,29,38]). The re-iso-
lation of Chrysochromulina from near the 1938 study site, and re-ex-
amination of the morphology of this organism that is presented here,
argues that naked Chrysochromulina parva Lackey (UW 1161) represents
the holotype for the taxon (See [34] for discussion). This conclusion is
further supported by genome sequencing comparisons of Chrysochro-
mulina parva Lackey (UW 1161) and Chrysochromulina tobinii Cattolico
(CCMP291), showing them to differ [34]. Chrysochromulina tobinii
Cattolico, Chrysochromulina parva Lackey, and ChrysochromulinaAND
share many morphological features. However, a difference in hapto-
nemal microtubular number for Chrysochromulina tobiniii (6), Chryso-
chromulina parva (6), with that of ChrysochromulinaAND (7), suggests
ChrysochromulinaAND remains an undescribed species. Regrettably,
ChrysochromulinaAND and the original 1939 isolate of Chrysochromulina
parva Lackey [29] are no longer in culture, thus genetic comparisons
are not possible. Importantly, the presence of scales on several isolates
identified as Chrysochromulina parva (Table 1, [29,38]) argues for a re-
assignment of these scale-covered “Chrysochromulina parva” isolates to
existing or new Chrysochromulina species.

2.5. Summary

• Morphological similarity is observed among freshwater
Chrysochromulina isolates: The three scale-less, freshwater hapto-
phyte isolates in this study maintain a very similar cellular profile,
having a large nucleus nestled between two chloroplasts. Each
chloroplast is associated with a prominent lipid body. A complex

intracellular membrane system comprised of a network of tubular
cristae, vesicles containing electron-opaque material, and a large
wedge-shaped Golgi apparatus is evident. The flagellar apparatus,
anchored in the cytoplasm by 4 microtubular roots, is composed of
two flagellar bases and the haptonema, and interconnected by fi-
brous structures, some which are crossbanded.

• The diagnosis for the type species Chrysochromulina parva has been
revisited: The freshwater unicell presently described in the literature
as Chrysochromulina parva Lackey having a layer of scales on the cell
surface and seven haptonemal microtubules in the emergent portion
[29] is incorrect. Based on the observations presented here and
molecular data [34], the diagnosis for the type species of Chryso-
chromulina parva needs to be emended to note that Chrysochromulina
parva is a naked unicell having six microtubules present in the
emergent part of the haptonema. Importantly, cultures or reports of
scale-covered cells identified as Chrysochromulina parva need to be
re-assigned as other or new Chrysochromulina species. Additionally,
ChrysochromulinaAND should be renamed when that organism has
been re-isolated.

• Scale-less Chrysochromulina isolates comprise a cryptic species
complex: Historically, morphological differences in scale archi-
tecture have been used to help define the boundaries of
Chrysochromulina species. However, naked forms within this algal
genus present a conundrum. These cosmopolitan and endemic
cryptic morphotypes encompass an unexpected level of genetic di-
versity that has been only recently been explored [23,34]. Presently,
by using molecular probes (e.g., 18S rDNA, rbcL), the distribution
and phylogenetic richness of marine strains has been assessed, and
the occurrence of freshwater strains analyzed [4]. Correlative mor-
phological data is sorely absent.

3. Materials and methods

3.1. Algal source and culturing conditions

3.1.1.1 Chrysochromulina tobinii Cattolico (CCMP291) was acquired
from NCMA by the Cattolico laboratory in 2006. This bacterized strain
was designated as P3. Cells from the P3 cultures were subject to re-
iterative flow cytometry using BODIPY 505/515 (4,4-difluoro-1,3,5,7-
tetramethyl-4-bora-3a,4a-diaza-s-indacene; Invitrogen, Carlsbad, CA)
(see below for staining procedure) as the fluorophore for cell sorting
purposes. Cells obtained from reiterative flow cytometric selection
(P5.0) were treated in RAC-1 proprietary medium that contained either
streptomycin (P5.5) or hygromycin (P5.6). Treatment for these two
antibiotics were identical: cells were exposed to a final concentration of
400 μg/mL antibiotic for 18 h before 5mL of treated cultures was
transferred to 100mL of RAC-1 medium lacking antibiotic. Cultures
P5.5 and P5.6 were periodically tested for bacterial contamination
using Luria-Bertani medium [71] made with RAC-1 medium. Determi-
nation of single bacterial contaminant was achieved by plating P5 cells
on medium containing 0.1% glycerol. To test whether our P3 and P5
laboratory-maintained strains were genetically identical to the parent
strain that had been maintained in the NCMA culture collection,
Chrysochromulina tobinii Cattolico was re-ordered from NCMA in 2011
[10].

3.1.1.2 Chrysochromulina parva Lackey UW 1161 was isolated from
water samples collected at Big Walnut Creek in Shadeville, OH
(Latitude 39° 49′60” N; Longitude 82° 59′ 35” W), by Dr. Robert A.
Andersen on September 24, 2014. This location was closest to that used
to initially describe Chrysochromulina parva Lackey [26]. Water samples
were overnight shipped to the University of Washington, filtered
through 100 μm nylon mesh to minimize the presence of predatory
organisms, and kept at 20 °C at 30 μEm−2 s−1 in RAC-5 proprietary
algal growth medium. In April 2015, once the culture was pre-
dominantly Chrysochromulina parva, fluorescence-activated cell sorting
was performed at the Institute for Systems Biology to produce a unialgal
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culture.
3.1.1.3 ChrysochromulinaAND A2343 was collected in May 1981 by

Celia Lopez from the Fox River near McHenry, Illinois (~ location
42.3234 N and 88.2523W). The culture used in this study was initiated
in March 1983 by Dr. Robert A. Andersen, maintained in a medium
(2 L) that contained soil extract plus vitamins [https://ncma.bigelow.
org/node/74], and fixed for transmission electron microscopy in April
1983. Though several EM blocks remain in our facility, the
ChrysochromulinaAND A2343 isolate is no longer available in culture.

3.1.1.4 All Chrysochromulina cultures were maintained in 250mL
Erlenmeyer flasks containing 100mL of RAC-5 medium plugged with
silicone sponge stoppers (Bellco Glass, Vineland, NJ) and capped with a
sterilizer bag (Propper Manufacturing, Long Island City, NY). Larger
volume experimental cultures were maintained in 1.0 L medium that
was contained in a 2.8 L large-mouth Fernbach flask, plugged with
hand-rolled, #50 cheese cloth-covered cotton stoppers, and covered
with a #2 size Kraft bag (Paper Mart, Orange, CA). All cultures were
maintained at 20 °C on a 12 h light:12 h dark photoperiod under
100 μEm−2 s−1 light intensity using full spectrum T12 fluorescent light
bulbs (Philips Electronics, Stamford, CT). No additional CO2 was pro-
vided and cultures were not agitated. Cultures were sampled at hour ~6
in the light portion of the 12 h light:12 h dark photoperiod. Culture
details for salinity tolerance experiments are presented in the Fig. 1S
legend.

3.2. Electron microscopy

Chrysochromulina tobinii Cattolico or Chrysochromulina parva Lackey.

3.2.1. Scanning electron microscopy
Five hundred microliters of concentrated Chrysochromulina tobinii

Cattolico or Chrysochromulina parva Lackey cell suspension was mixed
with an equal volume of 2.0% glutaraldehyde in 0.2 M sodium caco-
dylate buffer (pH 7.2) at room temperature, then 250 μl of 4.0% os-
mium tetroxide was immediately added. The cells were fixed 15min on
ice, then filtered onto a 0.4 μm or 1 μm Nucleopore membrane
(Nucleopore Corp., Pleasanton, CA), rinsed with 0.1M sodium caco-
dylate buffer, then dehydrated to 100% alcohol (50%, 70%, 95%,
100%). Dehydrated cells on filters were critical point dried (Samdri 790
critical point dryer, Tousimis Research Corporation Rockville, MD),
coated with 6 nm platinium (ES150T coater, Electron Microscopy
Sciences, Hatfield, PA) and viewed in a Quanta 450 FESEM (FEI,
Hillsboro, OR).

3.2.2. Transmission electron microscopy
Chrysochromulina tobinii Cattolico or Chrysochromulina parva Lackey

cells were fixed using two different protocols which gave equivalent
results. Cell pellets were fixed for 1 h in 2.0% glutaraldehyde in 0.15M
sodium cacodylate buffer (pH 7.2) at room temperature, then rinsed
three times in buffer alone followed by 1.0% osmium tetroxide treat-
ment in 0.15M sodium cacodylate buffer (pH 7.2) for 1 h on ice.
Alternatively, 1 mL of concentrated cell suspension was fixed with an
equal volume of 4% glutaraldehyde in 0.15M sodium cacodylate
(pH 7.2) at room temperature, inverted to mix, then postfixed by the
addition of 0.5 mL 4% osmium tetroxide for 15min. Pellets of either
fixation protocol were dehydrated in a graded alcohol series (50%,
70%, 95%, 100%), rinsed three times in 100% dry acetone, infiltrated
in a graded acetone-EMBed812 series (33%, 66%, 100%), embedded in
100% EMBed812 (Electron Microscopy Sciences, Hatfield, PA), and
polymerized at 60 °C. Silver sections were cut with a Diatome diamond
knife (Electron Microscopy Sciences, Hatfield, PA), and viewed on a
Tecnai 12 TEM (FEI, Hillsboro, OR) either unstained or stained with
aqueous 2.0% uranyl acetate followed by lead citrate [72]. Images were
recorded on an XR-41S 2k digital camera (Advanced Microscopy
Techniques Corp., Woburn, MA).

3.2.3. Transmission electron microscopy for ChrysochromulinaAND
Four milliliters of concentrated ChrysochromulinaAND A2343 cell

culture was fixed with an equal volume of 4.0% glutaraldehyde made in
0.25M sodium cacodylate buffer (pH 7.0) and mixed by inversion for
20 s, followed by the immediate addition of 2.0 mls 4.0% osmium
tetroxide. These pellets were stained en bloc in aqueous 0.5% uranyl
acetate, dehydrated in alcohol and embedded in Spurr's plastic. These
EM blocks were maintained in storage at room temperature until 2013
when they were accessed for this study and examined as described
above.

3.3. Cell staining

3.3.1. Mitochondrial
MitoTracker Green FM (Invitrogen, Eugene, OR) was resuspended in

dimethyl sulfoxide (DMSO) to a final storage stock concentration of
1.0 mM, aliquoted and stored at −20 °C. The working stock solution of
MitoTracker Green FM was prepared on the day of cell observation by
adding 1 μL of 1.0mM stock to 9.0 μL of RAC-1 algal growth medium.
Early stationary phase Chrysochromulina tobinii Cattolico live cells were
stained using 2.0 μL of working stock to 1.0 mL of cell culture, for a final
dye concentration of 500 nM, and incubating in the dark at room
temperature for at least 15min. After incubation, 3.0 μL of methanol
per 1.0 mL of cells was added to inhibit swimming for easier observa-
tion under the microscope. Mitochondria in approximately 40 in-
dividual cells were counted using a Zeiss Axioscop 2 Plus epifluorescent
microscope equipped with a FITC filter.

3.3.2. Lipid body
A 5mM BODIPY 505/515 (Invitrogen, Eugene, OR) working stock

solution was prepared in 99% pure DMSO. This stock solution was
added to live Chrysochromulina tobinii Cattolico cultures for a final
BODIPY 505/515 concentration of 1–10 μM and gently mixed before
being viewed on the fluorescent microscope [59].

3.4. Cell counts

Because of the minute size of Chrysochromulina tobinii Cattolico,
special care was taken in assessing culture density by using a BD Accuri
C6 flow cytometer (BD Biosciences, San Jose, CA). The
Chrysochromulina tobinii Cattolico cells were counted and positively
identified against background noise by exciting the samples with a
488 nm laser and detecting chlorophyll autofluorescence with the FL3
(670 nm LP) and FL4 (675/25 nm) channel detectors and then isolating
the cellular chlorophyll signal from non-autofluorescent culture debris.
Total overlap (by particle count) between gated cell populations and
background was less than 1.0%. Expected count error was less than
1.0%.

3.5. DNA preparation, PCR, and sequencing

This is a brief summary of the methods used by Hovde et al. [34].
Chrysochromulina tobinii Cattolico and Chrysochromulina parva Lackey
(UW 1161) cultures were grown in 1 L of RAC-5 medium until sta-
tionary phase, then 800mL were centrifuged and stored at −80 °C.
DNA was prepared using a modified Qiagen Genomic-tip protocol
(Valencia, CA) [73]. A Chrysochromulina parva Lackey (NIES-562) cell
pellet was obtained from NIES and DNA was prepared using the Qiagen
Blood & Tissue kit. 18S rDNA PCR primers from Zhang et al. [74] and
Thermo Scientific Hi-Fidelity Phusion DNA Polymerase (New England
Biolabs, Ipswich, MA) were used with an annealing temperature of
68 °C for PCR. Sequencing reactions were performed using internal
sequencing primers from Bendif [75], cleaned by ethanol precipitation,
and sequenced on an ABI3130xl Sequencer (Life Technologies,
Carlsbad, CA).
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3.6. Phylogenetic inference

An 18S small ribosomal subunit phylogeny was generated using
Bayesian Markov chain Monte Carlo and maximum likelihood methods.
The data matrix included sequences for 21 Chrysochromulina terminal
taxa and three outgroup haptophytes (Emiliania huxleyi, Coccolithus
pelagicus, and Cruciplaccolithus neohelis). The sequence data consisted of
24 DNA sequences totaling 1785 aligned base pairs. Genes were aligned
using MAFFT version 7.394 [76] with the X-INS-i strategy, which uses
pairwise structural alignment for RNA sequences [77]. Bayesian ana-
lyses were implemented in MrBayes version 3.2.6 [78] and four in-
dependent Bayesian runs of four chains each (three heated chains with
the heating parameter set to 0.20 and one cold chain) were run for
1× 107 generations with a burn-in of 2.5× 106 generations. Trees
were sampled every 100 generations. The runs were considered to have
adequately sampled the solution space when the standard deviation of
split frequencies was below 5×10−3. The same tree topology was
independently constructed using maximum-likelihood (ML) methods
implemented in RAxML version 8.2.10 [79]. The rapid bootstrap ana-
lysis was used and 850 ML replicate trees were used to estimate boot-
strap support.
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