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Two new Phaeocystis species recently discovered in
the Mediterranean Sea are described using light and
electron microscopy, and their systematic position is
discussed on the basis of an analysis of their nuclear-
encoded small-subunit ribosomal RNA gene (SSU
rRNA) sequences. Phaeocystis cordata Zingone et
Chrétiennot-Dinet was observed only as flagellated
unicells. Cells are heart shaped, with two flagella of
slightly unequal length and a short haptonema. The
cell body is covered with two layers of thin scales.
The outermost layer scales are oval, with a faint ra-
diating pattern, a raised rim, and a modest central
knob. The inner-layer scales are smaller and have a
faint radiate pattern and an inflexed rim. Cells swim
with their flagella close together, obscuring the hap-
tonema, pushing the cell, and causing it to rotate
about its longitudinal axis while moving forward.
Phaeocystis jahnii Zingone was isolated as a nonmo-
tile colony. It forms loose aggregates of cells em-
bedded in a mucilaginous, presumably polysaccha-
ride matrix without a definite shape or visible ex-
ternal envelope. The flagellated stage has the fea-
tures typical of other Phaeocystis species. Cells are
rounded in shape and slightly larger than P. cordata.
The cell body is covered with extremely thin scales
of two different sizes with a very faint radiating pat-
tern toward their margin. Swimming behavior is sim-
ilar to that of P. cordata, with the flagella in a pos-
terior position as the cells swim. The SSU rRNA se-
quence analysis indicated that both species are dis-
tinct from other cultivated Phaeocystis species
sequenced to date. Regions previously identified as
specific for the genus Phaeocystis are not found in
P. jahnii, and new genus-specific regions have been
identified. P. cordata is more closely related to the
colonial species P. globosa, P. antarctica, and P.
pouchetii and has branched prior to the divergence
of the warm-water P. globosa species complex from
the cold-water species P. antarctica and P. pouchetii.
These results are discussed within a framework of
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the available data on the evolution of the world’s
oceans.
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Phaeocystis Lagerheim is a cosmopolitan genus
that includes bloom-forming species that play a key
role in many nutrientrich areas of the world’s
oceans (Davidson and Marchant 1992, Baumann et
al. 1994b). Phaeocystis blooms constitute a recurrent
stage in phytoplankton succession in Arctic, Antarc-
tic, and North Sea waters (Lancelot and Rousseau
1994, Lancelot et al. 1998). Large-scale blooms may
also have a direct influence on climate because
Phaceocystis cells contribute to the release of DMS
(Baumann et al. 1994a, Matrai et al. 1995), which
influences cloud albedo and possibly the heat flux
to the earth’s surface (Charlson et al. 1987, Ayers et
al. 1997). Blooms directly interfere with human ac-
tivities by producing net-clogging (Savage 1930,
Chang 1983) or dense foams (Lancelot et al. 1987)
or by affecting wild-fish taste (Levasseur et al. 1994).
In recent years, investigations have focused on
Phaceocystis species with the aim of clarifying their
physiological characteristics, life-history traits, and
potential role in the trophic chain, but many aspects
are still to be unequivocally elucidated.

One of the most striking characteristics of Phaeo-
cystis species is their complex life cycle, with differ-
ent flagellate stages alternating with nonmotile sin-
gle-celled and colonial stages in a series that is not
yet fully understood (Kornmann 1955, Rousseau et
al. 1994). This feature, coupled with the notable
morphological similarity among Phaeocystis species,
has resulted in confused circumscriptions of the dif-
ferent taxa within the genus. Nine Phaeocystis species
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have been validly published, but information on
morphology and distinguishing features for most of
them is rather superficial (Sournia 1988). The most
widely accepted opinion for some years (Sournia
1988, Davidson and Marchant 1992) has been that
a single species, P. pouchetii (Hariot in Pouchet) Lag-
erheim, existed, having a broad geographical distri-
bution, and that the only other distinct species in
the genus was P. scrobiculata Moestrup, described
from New Zealand waters (Moestrup 1979). Subse-
quently, four different species have been recognized
on the basis of morphological and ecophysiological
traits: P. pouchetii, P. scrobiculata, P. globosa Scherffel,
and P. antarctica Karsten (Moestrup and Larsen
1992, Baumann et al. 1994b). These species are also
distinct in terms of their geographic range. Of the
five remaining species, P. fuscescens (Braun) De Toni
and P. giraudyi (Derbes et Solier) Hamel have defi-
nitely been shown not to belong to this genus (Sour-
nia 1988), whereas P. brucei Mangin, P. amoeboidea
Buttner, and P. sphaeroidea Buttner have not been
studied since they were described.

Recently, pigment complement, genome size
(Vaulot et al. 1994), and genetic similarities (Medlin
et al. 1994) have been utilized as valuable characters
to substantiate and circumscribe Phaeocystis species.
These studies have confirmed that, besides the pre-
viously mentioned four valid species, other strains
can be separated on the basis of more than one
character, and these probably correspond to as yet
undescribed species or subspecies.

Unfortunately, progress made in understanding
these new species’ separation based on genetic and
biochemical characteristics has not been supported by
adequate morphological discrimination. The shape
and internal organization of Phaeocystis colonies has
been described for all the species, with the exception
of P. scrobiculata, for which only flagellate stages are
known. However, complete ultrastructural data are
not yet available to compare both colonial and flag-
ellated stages of all species. Size and ornamentation
pattern of organic scales covering the flagellated cells
constitute a reliable character in prymnesiophyte tax-
onomy but are described only for P. globosa (as P.
pouchetii in Parke et al. 1971) and P. scrobiculata (Moes-
trup 1979). Complete ultrastructural data are so far
available only for the flagellate stages of P. globosa (Par-
ke et al. 1971) and the colonial stages of an undes-
cribed Phaeocystis sp. (as P. pouchetii in Chang 1984 but
probably P. globosa, given its location). Some ultra-
structural information is also given for an undescribed
species from Natal, South Africa (Pienaar 1991). A dis-
tinctive feature described for all Phaeocystis flagellates
studied is the release of filaments into a typical “‘star-
shaped’ structure, composed of a-chitin crystals
(Chrétiennot-Dinet et al. 1997).

The purpose of our investigation is to provide for-
mal descriptions of two taxa identified as being dis-
tinct by genetic and biochemical data. One of the
strains differing from other Phaeocystis in respect to

pigments and genome size (Vaulot et al. 1994) was
isolated from the Gulf of Naples (Mediterranean
Sea). This strain did not form colonies or nonmotile
cells. It consisted only of flagellated cells having
morphological characters and swimming behavior
different from other Phaeocystis species. We provide
a morphological description of this species, Phaeo-
cystis cordata Zingone et Chrétiennot Dinet. Another
Phaeocystis strain isolated from the same area was ini-
tially interpreted as the colonial stage of P. cordata
but subsequently released swarmers that were differ-
ent from those of P. cordata. We describe it as Phaeo-
cystis jahnit Zingone and provide information on its
distinctive morphological features. A sequence anal-
ysis of the SSU rRNA gene was done to assess the
position of the two new species within Phaeocystis.

MATERIALS AND METHODS

Cultures. A unialgal culture of Phaeocystis cordata, Phaeonapl,
was established by serial dilution of a seawater sample collected
with a Niskin bottle in the Gulf of Naples, at the station MC
(40°49' N; 14°15" E), at 20 m on 15 March 1991. The culture was
isolated and grown in K-Si medium (Keller et al. 1987) and kept
at 18° to 25° C. Irradiance was at 100 pmol quanta-m~2-s~! emit-
ted from Osram L36W /20 cool-white fluorescent tubes with a 12:
12 h LD (light:dark) cycle. Three more strains were examined
for comparison of live material and body scales: Phaeonap2, iso-
lated from the same site at 0 m on 28 March 1994, and MEDNS2
and MEDNSS3, isolated by Nathalie Simon from the northwestern
Mediterranean Sea (40°45' N; 6°7" E, 20 July 1993, and 42°51' N;
3°47" E, 30 July 1993) and kindly provided by D. Vaulot. Addi-
tional information and illustrations were obtained from other
mixed dilution cultures and natural samples collected at the sta-
tion MC (Mare Chiara) on different sampling dates.

Phaeocystis jahnii strains were obtained from a serial dilution
culture (SDC) of a natural sample collected in surface waters of
the Gulf of Naples (St. MC) on 6 March 1996. This was a mixed
culture in which nonmotile cells and mucilaginous colonies of
similar cells were noticed along with Phaeocystislike flagellates and
other species. Colonies of four to eight cells were isolated by mi-
cropipetting and placed into multiwell plates filled with K-Si me-
dium. After a few days, colonies were transferred to culture tubes
with the same medium. Single nonmotile cells were subsequently
isolated from these cultures by micropipetting, and two cultures
were established, Al and B5, and grown as previously described.
Cultured material of both species was observed and photo-
graphed using a Zeiss Axiophot microscope equipped with phase
contrast and differential interferential contrast.

Data on the distribution of Phaeocystis spp. were obtained from
SDCs (Throndsen 1995) established from seawater samples from
the Gulf of Naples and from the Sicily Channel. Cell concentra-
tions were estimated with most probable number (MPN) tables
(Throndsen 1995). Other data were derived from formalin-pre-
served samples collected at station MC.

EM preparations. For TEM observations of scales and filaments,
a drop of culture was placed on a TEM grid and fixed using
osmium tetroxide (OsO,) vapors. The grid was rinsed with dis-
tilled water, dried, and then stained with 0.5% uranyl acetate.
Some grids were shadow-cast with gold-palladium at the Univer-
sity of Oslo. For TEM observations of ultrathin sections, cells were
fixed in glutaraldehyde and OsO, as in Zingone et al. (1995).
Direct preparations and ultrathin sections were observed and
photographed using a Philips TEM 400. Specimens prepared for
SEM were fixed in OsO, and treated as indicated in Zingone et
al. (1995). The SEM observations and photographs were made
using a Philips 505 SEM. The information provided for the two
species is based on about 300 EM micrographs.

Phylogenetic analysis. Two isolates from the Gulf of Naples were
selected for the molecular analysis: Phaeonapl (Phaceocystis corda-
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TasLe 1. GenBank accession number for the small-subunit
rRNA sequences analyzed in this study.

GenBank
accession
Source of sequence material number
Rhodomonas salina (Wisl.) Hill et Weth. X54276
Prorocentrum micans Ehr. M14649
Ochromonas danica Pring. M32704
Odontella sinensis (Grev.) Grun. Y10570
Pavlova gyrans Butch. U40922
P. salina (Cart.) Green 1.34669
Phaeocystis jahnii Zing. AF163148
P. cordata Zing. et Chrét.-Dinet AF163147
P. antarctica Karst. X77480
P. globosa Scherff. X77476
P. pouchetii (Har.) Lag. X77475
Pleurochrysis carterae (Braar. et Fag.) Christ. AJ246263
Reticulosphaera japonensis Grell X90992
Coccolithus pelagicus (Wall.) Schill. AJ246261
Emiliania huxleyi (Loh.) Hay et Mohl. L04957
Prymnesium patelliferum Green, Hibb. et Pien. 134670

ta) and B5 (Phaeocystis jahnit). Cultures were harvested during
logarithmic phase by centrifugation, and total nucleic acid ex-
tractions were performed using a 3% CTAB (hexadecyltrimethyl-
ammonium bromide) procedure (Doyle and Doyle 1990).

Total nucleic acid preparations were used as template for the
amplification of the 18S ribosomal RNA (rRNA) gene. The SSU
rRNA gene was amplified in either one or two pieces, using prim-
ers previously identified as specific for prymnesiophytes (Medlin
et al. 1994, Lange 1997). One of the primers used in the PCR
was 5'-biotinylated. Double-stranded PCR products were bound
onto streptavidin-coated magnetic beads to obtain single-stranded
DNA following the manufacturer’s instructions (Dynal, Oslo, Nor-
way). Single-stranded PCR products were used as template in di-
deoxynucleotide chain termination reactions (Sanger et al. 1977)
with internal sequencing primers (Elwood et al. 1985).

The sequences determined from the two Naples strains were
aligned with SSU rRNA sequences from other chlorophyll a+¢
algae, including prymnesiophytes (Medlin et al. 1994, Edvardsen
et al. 1999, Medlin, unpubl.) using maximum primary and sec-
ondary structural similarity. Phylogenetic analyses were per-
formed on a selection of these taxa (Table 1). Maximum likeli-
hood analyses were performed with the fastDNAmI program (ver.
1.0) (Larsen et al. 1993) and with the maximum likelihood op-
tion in PAUP version 4.0 (Swofford 1999). For the latter analysis,
the Hasegawa Kishino-Yan model was used with a transition/
transversion ratio of 2 with random taxon addition, whereas in
the former analysis the Felsenstein model was used with the tran-
sition/transversion ratio of 2.0 with random taxon addition. The
molecular clock option was not invoked in the PAUP ML analysis,
and the rate of evolution at all sites was assumed to follow a gam-
ma distribution with the shape parameter set to 0.5. Distance
analyses were performed using the MEGA computer program
(Kumar et al. 1993). All ambiguous sites were removed from the
data set. Gap sites were removed only in the pairwise comparison.
Distances were calculated using the Kimura-2-parameter model
(Kimura 1980) and the Jukes-Cantor model (Jukes and Cantor
1969). Distance matrices were converted into trees using the
neighbor-joining method (Felsenstein 1993). Maximum parsi-
mony analyses were implemented with the PAUP computer pro-
gram (Swofford 1993). Introduced gaps were treated as missing
data; informative characters were treated as multistate unordered.
Unweighted maximum parsimony trees were obtained using the
tree-bisection-reconstruction (TBR) branch-swapping option in a
branch-and-bound search with random taxon addition. Stability
of monophyletic groups was estimated with a bootstrap analysis
(500 replicates) of both the maximum parsimony and the dis-
tance analysis and 100 replicates for the maximum likelihood
analysis.

Fics. 1, 2. Phaeocystis cordata, authentic strain Phaeonapl, LM.
FiG. 1. Specimen with the characteristic shape of a heart and the
deep invagination at the flagellar emergence region. FIG. 2. Spec-
imen less pointed at the pole opposite to the flagella. Scale bars
= 2 pm.

RESULTS

Class: Prymnesiophyceae Hibberd
Order: Phaeocystales Medlin
Family: Phaeocystaceae Lagerheim
Genus: Phaeocystis Lagerheim

SPECIES TREATMENT
Phaeocystis cordata Zingone et Chrétiennot-Dinet,
Sp. NOV.

Cellulae (3.2 X 3.8 um) cum flagellis cordiformes vel
triangulares, dorso-ventraliter compressae, cum satis pro-
Junda et ephippiomorpha depressione, circum insertionem
Sflagellorum. Flagella duo subequalia (5.5-7.5 and 4.5-6
um) et breve haptonema (2.2-2.5 wm). Chloroplasti duo,
aureo-brunnei, lateraliter dispositi. Cellulae stratis dimor-
phorum squamarum obductae: squamae strati interni et
continui ovales et parviores (0.18 X 0.13 um), margine
inflexo, squamae strati externi el continui majores (0.25
X 0.18 wm), cum centrata papula, margine erecto. Cel-
lulae extrudens quinque fila delineantes pentagonas stellas
in centro. Coloniarius habitus ignotus.

Holotype: Figure 3.

Isotypes: Figures 1-2, 5-9, 11-13, 15, 16, 18, 20.
Embedding Phaeonapllla, Stazione Zoologica ‘An-
ton Dohrn,” Naples, Italy.

Type locality: Tyrrhenian Sea, station MC, 2 miles
offshore Naples (40°49" N; 14°15" E).

Authentic strain: Phaeonapl, deposited at the Sta-
zione Zoologica ‘Anton Dohrn,” Naples, Italy.

Etymology: The species name cordata (‘‘heart-
shaped”) refers to the shape of heart shown by
many cells.

Species description: Light microscopy. Flagellate cells
are triangular to heart-shaped, 3 to 3.5 um long and
3 to 4 um wide, with two flagella and a short, non-
coiling haptonema emerging from a deep depres-
sion (Figs. 1, 2). In lateral view, the cell outline ap-
pears oval and thinner (~2.5 pm). Two parietal
chloroplasts are light golden-brown in color. One
flagellum is slightly longer than the other, their re-
spective lengths being 5.5 to 7.5 wm and 4.5 to 6
pm. The haptonema (Fig. 2), 2.2 to 2.5 um long, is
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not easily seen, especially during swimming. In the
anterior part of the cell, one to three disklike bodies
are at times present that, in lateral view, appear as
short bars. Each disklike body discharges five fila-
ments radiating from a common center (not shown).
Small bodies and filaments are commonly seen only
in recently established cultures, but filaments were
occasionally observed 7 years after isolation.

Cells typically swim with the flagella straight, close
one to another, obscuring the haptonema, and
pushing the cell. The flagella cause the cells to ro-
tate about their longitudinal axis as they move.
Some cells are seen to move differently, with the
flagellar pole directed forward. In other cases, cells
rotate around one of the flagella for some time. Co-
lonial and nonmotile stages have not been observed.

Electron microscopy. With SEM (Figs. 3-8), cells ex-
hibit a characteristic shape of a heart, more or less
pointed at the pole opposite the flagella insertion.
The two flagella and the haptonema emerge from a
deep, saddle-shaped invagination as seen with LM.
This invagination is flanked by the raised shoulders of
the cell body (Figs. 3-5, 7). At their insertion point,
the flagella are aligned along the dorsoventral axis of
the invagination (Fig. 4). The cell surface consists of
a continuous layer of nonoverlapping, oval scales with
raised rims, showing a smooth central knob (Fig. 8)
and giving the cell surface a rough appearance. Scales
are shed without any apparent order.

The TEM whole mounts (Fig. 9) show the heart-
shaped body (2.3 pm long and 3.3 pm wide), the
flagella (5.6 and 4.9 pm long, respectively), and the
haptonema (2.2 pm long). Cells joined at the pole
opposite to the flagellar insertion were found (Fig.
10) that probably were division stages. Oval scales of
two different sizes are visible around the cells (Figs.
9, 11) or attached to the cell surface in ultrathin
sections (Figs. 12, 13). A faint pattern of radiating
ribs can be seen on both kinds of scales (Fig. 11).
The larger scales (0.25 X 0.18 wm), which form the
external investment of the cells (Fig. 13), are the
same ones visible with SEM. They have an upraised
rim (Fig. 13). The central knob is visible with shad-
ow casting (Fig. 11) and appears as a faint marking
in glancing sections (Fig. 12). The inner-layer scales
are smaller (0.18 X 0.13 pm) and have an inflexed
rim (Fig. 13). As in P. globosa, P. antarctica, and P.
pouchetii, the five-filament structure ejected by the
cells exhibits a five-pointed star at its center (Fig.
14). Scale size and filament pattern did not show
significant variability in specimens occasionally ob-
served in whole mounts of natural samples or dilu-
tion cultures from the Gulf of Naples. Specimens
from cultures MEDNS2 and MEDNS3 showed small-
er scales (0.22 X 0.17 pm and 0.17 X 0.14 pm for
larger and smaller scales, respectively).

The TEM sections (Figs. 15-22) show a similar
organelle arrangement as described for P. globosa (as
P. pouchetii in Parke et al. 1971). The two chloro-
plasts (Figs. 15, 17, 18, 20) are sausage to kidney

shaped, with a pyrenoid of the immersed type,
pointed and having transversing thylakoids (Figs. 17,
18). The nucleus, with a single nucleolus (Fig. 16),
is located at the end of the cell opposite the flagella
(Figs. 15, 16) and is surrounded by a continuous
membrane that includes the two chloroplasts (Fig.
18). Round or elongated sections of mitochondrial
profiles are seen at different levels in the cell, from
the nuclear to the flagellar pole (Figs. 15, 16, 20),
where they occupy part of the two shoulders flank-
ing the flagellar invagination. The Golgi body (Fig.
19) is composed of several stacked cisternae that are
situated between the two chloroplasts. Scales are
seen forming in the distal cisternae (Fig. 19, arrow).

As also seen with SEM, the two flagella and the
haptonema emerge from the cell along a line that
is transversal to the plane crossing the two chloro-
plasts (Fig. 20). This is also illustrated in Figure 16
because this section cuts the three appendages but
does not cross the chloroplasts. In more proximal
transversal sections, the flagellar bases are aligned
along a line crossing both chloroplasts (not shown),
indicating that torsion of the two basal bodies takes
place proceeding from their proximal ends toward
the point where the flagella emerge from the cell.
The flagellar bases and transition zone (Fig. 21)
show the same features illustrated for other mem-
bers of the Prymnesiophyceae (Birkhead and Pi-
enaar 1994), including a distal and a proximal plate
and an electron-dense core in the lumen of the bas-
es. The haptonema has a distal swelling (Fig. 22)
similar to that previously described for Phaeocystis glo-
bosa (Parke et al. 1971).

Phaeocystis jahnii Zingone, sp. nov.

Cellulae cum flagellis rotundae 3.5-5 um in diametro,
depressione modica ad insertionem flagellorum. Flagella
duo inequalia (8.5-12 el 5-6.5 um) el brevis haptonema
(3—4.5 wm). Chloroplasti duo aut quattuor, aureo-brun-
nei. Stratum circa cellula, squamis tenuissimis et inequal-
ibus in magnitudine compositum. Majores squamae exter-
nae et ovales, 0.35 X 0.28 wm, sine erecto margine, car-
inulis levibus et radiantibus ad marginem. Minores squa-
mae interiores, margine inflexo, 0.18 X 0.14 um. Fila
desunt. Non mobiles cellulae observatae, solitariae vel
glomeratae in duo aut quattuwor, circumdatae a matrice
polysaccharorum. Adsunt coloniae cum multis cellulis, sine
definita forma aut conspicua margine. Coloniariae cellu-
lae cum deminutis flagellis, sed squamis conservatis.

Holotype: Figures 26 to 31.

Isotypes: Figures 23 to 25, Figures 32 to 39. Em-
bedding PhaeoBb/Ila, Stazione Zoologica ‘Anton
Dohrn,” Naples, Italy.

Type locality: Tyrrhenian Sea, station MC, 2 miles
offshore Naples (40°49" N; 14°15" E).

Authentic strain: B5, deposited at the Stazione
Zoologica ‘Anton Dohrn,” Naples, Italy.

Etymology: The species is named in honor of Pro-
fessor Jahn Throndsen (University of Oslo, Norway),
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FiGs. 3-8.  Phaeocystis cordata, SEM. All cells from the authentic strain, except that in Figure 4. Fic. 3. Whole cell with flagella and
haptonema, ventral view. FiG. 4. Whole cell with flagella and haptonema, ventrolateral view. Cell from a mixed dilution culture (St. MC,
8 February 1990). F1G. 5. Whole cell, ventral view. FIG. 6. Whole cell, dorsal view. FIG. 7. Cell seen from the flagellar pole. FiG. 8. Cell
surface, showing the scales with raised rims and central knob. Scale bars: Figures 3-7 = 2 pm, Figure 8 = 0.2 pm.

a famous specialist in flagellate taxonomy and pa- invagination at the flagellar insertion point (Figs.
tient teacher of three of the authors. 23, 24). The two flagella are considerably unequal

Species description: Light microscopy. Flagellate cells in size (8.5-12 pm and 5.5-6.5 wm, respectively),
are rounded, 3.5 to 5 pm diameter, with a slight and a short, noncoiling haptonema (3-4.5 um) is
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FiGs. 9-14.  Phaeocystis cordata, all authentic strain, except Figure 14. TEM direct preparations, except Figures 12 and 13. Fic. 9. Whole
cell with the two flagella, the haptonema, and scales detached from the cell body. Fic. 10. Division stage. FiG. 11. Shadow-cast direct
preparation of scales, the larger ones with a central knob. FiG. 12. Tangential section showing larger scales with a faint marking in the
center. FIG. 13. Transverse section of scales, the external ones with upraised rims and the underlying ones with inflexed rims. Fic. 14.
Starlike pattern in the center of the five-filament structure, culture MEDNS2. Scale bars: Figures 9 and 10 = 2 um, Figures 11, 12, and

14 = 0.2 pm, Figure 13 = 0.1 wm.

visible between them. Cells have two to four golden-
brown parietal chloroplasts, and at times show a
small, bright yellow-orange body in the space be-
tween the chloroplasts (Fig. 24). As in P. cordata,
cells usually swim with the flagella pushing the cell,
but in some cases the flagellar pole is directed for-
ward. Filaments are not observed.

Colonies (Fig. 25) consist of a variable number of
cells embedded in a transparent mucilaginous ma-
terial that became more visible when stained with
Alcian blue. Nonmotile stages are found as single
cells separated from the colonies. Colonial and sin-
gle nonmotile cells are usually larger than the flag-

ellated cells, ranging from 6 to 8.5 pm, and have
two to four chloroplasts. A single short appendage,
possibly the haptonema, is often visible. Cells are
not arranged in a particular order within the colo-
nies. The shape of the colonies is irregular, espe-
cially that of the largest ones, and no clear envelope
or denser outer layer is visible with or without stain-
ing. Often an air bubble is visible in large colonies.
Colonial cells form relatively thick layers that stick
to the glass culture tube at the air-medium bound-
ary. Small colonies generally have two, four, eight,
or 16 cells, implying that cell division within the col-
ony may be synchronous. Some flagellated cells are
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FiGs. 15-22.  Phaeocystis cordata, authentic strain, TEM ultrathin sections; ¢ = chloroplast, g = Golgi body, m = mitochondrion, n =
nucleus, nu = nucleolus, p = pyrenoid, L = left flagellum, R = right flagellum, h = haptonema, r = flagellar root. Fic. 15. Longitudinal
section through the chloroplasts, nucleus, and one flagellum. Note the group of scales in glancing view (arrow). FiG. 16. Longitudinal
section crossing the flagella and haptonema, the nucleus with the nucleolus but not the chloroplasts. FiG. 17. Detail of the chloroplast,
showing the pyrenoid with pointed ends. FiG. 18. Transverse section. FIG. 19. Detail of a longitudinal section showing the Golgi body. A
scale is visible in one of the distal vesicles (arrow). FiG. 20. Transverse section through the flagellar pole of the cell. Fic. 21. Longitudinal
section of the flagellar bases and the transitional region. Small and large arrows mark the distal and proximal plates, respectively. FIG.
22. Longitudinal section of the haptonema with the swelling end. Scale bars: Figures 15, 16, and 18 = 1 pm, Figure 17 = 0.2 pum, Figures
19-22 = 0.5 pm.
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F1Gs. 23-25.  Phaeocystis jahnii, authentic strain B5, LM. FiG. 23.
Flagellate cell with the two unequal flagella and the haptonema.
F1G. 24. Flagellate specimen, with the refractive body (arrow) be-
tween the chloroplasts . FIG. 25. Colony. Scale bars: Figures 23
and 24 = 2 pm, Figure 25 = 20 pum.

seen trapped in the matrix, which could either be
just forming from nonmotile cells or, conversely,
transforming from motile into nonmotile cells.

Electron microscopy. With SEM, flagellates (Figs. 26,
27) show a rounded shape, two unequal flagella and
the haptonema, and the slight depression at the re-
gion of the flagellar insertion point. The cell surface
is slightly rough, but scales were not visible. Non-
motile cells, either colonial (Figs. 28, 30, 31) or sin-
gle cells (Fig. 29), appear more or less rounded and
often show a slightly depressed pit that marks the
emergence of the haptonema or an incomplete set
of appendages of very reduced length (Figs. 29-31).

TEM whole mounts (Fig. 32) show the cell outline
and the markedly unequal length of the two flagella.
Scales appear very thin and delicate in whole
mounts (Fig. 33) and in ultrathin sections (Fig. 34)
and often are difficult to see. They are oval, with a
scarcely visible pattern of radiating lines not reach-
ing the central part of the scale. The external layer
scales are larger (0.35 X 0.28 wm), lack an upraised
rim, and often appear curved (Fig. 34). This is prob-
ably an artifact of their extreme thinness because
they may appear either flat or convex or concave.
The underlying, smaller scales (0.18 X 0.14 wum) are
also variously curved and have inflexed rims (Fig.
34).

In ultrathin sections (Figs. 35-43), it is often dif-
ficult to distinguish nonmotile and colonial cells
from flagellated stages, unless the complete flagellar
set or the colonial matrix is clearly shown. In fact,
incomplete flagellar sets and scales are often present
in colonial cells (Figs. 37-40), and flagellated cells
at times show peripheral vesicles (Fig. 36) similar to
those found in colonial cells (Fig. 40). The micro-
anatomy of the flagellated stages (Figs. 35-37) is ba-
sically the same as described for P. cordata. The main
differences seen in ultrathin sections are the num-
ber of chloroplasts, which in P. jahnii can vary from
two to four, and the scales. The orange body, which
is at times visible in the light microscope (Fig. 24),
may correspond to an electron-dense rounded body
visible in some of the sections (Fig. 36). Colonial
cells most often show three to four chloroplasts
(Figs. 38, 39), a well-developed Golgi body, and a
singular elongated mitochondrion. A large number
of vesicles are present, more densely packed toward
the cell margin. The contents of the vesicles appear
to be discharged externally (Fig. 40).

Flagellate stages were rare in embedded material,
and no transversal section was found clearly showing
the alignment of the three appendages at the point
of emergence with respect to the cell body. Sections
through the basal bodies (Figs. 41-43) showed dif-
ferently oriented flagellar roots, here indicated fol-
lowing Birkhead and Pienaar (1994), the central
electron-dense core in the flagellar bases (Fig. 42),
and the haptonemal base with nine microtubules
(Fig. 43). A flagellar root originating from the right
basal body was observed (Fig. 43), in a similar po-
sition as R6 in Imantonia rotunda Reynolds (Green
and Hori 1986).

Distribution. Flagellate cells of P. cordata were of-
ten found in dilution cultures from the Gulf of Na-
ples from autumn through spring but rarely in sum-
mer. The highest MPNs estimated for this species
were 10° cells-L~! in February and March 1990 and
in April 1996. In formalin-fixed samples, Phaeocystis
flagellates were poorly preserved and not easily iden-
tifiable. They have been noticed only in recent
years, previously being lumped with other uniden-
tified flagellates. In the light microscope, Phaeocystis
flagellates often appeared very close to the typical
five-rayed stars of filaments, which afforded identi-
fication and enumeration. As in dilution cultures,
Phaceocystis cells were generally found from Septem-
ber through May in preserved samples from the
Gulf of Naples (temperature = 13.5°-22° C; salinity
= 37.4-38.2 psu), and were rarely recorded in sum-
mer months. The highest concentrations (<4 X 10°
cells-L.!) were recorded in April 1996, in agreement
with MPN data. We have never seen colonial stages
of Phaeocystis in years of observation of both bottle
and net samples from the Gulf. It is not possible to
exclude that both SDC and counts on fixed samples
may include both P. cordata and P. jahnii cells. How-
ever, direct preparations of natural samples and ob-
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F1cs. 26-31.  Phaeocystis jahnii, authentic strain, SEM. Fic. 26. Whole cell with flagella and haptonema. Fic. 27. Whole cell, showing
the insertion of the flagella. Fic. 28. Colony. Fic. 29. Noncolonial nonmotile cell, with a single appendage, probably the haptonema. FiG.
30. Detail of Figure 28, showing colonial cells with flagella at different stages of growth. FiG. 31. Four colonial cells in the polysaccharide
matrix, with flagella at different stages of growth. Scale bars: Figures 26, 27, 29, 30, and 31 = 2 um, Figure 28 = 20 pm.

servations of serial dilution cultures indicate that the
species most often counted is P. cordata, whereas P.
jahnii was identified only when it was isolated.

In TEM whole mounts of natural samples from
the Gulf of Naples and of dilution cultures from the

Sicily channel, we sometimes recovered filaments ar-
ranged in groups of nine, which is a distinguishing
character for Phaeocystis scrobiculata. Flagellate cells
laying close to these filaments had scales apparently
thicker and at times larger (0.30-0.40 X 0.21-0.31
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FiGs. 32-34.  Phaeocystis jahnii, authentic strain, TEM. FiG. 32.
Whole cell with the two markedly unequal flagella and haptone-
ma. FIG. 33. Whole mount with scales of two different sizes. FIG.
34. Transverse section of scales, note the inflexed rim of the
smaller, underlying scales. Scale bars: Figure 32 = 2 um, Figures
33 and 34 = 0.2 pm.

pm) than our two new species but smaller than
those originally described for P. scrobiculata (Table
2).

Molecular analysis. The complete SSU rRNA gene
from P. cordata and P. jahnii was determined. All
sequence analyses place the two new taxa close to
other Phaeocystis species, with P. cordata more closely
related to the other three colony-forming Phaeocystis
species than P. jahnii with strong bootstrap support
(Fig. 44). P. cordata and P. jahnii differ from the
other three Phaeocystis species from 1.3% to 3.8%
base substitutions in their SSU rRNA gene, respec-
tively (Table 3). By comparison, analyses of multiple
isolates of the colonial P. antarctica and P. globosa
reveal one to four base pair differences in the SSU
rRNA gene among what is recognized as a single
species or a species complex within Phaeocystis.

In an earlier phylogenetic analysis of the colony-
forming species of Phaeocystis, a region was identi-
fied and tested as a genus level probe for Phaeocystis
(Lange et al. 1996). However, with the addition of
these two new taxa, this probe is no longer genus-
specific as Phaeocystis is presently defined. However,
other regions can be used to recognize Phaeocystis as
redefined in this study presently defined to include
both the colony-forming species and the new uni-
cellular species (Table 4). These regions are pres-
ently being tested (Lange and Medlin, unpubl.) for
their specificity.

DISCUSSION

The taxonomy of Prymnesiophyta has been based
mainly on morphological characteristics, and differ-
ent classifications have been proposed in the recent
literature (Chrétiennot-Dinet 1990, Cavalier-Smith
1993, Jordan and Green 1994). The need for a com-
mon terminology of morphological features in this
group has been fulfilled by the ““Glossary to the Ex-
tant Haptophyta of the World”” (Jordan et al. 1995),
in which the different taxonomic levels are also dis-
cussed. Phaeocystis, with its unusual and complex het-
eromorphic life cycle, is unique within the Prym-
nesiophyceae and warrants the creation of the order
Phaeocystales (Edvardsen et al. 1999) and the reten-
tion of the family Phaeocystaceae, recognized in all
earlier systematic schemes (see Jordan et al. 1995).
At the genus level, Phaeocystis is easy to identify if it
is present in its gelatinous colonial stage. Corymbellus
Green, another prymnesiophycean genus producing
planktonic colonies, cannot be confused with Phaco-
cystis because Corymbellus cells are aggregated in mo-
tile colonies. The motile unicellular stage of Phaeo-
cystis is much more difficult to recognize in natural
samples except when starlike chitinous structures
are produced, and cultured material is usually nec-
essary for a reliable identification. Specific identifi-
cation of either the unicellular or the colonial stage
requires a careful examination of the scale covering
using SEM and/or TEM or a molecular analysis.
Among the morphological characters considered
useful, such as the dominant life-cycle stage (motile
or nonmotile) present, cell size, flagellar length,
and haptonemal behavior, scale patterns rank
among the most informative features used to distin-
guish genera and species of prymnesiophytes.

The flagellated stages of the two new Phaeocystis
species found in the Gulf of Naples have basically
the same morphological features as the flagellated
stages of P. globosa, the only species in the genus for
which ultrastructural data are available (Parke et al.
1971). Characters shared among the three species
include the general arrangement of organelles in
the cell, the presence of a short and stiff haptonema
between two flagella, and the presence of two layers
of slightly different scales. Thus, it was clear that the
two new species should be assigned to Phaeocystis.
However, each species contained several features
distinct from P. globosa. The shape of the flagellates
was generally unique in P. cordata, being easily iden-
tified by their compressed, heart-shaped cells. A de-
fining character for P. jahnii was the markedly dif-
ferent lengths of its flagella, which readily distin-
guishes it from P. cordata and P. globosa. However,
some variability was noted in both cell shape and
flagellar length that could prevent a reliable iden-
tification of these species based on these characters
alone. The size and shape of scales are probably the
most typical and reliable morphological feature on
which to distinguish our newly described species
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Fics. 35-43.  Phaeocystis jahnii, authentic strain. TEM ultrathin sections. Fic. 35. Whole flagellate cell, longitudinal section. FiG. 36.
Longitudinal section of a flagellate cell, showing three chloroplasts. Note the osmiophlic spot (arrow) close to the flagellar base and
peripheral vesicles (arrowheads). FIG. 37. Transverse section, showing two chloroplasts with pyrenoids, the Golgi body, and mitochondrion
sections. FIiG. 38. Cell from a colony, with three chloroplasts, the nucleus, the Golgi body, and the scale investment. Fic. 39. Cell from a
colony, with four chloroplasts, the nucleus with the nucleolus, and scales. FiG. 40. Detail of a colonial cell, showing peripheral vesicles
below the scale layer. FiG. 41. Section through the flagellar and haptonemal bases, showing flagellar roots. FiG. 42. Section through the
flagellar and haptonemal bases, showing flagellar roots. Note the electron-opaque material in the center of the flagellar bases (arrows).
FiG. 43. Section through the flagellar and haptonemal bases. Note the flagellar root apparently originating from the right basal body
(arrow). Scale bars: Figures 35-39 = 1 wm, Figures 40-43 = 0.2 pm.




TABLE 2. Scale size (um) of motile cells of Phaeocystis.

PHAEOCYSTIS CORDATA AND P. JAHNII

Phaeocystis &8
species Large scales Small scales Reference
P. globosa 0.18 X 0.19 0.13 X 0.10 Parke et al. S
(1971) S5
P. scrobiculata 0.60 X 0.45 0.21 X 0.19 Moestrup (1979) s B
0.41 X 0.30 0.10 X 0.10 Hallegraeff 2
(1983)
P. antarctica 0.27 X 0.19 0.18 X 0.14 Larsen and £3
Moestrup S
(1989)
P. pouchetii 0.24 X 0.25 0.19 X 0.15 A. Jacobsen, pers. 38
commun. <3
P. cordata 0.25 X 0.18 0.18 X 0.13 This paper -
P. jahnii 0.35 X 0.28 0.18 X 0.14 This paper

from other Phaeocystis species (Table 2). Whereas in-
ner scales are rather similar, with inflexed rims,
those scales constituting the external investment ap-
pear to be unique for each species: Those of P. jah-
nii are distinctively larger than those of all the other
Phaceocystis species, except P. scrobiculata, and are rim-
less and extremely thin. The external scales of P.
cordata have a small central knob and relatively high
rims that give the cell surface a rough appearance
in SEM. However, to assess definitely the reliability
of scale size and shape, as well as of the other fea-
tures, as taxonomic characters, detailed descriptions
of all other Phaeocystis species are required. In ad-
dition, observations on more strains are needed to
evaluate intraspecific variability for these characters.
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500 replicates, respectively.
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TasLE 4. DNA target positions and their corresponding oligonucleotide probes based on a small-subunit rRNA data set for regions
specific for the genus Phaeocystis; positions refer only to Phaeocystis globosa in this data set, but helix numbers are used according to Neefs

et al. (1991).

Probe designation Target positions Helix number

Oligonucleotide sequence

PHAEOO012 1488-1505 44

PHAEO02" 647-666 E21-1
PHAEO03* 683-716 E21-1 to E21-3
PHAEO04" 485-502 17

Target
Probe

Target
Probe

Target
Probe
Target
Probe

5'- ACGAGUCCACCUCGACCG- 3’

3'- TGCTCAGGT GGAGCTGGC- 5

5'- CGEECCGAGCGGUCUGCCGA- 37

3'- GCCCGGCTCGCCAGACGECT- 57

5'- GECECGEECCUUCUUUCCCGAGACCGCGECUACUC- 37
3’- CCGCCCCCGAAGAAAGGCCT CTGGCGCCGATGAG 5

5'- ACAGGGECUACUUCUAGUC- 3’
3'- TGTCCCGATGAAGATCAG 5’

2 Specific for P. globosa, P. pouchetii, P. antarctica, and P. cordata.
b Specific for all known Phaeocystis spp.

A description of the life stages of the heteromor-
phic life cycle has been provided only for P. globosa
(Kornmann 1955, Rousseau et al. 1994). Informa-
tion is restricted to the colony shape in P. antarctica
and P. pouchetii, whereas for P. scrobiculata the colo-
nial stage has never been recorded. In P. globosa,
three different types of flagellates were identified in
the life cycle and classified as swarmers, microzoo-
spores, or macrozoospores. These also have differ-
ent DNA contents (Casotti, unpubl. data, in Rous-
seau et al. 1994). In the case of flagellated cells of
P. cordata, their extremely low DNA content as com-
pared to other Phaeocystis species (Vaulot et al. 1994)
suggests that they may be haploid, possibly micro-
zoospores. This hypothesis is supported by the mor-
phological similarity of this new species to the mi-
crozoospores described for P. globosa (Parke et al.
1971). In the case of P. jahnii, no information is yet
available on the DNA content of the motile cells
observed, and, without a clear picture of the entire
life cycle, we are unable to label them with any of
the names suggested by Kornmann (1955) for the
life-cycle stages. In P. jahnii, we also observed non-
motile cells and colonial stages, although features of
the latter were somewhat different from classical
Phaceocystis colonies in lacking a definite shape and
a regular arrangement of cells as well as a visible
external envelope. Another unusual finding in P.
jahnii colonial cells was the presence of a scale in-
vestment, not observed in other colonial Phaeocystis
species (Chang 1984, M.-].Chrétiennot-Dinet, un-
publ. data). The presence of a more or less com-
plete set of appendages in colonial cells is peculiar
as well because in P. globosa flagella develop only
when colonial cells are released into the external
medium (Rousseau et al. 1994). There is circum-
stantial evidence that colony formation is dependent
on environmental parameters (Lancelot et al. 1987,
Riegman et al. 1992, Peperzak 1993), although a
clear relationship has not yet been traced. Thus, it
is impossible to say whether the peculiar features of
the colonial stage in P. jahnii are distinctive for the
species or attributable to culturing conditions. No
information is available on colonial stages in the nat-

ural environment because such stages have never
been observed in samples from the Gulf of Naples.
For the same reason, the absence of colonial stages
for P. cordata, either in natural samples or in cul-
tures, is not sufficient grounds to exclude the pos-
sibility that this species may form colonies because
unicellular cultured strains of P. globosa exist (Parke
et al. 1971). In the latter case, colonies were not
produced under a variety of culture conditions, rais-
ing the hypothesis that the presence of different
mating types may be necessary for colony formation
(Vaulot et al. 1994). We were not able to obtain
colonies by mixing different strains available in our
laboratory but cannot exclude the possibility that all
strains belong to the same mating type.

Another feature common to many Phaeocystis spe-
cies is the formation of filaments extruded by the
cells in a characteristic pattern of five- or nine-rayed
stars. P. cordata formed these filaments especially
during the first months of cultivation, after which
they were only occasionally found. As for P. jahnii,
we have never observed filaments in culture tubes.
It has been suggested that these filaments would be
used in the first phases of colony formation as float-
ing anchors, allowing the attachment to Chaetoceros
setae and other solid structures and thus favoring
stability required for the formation of colonies
(Chrétiennot-Dinet 1999). It could also be possible
that the release of these strong and resistant struc-
tures may function as a defensive mechanism against
predation, and this would justify their progressive or
total absence in cultures without grazing pressure.

Phaceocystis species from the Gulf of Naples are
smaller in size as compared to other congeneric spe-
cies and are poorly fixed by common preservatives,
such as formalin. We only learned to identify and
count them as Phaeocystis spp. in fixed material after
having repeatedly observed living specimens from
SDCs. The five filament stars appear very faint in LM
but can often be recognized close to poorly pre-
served cells; this may be a hint to the identification
at least to the generic level. Our data obtained from
fixed material and SDCs show that, in the Gulf of
Naples, Phaeocystis spp. generally reach a peak in
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spring. Their decline during the summer months
cannot be attributed to temperature conditions be-
cause the decline generally occurs in May, when wa-
ter temperatures are about 18° C, but some cells
reappear from September, when water temperatures
still exceed 23° C. It is more likely that thermal strat-
ification, at times enhanced by low-salinity surface
waters, plays a major role in limiting their abun-
dance during the summer.

Most information on distribution and geographic
range of Phaeocystis species is based only on the pres-
ence and abundance of colonial stages. Our findings
clearly demonstrate that this genus may be present
and reach concentrations up to 4 X 10° cells-L ! in
a place where colonial stages are not recorded. The
probability of recognizing the flagellate stages in
fixed samples is quite low because of their poor
preservation. This means that the possibility of ob-
taining a more extensive, accurate, and complete as-
sessment of the geographic distribution of this ge-
nus, and especially of the distinct species, is not very
high, unless collection and identification methods
other than those currently used can be applied. A
molecular probe recognizing the entire genus
would greatly enhance our ability to recognize these
species. It is also interesting to note that two new
species were easily recovered from the Gulf of Na-
ples; this, coupled with the scarce morphological dif-
ferentiation, suggests that species-level diversity for
Phaceocystis may be underestimated.

On the basis of an earlier phylogenetic analysis, it
was concluded that Phaeocystis likely originated as a
warm-water genus with a global distribution. Using an
universal molecular clock for the SSU rRNA gene,
Medlin et al. (1994) estimated that the separation of
the cold-water and warm-water Phaeocystis species likely
occurred no earlier than 50 million years ago (mya)
at a time when the world’s oceans were thermodynam-
ically more homogeneous than today. The molecular
clock for the prymnesiophyte SSU rRNA gene has now
been calibrated with the coccolithophorid fossil re-
cord (Medlin et al. 1997), and an estimate for the
average age of origin of Phaeocystis of ~75 mya has
been calculated. The climate during this time period
is generally considered to be very warm (Frakes et al.
1992), consistent with our hypothesis that Phaeocystis
originated as a warm-water, cosmopolitan genus.
Large continental blocks were breaking up at this
time, and the equatorial Tethys Sea could have pro-
vided a mechanism through which Phaeocystis cells
could achieve a global distribution during more ho-
mogeneous oceanic conditions. Divergences between
the cold- and warm-water colonial species is now esti-
mated at ~60 mya, only slightly earlier that that pre-
dicted using a universal molecular clock. This estimate
is also coincident with major periods of global cooling
that produced more normally stratified oceans that
may lead to the isolation of populations. Divergences
between P. antarctica and P. pouchetii is estimated at
~30 mya, consistent with the opening of the Drake

passage and the formation of the Antarctic Circum-
polar Current (ACC).

It is not known how widely distributed our new
Phaeocystis species are, but our hypothesis of the evo-
lutionary history of the genus (Medlin et al. 1994)
would suggest that they may be cosmopolitan be-
cause they are the first divergences in the genus.
Their divergence appears to have occurred at a time
(based solely on our molecular clock calculations)
when oceanic waters were more homogeneous and
taxa are assumed to be more cosmopolitan. Their
introduction into the Mediterranean Sea probably
has happened from the Atlantic during the last 5
million years because before that the Mediterranean
Sea was a desiccated deep-sea basin (Hsti et al. 1977)
that has refilled mainly from the Atlantic. Clearly,
our knowledge of the biogeography of Phaeocystis fla-
gellate stages is poorly known, and perhaps with the
more routine application of molecular probes we
have a better chance to map more accurately the
distribution of its species.

Unlike Emiliania huxleyi, in which morphological
variability is not reflected by comparable diversity at
the molecular level because it is such a young taxon
(Medlin et al. 1996), it appears that the overall mor-
phological homogeneity within Phaeocystis is contrast-
ed by marked differences in its SSU rRNA gene
(Medlin et al. 1994, this paper). Differences of about
2% in the SSU rRNA gene, such as those recorded
between the two new species, are those generally
found between different genera (Table 3). Differenc-
es among Chrysochromulina spp. are accompanied by
high diversity both at the morphological level in
terms of scale differences and at the molecular level
in terms of divergences of up to 6%, warranting the
separation of Chrysochromulina into two or more gen-
era (Medlin, unpubl. data). The apparent uncou-
pling of molecular and morphological evolution in
Phaeocystis suggests that the morphological/life-cycle
asset in this genus is especially favorable and advan-
tageous and has been kept with very few changes over
considerable evolutionary time. Such conservation
has resulted in taxonomic confusion when morphol-
ogy of the colonial stages is used as the defining spe-
cific character. Although the genus is ubiquitous,
physiological characteristics of each species are quite
well defined, and this could have helped maintain
niche segregation and speciation.
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