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ABSTRACT

To interpret flow cylometric data that are routinely
obtammed on natural oceanic communities, 23 strains of
photosynthetic  picoewkaryotes belonging to four classes
(Prasinophyceae, Chluru‘bln'c‘a ae, Pf'f(agupln'cwu' and
Prymnestophyceae) and six pigment types were investigated
Sfor their light scattering in the forward and right-angle
directions, chlorophyll fluorescence, and DNA content as
measured by flow cytometry. Cell size was assessed by Coul-
ter counter, and pigment composition was measured by
reverse-phase high-performance liquid chromatography.
The size and GC% of the nuclear genome of cultured
picoeukaryotes was measured from the fluorescence of DNA-
specific dyes. Using these two parameters, we could dis-
criminate species within pigment groups. DNA staining
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of preserved natural samples may also prove useful in
diseriminating cooccurving pn[m!a!mm in situ as long as
the communities are nol too rumph’\ [ ung the relation-
ships that we established between size and light-scattering
properties of the cells, we estimated equivalent diamelers
of picoeukaryotes in natwral populations to be between 1.3
and 2 wm. Chlorophyll a content was between 6 and 16
Jg-cell™" as calculated from relationships that we estab-
lished between chlorophyll a content and red fluorescence
of the cultured strains. With respect (o size, chlorophyll a
content, and prgmmt rmnpu.n!mn, Peldgumrmas .sj).
strains (Pelagophyceae) appeared to be the most vepresen-
lative of the natural communities in subtropical ocean
waters. In contrast, green coccoid strains, which often out-
compete other strains in culture, might only be minor con-
tribuiors to these communities.

Key index words:

DNA content; flow cytometry; pico-
plankton: pigments
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The term picoplankton was originally proposed
to identify the bacterioplankton of the size class less
than 2 pm (Sieburth et al. 1978). It was later ex-
tended to all photosynthetic organisms in this size
class (Johnson and Sieburth 1982). A definition based
on operational criteria more useful in field studies
(i.e. the ability of cells to pass through 3-um-pore-
size filters) has been adopted by numerous authors
(Takahashi and Bienfang 1983, Takahashiand Hori
1984, Murphy and Haugen 1985, Li 1986). Pho-
tosynthetic picoplankton include Synechococcus cy-
anobacteria (Waterbury et al. 1979), eukaryotes
(Johnson and Sieburth, 1982), and Prochlorococcus
prochlorophvles (Chisholm et al. 1988). These or-
ganisms may contribute significantly to standing
stock and primary production in the oligotrophic
areas of the world oceans (Li and Platt 1987, Raim-

bault et al. 1988). Their vertical distribution in the
euphotic zone has been studied by epifluorescence
microscopy (Murphy and Haugen 1985, Le Bou-
teiller et al. 1992) or flow cytometry (Olson et al.
1985, Li and Wood 1988). Field data indicate a typ-
ical abundance in cell-mL ' of 10° prochlorophytes,
10** Synechococcus, and 10? picoeukaryotes in open
ocean waters (Murphy and Haugen 1985, Li and
Platt 1987, Liand Wood 1988, Campbell and Vaulot
1993, Campbell et al. 1994a). Although picoplank-
ton can also be important at times in coastal waters
(Courties et al. 1994), we will focus, in what follows,
on oligotrophic ocean waters.

While both Synechococcus and Prochlorococcus have
received a lot of attention, picoeukaryotes have been

the object of fewer studies. Some basic questions
such as “What are the m'ainr cldsws‘ that dominate
eukaryotic picoplankton?”” or “Are the speueﬁ 1S0-
lated in culture repreaentame of the oceanic envi-
ronment?”" are still largely unanswered (Campbell
et al. 1994b). The recent description of a new class
of algae, the Pelagophyceae (Andersen et al. 1993),
based on a novel picoplankton species typifies the
huge amount of work still to be done to assess the
diversity of this community.

Reverse-phase high-performance liquid chroma-
tography (HPLC) analysis of taxon-specific pigments
and their ratios to total ch]nmphyl] (Chl) a suggest
that prymnesiophytes, chrysophytes, and, at certain
times, prasinophytes and chlorophytes are the major
contributors to the eukaryotic phytoplankton bio-
mass in the euphotic zone of oligotrophic regions
of the Atlantic and Pacific Oceans (Hooks et al. 1988,
Everitt et al. 1990, Williams and Claustre 1991, Bar-
low et al. 1993, Letelier et al. 1993). However, there
are limitations in the use of specific marker pig-
ments: Chl 4 ratios for quantitative and qualitative
studies because most of these markers are not re-
stricted to a single group and often have a scattered
distribution among species of that group. Moreover,
because accessory pigments : Chl a ratios are derived
from culture data, they can only be considered as
approximations in the absence of values from the
field samples.

Scanning and transmission electron microscopy
(SEM and TEM) are the only methods by which
morphological and ultrastructural details can be
studied and reliable cell-by-cell identification made,
but they provide only qualitative information. Some
species and morphological types, such as Mirromonas
pusilla (Butcher) Manton et Parke, a scale-bearing
prasinophyte (probably Bathycoceus prasinos Eikrem
et Throndsen), Chlorella-like, and Nannochloris-like
cells, as well as unidentified small chryosophytes and
prymnesiophytes, have been widely observed with
these techniques in oceanic waters of the North At-
lantic (Johnson and Sieburth 1982, Estep et al. 1984),
Celtic Sea (Joint and Pipe 1984) and North and Cen-
tral Pacific (Takahashi and Hori 1984, Hoepfiner
and Haas 1990). A number of new species was also
described solely from TEM and SEM observations
of field samples, while attempts to culture these or-
ganisms failed. For instance, seven species of Par-
males (Chrysophyceae) were described from subarc-
tic Pacific and Antarctic waters by Booth and
Marchant (1987), and Awreococcus anophagefferens
Hargraves et Sieburth was described by Sieburth et
al. (1988) from Narragansett Bay sea water. Nev-
ertheless, small eukaryotes are often referred to as
unidentified coccoids and Hagellates (Booth and
Marchant 1987, Hoepfiner and Haas 1990) because
they preserve poorly and lack taxonomically useful
morphological features. Some delicate groups, like
the chrysophytes, cryptophytes, and prasinophytes,
are probably underrepresented in preserved sam-
ples (Murphy and Haugen 1985, Shapiro and Guil-
lard 1986). Furthermore, it is likely that some im-
portant components of this size class have not yet
been characterized, as many of them are not easy
to grow in culture. Thus, both HPLC and micros-
copy present limitations to the study of picoeukary-
otic populations whose taxonomy is still poorly un-
derstood.

To circumvent inherent problems of these tra-
ditional techniques, attempts have been made to de-
velop new approaches, like discrimination of cells
from apparent size and shape of their chloroplast
(Li and Wood 1988) or immunofluorescence rec-
ognition of species (Shapiro et al. 1989a, b) by epi-
fluorescence microscopy. While the former tech-
nique has wvery poor taxonomic resolution,
immunofluorescence was successfully used by Camp-
bell et al. (1994b) for the study of natural commu-
nities. However, only a small percentage of the total
population was labeled by available antibodies, sug-
gesting that the strains probed (e.g. Pycnococcus pro-
vasolii Guillard strain Q48-23 [= CCMP 1203] and
Pelagococcus subviridis Norris [clone PELA CL2]) are
not really representative of oceanic communities.

In the past decade, flow cytometry has gained wide
acceptance as a method of estimating abundances
of the different populations of picoplankton and ob-
taining general information on cell size and pigment
content from light scattering and red (Chl) or or-
ange (phycoerythrin) fluorescences (Li and Wood
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1988, Olson et al. 1990b, Li et al. 1992, Campbell
and Vaulot 1993, Veldhuis et al. 1993). Good in-
terpretation of flow cytometric data for Prochlore-
coccus and Synechococcus has been achieved (Olson et
al. 1990a, b, Veldhuis and Kraay 1990), In contrast,
picoeukaryotes have received much less attention.
The interpretation of flow cytometry data for these
organisms may provide information on some of the
outstanding questions alluded to earlier. To answer
these questions, we examined flow cytometry sig-
natures (scatter, Chl fluorescence, and DNA fluo-
rescence) of 23 cultured picoeukaryote strains be-
longing to a wide taxonomic range as shown by
HPLC signatures, TEM observations, and genome
size measurements, These flow cytometric signa-
tures were calibrated to cell size, Chl a content, and
DNA content. Calibrations were then used to inter-
pret flow cytometry data on field populations from
various oceanic regions.

MATERIALS AND METHODS

Data concerning origin and isolation conditions of strains are
provided in Table 1. For isolation of novel strains (ALMO, EUM,
MAX, currently maintained in Roscoff), sea water was sampled
during three different French cruises and filtered through 0.6-
or l-um Nuclepore filters either on the ship or back in the lab-
oratory. Different culture conditions were tested in an attempt
to select different algal groups. Stock solutions, corresponding
to K/10 medium (Keller et al. 1987) or a modification of this
medium with 50 pM NH,Cl and 50 uM urea as the N source and
trace metals, used usually for Prochlorococeus cultures (Chisholm
et al. 1992), were added to filtered sea water. Cultures were
maintained in low blue light (10 gmol quanta-m~*-s-', EUM &,
10, 13B, 16B, 19, MAX 71, 72, 73) or high white light (50 gmol
quanta-m~%-s7', ALMO 1, 2, EUM 18, 13A, 16A). White light
was provided by Sylvania Daylight fluorescent bulbs, and blue
light was obtained by filtration through blue Plexiglas (Rohm and
Haas, Blue 2424). The eukaryotic strains were separated from
prochlorophytes, cyanobacteria, and larger phytoplanktonic cells
using either serial dilution, antibiotic treatment (ampicillin, 1 pg-
mL~" of medium), or cell sorting by flow cytometry. Once estab-
lished, the cultures were transferred to K medium at 17° C and
at the light irradiance used for isolation.

A number of picoeukaryote strains were purchased from the
Provasoli-Guillard Culture Centre for Marine Phytoplankton
(CCMP, Bigelow Laboratory for Ocean Sciences, Maine). Iman-
fonta sp. was provided by the Plymouth Culture Collection (PCC,
Plymouth Marine Laboratory, Plymouth, U.K.), and Buthycoccus
prasinos (type strain) was kindly provided by Dr. W. Eikrem (Uni-
versity of Oslo, Blindern). They were cultured in K medium at
17° C and 50 pmol quanta-m~*-s', white light.

Pigment analysis. For each strain, 20-30 mL of exponentially
growing culture was filtered through 25-mm Whatman GF/F
filters, immediately frozen in liquid nitrogen, and transferred at
—B0° C until analysis by reverse-phase HPLC as described by
Barlow et al. (1993). Cells were counted using an Epics 541 flow
eytometer equipped with a microsample delivery system (Coulter,
Hialeah, Florida). Pigments were identified by comparison with
retention times of various pigments present in well-documented
species and diode array spectrophotometry (Waters 990 detec-
tor).

Staining of nuclei. Cells were lysed by the addition of a buffer
(9:1, viv) containing 30 mM MgCl,, 20 mM NaCitrate, 0.12 M
sorbitol, 55 mM HEPES, 5 mM EDTA, 5 ul.-mL~' g-mercap-

toethanol, and 0.1% triton X-100. In these conditions, nuclei
were stable for at least 30 min. Analiquot of the nuclei suspension
was stained with 5 ug-mL~" Hoechst 33342 (HO; Sigma B-2261)

that binds to AT-rich DNA regions. A second aliquot was treated
with 0.01% RNAse (i.e. a mixture of RNAse A and RNAse B,
Sigma R-4875 and R-5750, 1:1, w:w) and stained with 30 ug-
mL " propidium iodide (P1; Sigma P-5264), an intercalating dye
that binds to all nucleic acids. Freshly extracted nuclei of Phaeo-
cystis sp. (strain PCC 64, PCC) were used as an internal standard
(210 fg of nucleic DNA, GC% = 54, Vaulot et al., unpubl.).
Samples were analyzed by flow cytometry using either the ultra-
violet (353-357 nm) (HO) or the 488-nm (PI) lines of the laser
(Coherent, Palo Alto, California). Emitted Huorescence was col-
lected through a 485-nm band-pass filter or a 610-nm long-pass
filter for HO and PI, respectively, and recorded for processing
using CYTO PC (Vaulot 1989). The average HO-DNA and PI-
DNA fuorescence of the picoeukaryote populations were com-
puted and normalized to the fluorescence of Phaeocystis nuclel.
The level of nuclear DNA (in femtograms per nucleus) was cal-
culated as follows: [DNA| = Ry, x 210. GC% was estimated using
the RyiRyo ratio, following the model developed by Godelle et
al. (1993). Ry and Ry are the normalized values of DNA-HO
and DNA-PI fluorescence, respectively.

Staining of whole cells. For a number of strains and for the analysis
of natural sea water samples, the preceding protocol was ineffi-
cient, either because cells were not lysed in the buffer (CCMP
253, 515, 1127, 1192, 1199, 1203) or because nuclei could not
be discriminated from bacteria and background noise (EUM 10,
13, 16, 18, 19, natural samples). We therefore performed DNA
staining on 0.5% paraformaldehyde-preserved cells that were
diluted in 0.22-pym-filtered sea water (1:9, vol:vol). Fixation pre-
served Chl Auorescence and thus allowed the discrimination of
photosynthetic cells from bacteria. We used either HO or the
GC-specific dye Chromomycin A3 (CA3, Sigma C 2659), because
PI did not penetrate into fixed cells. HO (1 ug-mL~') or CA3
(30 ug-mL~", together with 30 mM MgCl; and 0.01% RNAse)
was added to the diluted samples that were incubated tor 1 h at
37° C and analyzed by flow cytometry. Preserved cells of Phaeo-
eystis sp. (PCCH4) were used as an internal standard. Rpyg, Rpeas,
the normalized HO, and CA3 fluorescence of the preserved pi-
coeukaryotes were calculated, GC% of total DNA was estimated
from Rpuo/Rpeas, following the model developed by Godelle et
al. (1993).

Valumes, forward and right-angle light scatter, and red fluorescence.
Volume in either exponential or early stationary phase was mea-
sured with a Coulter counter (Multisizer 1T) equipped with a 15-
um-orifice tube and calibrated with 1.98-um beads (Polysciences,
Warrington, Pennsylvania, batch No. 405971). Live cells were
diluted in hltered sea water to a final concentration of 10* cells:
mL~% For each strain, three samples of 5000-10,000 cells were
analyzed.

Forward and right-angle light scatter (FALS and RALS) and
chlorophyll fluorescence were measured with an Epics 541 flow
cytometer (Coulter, Hialeah, Florida) equipped with a Biosense
flow cell and confocal lens to increase sensitivity (Olson et al,
1990a, Vaulot et al. 1990). Samples were illuminated with an
argon laser set at 488 nm. Analysis was performed on live and
preserved cells. The latter were fixed for 15 min in 0.5% para-
formaldehyde (Sigma P-6148, St. Louis, Missouri) at room tem-
perature and deep frozen in liquid nitrogen. They were main-
tained at —80° C until thawed for analysis. All measurements
were normalized to 0.95-um yellow-green Huorescent beads
(Polysciences, lot No. 71825).

Field samples. Samples were collected during several cruises (see
later and Table 6). Most of them were fixed on board with 1%
glutaraldehyde, deep frozen in liquid nitrogen, and stored at
—80° C until analysis by flow cytometry. Samples collected in
January 1989 from the northwest Mediterranean Sea were an-
alyzed on board immediately. RALS and red fluorescence signals
of picoeukaryote populations were measured with the same pro-
tocol as for cultured cells. These parameters were normalized to
0.95-um beads (Polysciences) to allow comparison with cultured
strains, and average values of RALS and red fluorescence were
calculated for samples of each oceanic region.
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TABLE 2. Pigments of picorukaryotic strains; vatios of main accessory pigments to Chl a and Chl a content pier cell for selected strams. Mg-2.4-D =
not detected; na = not available; — = peak unresolved.

Mg-2,4-divinyl phaeoporphyrin a, monomethyl ester; nd =

Accessory pigments to Chi a ratios

Chla Zeaxan- Prasine-  Viola Pigment
(fg-cell') Chlh thin Lutein xanthin  xanthin = Mg-24-D  group

27.6  0.381 nd 0.231 nd nd nd |

95.0  0.241 nd 0.247 nd nd nd 1

26.2 0.461 nd 0.207 nd nd nd I
13,0  0.843 0.023 nd 0.069 0.13% 0.032 11A
na 0.532 0.032 nd 0.186 0.086 0.032 1I1A
4.5 (L.482 0.028 nd 0.165 0.060 0.027 11A
na 0.522 0.016 nd 0.154 0.081 0.032 1IA
na 0.719 0.008 nd 0.176  0.054 nd I11A
3.8 0.785 0.021 nd 0.131  0.054 0.012 1I1A
4.6 0958 0.002 nd 0.142  0.069 0010 IIA
52  1.044 0.017 nd 0.226 0.042 0.020 1IA
4.0  1.009 0,002 nd 0.1561 0.0564 0.011 IIA
2.5 0915 0.052 nd 0.287 0.134 0.031 1A

79 1.029 — nd 0.214 0.032 0.017 1IA

105.9 0.956 0.094 nd 0.526 — 0111 1B

na 0.952 0.005 nd 0.377 — 0.255 1IB

161.6 0915 0.080 nd 0.474 — 0.052 1IB
Fuco- Diadino-

Chle, g Chl ey xanthin 19-HF 19'-BF xanthin

Spedies Strams
Chlorophyceae Chlorella sp. CCMP 253
Nannochlors sp. CCMP 5156
Unidentihied CCMP 1127
Prasinophyceae Micromonas pusilla COMP 490
Batliycoccus prrasinos Type strain
Bathycoccus prasinos ALMO 1
Buthycocous firasinos ALMO 2
Unidentified EUM 10
Unidentified EUM 13A
Unidentified EUM 13B
Unidentified EUM 16A
Unidentified EUM I6B
Unidentified EUM 18
Unidentified EUM 19
Pycnococcus [er'mm'u CCMP 1203
Pyenococeus sp. CCMP 1192
Unidentifed CCMP 1199
Pelagophyceae Pelagomonas sp. EUM 8
Pelagomonas sp. MAX 71
Pelagomonas sp. MAX 72
Pelagomonas sp. MAX 73

Prymnesiophyceae

Unidentified
huantonia sp.

CCMP 625
PCC 18561

17.4  0.129 0.059  0.097 nd 0.677 0.001 1V
na 0.156 0.079 0.069 nd 0.947 0.030 1V
131 0.245 0.119 0.080 nd 1.5682 0.020 IV
na 0.206 0.082 0.122 ne 1.075 0040 IV

119.0 0.192 0.106 0.062 2514 nd 0.002 111

na 0.044 0.090 0078 0517 0178 0.058 V

The staining protocol designed for preserved cultured picoeu-
karyotes was tested for natural populations. Surface sea water
was collected off Roscoff, in the western English Channel, fixed
with paraformaldehyde, and stained with HO and CA3 as already
described. For each group that was distinguished on biparametric
cytograms showing DNA-fluorochrome fluorescence vs. Chl Hu-
orescence, Rpya and Rpeay were calculated.

RESULTS AND DISCUSSION

Selection of strains. We tried to obtain a collection
of picoeukaryote strains as complete as possible and
as representative as possible of natural communities.
First, we included species that have often been ob-
served in oligotrophic areas or have frequently been
isolated from the ocean such as Micromonas pusilla
(Throndsen 1976, Johnson and Sieburth 1982, Fu-
ruya and Marumo 1983, Hoepﬁ"ner and Hass 1990),
Pycnococeus provasolii (Guillard et al. 1991), Bathycoc-
cus prasinos (Eikrem and Throndsen 1990), Chlorella
sp., and Nannochloris sp. (Johnson and Sieburth
1982). We also included some members of the prym-
nesiophytes (Imantonia sp. and CCMP 625) that are
supposed to be important contributors to the pho-
tosynthetic biomass in open ocean waters. Second,
we included strains that have not yet been fully char-
acterized (CCMP 1127, 1192, 1199) and that have
been used in previous picoplankton studies, es-
pecially that of Hooks et al. (1988). Third, we also
included strains that we recently isolated from oli-
gotrophic areas of the tropical Atlantic Ocean (EUM
coccoid strains, EUM 8), Sargasso Sea (SARG 71,
72, 73) and Mediterranean Sea (ALMO 1, 2). From
TEM preparations (not shown), ALMO strains were

identified as Bathycoccus prasinos, and EUM 8 and
MAX strains were identified as Pelagomonas sp. The
other tropical Atlantic strains isolated during the
Ewmeli cruise (non-scaly, coccoid cells, EUM 10, 13A,
B, 16A, B, 18, and 19) could not be assigned to any
described species.

Pigment composition of strains. In the field, the most
commonly used technique for identifying the major
classes and subclasses in algal assemb]agei dominat-
ed by picoplankton is HPLC pigment analysis. Pig-
ment characterization of cultured strains is there-
fore essential for further interpretation of HPLC
data obtained on natural communities. In our cul-
tured strains, we differentiated six pigment types
(Table 2), based on the presence and absence of
selected pigments, namely Chl 4, Chl ¢, prasinoxan-
thin, lutein, 19’ he\anmlmfucnxamhm (19'-HF),
and 19'-butanoyloxyfucoxanthin (19’-BF) and their
ratios to Chl a. Groups I, 11A, 1IB, and 111 were
previously discriminated by Hooks et al. (1988). Some
of the new strains that we analyzed could be included
in these groups. In partuulm, EUM coccoid strains
and Bathycoccus prasinos were similar in pigmentation
to Micromonas pusilla (group I1A) (this study and
Hooks et al. 1988), Mantoniella squamata (Manton et
Parke) Desikachery, and a number of unidentified
prasinophyte coccoid strains analyzed by either
Hooks et al. (1988) or Fawley (1992). P\r:mr‘nrr s Spp.
strains (CCMP 1192, 1208) and CCMP1199 (group
[IB) presented a higher prasinoxanthin to Chla ra-
tio as well as an additional unknown carotenoid sim-
ilar to that in clone 1201-2 = CCMP 1198 (Hooks
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etal. 1988) and Pseudocourfielda marina (Throndsen)
Manton (Fawley 1992). The question of the taxo-
nomic slgmﬁcance of these two plgmem types (I1TA
vs. 1IB) is still not resolved. However, pigment data
suggest that unidentified EUM coccoid strains, which
we isolated from a number of sites in the tropical
Atlantic, have affinities with the Mamiellales (B. pra-
sinos and M. squamata). Inclusion of these strains into
the Mamiellales, which contains nonflagellated spe-
cies, would support the extension of this order to
organisms that lack spider web-like scales, as pro-
posed by Guillard et al. (1991).

In the present study, Pelagomonas sp. strains, EUM
8, MAX 71,72, and 73 had the same major pigments
as type III strains in Hooks et al. (1988) and as Pe-
lagomonas caleeolata (Bjornland et al. 1987, Andersen
et al. 1993). 19'-BF was the major carotenoid, and
19'-HF was undetectable. However, our Atlantic iso-
lates showed pigment ratios different from that ob-
served in P. caleeolata (Bjornland et al. 1987), the
19°-BF : fucoxanthin ratio being much smaller in the
latter species. Further pigment and ultrastructural
studies need to be undertaken in order to clarify
their taxonomic position, compared to P. calceolata
(Andersen et al. 1993). CCMP 625 was character-
ized by the presence of 19'-HF while Imantonia sp.
contained both 19-HF and 19-BF. They were
therefore included in separate pigment groups (IV
and V,
Imantonia sp. resembled that of other prymnesio-
phytes such as Phaeocystis spp. (Buma et al. 1991) and
Imantonia rotunda (Barlow et al. 1993), CCMP 625,
which has only 19-HF, has an unusual signature
among prymnesiophytes.

DNA content and GC% of strains. DNA content may
help to further discriminate strains within pigment
types at the species level. Accurate measurements
of GC% and genome size, which is usually constant
in any one speues. were perf()rmed on isolated nu-
clei. Genome size and GC% (Table 3 Flg 1A) were
stable within strains of the same species, but large
interspecific variations were observed. For example,
Bathycoceus prasinos strains isolated from different
regions of the Mediterranean Sea grouped together
(20-22 fg of DNA, GCY% = 38.6-39.1), as did all
Pelagomonas sp. strains isolated from different regions
of the Atlantic Ocean (40-41 fg of DNA, GC% =
51.9-52.9). Nucleic DNA content and GC% also
clustered together the Atlantic pr asmnph»cmn coc-
coids (EUM coccoids, 19-20 fg of DNA, GC% =
45.4-45.7), suggesting that these strains are a nat-
ural genetic assemblage. Micvomonas pusilla, Iman-
tonia sp., and CCMP 625 differed from these groups
in terms of both genome size and base composition.
DNA staining was also performed on fixed cells, to
include species for which isolation of nuclei was not
successful (Chiorella sp., Nannochloris sp., Pycnococeus
pravasolii, Table 3, Fig. 1). Overall, DNA content
and GC% or relative HO and CA3 fluorescence (for
fixed cells) provided distinctive characteristics at the
species level for almost all the strains analyzed (Ta-

Table 2). While the pigment signature of

60 L T T T T T TTT] T T T L I I | I-
- A ]
55 [ Imantonia sp. g
50 f_ M. pustl!ao 5 é
o C & Pelagococcus sp. ]
O r % Pelagomonas sp. y
O 45 F EUM coccoids E
a0} :
r B. prasinos 1
35 C L 1 a3 el 1 I TR T R L I
10 100 1000
Nucleic DNA content (fg per cell)
Q 0. 3 T T T T
tf'_') B P. provasolii
8 r 9 Pelagomonas sp.
%)
g 5 500
g 02r o) T
= M. pusilla
2 * B CCMP1127 i
° 01 o8
g . B. prasinos
pruer ]
S - EUM coccoids C\ ) R
& Chlorella sp. Nannochloris sp.
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Fic. 1. Discrimination of picoeukaryote species by staining of
nuclei or whole cell with DNA-specific dyes. A) Nucleic DNA
content (Fg) vs. GC% for strains of Micromonas pusitla (M. pusilla),
non-scaly prasinophyte coccoid strains (EUM coccoids), Pelago-
MONAs Sp. and anh‘\'nm‘u,\ prminm (B. prasinos). B) Hoechst 33342
vs. chromomycin-relative fluorescence of picoeukaryote strain.
Phareocystis sp. (strain PCC 64) was used as internal standard. Note
that CCMP 625 and Imantonia sp. were not included in this graph
for clarity.

ble 3, Fig. 1B). For example, the prasinophytes B.
frrasinos, M. pusilla, and the EUM coccoid strains that
belonged to group ITA were discriminated. This was
not true for Chiorella sp. and Nannochloris sp., both
minute coccoid chlorophyte strains (pigment type
I), which were not clearly dnslmgulshed The vari-
ability among strains of the same species for Rpeay
and Rp,m was higher than the variability observed
for Reas and Ryq measured for isolated nuclei. This
was probably due to differences in the penetration
of the dyes in the fixed cells. GC% values obtained
by this method (Table 3) were also overestimated,
probably because of the presence of mitochondrial
and chlnmplastic DNA.

However, in contrast to HPLC pigment analysis,
this technique gives information on a cell-by- cell ba-
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sis and should provide a way to distinguish and enu-
merate the main contributors of a mixed commu-
nity, as long as the assemblage of species is not too
complex. DNA content and GC% have not proven
to be of phylogenetic or systematic value at higher
taxon levels (genus, family, order, or class) among
macroalgae (Le Gall et al. 1993), but DNA content
appears to be related to cell volume (Shuter et al.
1983, Boucher et al. 1991). It is noteworthy that in
comparison to the nuclear DNA levels reported for
marine microalgae (100-200, 000 fg DNA-cell™',
Holm-Hansen 1969) or to that of Arabidopsis thaliana
(166 fg = 1C, Brown et al. 1991), the model system
for higher plant genetics, genome sizes encountered
for picoeukaryotes are all very small (down to 19 fg-
nucleus'). They are in the range of DNA content
reported for prokaryotic organisms (E. coli, 4.4 g,
Darnell et al. 1986).

Very little information is available concerning the
composition and diversity of natural communities.
Are they dominated by a small number of species,
or are they very diverse with no dominating taxon?
DNA staining with HO and CA3 of preserved nat-
ural samples and analysis by low cytometry provide
a way to address this question, as illustrated by the
analysis of natural sea water samples collected off
Roscoff, in the western English Channel. The com-
munity appeared to be homogeneous in terms of
cell size and Chl a content (light scatters and red
fluorescence parameter, Fig. 2A); however, two
populations were clearly discriminated in samples
stained with either HO or CA3 (Fig. 2B, C), showing
that two taxa with different GC% and /or DNA con-
tent cooccurred. These taxa (POP 1 and POP 2)
contributed 47 and 53%, rt‘specti\'ely, of the total
community. Similarly, we observed either one, two,
or three cooccurring taxa in many oceanic samples
of the tropical Atlantic and Mediterranean Sea (un-
publ. data). This method may thus be especially use-
ful for rapid and large-scale studies of diversity in
situ. Nevertheless, this apparently simple situation
may not hold for samples in which there may be
greater diversity of species, especially for inshore
samples. The problem of the identification of the
dominating taxa is still unresolved because of the
variability of Rpcas and Rpye ratios that were ob-
tained for fixed cells. Although results obtained on
isolated nuclei show much less variability, the meth-
od cannot be used on natural samples because nuclei
from photosynthetic picoeukaryotes cannot be dis-
tinguished from those of small heterotrophs. It is
necessary, therefore, to reduce the variability ob-
served for Rpeas and Rpyg ratios to be able to use
this method for identification of the major taxa in
natural populations.

Volume and Chi a content of strains. Particular at-
tention was given to the measurements of cell equiv-
alent diameters, as size is a criterion for discrimi-
nation of picoeukaryote communities. For cultured
strains, mean equivalent diameters ranged from 1.2
to 3.5 um (Table 4). The smallest sizes were ob-
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Fic. 2. Contours of cell abundanee for a preserved sea water
sample collected off Roscoff, as a funcuion of A) Chl fluorescence
and RALS, B) Auorescence of Hoechst 33342 and Chl fluores-
cence, and C) chromomycin and Chl fluorescence. Phagocystis sp.
(strains PCC 64) was used as an internal reference. Two popu-
lations of picoeukaryotes (POP 1 and POP 2) were discriminated
by both dyes.

served for a number of chlorophyte strains including
Bathycoceus prasinos (type strain and newly isolated
strains ALMO 1 and 2), the EUM coccoid strains
(EUM 13A, 13B, 16A), Micromonas pusilla, Chlorella
sp.. and Nannochloris sp. Their equivalent diameter
hardly exceeded 1.5 um. Pelagophyte strains (EUM
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TasrLe 4. Equivalent diameters and volumes of selected strains, measured with a Coulter counter.
Mameter + SD Volumes
Species Strain {um) {um?)
(:h[uﬂ)ph}'lrh
Chlorephyceae Chiorella sp. CCMP 253 1.52 % 0.17 1.85
Nannochlons sp. CCMP 515 1.68 £+ 0.20 2.48
Prasinophvceae Micromonas pusilla CCMP 490 [.53 = 0.25 1.87
Bathycoccus prasinos Type strain 57 % 017 2.04
Bathycoccus prasinos ALMO 1 1.24 + 0.15 1.00
Bathycoccus frrasinos ALMO 2 1.44 = 0.15 1.57
Unidentified EUM 13A 1.33 £ 0.20 1.24
Unidentified EUM 13B 1.43 + 0.18 1.43
Unidentibed EUM I6A 1.49 = 0.25 1.49
Pyenococeus provasoli CCMP 1203 2,58 + 0.30 9.03
Pycnococous sp. CCMP 1192 2,19 + 0.30 5.47
Unidentified CCMP 1199 2.53 £ 0.26 8.45
Chromophytes
Pelagophyceae Prelagmmonas sp. MAX 71 1.99 + 0.30 4.10
Pelagomenas sp. MAX 72 2,01 + 0.30 4.27
Prlagomaonas sp. MAX 73 2.07 = 0.30 4.64
Pelagomonas sp. EUM B 2,09 = 0.22 4.80
Prymnesiophyceae Unidentified CCMP 625 3.06 £ 0.31 15.07
Imantonia sp. PCC 18561 3.45 + 0.40 21.48

8, MAX 71,72, 73) were slightly bigger, with a 2-um
equivalent diameter. Other picoeukaryote strains
(including Pycnococeus spp., CCMP625, and Imanton-
ia sp.) were all bigger, with diameters exceeding 2.5
um. We were not able to determine the size of some

strains, because of the presence of large numbers of

particles in cultures, probably heterotrophic bacte-
ria(EUM 10, 16B, 18,19, CCMP 1127). Chlorophyll
a content per cell was highly variable among the
species surveyed (2.5-161 fg cell, Table 2), these
variations being probably linked to cell volume and
light conditions.

Flow cytometric signature of strains. To be able to
interpret How cytometry data that are routinely ob-
tained for natural picoeukaryote communities, re-
lations between scattering properties and cell size as
well as between cell red fluorescence and Chl a con-
tent were investigated (Fig. 3A, B). Light-scattering
properties of live cells (RALS, and FALS,, Table 5)
were measured for all the strains (Table 5) and were
linearly related to equivalent diameter, D in um, the
highest correlation coefficient being obtained for
RALS values.

D = 0.13 x FALS, + 1.50 (1)
=085 P < 0.0005
D = 1.40 x RALS, + 0.97 (2)

= 0:9h;

P < 0.0005

Chlorophyll @ content in fg-cell ! (Table 3) was re-
lated to red fluorescence that was measured on live
cells (RFL,) (Table 5) as follows:

Chla = 0.17 x RFL,** »*=0.77, P < 0.0005(3)

We then tested the effect of preservation (para-
formaldehyde fixation, —80° C storage) that is usu-
ally applied for delaying analysis of field samples

(Vaulot et al. 1989) on the three parameters mea-
sured by flow cytometry (RALS, FALS, and red flu-
orescence, Table 5). RALS was not significantly
modified by fixation (paired - test, t = 0.167, P =
0.869) in contrast to FALS (/-test, t = 2.362, P <
0.05) and red Huorescence (t-test, t = —3.184, P <
0.005). On average, a 40% decrease of the FALS
values was observed for most of the strains after
fixation, whereas red fluorescence increased by 25%.

For preserved samples, RALS, FALS, and red flu-
orescence (FALS,, RALS,, and RFL,) were related
to diameter and Chl a content as follows:

D = 0.27 x FALS, + 1.52 (4)
= 0.65, P < 0.0005

D = 1.21 x RALS, + 1.111 (5)
=0.95, P < 0.0005

Chla = 0.22 x RFL (6)

?=0.79, P < 0.0005

From Equations (5) and (6), mean equivalent di-
ameters and Chl a content per cell of natural pi-
coeukaryote communities can be derived from flow
cytometry data. Results concerning Chl @ content
per cell provided by Equation (6), however, should
only be considered as estimations, because the re-
lationships we observed between Chl a content per
cell and red fluorescence intensities were derived
from different cultured species that are not neces-
sarily representative of the natural communities in-
vestigated. Intra-/and interspecific differences in the
relationships between cellular Chl ¢ and Huores-
cence per cell, as measured by flow cytometry over
a range of irradiances, were observed by Sosik et al.
(1989). This variability is largely E‘\pldmed by light-
driven differences in the relative abundance of Chl
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FALS and RALS and red fluorescence of picoctikaryotic strains, measured with flow cytometry. The values are velative RALS, FALS, and
ved fluorescence of the samples to 0.95-pm fluorescent beads. PF = prrrn‘Hnrmnn'r.l'r'h_‘.'d.wpn'_w’h'rr! cells,

FALS

Red fluorescence

Speacs Strains Live PF Live PF Live PF
Chlarophyceae Chlovella sp. CCMP 253 1.26 0.93 0.34 0.43 8.52 14.14
Nunnochloris sp. CCMP 515 1.56 1.33 0.39 0.41 10.92 13.36
Unidentified CCMP 1127 2.09 1.58 0.49 0.49 11.30 13.02
Prasinophyceae Micromonas pusilla CCMP 490 1.03 0.73 0.51 0.41 11.72 16.96
Bathyeoccus prasinos Type strain 116 0.58 0.41 0.36 11.50 14.93
Bathycoccus prasinos ALMO 1 0.63 - 0.29 — 7.36 —
B(.'HI_‘.‘I reus prasinos AMLO 2 0.74 0.42 0.32 0.28 9.95 13.08
Umdentified EUM 10 0.38 0.81 0.37 0.33 11.65 12.49
Limidentified EUM I3A 0.37 0.23 0.34 0.29 10.10 12,36
Unidentified EUM 13B 0.39 0.27 0.40 0.52 11.16 12.59
Unidentified EUM 16A 0.33 0.21 0.37 0.28 10,12 12.14
Unidentified EUM 16B 0.46 0.27 0.38 .35 13.07 15.16
Unidentified EUM I8 0.46 0.31 0.36 0.29 10.67 12.67
Unidentified EUM 19 .42 0.29 0.35 0.33 11.48 12:3
Pyenococcus frrn asoli CCMP 1203 5.30 4.22 1.28 1,54 37.43 49.44
Pyenococcus sp. CCMP 1192 4.2H 4.59 0.80 1.10 29.54 24.71
Unidentified CCMP 1199 5.39 421 1.20 1,21 34.80 43.44
Pelagophyceae Pelagomonas sp. EUM 8 2.27 0.78 0.68 0.62 18.10 18.58
Pelagomanas sp. MAX 71 3.01 0.87 0.71 0.62 27.02 4(0).56
Pelagomaenus sp. MAX 72 2.98 0.82 0.69 0.67 27.82 87.55
Pelagonionas sp. MAX 73 2.64 0,84 0.72 0.68 30.84 34.73
Prymnesiophyceae Unidentified CCMP 625 16,01 5.95 1.62 1.57 66.89 89.76
Imantinia sp. PCC 18561 14.43 3.29 1.61 1.90 59.77 97.62

a and accessory pigments that absorb light and trans-
fer energy to Chl @, thus enhancing fluorescence
signals.

Interpretation of flow cytometric data for natural pi-
frlf’?lk(”\f)h’ (U?H.WHIN[N’E Fl()\‘\r’ (\lnl]]t‘[llt dd[d Ob
tained from different oceanic provinces invariably
show a well-defined population of unnamed small
eukaryotic algae (1-3 gm in diameter) (Li and Wood
1988, Li 1989, Vaulot et al. 1990, Li et al. 1992,
Campbelland Vaulot 1993). Using Equations (5) and
(6), RALS and red fluorescence measured by flow
cytometry provided estimates of cell size and Chl a
content of natural picoeukaryote communities orig-
inating from a variety of oligotrophic areas of the
North Pacific, northeastern Atlantic, northwestern
Mediterranean, and Alboran Sea (Table 6). Mean
cell size of the communities did not vary much be-
tween the different sites, ranging from 1.3 to 2 um,
in contrast to Chla content, which fell in a threefold
range, from 6 to 16 fg-cell ™!

The amplitude of variation of cellular Chl a could
be rather high within a single area. For the north-
eastern tropical Atlantic area investigated dunng
the EUMELL 4 cruise, Chl a content per cell ranged
from 0.4 to 70 fg-cell ! (Table 6). Such a wide range
is accounted for by photoacclimation (Claustre and
Gostan 1987) that leads to an increase in red fluo-
rescence with depth (Campbell and Vaulot 1993).
However, Chla content is highly dependent on light
irradiance (Claustre and Gostan 1987, Sosik et al.
1989). As already stated, for computation of Chl a
biomass from flow cytometry measurements, it would
be more accurate to establish relationships for spe-
cies that are representative of natural communities.

CONCLUSION

How are the picoeukaryote strains available in
culture representative of natural populations? Or-
ganisms containing Chl &, 19'-BF, and 19"-HF seem
to dominate the phytoplankton community in the
euphotic zone of the open North Atlantic (Gieskes
and Kraay 1986, Williams and Claustre 1991, Bar-
low et al. 1993), the West Equatorial and North
Pacific (Everitt et al. 1990, Ondrusek et al. 1991,
Letelier et al. 1993), and the Red Sea (Veldhuis and
Kraay 1993). Moreover, pigment fingerprints sug-
gest dominance of Chl &, 19'-HF, and 19-BF at the
depth of the deep Chl maximum, where 1-3 or 1-
5-um organisms dominated the Chl a biomass
(northeastern Atlantic [Gieskes and Kraay 1986,
Williams and Claustre 1991] and Central North Pa-
cific |Letelier et al. 1993]). Sources of these pig-
ments in situ are supposed to be prymnesiophytes,
chrysophytes, and “green algae.”

Chlorophyll ¢ containing algae, Emiliana huxleyi,
Phavocystis spp., Imantonia rotunda, Chn\mhmmuhnu
SPP-s and Pelagococcus subviridis (3-5-um species), are
suspected of contributing to the chromophyte com-
munity in situ because they contain 19-BF and/or
19"-HF and because they were isolated or observed
in many stations of the ‘world ocean (Everitt et al.
1990, Barlow et al. 1993). However, these species
are larger in size than natural picoeukaryote pop-
ulations (1.3-2 pm in diameter, Table 6) observed
by flow cytometry in open subtropical regions. Iman-
tonia sp. (PCC 18561) and CCMP 625 are also larger
(Table 4). The only chromophyte in culture with a
size similar to that of field populations is Pelagomonas
sp. In addition, Pelagomonas sp. strains have 19'-BF
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phyte strains such as CCMP 625 because a high 19'-
HF : Chlz ratio was detected in this strain. However,
one may expect that further studies on monoalgal
cultures will reveal a wider systematic distribution
pattern of 19-HF and 19'-BF, especially in cells of
very small size, that were often overlooked in mi-
croscopic analyses.

Algae contributing to the Chl # biomass are hy-
pothesized as belonging either to the chlorophytes
or to the prasinophytes. Prasinophytes could be both
prasinoxanthin-containing and-lacking species since
occasional occurrence of significant amounts of pra-
sinoxanthin was reported in the tropical Atlantic
and open Pacific by Hooks et al. (1988), Everitt et
al. (1990), and Letelier et al. (1993). Micromonas pu-
silla, Bathycoccus prasinos, Nannochloris-like and Chlo-
rella-like organisms, and Pycnococcus provasoli (1-3
pm in diameter) were reported from a number of
sites in the Atlantic and/or Pacific Oceans (Johnson
and Sieburth 1982, Murphy and Haugen 1985, Ei-
krem and Throndsen 1990, Guillard et al. 1991,
Campbell et al. 1994b). The non-scaly, prasinoxan-
thin-containing coccoid strains that we isolated from
several sites in the tropical Atlantic (EUM coccoids)
might also contribute to the Chl # and prasinoxan-
thin biomass in situ. However, strains brought into
culture provide a biased sample of the natural flora.
As recently stated by Letelier et al. (1993), prasi-
noxanthin, violaxanthin, and lutein, markers for
chlorophytes, were usually only present in low
amounts or even undetectable in most of the open
ocean areas that were investigated using HPLC (Ev-
eritt et al. 1990, Willlams and Claustre 1991, Le-
telier et al. 1993). There is no report of a eukaryotic
species in which pigmentation would explain the
combined presence of high amounts of Chl # and
low amounts of prasinoxanthin, lutein, and viola-
xanthin in situ. It is noteworthy that the recently
discovered prokaryotic genus Prochlorococcus (Pro-
chlorophyta) (Chisholm et al. 1992) contains divinyl
Chl & (Chl by), which until recently was not separated
from “normal” monovinyl Chl & (Chl ') by reverse-
phase HPLC. The presence, in field samples, of this
divinyl form is now taken into account by taxonomic
dlgt)l‘l[hmi designed to assess the contribution of
algal groups from pigment ratios to Chl a (Everitt
et al. 1990, Barlow et al. 1993, Letelier et al. 1993).
Only recently could Chl b, be separated from Chl
by by reverse-phase HPLC (Goericke and Repeta
1993). Still, the presence of Chl b, is not a good
tracer of eukaryotic taxa, since under certain con-
ditions Prochlorococcus can synthesize Chl b, (Parten-
sky et al. 1993, Moore et al. 1994). Prachlorococeus,
which occurs at high concentration in the euphotic
zone of oligotrophic oceans and seas (Chisholm et
al. 1988, Olson et al. 1990a, Vaulot et al. 1990),
might explain in part the large amount of Chl b
reported for these oceanic regions.

In conclusion, only Pelagomonas strains seem to be
really representative of open oligotrophic areas. All
the other strains brought into culture are obviously

present in these areas but most likely at insignificant
concentrations. This demonstrates the huge amount
of work still needed to characterize eukaryotic pi-
coplankton. The combination of flow cytometry with
HPLC pigment analysis is indeed useful in that re-
spect. However, new approaches, such as immuno-
labeling, or the design of taxon-specific ribosomal
RNA probes (Amann et al. 1990), are probably
needed to take quantum steps in solving the true
nature of picoeukaryote communities.
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BUOYANCY REGULATION IN THE COLONIAL DIAZOTROPHIC CYANOBACTERIUM
TRICHODESMIUM TENUE: ULTRASTRUCTURE AND STORAGE OF
CARBOHYDRATE, POLYPHOSPHATE, AND NITROGEN'
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ABSTRACT

Trichodesmium tenue Wille (1904) was examined
using transmission electron microscopy to determine the
role of carbohydrate, phosphorus, and nitrogen storage in
buoyancy regulation. Carbohydrate stovage area (mean =
2.06 + 0.61 [SE] pm? 6.62% of total cell area) in
negatively buoyant colonies (NBCs) was significantly high-
er (P < 0.001) than in pmmu rely bummr( colomies (PBCs)
(mean = 0.38 = 0.06 wm? 0.73%). Distinct diel peri-
odicity of carbohydrate content was found in NBCs dem-
onstrated by an increase from darkness to afternoon. Poly-
phmphﬂ!v content was significantly higher (P < 0. 001)
in NBCs, with a mean of 0.44 = 0.10 uym? (1.54%), as
compared to PBCs, with a mean of 0.14 = 0.05 um?
(0.24%). Polyphosphate content increased in NBCs from
morning to evening, and PBCs had a 10% decrease from
morning to afternoon. Caleulations indicated that aver-
aged effects of polyphosphate on increased cell density is

! Received 2 May 1994. Accepted 11 August 1994.
* Author for reprint requests.

approximately 20% of that from carbohydrate accumu-
lation. Density contribution due to ballast weight of car-
bohydrate and polyphosphate indicated that NBCs were
12 times more dense than PBCs. Mean area of cyanophycin
granules (N storage) was not significantly different be-
tween PBCs and NBCs. In conclusion, Trichodesmium
tenue can regulate buoyancy by carbohydrate ballasting
similar to that noted in limnetic ecyanobacteria. Polyphos-
phate storage and prmrhh mlmg('u storage products play
a significant role in buoyancy regulation.

Key index woods:  buoyancy; carbohydrate ballasting; cy-
anobacteria; polyphosphate; Trichodesmium tenue;
vertical migration

Buovancy regulation in limnetic cyanobacteria is
well studied. Several mechanisms of buoyancy reg-
ulation for depth-keeping or vertical migration have
been observed, and these include the “dilution” of
gas vesicles by turgor pressure collapse, cell growth,
or carbnh\,dmte ballasting. (Walsby 1972, van Rijn
and Shilo 1985, Kromkamp and Konopka 1986).
Other factors shown to affect buoyancy are avail-
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