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Coccoid picoplankters are minute unicellular algae that, when viewed with a light microscope,

appear as little `balls'. They comprise an important component of open-ocean phytoplankton, and,

except for colour di�erences (i.e. red, green, brown), many eukaryotic picoplankters are morpho-

logically similar. To evaluate the biological diversity of the `little brown ball' subpopulation of `little

balls', we randomly selected nine undescribed algal strains and compared the nucleotide sequences of

their nuclear 18S ribosomal RNA genes. The results indicate that `little brown balls' have evolved

independently in three distinct eukaryotic lineages (heterokont algae, haptophyte algae, and green

algae), and at least four taxonomic classes, and that, even within the four classes, considerable

genetic diversity exists. These ®ndings suggest that a tiny coccoid morphology confers some adaptive

advantage in the open ocean, that repeated convergent evolution has occurred, and that molecular

data may be necessary for taxonomic distinction of closely related coccoid picoplankters.
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Introduction

The `plants' that support life in the open oceans, an area that covers 66% of the earth's
surface, are almost exclusively tiny (0.5±5 lm) algal cells, and as many as 80±90% of these
picophytoplankters are coccoid forms with a simple spherical morphology (Platt and Li,
1986; Chisholm et al., 1988; Li, 1994; Simon et al., 1994). Careful examination of these
small cells has resulted in the recent discoveries of new taxonomic groups. For example,
the eukaryotic genera Pelagococcus, Nannochloropsis and Pycnococcus were recently de-
scribed (Lewin et al., 1977; Hibberd, 1981; Guillard et al., 1991). Some eukaryotic pico-
plankters also belong to recently described taxonomic classes, such as Eustigmatophyceae
(Hibberd and Leedale, 1971) and Pelagophyceae (Andersen et al., 1993). The importance
of marine biodiversity and the urgent need for research in this area have been recognized
only recently (Committee on Biological Diversity in Marine Systems, 1995).
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The photosynthetic pigments di�er among the various groups of coccoid picoplankters
(Rowan, 1989; Goericke and Repeta, 1992), causing cells to appear in the light micro-
scope as tiny red, green, and brown `balls'. The minute size and simple spherical mor-
phology limit the taxonomic level to which these cells can be identi®ed, based upon light
microscopy, to divisions (phyla) or, at best, classes. Electron microscopy generally pro-
vides su�cient characters for assignment into taxonomic classes, but most `little balls' do
not have enough ultrastructurally distinct detail for identi®cation to lower taxonomic
levels, let alone for traditional morphologically-based species descriptions. (Exceptions
are scaled species such as the coccolithophorids (Winter and Siesser, 1994) or the coccoid
green alga Bathycoccus prasinos (Eikrem and Throndsen, 1990)). The apparent absence of
sexual reproduction in most coccoid picoplankters precludes the application of a biolo-
gical species concept. This inability to clearly distinguish species of coccoid picoplankton
led us to hypothesize that traditional methods underestimate the biological diversity of
these ecologically important phytoplankters. To evaluate the genetic diversity among
these morphologically similar organisms, we used cladistic analyses of nucleotide se-
quences from the nuclear 18S ribosomal RNA (rRNA) gene, a gene that has been useful
for inferring protistan phylogenetic relationships (e.g., Sogin et al., 1986; Douglas et al.,
1991).

Methods

Cultures were obtained from the Provasoli±Guillard National Center for Culture of
Marine Phytoplankton (CCMP), Boothbay Harbor, Maine, USA. Nine taxonomically
unidenti®ed culture strains (CCMP 625, 1144, 1145, 1205, 1220, 1395, 1407, 1410 and
1416) were selected at random, using only their brownish colour and spherical shape as
criteria for selection. Two marine ¯agellates (Pavlova gyrans, CCMP 607, and Prymnesium
calathiferum, CCMP 707) were included for comparative purposes. For light micrographs
of the strains (Fig. 1), cells were taken directly from stock cultures at the CCMP and
immediately photographed from a wet mount preparation using an Olympus BH2 mi-
croscope with Nomarski interference contrast, a PM10 automatic camera system, and
Kodak Kodacolor 400 ®lm.

For sequencing, cells were grown in K Medium (Keller and Guillard, 1985) using a
12:12 L:D cycle at 20±24° C. The 18S rRNA gene was ampli®ed from either genomic DNA
extracts (Doyle and Doyle, 1987) or cell lysates via the polymerase chain reaction (PCR)
using the Perkin Elmer Gene Amp II kit and two external primers (Andersen et al., 1993).
PCR products were isolated using a 0.8% agarose gel, and the DNA was extracted using a
Gene Clean II kit (Bio 101). Complete nucleotide sequences of primary and secondary
PCR products were determined, in both directions, using the Perkin Elmer AmpliTaq
Cycle Sequencing Kit with 13 5¢-biotinylated sequencing primers. Sequencing reaction
products were separated on 6% Long Ranger (AT Biochem) acrylamide gels and trans-
ferred to nylon membranes (Millipore). Sequences were visualized by treating the mem-
branes with the New England Biolabs Phototope Detection Kit and exposing them to X-
ray ®lm. Sequencing gels were read by eye, and sequences were deposited in GenBank
under the following accession numbers: CCMP 607 (U40922); CCMP 625 (U40924);
CCMP 707 (U40923); CCMP 1144 (U40929); CCMP 1145 (U40928); CCMP 1205
(U40921); CCMP 1220 (U40920); CCMP 1395 (U40927); CCMP 1407 (U40919); CCMP
1410 (U40926); CCMP 1416 (U40925).
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The sequences were combined with those of representatives from major eukaryote
lineages in four separate analyses (see Results). The Alaria marginata sequence was taken
from Saunders and Druehl (1992). The following sequences (with GenBank accession
numbers) were obtained from GenBank: Bacillaria paxillifer (M87325), Boletus santanas
(M94337), Chlamydomonas reinhardtii (M32703), Chlorella fusca (X56104), Coleochaete
scutata (X68825), Dictyostelium discoideum (X00134), Emiliania huxleyi (M87327),
Euplotes aediculatus (M14590), Fucus distichus (M97959), Gracilaria verrucosa (M33638),
Hibberdia magna (M87331), Lycopersicon esculentum (X51576), Mantoniella squamata
(X73999), Marchantia polymorpha (X75521), Mucor racemosus (X54863), Mytilus edulis

Figure 1. Light micrographs of coccoid picoplankters showing similarity of shape and colour. Scale

bar = 10 lm. (a, b) Haptophyceae (CCMP 625, 1416) (c±e). Green algae (CCMP 1205, 1220, 1407).

(f) Unknown heterokont alga (CCMP 1144). (g±j) Pelagophyceae (CCMP 1145, 1395, 1410, Pela-

gococcus subviridis (CCMP 1429)). (k, l) Eustigmatophyceae (Nannochloropsis oculata (CCMP 525),

N. salina (CCMP 527)).
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(L24489), Nannochloropsis oculata (U38902), Nannochloropsis salina (M87328), Neochloris
vigensis (M74496), Nephroselmis olivacea (X74754), Phaeocystis pouchetii (X77475),
Ochromonas danica (M32704), Phytophthora megasperma Drechler (X54265), Pleurastrum
terrestre (Z28973), Prorocentrum micans (M14649), Rhizosolenia setigera (M87329), Sac-
charomyces cerevisiae (J01353), Synura spinosa (M87336), Tetraselmis striata Butcher
(X70802), Tribonema aequale (M55286), Xenopus laevis (X04025) and Zea mays (K02202).
Sequences were aligned using MALIGN (Wheeler and Gladstein, 1993) and ambiguously
aligned sites were excluded from phylogenetic analyses. Parsimony analysis was conducted
using PAUP (Swo�ord, 1993). Phylogenetic bootstrapping was implemented in PAUP to
assess relative support for branches in the most parsimonious trees (Felsenstein, 1985; 100
replicates for each data set).

Results

The strains of unidenti®ed coccoid picoplankters for which we obtained sequences are
virtually indistinguishable, at the light microscope level, both from one another and from
several species described based upon ultrastructural and pigment data (Fig. 1). Initial
sequence analyses, however, showed that strains of `little brown balls' belong to three
distinct eukaryote groups: the heterokont algae, the haptophyte algae and the green algae/
land plant lineage.

To show the broad biodiversity of `little brown balls', we carried out a phylogenetic
analysis using one representative `ball' from each of the heterokont, haptophyte, and green
algal groups, plus representatives of most major eukaryotic lineages (Fig. 2). When we
combined the sequences of all `little brown balls', representatives from the three major
groups in which they occur (heterokonts, haptophytes and green algae), and rep-
resentatives from other eukaryotic groups (e.g. animals, plants, fungi), we failed to obtain
reasonable phylogenetic resolution. This was due in part to the exclusion of the more
variable regions of the sequences. It is di�cult, if not impossible, to align accurately the
highly variable regions of gene sequences from distantly related organisms (e.g. animals,
plants, fungi, and algae), but these more variable regions are necessary for phylogenetic
resolution among closely related organisms. To resolve this problem, we conducted three
separate analyses, one for each major lineage containing `little brown balls'.

The heterokont algae are a large, diverse group of golden or brown-coloured algae (e.g.
chrysophytes, diatoms, and brown seaweeds) that are most closely related to the Oomy-
cetes (Bhattacharya et al. 1992; Saunders et al., 1995). Three of the unidenti®ed heterokont
algal strains (CCMP 1145, CCMP 1395 and CCMP 1410) group strongly (100% bootstrap
value) with described species belonging to the Pelagophyceae (Fig. 3). The two species of
Nannochloropsis (Eustigmatophyceae), both coccoid, group together as expected. The
remaining heterokont alga, CCMP 1144, groups with the pelagophytes in one tree and
with the xanthophytes and phaeophytes in another tree; its phylogenetic a�nities require
further study. Within the pelagophytes, CCMP 1395 is closely allied with the coccoid
organism Pelagococcus subviridis, CCMP 1145 is closely related to the ¯agellate organism
Pelagomonas calceolata, and CCMP 1410 shows a sister relationship to the other pela-
gophytes. The Pelagophyceae is a recently described class (Andersen et al., 1993) and it
may contain a substantial number of oceanic picoplanktonic species, some of which were
previously classi®ed in the Chrysophyceae.
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Figure 2. Single most parsimonious tree (length = 1101, consistency index = 0.61, retention in-

dex = 0.58) based upon 18S rRNA gene sequences of four marine coccoid picoplankters (*) and

representatives of most major eukaryotic lineages, rooted with Dictyostelium discoideum. Bootstrap

values are based upon 100 replicates.

Figure 3. Strict consensus tree for four most parsimonious trees (length = 604, consistency

index = 0.66, retention index = 0.68) based upon the 18S rRNA gene sequences of heterokont

organisms including coccoid marine picoplankters (*), rooted with the Oomycete Phytophthora

megasperma. Bootstrap values are based upon 100 replicates.
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Two of the unidenti®ed strains belong in the class Haptophyceae (Fig. 4). CCMP 625 is
closely allied with the coccolithophorid Emiliania huxleyi and CCMP 1416 is most closely
related to Pavlova gyrans. The Pavlovales are considered a distinct lineage within the
Haptophyceae, but, until now, no coccoid species have ever been classi®ed in that taxo-
nomic order (Green, 1980; Green and Leadbeater, 1994).

The green algae include the closest living relatives of the land plants, and green algal
cells almost always appear bright green. However, some members of the class Prasino-
phyceae produce large amounts of the carotenoid prasinoxanthin (Foss et al., 1986) and
therefore sometimes appear as brownish cells. Three of our randomly selected unidenti®ed
`brown' strains appear to be green algae (Fig. 5). CCMP 1220 and CCMP 1407 group with
the prasinophyte Mantoniella squamata, but this relationship is weakly supported. Two
other taxa (Chlorella fusca and Neochloris vigensis) included in this analysis may be de-
scribed as `little green balls', but they are both terrestrial algae.

Figure 4. Single most parsimonious tree (length = 561; consistency index = 0.86; retention in-

dex = 0.75) based upon 18S rRNA gene sequences of selected haptophyte algae including coccoid

marine picoplankters (*), rooted with the green alga Chlamydomonas reinhardtii. Bootstrap values

are based upon 100 replicates.

Figure 5. Single most parsimonious tree (length = 948; consistency index = 0.62; retention

index = 0.48) based upon 18S rRNA gene sequences of selected land plants and green algae,

including coccoid marine picoplankters (*), rooted with the haptophyte alga Emiliania huxleyi.

Bootstrap values are based upon 100 replicates.
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Discussion

The `little brown balls' show diversity at multiple taxonomic levels. First, they appear in
three distantly related groups of eukaryotes (heterokonts, haptophytes, green algae/
plants). We interpret these results as evidence that convergent evolution has occurred.
Second, within two of these groups, `little brown balls' do not form a single monophyletic
group. For example, within the heterokont group (Fig. 3), they fall into at least two
taxonomic classes, the Eustigmatophyceae and Pelagophyceae, with CCMP 1144 occu-
pying an undetermined position. Third, within two classes (Pelagophyceae and Hapto-
phyceae) we sequenced more than one unidenti®ed strain and in neither case did the 18S
rRNA sequences indicate monophyly of the `little brown balls' within the class. Thus, the
coccoid morphology occurs repeatedly among and within major lineages, indicating that
signi®cant biological diversity may be masked by morphological similarity.

These results have implications concerning systematics, ecology and evolution of
marine picoplankton. With respect to systematics, DNA sequence data corroborate ul-
trastructural and photosynthetic pigment data, i.e. all three methods place described
species in the same taxonomic class. For example, pigments of CCMP 1145 match those
for other members of the Pelagophyceae that have been examined (Hooks et al., 1988).
However, pigments are used to de®ne algal classes and are usually the same for all or-
ganisms within a class. Also, the ultrastructure of unscaled coccoid cells is usually indis-
tinctive and cannot provide information for distinguishing species. Alternatively, gene
sequences may contain information that can be used at many taxonomic levels, including
species. Our results suggest the identi®cation and distinction of species of nonscaly `little
brown balls' will require the use of molecular data.

In addition, the ordinal- and generic-level classi®cations of some classes may require
revision. For example, the order Pavlovales of the Haptophyceae has been de®ned based
upon the ¯agellar apparatus of the motile cells (Green, 1976), but the presence of a coccoid
organism (CCMP 1416) in this group suggests that the description of that order should be
emended. A similar case exists in the Pelagophyceae, in which the de®nition of the Pela-
gomonadales as an order of ¯agellate species (Andersen et al., 1993) is not tenable if we
wish to recognize monophyletic taxa. These ®ndings may well have broader implications
for other algal classes whose ordinal classi®cations are based primarily upon presence or
absence of ¯agella.

The data presented here represent our initial random examination of cultures, and it is
possible that even greater diversity exists. It has been suggested that many species of
picoplankton are `unculturable' (Giovannoni et al., 1990a; Mullins et al., 1995). A further
examination of existing culture strains, as well as ampli®cation of DNA from ®eld samples
(Giovannoni et al., 1990b) known to contain `little brown balls', may establish more
precisely the diversity of these recently discovered eukaryotic picoplankters. Although
complete sequencing of the 18S rRNA (or any other) gene is not likely to be a practical
method for identifying picoplankters from ®eld samples, the development of taxon-speci®c
oligonucleotide probes (based upon sequences from representative organisms in culture)
shows great promise in this respect (e.g. Simon et al., 1995).

We assume that there is some adaptive advantage associated with a highly reduced
coccoid morphology in the open ocean, since tiny `balls' have evolved independently in
several lineages of phytoplankton, both eukaryotic and prokaryotic. Small spherical cells
may be favourable for competitive uptake of nutrients, cellular energetics, high growth
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rates, reduced sinking rates, predator avoidance, etc., but careful ecological and evolu-
tionary studies will be required to test these ideas.
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