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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  identified  in  the  small-subunit  rRNA  gene  and  ITS2  spacer  sequences  of  five  genetic
lineages. These  findings  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  identified  within
Micromonas, these  formal  descriptions  will  facilitate  further  interpretations  of  large-scale  analyses
investigating ecological  trends  in  time  and  space  for  this  widespread  picoplankter.

Key words:  Micromonas; Mamiellophyceae;  Chlorophyta;  green  algae;  ITS2;  molecular  signature.
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Introduction

Micromonas  pusilla (Butcher)  Manton  & Parke,
a  motile  marine  microalga  of very small  size
(1–3  �m), was first described  by Butcher  (1952)
as Chromulina  pusilla, based on material from the
Conway  estuary  (North  Wales)  and initially  clas-
sified,  using  light microscopy, as a  member  of
the  Chrysophyceae. This species  was also iden-
tified  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  classified
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  confirmed  the affiliation  of Micromonas
within  the order Mamiellales,  sometimes  termed
prasinophyte  clade II (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 ‘type’
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 �m long and  0.7–1 �m
broad,  with a single  mitochondrion,  nucleus, Golgi
body  and chloroplast.  The  single flagellum  is lat-
erally  attached  and  includes  a  1 �m long basal

part (the flagellum  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 identification 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, first 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  significantly  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 specific
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
et  al. 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 identified  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  findings 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  identifiers 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
identified  by Worden  (2006)  and  composed solely
of  environmental  sequences.  An  additional rather
deeply  diverging  clade, already  distinguished as
an  “unknown  clade”  in 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  (BI)  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-170.  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  identifiers  used  by Guillou  et  al.
(2004), Slapeta  et  al.  (2006)  and  their  own  study  (Guillou  Clade.Slapeta  Clade(s).Worden  Clade).

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  identified  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, A.B.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 (no
homoplasies)  within the class Mamiellophyceae,
were  designated  here  as clade-specific  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  identified  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; Müller
et  al.  2007; but see Caisová 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  Pacific  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.
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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  final  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 Ea, 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  in the  ITS2
and/or  SSU rDNA of clades  A.ABC.12,  non-arctic
B.E.3,  arctic Ea, 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 diversifications  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  diversification  (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  simplified  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  figure  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 discovered two 1 �m
long  flagellar  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  flag-
ellate  genera  within  the class Mamiellophyceae
(Mamiella,  Mantoniella,  Dolichomastix, Crustomas-
tix,  Monomastix)  possess various types of flagellar
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,
flagellar  insertion (LM, SEM  and TEM, Fig.  6)
was  detected  among  strains belonging  to different
genetic  clades,  but flagellar  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  flagellum  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  flagellar  length  as estimated  with LM  or TEM
did  not vary significantly  among  growth stages and
cell  cycle  (Fig.  7,  A to D).

Micromonas  pusilla  (clade  C.D.5) strains
possessed  a significantly  longer flagellum
(3.92  ± 0.13 �m)  than  both  clades A.ABC.12
and  non-arctic B.E.3 (Mann-Whitney  pairwise
comparisons,  p<10−3). 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 significantly
different  (Mann-Whitney  pairwise comparison,
p<10−2), but flagellar  length of strains belonging
to  sub-clades  A.A.2,  A.B.1 and A.C.1  was not
significantly  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://bioinformatics.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  confined  to  this  class.

Taxon/character  Synapomorphy  Homoplasies

Micromonas
SSU  rRNA  – Helix  11:  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.,

Heterotetracystis  akinetos,
prasinophyte  CCMP  1205

ITS2 –  Helix  3:  bp  13  C-G  =  =>  U-A  U-A  unique  within  Micromonas
ITS2 –  Helix  4:  bp  21  C-G  =  =>  U-G  U-G  unique  within  Micromonas
Micromonas commoda  (A.ABC.12)
ITS2 –  Helix  2:  bp  14  G-C  =  =>  A-U  A-U  unique  within  Micromonas
ITS2 –  Helix  4:  bp  5  A-U  =  =>  G-U  G-U  unique  within  Micromonas
Subclades A.A.2  A.B.1
ITS2  –  Helix  2:  bp  10  U-G  =  =>  U-A  A  unique  within  Micromonas
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  =  =>  U-A  U-A  parallel  in Pseudoscourfieldia
SSU rRNA  – Helix  29:  bp  7  G-C  =  =>  C-G  C-G  parallel  in  Leptosira,

Sphaeropleaceae
M. bravo  and  M.  polaris  (B.E.3)
ITS2 –  Helix  1:  bp  7  C-G  =  =>  U-A  U-A  unique  within  Micromonas
ITS2 –  Helix  2:  bp  13  G-U  =  =>  G-C  G-C  unique  within  Micromonas
Micromonas bravo  (non-arctic  B.E.3)
ITS2  –  Helix  2:  bp  14 G-C  =  =>  G-U  G-U  unique  within  Micromonas
ITS2 –  Helix  4:  bp  5  A-U  =  =>  G-C  G-C  unique  within  Micromonas
Micromonas polaris  (Ea))
ITS2 –  Helix  2:  bp  16 C-G  =  =>  U-A U-A  unique  within  Micromonas
ITS2 –  Helix  4:  bp  21  C-G  =  =>  U-A  U-A  unique  within  Micromonas
Candidate secies  1 (B._.4)
SSU  rRNA  – Helix  11:  bp  4  C-G  =  =>  U-G  U-G  parallel  in  Ostreococcus
SSU rRNA  – Helix  E23_1:  bp  6 A-U  =  =>  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 specific lineage
since  measured  lengths on individual  cells over-
lapped  between the different  clades  (Fig.  7E).
Within  prasinophytes,  as well as within  the
Mamiellophyceae,  the flagellum  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 flagellum

(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  difficult  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

http://web.archive.org/web/20110208210644/
http://bioinformatics.psb.ugent.be/webtools/rRNA
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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
specifically  of Mamiellophyceae  (Latasa  et  al.
2004;  Marin and Melkonian, 2010).  In addition,
a  chlorophyll  pigment (Chl  cCS-170) first 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  identified  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;  Rodríguez  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 cCS-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), 5 m
(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 “unknow  clade”  of 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 275 m. 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
flagellar  scales  (that are  absent in Micromonas
pusilla),  and because the flagellar  insertion is  dif-
ferent  in Mantoniella  squamata. The  description
of  the genus Micromonas  was not  revised by
Desikachary  to take into  account  this  modifica-
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  identified  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
flagged 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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Figure  5.  Transmission  electron  microscopy  pictures  of  flagellar  extremity  of  Micromonas  strains  showing  the
tip hairs.  (A)  RCC449.  Arrows  indicate  the  double  tip  hairs.  (B,  C)  RCC  372.  Details  of  the  tip  hairs  in  negative
stained samples.  Scale  bar  (A)  =  200  nm,  (B)  =  50  nm,  (C)  = 20  nm.

Figure  6.  Scanning  (A-D)  and  transmission  (E-H)  electron  microscopy  pictures  of  Micromonas  spp.  cells.  (A)
Micromonas commoda, RCC299.  (B,  E)  Micromonas  bravo,  RCC434.  (C,  G)  Micromonas  candidate  species
1, RCC1109.  (D,  H)  Micromonas  pusilla,  RCC834.  (F)  Micromonas  polaris,  RCC2306.
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Figure  7.  Flagellar  length  variations  in  Micromonas  strains.  (A)  and  (B)  TEM  and  LM  pictures  of  Micromonas
pusilla strain  RCC834.  Arrows  indicate  the  extremities  of  the  structure  measured  (hair  point  and  true  flagellum).
Scale bars  (A)  =  200  nm  and  (B)  =  2  �m.  (C)  and  (D)  Flagellar  length  variations  in  Micromonas  strain  RCC834
as estimated  with  TEM  and  LM  along  (C)  the  growth  curve  and  (D)  a  cell  division  cycle.  (E)  Box  plots  showing
flagellar length  variations  among  cells,  strains  and  clades.  The  median,  first  and  third  quartiles,  as  well  as
minimum and  maximum  values  (or  1.5  times  interquartiles  and  outliers)  are  shown  (number  of  cells  measured
per strain  is  between  56  and  66).
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between  the  deeply diverging Micromonas  clades
(values  were  similar  to that observed  between
Micromonas  clades and e.g. Mantoniella  species,
Table  3) Marin  and Melkonian  (2010)  suggested
that  the corresponding  clades should  be  raised
to  genus status. The  monophyly of Micromonas
although  moderately  supported in some phyloge-
nies  of the Mamiellophyceae  (e.g.  in the  SSU
rRNA  gene Viridiplantae phylogeny  of Marin and
Melkonian  2010)  was  strongly supported  in the
multigene  phylogeny  reported  by Slapeta  et al.
(2006). Mantoniella  and Micromonas also exhibit
several  important  morphological  differences.  Man-
toniella  has  two very unequal  flagella and  is covered
by  an  outer  layer  of large, flattened, spider  web-like
scales  (Desikachary 1972; Moestrup  1990) while
cells  of all clades of Micromonas are  scale-less  and
possess  a single peculiar  true  flagellum  with a long
hair  point. In addition, all Micromonas lineages  have
a  commonly shared  SSU rDNA  synapomorphy  (C-
G  in bp 1  of Helix 11) to the exclusion  of Mantoniella
and  the remaining Mamiellophyceae  (U-A  in this
position;  Table  4).  We  thus kept all lineages within
the  same  genus and provided  an  emendation  of
the  genus Micromonas  in order to include,  besides
the  absence of scale  covering  as a morphologi-
cal  character,  the  distinctive  molecular  SSU rDNA
signature,  and  our discovery of new morphological
features  (the  presence of tip hairs  at the  extremity of
its  hair  point,  and variability  in  hair point length, see
above).  This  genus  that has colonised  most  ocean
surface  waters,  is probably best  adapted  to coastal
habitats  as suggested  by the  distribution  of stations
from  which  isolates or  environmental sequences
were  obtained  (Fig.  8a, b).

Delineating  species is a highly challenging  task
because  not only the  definition  of what consti-
tutes  a species but also the criteria  to consider
for  delineation  are  controversial. As  a conse-
quence,  delimitations that are congruent  across
methods  are  recommended (De Queiroz  2007;
Leliaert  and De  Clerck  2017).  Within the genus
Micromonas,  the elevation  of clades  A.ABC.12,
non-arctic  B.E.3, arctic Ea and C.D.5  to  species
status  appears fully justified.  Besides  the high
sequence  divergences  between clades,  the dis-
tinctive  morphological  features  and/or  molecular
signatures  that we discovered for each of these
clades  are congruent  with ecological (Baudoux
et  al. 2015; Foulon  et al. 2008; Lovejoy et al. 2007)
and  genomic  specificities (Simmons  et al. 2015;
Worden  et al. 2009)  identified  in previous  studies.
These  distinctive  features  are  detailed below.

Clade  C.D.5  comprises a group of strains with
remarkable  similarities  in the sequences  of dif-

ferent nuclear,  mitochondrial  and plastid genes
(Slapeta  et al. 2006;  Worden  et al. 2009 and this
study).  Clear  synapomorphic signatures both in  the
SSU  rRNA and  ITS2 including  CBCs  and hemi-
CBCs  separate  this clade from all other clades in
the  genus Micromonas. Micromonas  C.D.5 clade
strains  were  also  recently found  to  possess spe-
cific  introner  elements  (IE) not found in  other
Micromonas  lineages  (D-IEs, Simmons  et al. 2015).
If  the nuclear  genome  of  strain CCMP1545 con-
sists  of 19 chromosomes  (van  Baren et al.  2016;
Worden  et al. 2009), PFGE  genome  sizes anal-
yses  suggest  that strains  of clade C.D.5 possess
19  or  20 chromosomes  (Supplementary  Material
Table  S1,  Fig.  S1). Variations  in chromosome num-
bers  but also chromosome  rearrangements have
already  been observed  within the  mamiellophycean
species  Ostreococcus lucimarinus  (Palenik et  al.
2007;  Rodríguez  et al. 2005). How these variations
impact  meiosis  and fecundation has not been stud-
ied  in this group  of algae but interfertility between
cultured  strains presenting  important  genomic vari-
ations  has been observed for some  fungi and green
algal  species  (Delneri et  al. 2003;  Flowers  et al.
2015). In addition, strains belonging  to clade C.D.5
possess  a distinctively  long  hair  point.  Studies  by
Foulon  et al. (2008) and  Baudoux  et  al.  (2015) sug-
gest  that this clade, which appears  less prominent
than  other  clades  in the environment,  has a distinct
ecological  niche and  interacts  with specific virus
populations.  This  clade  includes  strains derived
from  the  original  isolate PL27  (Table 2),  the neo-
type  culture upon  which the original description of
M.  pusilla was based.  We  therefore  restricted the
name  Micromonas  pusilla (sensu stricto) to those
cells  that  have  a slender hair point (as quoted
in  the  original  description by Manton and  Parke,
1960)  ca 1.5  to  7 �m long,  as  well as the distinctive
synapomorphic  signatures highlighted  in  Table 4
and Figures 3  and 4. Micromonas  pusilla seems
to  exhibit a  broad  biogeographical  distribution. Iso-
lates  or sequences  of this species  have been
obtained  mostly from coastal  zones across a wide
range  of  latitudes,  in all major  oceanic provinces
(Table 2, Fig. 8). However  M. pusilla seems to be
a  minor component  of the genus  Micromonas in
these  coastal  waters  and while  it  has been  shown
to  become  the  dominating  Micromonas  species  in
oceanic  waters, it  was detected  at low absolute con-
centrations  of the order of 100  cells  mL−1 (Foulon
et  al. 2008).

Clade  A.ABC.12 has been  detected  worldwide
in  a wide  range  of  biogeographic regions (Table 2,
Fig.  8A). It was found  to be the most  abundant
and  ubiquitous  of  the Micromonas  lineages dis-
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Figure  8.  Distribution  of  stations  from  which  Micromonas  spp.  isolates  (A)  or  environmental  sequences  (B)
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tinguished  by Foulon  et al. (2008). The  genomes
of  strain RCC299, that belongs to clade  A.A.2,
and  strain CCMP1545,  a strain  derived  from the
neotype  strain of M. pusilla, are highly  divergent
since  they each  harbour at least  19%  of unique
genes  (van Baren  et  al. 2016; Worden et al. 2009).
For  these reasons,  a subset  of strains  belonging
to  the closely related  subclades A.A.2  and A.B.1
have  recently  been  assigned to the  new  species
Micromonas  commoda  by van Baren et al. (2016).
However,  our  synapomorphy  search  revealed  only
a  single unique  signature  for  subclades  A.A.2 and
A.B.1  together, i.e. a hemi-CBC  in Helix 2  of ITS2
(bp  10).  In contrast,  the entire clade A.ABC.12,
including  subclade  A.C.1, was  distinguished from
other  Micromonas  lineages by several prominent
ITS2  signatures,  including a CBC  in Helix  2 (bp.
14;  Table  4, Fig. 4B). Slight  variations  of whole-
genome  and  chromosomes  sizes were recorded
between  strains  analysed in clade  A.ABC.12 but all
strains  possessed  17 chromosomes  (Supplemen-
tary  Material Table S1,  Fig. S1), as was shown by
whole  genome sequencing  for  strain  RCC299  (van
Baren  et al. 2016). Likewise, the flagellar  lengths
of  clade A.ABC.12  strains  proved to be  significantly
different  from those of other  lineages,  but similar
among  sub-clades  distinguished  by Slapeta  et al.
(2006). A majority of strains  of clade A.ABC.12 pos-
sess  the pigments  Chl cCS-170, potentially  linked
to  a  physiological  adaptation  to low light, while
this  pigment  was not detected  in  most strains
from  other clades. Peculiarities of introner elements
were  also detected in the genomes of strains  from
this  clade which  possess a distinct IE  family  (ABC-
IE,  Simmons et al. 2015)). For all of  these reasons,
we  elevated the entire deeply  diverging  A.ABC.12
clade  to  species  level, under the name  M. com-
moda.  The extent of genetic variation  within species
is  highly variable  and the relative contribution  of
its  determinants  (effective  population  size, mutation
rates,  life-history traits)  still  largely  unknown  (Leffler
et  al. 2012;  Romiguier et al. 2014).  The rather high
genetic  diversity  and structure  within this clade (this
study;  Slapeta et al. 2006; Worden  et al. 2009) may
be  the result  of ongoing  speciation events. It may
also  correspond  to natural  intra-specific  polymor-
phism  and could reflect  peculiarities  associated  to
key  species traits  such as life-history strategies  and
responses  to short-term environmental  perturba-
tions  (Leffler  et al.  2012;  von Dassow et al.  2015).

The non-arctic  B.E.3 sub-clade  (clade E1  in
Simmons  et al. 2015), although  not  always highly
supported  in SSU rRNA  gene  phylogenies, was
highly  supported  when ITS2  sequences were
added  to the  dataset  and clear  synapomorphic
ITS2  signatures  were  identified for  this clade
(Table 4, Fig.  4B). The strains  examined within  this
sub-clade  possessed  21 chromosomes (Supple-
mentary  Material Table S1, Fig. S1). The non-arctic
B.E.3  sub-clade  appears  to be  ubiquitous  (Table 2,
Fig.  8). Foulon  et al. (2008) suggested  that  this
clade,  that outcompeted  other Micromonas  lin-
eages  in coastal  environments  in summer, was
well  adapted  to  warm (presumably  well illuminated)
inshore  habitats. Genetic polymorphism  within this
clade  was comparable  to that estimated  for  clade
A.ABC.12.  Isolates  of this  lineage  had a signif-
icantly  shorter  hair  point than  all  other isolates.
This  clade  is thus described as a  new  species,
Micromonas  bravo.

The “arctic” Micromonas  clade  (Ea) discovered
by  Lovejoy et al.  (2007)  appears  widespread in
the  Arctic Ocean (Balzano  et al. 2012b; Lovejoy
et  al. 2007) and has  recently been  reported in the
Southern  Ocean  and the  deep currents  that trans-
port  arctic water to the Southern  Ocean  (Simmons
et  al. 2015). Isolates that  fall in  this clade and
environmental  sequences  assigned  to it were  all
retrieved  from arctic waters, but not from  the Antarc-
tic  (Table 2, Fig.  8a). These  strains  are clearly
psychrophilic  and possess highly similar SSU rDNA
and  ITS2 sequences  (Balzano  et al. 2012a; Lovejoy
et  al. 2007). McKie-Krisberg  et al. (2014) provided
evidence  that  the arctic isolate CCMP  2099 was
capable  of phagotrophy.  This  trophic  strategy  may
be  specific  to the arctic lineage (ingestion of flu-
orescently  labeled  bacteria was not  observed for
Micromonas  in the Mediterranean,  Unrein et al.
2014), but may  also  be environmentally  deter-
mined.  In any case, this highly supported clade,
that  shows clear synapomorphic  ITS2 signatures
(Table 4, Fig. 4B) and is strictly associated with
polar  waters,  corresponds to a distinct biological
unit,  which  is also described  here  as a new  species,
Micromonas  polaris.

Compared  to other Micromonas  clades, informa-
tion  available  for  clades  B._.4 and for  the  “unknown
clade”  discovered  by Wu et al. (2014) is scarce.
Both  clades  exhibit  high SSU rDNA genetic diver-
gences  with  the  Micromonas  species described.

have  been  reported.  Environmental  sequences  were  retrieved  from  the  PR2 database  (Guillou  et  al.  2013).
Environmental sequences  that  did  not  fall  into  clades  identified  as  species  or  candidate  species  were  assigned  to
the category  Micromonas  sp.  These  figures  are  also  available  as  interactive  maps  at  https://tinyurl.com/krvumys.

https://tinyurl.com/krvumys
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Environmental sequences  of clade  B._.4 have
been  detected in different  regions  of the  Mediter-
ranean  Sea,  Red  Sea  and Pacific Ocean (Fig. 8B)
but  no culture  is available  to date.  Environmental
sequences  from the  “unknown  clade”  (Wu  et al.
2014) have been found in the Red and South  China
Seas  (Fig. 8B), and a single culture  strain has
been  isolated in a Mediterranean  lagoon  (Fig.  8A).
Interestingly,  temperatures  at the 3  corresponding
sampling  stations  were particularly  high  (> 28 ◦C,
Wu et  al.  2014; Acosta  et al. 2013). We  pro-
pose  the designation  of Micromonas  candidate
species  1 for clade  B._.4 and  the designation  of
Micromonas  candidate  species 2 for the “unknown
clade”  reported  by Wu  et al. (2014).

Our results  and the analysis of existing data
allowed  us to clarify the status of genetic  lineages
identified  earlier within Micromonas,  to write or
revise  formal descriptions  for  four species  and sug-
gest  the existence of two additional  species. This
work  will facilitate  further interpretations  of large-
scale  analyses  investigating ecological trends  in
time  and space  for  this widespread  microalga.
In  the  future  population  metagenomics  analyses
such  as that conducted  by Vannier  et al. (2016),
but  also eco-physiological  studies using  cultured
strains  should help decipher  further the  extent of
species  diversity  and evolutionary  history of the
genus  Micromonas.

Taxonomic  Revisions:  Revision  of  the  Genus
Micromonas

Micromonas  I.  Manton  &  M.  Parke,  1960,  J.  Mar.  Biol.  Assoc.
U.K. 39:  pp.  292,  298,  emend.  Simon,  Foulon  and  Marin

Emended  diagnosis:  Motile  cells  ellipsoid  to  pyriform,  slightly
compressed,  naked  (cell  wall  absent,  no  organic  body  scales),
1–3 �m  long,  0.7–1  �m  broad;  one  flagellum  attached  laterally,
less than  1  �m  long,  with  a  1  to  7  �m  long  hair  point;  tip
hairs about  1  �m  long  at  the  extremity  of  the  hair  point;
cells  without  body  and  flagellar  scales,  chloroplast  single
appearing  crescent  in  side  view  with  a  large  pyrenoid  filling
the concavity;  starch  shell  around  the  pyrenoid  visible  under
electron  microscopy;  stigma  absent;  one  mitochondrion  lying
on inner  face  of  the  chloroplast;  no  contractile  vacuole;  nucleus
sub-spherical,  situated  near  the  flagellar  base;  fission  in  motile
or palmelloid  phase.  First  base  pair  of  Helix  11  in  the  nuclear
encoded  small  subunit  rRNA  is  C-G  instead  of  U-A.  Broadly
distributed  in  estuaries,  coastal  habitats  and  open  oceans  from
the poles  to  the  equator.

Type  species: Micromonas  pusilla  (Butcher)  Manton  &  Parke

Emendation  of  the  Type  Species  Micromonas  pusilla

Micromonas  pusilla  (R.W.  Butcher)  I.  Manton  &  M.  Parke,
1960, J.  Mar.  Biol.  Assoc.  U.K.  39:  pp.  292,  298,  emend.
Simon,  Foulon  and  Marin

Emended  diagnosis:  Characters  of  the  genus.  Flagellum
including  hair  point  longer  than  3  �m.  Nuclear  genome
comprising  19  or  20  chromosomes.  In  the  nuclear-encoded

SSU  rRNA,  base  pair  10  of  Helix  25  is  A-U  instead  of  U-A.  In
ITS2,  base  pair  13  of  Helix  3  is  U-A  instead  of  C-G.  Broadly
distributed,  mostly  from  coastal  zones.

Authentic  strain:  RCC834  derived  from  strain  Plymouth
no.27 (PL27),  isolated  by  M.  Parke  from  the  surface  waters  at
position 50◦15′ N,  04◦ 13′ W  (13  April  1950).

Emendation  of  the  species  Micromonas  commoda

Micromonas  commoda  J.  van  Baren,  C.  Bachy  and  A.
Worden,  2016,  in:  van  Baren  et  al.  2016,  BMC  Genomics
17:267,  p.  6,  emend.  Simon,  Foulon  and  Marin

Emended  diagnosis:  Characters  of  the  genus.  Flagellum
including  hair  point  approximately  2.5  �m  in  length.  Nuclear
genome  comprising  17  chromosomes.  In  ITS2  of  the  nuclear-
encoded  rRNA  operon,  base  pair  14  of  Helix  2  is  A-U  instead
of G-C,  and  base  pair  4  of  Helix  4  is  U-G  instead  of  C-G.
Worldwide  distribution,  often  with  high  abundance.

Authentic  strain:  clonal  strain  CCMP2709  derived  from  the
isolate RCC299  (=NOUM17),  isolated  by  S.  Boulben  from  the
Equatorial  Pacific  at  22◦20′S,  166◦20′W  (10  February  1998).

Micromonas  bravo  Simon,  Foulon  and  Marin,  sp.  nov.

Diagnosis: Characters  of  the  genus.  Short  flagellum  of  approx-
imately  1.8  �m  length  (including  hair  point).  Nuclear  genome
comprising  21  chromosomes.  In  ITS2  of  the  nuclear-encoded
rRNA  operon,  base  pair  14  of  Helix  2  is  G-U  instead  of  G-C.
Broadly  distributed,  especially  in  warm  coastal  environments.

Holotype: Cells  of  M.  bravo  strain  RCC434  preserved  in
a metabolically  inactive  state  (cells  embedded  in  resin  for
electron  microscopy)  have  been  deposited  at  the  RCC.

Type  locality: Strain  RCC434  was  isolated  from  Mediterranean
Sea  surface  waters  off  Spain  (41◦ 40’  N,  2◦ 48  E)  by  L.  Guillou
(20 March  2001).

Etymology:  The  species  name  refers  to  the  international  code
word for  the  letter  B  in  the  NATO  phonetic  alphabet  and  to
clade  B,  originally  chosen  by  Guillou  et  al.  (2004)  and  referred
to as  “non-polar  B.E.3”  in  this  article.

Micromonas  polaris  Simon,  Foulon  and  Marin,  sp.  nov.

Diagnosis: Characters  of  the  genus.  In  ITS2  of  the  nuclear-
encoded  rRNA  operon,  base  pair  16  of  Helix  2  is  U-A  instead
of C-G.  Psychrophilic  microalgae,  restricted  to  polar  waters.

Holotype: Cells  of  M.  polaris  strain  RCC2306  preserved  in
a metabolically  inactive  state  (cells  embedded  in  resin  for
electron  microscopy)  have  been  deposited  at  the  RCC.

Type  locality: RCC  2306  was  isolated  from  70  m  in  the
Beaufort  Sea  (71◦ 24’  N,  132◦ 40’  W)  by  D.  Vaulot  (15  August
2009).

Etymology: The  species  name  refers  to  its  distribution  in  polar
marine  waters.

Methods

Cultures:  Thirty-eight  culture  strains  (Table  2)  of
picoeukaryotes  assigned  to  the  genus  Micromonas
based  on  morphological  characters  or  analysis  of
the SSU  rRNA  gene  sequences  were  obtained  from
the Roscoff  Culture  Collection  (RCC,  Roscoff,  France,
http://roscoff-culture-collection.org).  Some  of  these  strains

http://roscoff-culture-collection.org
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corresponded  to  isolates  acquired  by  the  RCC  from  the  Bigelow
National  Center  for  Marine  Algae  and  Microbiota  (NCMA,
https://ncma.bigelow.org/),  the  National  Institute  of  Tech-
nology and  Evaluation  Biological  Resource  Center  (NBRC,
http://www.nite.go.jp/en/nbrc/cultures/),  the  North  East  Pacific
Culture Collection  (NEPCC,  http://www3.botany.ubc.ca/cccm/)
or the  CSIRO  Australian  National  Algae  Culture  Collection
(https://www.csiro.au/en/Research/Collections/ANACC).  All
strains  were  maintained  at  either  20 ◦C  or  4 ◦C  under  a  12:12  h
LD (light:  dark)  regime  in  K  medium  (Keller  et  al.  1987).  Light
was provided  by  Sylvania  Daylight  fluorescent  bulbs  with  an
intensity  of  100  �mol  photon.m−2.

DNA  amplification  and  sequencing: Sequences  of  the
SSU rRNA  gene  and  ITS  1  and  2  were  obtained  for  27
of the  strains  listed  in  Table  2.  DNA  was  extracted  by  a
modified  cetyltrimethylammonium  bromide  (CTAB)  protocol
(Winnepenninckx  et  al.  1993).  Cells  (200  mL  of  culture)  were
harvested  by  centrifugation.  The  pellet  was  resuspended  in
0.8 mL  of  CTAB  buffer  and  incubated  for  30  min  at  60 ◦C  with
0.1 mg/ml  proteinase  K.  DNA  was  extracted  by  the  addition  of
0.8 mL  of  chloroform:isoamyl  alcohol  (24:1).  After  gentle  agi-
tation for  2  min,  the  organic  phase  was  removed  by  a  10  min
centrifugation  step  at  4 ◦C.  The  aqueous  phase  was  recovered
and incubated  with  0.6  mL  of  isopropanol  for  30  min  at  room
temperature  to  precipitate  the  DNA.  DNA  was  further  washed
by the  addition  of  1  mL  of  EtOH  76%/ammonium  acetate  10  mM,
dried, resuspended  in  sterile  water  and  stored  at  −20 ◦C.

Extracted  DNA  was  used  as  a  template  to  amplify  the  nuclear
small subunit  ribosomal  (SSU  rRNA  gene)  and  internal  tran-
scribed  spacers  (ITS  rRNA).  The  eukaryotic  primers  Euk328f
(5′-ACC  TGG  TTG  ATC  CTG  CCA  G-3′)  and  Euk329r  (5′-TGA
TCC TTC  YGC  AGG  TTC  AC-3′)  were  used  to  amplify  the  SSU
rDNA as  described  in  Romari  and  Vaulot  (2004)  with  the  fol-
lowing  conditions:  an  initial  incubation  step  at  95 ◦C  for  5  min,
followed by  34  cycles  with  a  denaturing  step  at  95 ◦C  for  1  min,
an annealing  step  at  62 ◦C  for  2  min  and  an  extension  step  at
72 ◦C  for  3  min;  these  cycles  were  followed  by  a  final  exten-
sion step  at  72 ◦C  for  7  min.  The  primers  D1  (5’-GTA  GGT  GAA
CCT GCG  GAA  GGA-3’  and  R1  (5’-CCT  TGG  TCC  GTG  TTT
CTA GAC-3’)  and  D2  (5’-ACC  CGC  CGA  ATT  TAA  GCA  TA-3’)
and R2  (5’-AGG  GGA  ATC  CTT  GTT  AGT  TTC-3’),  which  are
complementary  to  regions  respectively  upstream  from  the  large
subunit 28S  rDNA  and  near  the  3’  end  of  the  SSU  rDNA  gene,
were used  to  amplify  the  ITS1,  2  and  5.8S  rDNA  as  described
in Guillou  et  al.  (2004),  with  the  following  conditions:  an  initial
incubation  step  at  94 ◦C  for  12  min,  followed  by  30  cycles  with
a denaturing  step  at  94 ◦C  for  1  min,  an  annealing  step  at  58 ◦C
for 2  min  and  an  extension  step  at  72 ◦C  for  3  min;  these  cycles
were followed  by  a  final  extension  step  at  72 ◦C  for  10  min.
Polymerase  chain  reactions  were  carried  out  in  an  automated
thermocycler  (iCycler,  Bio-Rad,  Marne-la-Coquette,  France).
The PCR  mixture  (25  �l  final  volume)  contained  2.5  �l  of  Mg
free buffer  10X  (1X  final  concentration,  Promega,  Madison,
Wisconsin),  2.5  �l  of  MgCl2 solution  (2.5  mM  final  concentra-
tion), 2  �l  of  deoxynucleoside  triphosphate  (dNTP,  400  �M  final
concentration  each,  Eurogentec),  0.5  �l  of  each  primer  (1  �M
final  contraction  each),  0.125  �l  of  Taq  Polymerase  (5  units
per �l,  Promega,  Madison,  Wisconsin),  sterile  water  and  1  �l  of
extracted  DNA.  PCR  products  were  cloned  using  the  TOPO
TA cloning  kit  (Invitrogen,  Carlsbad,  CA,  USA)  following  the
protocol  provided  by  the  manufacturer.

Genetic  polymorphism  was  then  assessed  by  analysing  sev-
eral clones  by  RLFP.  Clone  inserts  were  amplified  by  PCR  and
then digested  with  the  restriction  enzyme  HaeIII  (0.25  units  per
�l, BioLabs,  NewEngland)  for  3  h  at  37C.  The  digested  prod-
ucts were  separated  by  electrophoresis  at  70  V  for  2  h  on  a

1%  agarose  gel.  When  a  strain  presented  several  RFLP  pat-
terns, all  were  recovered  for  sequencing.  PCR  products  were
purified  using  the  ”QIAprep  Miniprep”  (Qiagen,  Courtaboeuf,
France)  following  the  manufacturer’s  recommendations  and
then directly  sequenced  in  both  directions  using  the  M13f  and
M13r primers  from  the  TOPO  TA  cloning  kit  and  fluorescent
nucleotides  (Big  Dye  Terminator)  from  the  ‘DNA  Sequencing’
kit (Applied  Biosystems,  Norwalk,  Connecticut).  Sequencing
reaction  conditions  were  as  follows:  an  initial  incubation  step
at 94 ◦C  for  5  min,  followed  by  50  cycles  with  a  denaturing  step
at 96 ◦C  for  30  s,  an  annealing  step  at  55 ◦C  for  30  s  and  an
extension  step  at  60 ◦C  for  4  min  followed  by  cooling  at  4 ◦C.
The sequencing  was  performed  using  an  ABI  3100  xl  (Applied
Biosystems).

Phylogenetic  and  genetic  distances  analyses:  Additional
relevant  sequences  were  included  for  phylogenetic  analyses
in addition  to  the  sequences  obtained  from  the  cultures  listed
in Table  2.  These  sequences  were  retrieved  from  GenBank
and  the  National  Center  for  Biotechnology  Information  (NCBI,
http://www.ncbi.nlm.nih.gov/)  and  included  SSU  rRNA  gene
sequence  and  ITS  rRNA  sequence  of  strains  which  have
been previously  analysed  (Bellec  et  al.  2014;  Guillou  et  al.
2004;  Marin  and  Melkonian  2010;  Nakayama  et  al.  1998;
Slapeta  et  al.  2006;  Worden  2006)  (Table  2),  a  selection
of environmental  sequences  grouping  with  Micromonas, and
sequences  of  Mantoniella  used  as  outgroups.  Environmental
SSU rRNA  gene  sequences  were  retrieved  from  the  Protist
Ribosomal  Reference  (PR2)  database  (Guillou  et  al.  2013)
and selected  based  on  their  length  (>  1695  bp).  Sequences
were then  selected  from  each  of  the  major  deep  branching
clades  based  upon  a  preliminary  phylogenetic  analysis.  The
SSU rDNA  and  ITS  rDNA  sequences  from  RCC299  were
retrieved  from  the  whole  chromosome  8  sequence  (acces-
sion number:  NC  013045)  from  the  isolate  which  contained
three identical  copies  of  these  genes.  Sequences  were  aligned
automatically  using  MUSCLE  (SSU  rRNA  gene)  or  manually,
taking  into  account  the  secondary  structure  (analyzed  by  MFold;
http://mfold.bioinfo.  rpi.edu/).  Alignments  (1865  bp  for  the  con-
catenated  markers,  including  1606  bp  for  SSU)  were  analysed
by two  phylogenetic  methods:  Bayesian  inference  (BI)  and
maximum  likelihood  (ML).  The  homogeneity  of  SSU  and  ITS
datasets  was  first  assessed  using  a  partition  homogeneity  test
(Farris  et  al.  1994)  on  the  pooled  dataset  (SSU  +  ITS)  with
PAUP*4.0b10  (Swofford  2002).  Bayesian  inference  was  per-
formed  with  MrBayes  3.2.2  (Ronquist  et  al.  2012)  using  a
HKY85  (Hasegawa-Kishino-Yano)  evolutionary  model  account-
ing for  substitution  rate  heterogeneity  and  a  proportion  of
invariable  sites,  chosen  with  jModelTest  2  (Darriba  et  al.  2012)
using  the  Akaike  Information  Criterion.  The  reconstruction  used
2 runs  of  4  chains  of  106 generations,  with  trees  sampled
every  100  generations  and  burn-in  value  set  to  20%  of  the
sampled  trees.  Majority-rule  consensus  was  kept  as  conserva-
tive estimates.  Maximum  likelihood  reconstruction  was  carried
out with  PhyML  (Guindon  and  Gascuel  2003;  Guindon  et  al.
2005)  using  the  same  evolutionary  model  as  BI  and  validated
with a  bootstrap  procedure  using  100  replicates.  Uncorrected
pairwise  genetic  distances  between  clades  were  computed
with PAUP*  4.0b10  (Swofford  2002).  New  sequences  have
been deposited  to  GenBank  under  the  accession  numbers
KU244630  to  KU244682  (Table  2).

Search  for  unique  molecular  signatures  of  clades:  To
screen  the  SSU  rDNA  for  synapomorphies  of  Micromonas  and
sub-clades,  a  taxon-rich  alignment  containing  more  than  2000
viridiplants  (green  algae/embryophytes)  was  used  in  order  to
reveal  all  existing  homoplasies  (especially  parallelisms)  imme-
diately,  by  application  of  the  ‘list  of  apomorphies’  function  of

https://ncma.bigelow.org/
http://www.nite.go.jp/en/nbrc/cultures/
http://www3.botany.ubc.ca/cccm/
https://www.csiro.au/en/Research/Collections/ANACC
http://www.ncbi.nlm.nih.gov/
http://mfold.bioinfo. rpi.edu/
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PAUP*  4.0b10,  followed  by  several  manual  steps  as  described
previously  (Marin  and  Melkonian  2010;  Marin  et  al.  2005).  Sim-
ilarly, the  secondary  structural  ITS2  alignment  of  the  class
Mamiellophyceae,  which  was  used  by  Marin  and  Melkonian
(2010),  was  extended  by  novel  Micromonas  sequences  after  full
reconstruction  of  their  ITS2  secondary  structures  using  MFold
(http://mfold.bioinfo.  rpi.edu/).  The  ITS2  synapomorphy  search
was  confined  to  those  positions,  which  formed  universal  base
pairs  in  all  members  of  Micromonas  (bold  base  pair  numbers  in
Fig.  4).

Morphological  analyses  and  flagella  measurements  and
statistical  tests:  Morphological  analyses  were  conducted
under LM,  TEM  and  SEM.  For  LM  cells  were  fixed  with  Lugol
solution.  Fourteen  �L  of  exponentially  growing  culture  was
mixed with  1  �L  of  acidic  Lugol  solution  (Throndsen  1978)  on
a microscopic  slide.  Cells  were  immediately  examined  with  an
Olympus  BX51  microscope,  at  objective  x100  under  Nomarski
interference  contrast.  Images  were  obtained  with  a  SPOT  cam-
era (LM,  G-  Spot,  Diagnostic  Instruments  Inc,  USA,  SPOT
software,  version  4.0.9,  Diagnostic  Instruments  Inc,  USA).  For
the examination  of  cells  under  TEM,  whole-mounts  were  pre-
pared by  placing  a  drop  of  exponentially  growing  culture  fixed
with glutaraldehyde  (1%  final)  on  a  formvar  (chloroform-formvar
0.8%) coated  copper  grid  (diameter  3.05  mm,  type  G200,
TAAB).  After  15  min  the  grid  was  rinsed  in  distilled  water  and
air dried.  Whole-mounts  were  contrasted  for  15  min  in  0.2  �m
filtered  uranyl  acetate  (20  %),  rinsed  in  distilled  water  and  air
dried again.  Grids  were  observed  using  a  JEOL-JEM  1400  elec-
tron microscope  operating  at  80  kV  and  images  were  obtained
with a  Gatan  Orius  Ultrascan  camera  (TEM).  For  SEM  exam-
ination, cultures  were  sampled  during  late  exponential  phase.
Cells  were  fixed  in  1-2%  glutaraldehyde  and  5–10  ml  were  fil-
tered through  Nucleopore  filters  (13  mm  diameter,  2  �m  pores)
by gravity  (volume  depending  on  cell  density  and  filter  clog-
ging). The  filter  was  rinsed  with  growth  medium  then  with  0.1  M
cacodylic  acid  buffer,  10  min  both.  0.5  ml  of  1%  osmium  tetrox-
ide in  0.1  M  cacodylic  acid  buffer  was  added  in  the  syringe  for
30 min.  Three  rinses  in  0.1  M  cacodylic  acid  buffer  were  applied
(5 min  each)  and  then  dehydration  was  achieved  by  serial  trans-
fers through  progressive  aqueous-ethanol  series  (70%,  90%,
96%, once  and  finally  100%,  three  times,  10  min  each).  All  the
filter-holders  were  placed  in  Critical  Point  Dryer  and  filters  were
subsequently  placed  on  stubs  with  carbon  tabs.  Gold-Palladium
sputtering  has  been  finally  applied  to  the  cells  before  observa-
tion on  field-emission  scanning  electron  microscope  HITACHI
S-4800 at  the  University  of  Oslo.

The  flagellum  of  M.  pusilla  includes  a  proximal  wider  por-
tion (the  true  flagellum)  and  the  distal  hair  point  (slender  distal
portion)  (Fig.  6,  A  and  B).  We  used  the  term  flagellum  to  des-
ignate the  structure  including  both  the  true  flagellum  and  the
hair point.  Flagellar  lengths  were  estimated  from  cell  images
obtained  using  light  microscopy  (LM)  or  transmission  electron
microscopy  (TEM).  Flagella  lengths  were  measured  using  the
Image J  software  (Schneider  et  al.  2012)  on  images.  Between
57 to  67,  and  18  to  31  flagella  were  measured  for  LM  and  TEM
respectively  for  each  strain.  Kruskal-Wallis  and  Mann-Whitney
tests were  performed  to  compare  mean  flagella  lengths  (as
measured  using  LM)  among  genetic  lineages.  Statistical  tests
were performed  using  the  PAST  software  (Hammer  et  al.  2001).

Pigment  analyses:  The  pigment  content  of  40  isolates
was determined  in  50  mL  of  exponentially  growing  cells,  grow-
ing under  identical  light  conditions  (100  �mol  photon.m−2

with  a  12:12  light:dark  cycle).  Analytical  and  semi-preparative
high-performance  liquid  chromatograph  (HPLC)  separations
followed  a  protocol  adapted  from  Zapata  et  al.  (Zapata
et al.  2000).  Chlorophylls  and  carotenoids  were  detected  by

absorbance  at  440  nm  and  identified  by  diode  array  spec-
troscopy  (Jeffrey  et  al.  1997).  Micromonas  pigments  were
identified  by  co-chromatography  with  authentic  standards
(Sigma-Aldrich).  The  pigment  analyses  were  replicated  on
larger volumes  of  cultures  when  needed,  especially  when  the
presence/absence  of  Chl  cCS-170 could  not  be  clearly  estab-
lished because  of  a  poor  resolution  of  the  targeted  absorbance
peaks.

Mapping  of  Micromonas  isolates  and  environmental
sequences: In  order  to  depict  the  distribution  of  Micromonas
species  and  clades,  we  retrieved  quality  controlled  and  anno-
tated  eukaryotic  SSU  rRNA  gene  sequences  obtained  from
cultured  strains  and  environmental  samples  from  the  PR2

database  (Guillou  et  al.  2013).  All  Micromonas  sequences
were extracted,  yielding  a  final  dataset  of  516  environmental
sequences  and  44  isolates  (corresponding  to  isolates  listed  in
Table  2  plus  RCC913  and  RCC966).  Chimeric  sequences  were
filtered out  by  assigning  the  first  300  and  last  300  base  pairs  of
the sequences  with  the  software  Mothur  v1.35.1  (Schloss  et  al.
2009).  If  a  conflict  of  assignment  between  the  beginning  and  the
end of  the  sequences  was  detected,  sequences  were  BLASTed
against  GenBank  to  confirm  whether  they  were  chimeras,  and
if this  proved  to  be  the  case  they  were  removed  from  any  fur-
ther analysis.  Assignation  of  sequences  to  species  or  clades
was achieved  by  aligning  them  using  MAFFT  v1.3.3  (Katoh
et al.  2002)  and  constructing  phylogenetic  trees  using  FastTree
v1.0 (Price  et  al.  2009)  run  within  the  Geneious  software  v7.1.7
(Kearse  et  al.  2012).  Phylogenetic  trees  were  compared  to  that
of Fig.  1.  Sequences  that  fell  into  one  of  the  clades  defined  in
Figure  1  were  assigned  to  that  clade.  For  each  sequence,  we
extracted  metadata  from  GenBank  (such  as  sampling  coordi-
nates,  date  and  publication  details)  or  from  culture  collections
databases,  when  available.  Other  metadata  were  obtained  from
the literature.  This  information  was  used  to  map  the  distri-
bution  of  isolates  and  sequences  using  Tableau  Desktop  9.2
(http://www.tableau.com/).
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