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The green picoalgal genus Micromonas is broadly distributed in estuaries, coastal marine habitats and
open oceans, from the equator to the poles. Phylogenetic, ecological and genomic analyses of culture
strains and natural populations have suggested that this cosmopolitan genus is composed of several
cryptic species corresponding to genetic lineages. We performed a detailed analysis of variations in
morphology, pigment content, and sequences of the nuclear-encoded small-subunit rRNA gene and
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the second internal transcribed spacer (ITS2) from strains isolated worldwide. A new morphological

feature of the genus, the presence of tip hairs at the extremity of the hair point, was discovered and
subtle differences in hair point length were detected between clades. Clear non-homoplasious synapo-
morphies were identi“ed in the small-subunit rRNA gene and ITS2 spacer sequences of “ve genetic
lineages. These “ndings lead us to provide emended descriptions of the genus Micromonas , of the
type species M. pusilla, and of the recently described species M. commoda , as well as to describe 2
new species, M. bravo and M. polaris . By clarifying the status of the genetic lineages identi“ed within
Micromonas , these formal descriptions will facilitate further interpretations of large-scale analyses

investigating ecological trends in time and space for this widespread picoplankter.
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Introduction

Micromonas pusilla (Butcher) Manton & Parke,
a motile marine microalga of very small size
(1...3 m), was “rst described by Butcher (1952)
as Chromulina pusilla, based on material from the
Conway estuary (North Wales) and initially clas-
si“ed, using light microscopy, as a member of
the Chrysophyceae. This species was also iden-
ti‘ed as a dominant member of the ultraplankton
and probably the most abundant organism on the
British Islands list by Knight-Jones and Walne
(1951). Ultrastructural and biochemical character-
istics of the original isolate as well as of other
strains originating from the English Channel, led
Manton (1959) and Manton and Parke (1960) to
classify M. pusilla within the green algae (Chloro-
phyceae). This species was further classi‘ed
within the Prasinophyceae Christensen based on
analogies between its light harvesting complexes
and those of Mamiella Moestrup and Mantoniella
Desikachary (Fawley et al. 1990). Phylogenetic
analyses con‘rmed the afliation of Micromonas
within the order Mamiellales, sometimes termed
prasinophyte clade Il (Fawley et al. 2000; Guillou
et al. 2004; Nakayama et al. 1998), that was raised
to class status (Mamiellophyceae) by Marin and
Melkonian (2010). Micromonas is also the stypee
of a previously described class, the Micromonado-
phyceae (Mattox and Stewart 1984), introduced
to replace the name Prasinophyceae by excluding
Tetraselmis. The class Micromonadophyceae was
declared invalid by Marin and Melkonian (2010).

In the diagnosis by Manton and Parke (1960),
based on a neo-type culture isolated off Plymouth
in the English Channel, M. pusilla is described as a
pear-shaped naked cell 1...3 mlongand 0.7...1 m
broad, with a single mitochondrion, nucleus, Golgi
body and chloroplast. The single "agellum is lat-
erally attached and includes a 1 m long basal

part (the "agellum proper) and a slender hair-point
(ca 3 m long according to Manton and Parke
1960). In addition to these characteristics, a dis-
tinctive swimming behaviour (Manton and Parke
1960) allows identi“cation using light microscopy.
The pigment suite of Micromonas is typical of mem-
bers of the Mamiellales (Mamiellophyceae, see
above) (Latasa et al. 2004). A pigment named Chl
Ccs-170, ‘TSt detected in the tropical Micromonas
strain CS-170 by Jeffrey (1989), has been reported
to occur in other Micromonas strains as well
as in strains of other green algal genera (such
as Ostreococcus and Prasinococcus respectively
members of the Mamiellophyceae and Palmo-
phyllaceae) isolated from the deep sea (Latasa
et al. 2004). The life cycle of Micromonas has
not yet been elucidated, but a palmelloid phase
with cells 2.5...5 m long was reported in the origi-
nal descriptions (Butcher 1952; Manton and Parke
1960) but apparently not observed since. The pres-
ence in the genome sequence of Micromonas
isolates of meiosis-related genes, low GC regions
with features of sex chromosomes, and genes
coding for cell wall components suggest that sex-
ual differentiation and formation of a resistant
life-cycle stage may occur (Worden et al. 2009)
as in other Chlorophyta (e.g. some members
of the Pyramimonadales, Nephroselmidophyceae
and Chlorophyceae) (Graham et al. 2009; Leliaert
et al. 2012).

Micromonas has a worldwide distribution
(Thomsen and Buck 1998) and is of major eco-
logical importance in temperate coastal waters
(Not et al. 2004, 2005; Throndsen and Kristiansen
1988) as well as polar oceanic waters (Balzano
et al. 2012b; Lovejoy et al. 2007; Throndsen
and Kristiansen 1991). Evidence of phagotrophy
has been recently reported for an arctic strain
of Micromonas, suggesting that in addition to
contributing signi“cantly to primary production,
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this genus might have an impact on prokaryotic
populations (McKie-Krisberg and Sanders 2014).

Several studies based on phylogenetic analyses
of different genetic markers from culture isolates
collected worldwide have distinguished three to
seven genetic clades and suggested the existence
of cryptic species within Micromonas (Guillou et al.
2004; Lovejoy et al. 2007; Slapeta et al. 2006;
van Baren et al. 2016; Worden 2006; Worden
et al. 2009; Wu et al. 2014, Table 1). Marin and
Melkonian (2010) even suggested that some of
these clades should be raised to genus status as
they are genetically as different from the neotype
culture of Micromonas pusilla as they are from
Mantoniella. Studies of clade distributions using
culture approaches or phylogenetic probes also
suggested that genetic lineages within Micromonas
occupy different ecological niches (Foulon et al.
2008; Lovejoy et al. 2007) and interact with speci“c
viral populations (Baudoux et al. 2015). Compari-
son of the genome sequences of CCMP1545 which
derives from the neo-type culture of M. pusilla,
and RCC299 that belongs to a different clade, also
suggests ecological differentiation through selec-
tion and acquisition processes that lead to different
repertoires of genes in these two strains (van Baren
etal. 2016; Worden et al. 2009). These differences,
associated with extensive genomic divergence and
rearrangements, led van Baren et al. (2016) to pro-
pose the description of a new Micromonas species,
M. commoda.

In order to further clarify the status of the main
genetic lineages identi“ed within the last 15 years
within the genus Micromonas, we conducted a
detailed analysis of the morphology, pigment con-
tent, as well as small subunit rRNA (SSU rRNA)
gene and second internal transcribed spacer (ITS2)
sequences of individual strains isolated worldwide.
Our “ndings lead us to provide a revised descrip-
tion of the genus Micromonas, of the type species
M. pusilla, and of the species M. commoda, as well
as to describe 2 new species.

Results and Discussion

Clear Molecular Signatures Distinguish
Deeply Diverging Clades as Well as
Sub-clades in the Genus Micromonas

All previously published phylogenies (among which
the multigene analyses by Slapeta et al. 2006)
and genomic analyses of Micromonas strongly sug-
gest that this genus comprises a genetically diverse
complex of cryptic species or clades that have
been attributed different codes (Guillou et al. 2004;
Lovejoy et al. 2007; Slapeta et al. 2006; van Baren
et al. 2016; Worden et al. 2009; Wu et al. 2014;
Table 1).

In order to better assess the genetic divergences
within and between clades, as well as to iden-
tify synapomorphic signatures for the most highly
supported clades and further characterize species
within this genus, we produced near full length SSU
rRNA gene and ITS2 sequences for 13 new isolates
and retrieved published sequences (from isolates
or environmental clone libraries) that were assigned
to Micromonas (Table 2). Signatures in these two
markers are indeed now commonly used as diag-
nostic characters of the Mamiellophyceae (Marin
and Melkonian 2010; Subirana et al. 2013).

The phylogenetic analyses of the SSU-rDNA
sequences (corresponding to 42 unique isolates
of Micromonas and 26 environmental sequences)
allowed us to recover the major deeply diverging
lineages A.ABC.12, B.E.3, B._.4 and C.D.5 dis-
tinguished in previous studies and labelled using
names that combine identi“ers used by Guillou
et al. (2004), Slapeta et al. (2006) and Worden
(2006) (Guillou Clade.Slapeta Clade(s).Worden
Clade(s)) as in Worden (2006) (Table 1, Fig. 1).
None of our new isolates fell into clade B. .4
identi“ed by Worden (2006) and composed solely
of environmental sequences. An additional rather
deeply diverging clade, already distinguished as
an eunknown cladeZin Wu et al. (2014), included
environmental sequences retrieved from coastal

Figure 1. Phylogenetic reconstruction based on near full-length SSU rRNA gene sequences from Micromonas
strains and a selection of environmental sequences (in blue). The tree was built via Bayesian inference (Bl) and
maximum likelihood (ML). Numbers are posterior probabilities (BI) and bootstrap values in % (ML) indicating
clade support. Mantoniella sequences were used as outgroup taxa. Clades distinguished in Guillou et al. (2004),
Slapeta et al. (2006), Worden (2006), Lovejoy et al. (2007) and Wu et al. (2014) are indicated (see also Table 1
for a comparison between clades labelling). The SSU rDNA clade to which Micromonas commoda van Baren,
Bachy and Worden belongs is also indicated. Strain PL27 is the strain upon which the original description of
Micromonas pusilla was based. Strains originating from the same original isolate are indicated. Black and white
squares indicate the presence and absence of Chl ccs.179. Pigments of CCMP2099 were not analysed in this
study but the absence of Chl ccs 170 in this strain was reported by Lovejoy et al. (2007).
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Table 1. Names or codes used in the literature to designate the infrageneric entities distinguished within the
genus Micromonas since 2004. The codes created by Worden (2006) combine identi“ers used by Guillou et al.
(2004), Slapeta et al. (2006) and their own study (Guillou Clade.Slapeta Clade(s).Worden Clade).

This study Guillou et al. Slapeta et al. Lovejoy et al. Worden (2006) Worden et al. Wu et al. (2014) Simmons et al. Van Baren et al.
(2004) (2006) (2007) (2009) (2015) (2016)

Micromonas commoda A A AA.2 M_ll M. commoda
B ABC.1 M_I
C

Micromonas bravo B E B.E.3 M_HI E1

Micromonas polaris Ea E2

Micromonas candidate B._.4 M_IV

species 1

Micromonas candidate Unknown clade

species 2

Micromonas pusilla C D ‘ ’ CD.5 ‘ M_V

surface waters (<10m) of the South China Sea (\Wu
et al. 2014) and Red Sea (Acosta et al. 2013), as
well as a sequence retrieved from strain RCC1109,
isolated from a Mediterranean lagoon.

Within some of the lineages described above,
sub-clades identi“ed in previously published phylo-
genies were recovered in our SSU rDNA and ITS2
phylogenies (Figs 1, 2). Within clade B.E.3, the arc-
tic Micromonas sequences (obtained exclusively
from polar environmental sequences and arctic iso-
lates) clustered apart within an arctic sub-clade
(clade Ea) as established by Lovejoy et al. (2007)
(Figs 1, 2) while other sequences grouped together
in a non-arctic clade as in Simmons et al. (2015).
Sub-clades A.A.2, AB.1 and A.C.1 (correspond-
ing to clades A, B and C of Slapeta et al. 2006),
although rather weakly supported, were recovered
when ITS2 sequences were included in analyses
(Fig. 2) but A.B.1 and A.C.1 were paraphyletic in
SSU rRNA gene phylogenies (Fig. 1). It is also
important to note that a recombination event in a
highly conserved protein-coding marker ( -tubulin
gene) was suspected between sub-clades A.A.2
and A.B.1 (Slapeta et al. 2006).

Within these clades, genetic divergences calcu-
lated for the highly conserved SSU rDNA, did not
exceed 1.1% while between-clade divergence was
as high as 3.5 % (between the non-arctic B.E.3 and
A.ABC.12 clades, Table 3). Between-clade diver-
gences were in the same range as those calculated
between Mantoniella and Micromonas species (1.5
to 3.2%, Table 3).

A careful synapomorphy search using the SSU
rDNA alignment that included all sequences of
Micromonas from Table 2, sequences of other
Mamiellophyceae taxa, as well as a large num-

ber (>2000) of Viridiplantae sequences, allowed
us to identify unique molecular signatures for the
entire genus Micromonas and for three Micromonas
clades, i.e. the complete clade B sensu Guillou
et al. (2004) (B.E.3, unknown clade and B. .4),
sub-clade B._.4, and C.D.5 (Fig. 3, Table 4), while
within these clades, only SNPs were encountered.
These synapomorphies, which were unique (ho
homoplasies) within the class Mamiellophyceae,
were designated here as clade-speci‘c signa-
tures. However these signatures showed parallel
changes (homoplasies) for various distantly related
green algae (Table 4). SSU rDNA signatures were
mapped upon the secondary structure of the SSU
rRNA molecule, and were identi“ed as compen-
sating base pair changes (CBCs) in intramolecular
rRNA helices, as illustrated in Figure 3.

To substantiate the remaining Micromonas
clades with molecular signatures it was neces-
sary to investigate the more variable ITS2 marker.
Several studies have shown the utility of ITS2
sequences (second internal transcribed spacer,
separating the 5.8S and 28S rRNA genes) in
addressing species level phylogenies (Kawasaki
et al. 2015; Nakada et al. 2010; Subirana
et al. 2013), and the presence of CBCs in
conserved helices has been correlated with the
inability of the respective organisms to sexu-
ally mate (Coleman 2000, 2007, 2009; Muller
et al. 2007; but see Caisova et al. 2011). ITS2
RNA transcripts of Micromonas strains displayed
a highly conserved intramolecular folding pattern
(secondary structure) with four universal helices
separated by single-stranded linkers, as already
known for the sister genus Mantoniella and other
Mamiellophyceae (Marin and Melkonian 2010;
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Table 2. Micromonas strains included in this work. Each line of the table corresponds to a single isolate, except for
RCC834 and 835 which were obtained from the same original isolate. Strain names in the Roscoff Culture Collection
(RCC) and original culture collections are provided. Alternative names given to strains derived from original isolates are
also provided. Culture collections include: the National Center for Marine Algae and Microbiota (NCMA) formerly Provasoli-
Guillard National Center for Culture of Marine Phytoplankton (CCMP), the National Institute of Technology and Evaluation
Biological Resource Center (NBRC =MBIC), the North East Paci“c Culture Collection (NEPCC), the CSIRO Collection
of living Microalgae (CS) and the Culture Collection of Algae at the University of Cologne (CCAC). GenBank accession
numbers are indicated when available. Clades are named using a three letter code after Guillou et al. (2004), Slapeta et al.
(2006) and Worden (2006). Strains for which a new sequence was obtained in the frame of this study are in bold. Accession
numbers in bold and underlined were obtained respectively from strains in bold and underlined. Data concerning isolation
conditions were retrieved from culture collections except for depth of RCC806 (Zingone, pers. com.). - = data not available.
Strains with a grey background correspond to type or neotype strains of species. See Figure 7A for a map of all strains.



618 N. Simon et al.

Figure 2. Phylogenetic reconstruction based on combined SSU rRNA gene and ITS2 sequences from
Micromonas strains. Clades labelling is identical to that used in Figure 1 and Table 1. Note that clade B._.4
(candidate species 1) of Figure 1 is based on the analysis of SSU rRNA gene environmental sequences. ITS2
sequences corresponding to this clade are not available. Rest of legend as in Figure 1.
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Table 3. Minimum and maximum % of differences (p-distance) between SSU rDNA sequences of Micromonas
clades and subclades and Mantoniella species. The analysis included the 97 sequences from the phylogenetic
tree presented in Figure 1. Analysis was conducted using MEGA v6 (Tamura et al. 2013). All positions containing
gaps and missing data were removed. The “nal dataset contained 1559 positions. Clades were distinguished
based upon phylogenetic analyses based on SSU rRNA gene and ITS2 (see text) and are named as in Figure 1.
Micromonas sp. 1 and 2 are candidate species (see text). The % of differences obtained between and within
species or candidate species described in this study are respectively in bold and grey. Values obtained between
sequences of Micromonas and Mantoniella are in bold and underligned. * Wu et al. (2014).

Subirana et al. 2013 and Fig. 4). Comparisons
of each helix at the secondary structure level
among Micromonas strains revealed homologous
base pair positions across taxa, and revealed
their evolution via CBCs and single-sided hemi-
CBCs in full detail. All evolutionary steps were
then precisely mapped upon branches of the
phylogenetic tree of Micromonas clades, which
distinguished between unique synapomorphies
(=non-homoplasious within Micromonas) as well
as homoplasious changes (parallelisms, rever-
sals and convergences; Fig. 4). As a result, four
Micromonas clades, i.e. arctic E,, non-arctic B.E.3,
A.ABC.12 and C.D.5, gained support by unique
synapomorphic signatures in ITS2 helices (Fig. 4
and Table 4). No signature, neither in the SSU
rDNA nor in the ITS2 sequences, was recovered for
the sub-clades, A.A.2, A.B.1 and A.C.1 and for the
unknown clade distinguished in Wu et al. (2014) (for
sub-clade B._.4, no ITS2 sequence is available).
It should be noted that M. commoda, which was
recently (van Baren et al. 2016) erected upon sub-
clades A.A.1 plus A.B.2, was only supported by a
single hemi-CBC in ITS2 (bp 10 of Helix 2; Fig. 4B).

The presence of molecular signatures inthe ITS2
and/or SSU rDNA of clades A.ABC.12, non-arctic
B.E.3, arctic E,, B._.4 and C.D.5 strongly sup-
ports the hypothesis that these clades represent
distinct species. Some of these synapomorphies,
which showed no homoplasies within Micromonas,
have been included in the taxonomic diagnoses, in
order to provide an unambiguous characterization
of the whole genus Micromonas and of four species
(nuclear-encoded SSU rDNA and/or ITS2).

New Morphological Features for the
Genus Micromonas and Infrageneric
Morphometric Variations

The high genetic divergence recorded between
lineages within the genus Micromonas probably
corresponds to diversi“cations that occurred mil-
lions of years ago, in the Late Cretaceous for the
deepest divergence according to Slapeta et al.
(2006). This genetic divergence, associated to
ecological diversi“cation (Baudoux et al. 2015;
Foulon et al. 2008; Lovejoy et al. 2007), could
be expected to be associated with morphologi-
cal variations. We thus carefully examined cells
from different Micromonas strains belonging to the
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Figure 3. Synapomorphic signatures for the genus Micromonas, the type species M. pusilla, and clade B
(Guillou et al. 2004) in the SSU rRNA molecule. A simpli“ed secondary structural alignment of Viridiplantae
and diagrams of the respective SSU rRNA helices are shown with synapomorphic base pairs highlighted by
coloured boxes and lines. Each secondary structure diagram at the top of the “gure is based upon the upper

taxon in the alignment.

main genetic clusters using light and/or electron
microscopy in order to detect potential distinctive
morphological characters. We discoveredtwol m
long "agellar hairs at the tip of the hair point (tip
hairs, Marin and Melkonian 1994) for Micromonas
strains belonging to the 3 main genetic lineages
(RCC372, RCC449, RCC472, RCC746, RCC804
and RCC834, Fig. 5). All other described "ag-
ellate genera within the class Mamiellophyceae
(Mamiella, Mantoniella, Dolichomastix, Crustomas-
tix, Monomastix) possess various types of "agellar
hairs, and tip hairs have been reported in for
example, Mamiella and Mantoniella (Marin and
Melkonian 1994). Tip hairs seem to be easily lost
and were probably overlooked in previous electron
microscopical studies of Micromonas cells. This
new morphological feature is quoted in the emen-
dation of the genus Micromonas (see below).

No distinctive character in cell body size, shape,
"agellar insertion (LM, SEM and TEM, Fig. 6)
was detected among strains belonging to different
genetic clades, but "agellar length, measured in

exponentially growing cells, varied among strains
and clades (Fig. 7). Differences were due to varia-
tions in hair point length, whereas the proximal part
of the "agellum was similar in length for all strains
(approx. 1 m, data not shown). For a given strain,
longer lengths were obtained when TEM whole-
mount preparations were used for measurements,
but "agellar length as estimated with LM or TEM
did not vary signi“cantly among growth stages and
cell cycle (Fig. 7, Ato D).

Micromonas pusilla (clade C.D.5) strains
possessed a signi“‘cantly longer “agellum
(3.92+ 0.13 m) than both clades A.ABC.12
and non-arctic B.E.3 (Mann-Whitney pairwise
comparisons, p<10°%). Flagellar length of clade
A.ABC.12 strains (2.34+ 0.09 m) and non-arctic
B.E.3 strains (1.8+ 0.10 m) was also signi“cantly
different (Mann-Whitney pairwise comparison,
p<1052), but "agellar length of strains belonging
to sub-clades A.A.2, A.B.1 and A.C.1 was not
signi“cantly different (Kruskal-Wallis test, p=0.22).
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Table 4. Synapomorphy support for the genus Micromonas and its sub-clades in the nuclear-encoded
SSU rRNA molecule and the second internal transcribed spacer (ITS2). For SSU rRNA synapomor-
phies, all homoplasious changes (parallelisms) of unrelated Viridiplantae are listed. Numbering of SSU
rRNA helices after the European ribosomal RNA database (http://web.archive.org/web/20110208210644/
http://bicinformatics.psb.ugent.be/webtools/rRNA); for ITS2 helices see Figure 4. The high sequence diver-
sity of ITS2 sequences precluded alignments beyond members of the class Mamiellophyceae, and the analysis

of ITS2 base pairs was therefore con“ned to this class.

Taxon/character Synapomorphy Homoplasies

Micromonas

SSU rRNA ..Helix11: bp 1 U-A==>C-G C-G parallel in Acrosiphonia,
Nautococcus

Micromonas pusilla (C.D.5)

SSU rRNA .. Helix 25: bp 10 U-A==>A-U A-U parallel in Parachlorella spp.,

ITS2 .. Helix 3: bp 13

ITS2 .. Helix 4: bp 21

Micromonas commoda (A.ABC.12)

ITS2 .. Helix 2: bp 14

ITS2 ..Helix4: bp 5

Subclades A.A.2 AB.1

ITS2 .. Helix 2: bp 10

M. bravo , M. polaris and candidate
species 1 and 2 (B.E.3, unknown
clade and B._.4)

SSU rRNA .. Helix 10: bp 3 C-G==
SSU rRNA .. Helix 29: bp 7 G-C==
M. bravo and M. polaris (B.E.3)

ITS2 ..Helix 1: bp 7 C-G==
ITS2 .. Helix 2: bp 13 G-U==
Micromonas bravo (non-arctic B.E.3)

ITS2 ..Helix 2: bp 14 G-C==
ITS2 .. Helix 4: bp 5 A-U==
Micromonas polaris (Ea))

ITS2 ..Helix 2: bp 16 C-G==
ITS2 .. Helix 4: bp 21 C-G==
Candidate secies 1 (B._.4)

SSU rRNA ..Helix 11: bp 4 C-G==
SSU rRNA .. Helix E23_1: bp 6 A-U==

VvV V VvV v VvV V VvV Vv

Vv

Heterotetracystis akinetos,
prasinophyte CCMP 1205
U-A unique within Micromonas
U-G unique within Micromonas

A-U unique within Micromonas
G-U unique within Micromonas

A unique within Micromonas

U-A U-A parallel in Pseudoscour“eldia
C-G C-G parallel in Leptosira,
Sphaeropleaceae
U-A U-A unique within Micromonas
G-C G-C unique within Micromonas
G-U G-U unique within Micromonas
G-C G-C unique within Micromonas
U-A U-A unigue within Micromonas
U-A U-A unique within Micromonas
U-G U-G parallel in Ostreococcus
C-G C-G parallel in e.g.

Tetracystis/Chlorococcum,
Chlorosarcinopsis, Chlamydomonas
spp. (e.g. C. moewusii)

Differences in hair point length cannot be
used alone to assign cells to a speci“c lineage
since measured lengths on individual cells over-
lapped between the different clades (Fig. 7E).
Within prasinophytes, as well as within the
Mamiellophyceae, the "agellum of Micromonas is
extremely unusual in that it is the only one to pos-
sess a long hair point (Sym and Pienaar 1993).
This hair point contains the prolongation of the cen-
tral pair of microtubules present in the "agellum

(Manton 1959). Central pairs of microtubules are
known to regulate motility (Mitchell 2004). Stud-
ies have shown that the hair point in Micromonas
is motile by rotation (Omoto and Witman 1981;
Omoto et al. 1999). The consequences of a reduc-
tion in hair point size on the swimming ability of a
cell are dif“cult to predict. The swimming behaviour
was estimated to be similar by Guillou et al. (2004)
for several strains belonging to the three genetic
clades. It would be interesting to investigate this
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Figure 4. Molecular signatures of Micromonas species revealed by comparison of ITS2 secondary structures.
Helices 1 and 3 (A) and 2 and 4 (B) of Mantoniella and Micromonas are shown. All base pairs are numbered,
with numbers of universal base pairs (=paired in all members of Micromonas) in bold, and non-universal
pair numbers in grey. Double-sided CBCs (compensatory base changes) vs. hemi-CBCs are highlighted by
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aspect in more detail in order to formulate and test
hypotheses concerning the role of the hair points
(such as escaping predators or moving to nutrient
spots or prey) for this pelagic genus.

Variability in Pigment Content Within the
Genus Micromonas

Pigment content is thought to possess a crit-
ical selective value for marine phytoplanktonic
organisms and to be connected to niche adapta-
tion (Six et al. 2004, 2008; Stomp et al. 2004).
Micromonas displays the classical pigment suite of
prasinoxanthin-containing green algae, and more
speci“‘cally of Mamiellophyceae (Latasa et al.
2004; Marin and Melkonian, 2010). In addition,
a chlorophyll pigment (Chl ccs.170) “rst detected
in the tropical Micromonas strain CS-170 by
(Jeffrey 1989) has been reported to occur in
Micromonas strain RCC372, but to be absent
from strains RCC418 and CCMP490 (Latasa et al.
2004). Chl ccs.170 has recently been identi“ed as
a [7-Methoxycarbonyl-8-vinyl] protochlorophyllide
(Alvarez et al. 2013). Because it was detected
in Ostreococcus and Micromonas strains isolated
mainly in deep waters (Jeffrey 1989; Latasa et al.
2004; Rodriguez et al. 2005), as well as in a
Prasinococcus strain also isolated near the bot-
tom of the photic zone (Latasa et al. 2004), this
pigment has been hypothesized to be a potential
biomarker to identify low light ecotypes. In order to
identify potential pigment signatures for individual
lineages within Micromonas, we analyzed the pig-
ment content of 37 Micromonas isolates. All strains
displayed the classical pigment suite of Mamiel-
lophyceae and 13 strains possessed Chl ccs.170
(Fig. 1). Of the 16 strains analyzed within clade
A.ABC.12, Chl c¢cs.170 was present in 11 strains
and occurred in each of the 3 sub-clades distin-
guished by phylogenetic analysis. Strains of clade
A.ABC.12 that possessed this pigment were iso-

lated at different depths: surface (RCC299), 5m
(RCC836), 25 m (RCC448, RCC451 and RCC808),
and 120 m (RCC450) or unknown depths. Strains
that lacked this pigment were isolated from surface
waters (RCC570, RCC676) or unknown depths.
Chl ccs.170 was not detected in strain RCC1109
from the sunknow cladeZof Wu et al. (2014) and
arctic strain CCMP2099 (Lovejoy et al. 2007). It
was detected in only 1 isolate (RCC806) of clade
B.E.3 and 1 isolate (RCC833) of clade C.D.5 (out
of 10 isolates analysed for each of these clades).
While RCC806 was isolated from surface waters
in the bay of Naples, RCC833 was isolated from
the Gulf of Mexico at a depth of 275m. Other
strains of clades B.E.3 and C.D.5 for which iso-
lation depth information is available were isolated
from surface waters or from 1800 m (RCC497; but
this strain probably originate from cells attached to
larger particles and transported to depth through
sedimentation). Hence, Chl ccs.170 cannot serve as
a biomarker for any of the genetic clades distin-
guished. Its higher occurrence in isolates retrieved
from deeper environments provides some evidence
for a link to physiological adaptation to low light.

Genetic Clades of Micromonas pusilla
Correspond to Distinct Species Rather
than Distinct Genera

The genus Micromonas was described by Manton
and Parke (1960) and originally included both
M. pusilla and M. squamata. Micromonas squa-
mata Manton & Parke was transferred to the
genus Mantoniella by Desikachary (Desikachary
1972) because this species has both body and
"agellar scales (that are absent in Micromonas
pusilla), and because the "agellar insertion is dif-
ferent in Mantoniella squamata. The description
of the genus Micromonas was not revised by
Desikachary to take into account this modi“ca-
tion. Given the high genetic divergences observed

thick vs. thin grey lines, whereas base pairing/dissociation events are indicated by dotted lines. In Helix 2,
length differences may be explained by double-sided indel events (grey triangles). Synapomorphic signatures of
Micromonas clades were identi“ed with PAUP using an alignment of all Mamiellophyceae (Marin and Melkonian
2010), and mapped on those branches of the phylogenetic tree where they occurred. Base pairs with clear
synapomorphies are highlighted with colors (pink and blue respectively for helices 1 and 2 in A and 3 and
4 in B) while all branches with synapomorphy support are highlighted in bold. Several universal base pairs
showed too many changes (CBCs and hemi-CBCs), suggesting alternative, equally likely explanations for their
evolution, and therefore could not be unambiguously mapped upon the tree; these hypervariable pairs were
"agged by an asterisk (*), and were not used as clade signatures. The same holds for two base pairs in Helix 4
(indicated by two asterisks **), where the precise secondary structure remained ambiguous due to presence of
adjacent unpaired nucleotides. Tracing base pair evolution in the stem regions (= helices) by CBCs and hemi-
CBCs revealed clear molecular signatures for clades (unique synapomorphies within Micromonas) as well as
several homoplasious changes (e.g. parallelisms, convergences and reversals) in helices 2, 3 and 4.
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Figure 4. (Continued)
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