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The evolution of phenotypes is highly understudied
in protists, due to the dearth of morphological
characters, missing fossil record, and/or unresolved
phylogeny in the majority of taxa. The chrysophyte
genus Mallomonas (Stramenopiles) forms species-
specific silica scales with extraordinary diversity of
their ornamentation. In this paper, we molecularly
characterized three additional species to provide an
updated phylogeny of 43 species, and combined this
with evaluations of 24 morphological traits. Using
phylogenetic comparative methods, we evaluated
phylogenetic signal in traits, reconstructed the trait
evolution, and compared the overall phylogenetic and
morphological diversity. The majority of traits showed
strong phylogenetic signal and mostly dynamic
evolution. Phylogenetic relatedness was often reflected
by the phenotypic similarity. Both V-rib and dome are
very conservative structures that are presumably
involved in precise scale overlap and bristle
attachment, respectively. Based on modern species, it
seems the dome firstly appeared on apical and/or
caudal scales, and only later emerged on body scales.
Bristle was presumably present in the common
ancestor and gradually elongated ever since. However,
most other morphological traits readily changed during
the evolution of Mallomonas.
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phylogenetic generalized least squares; PP, posterior
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The shape diversity in modern living forms is usu-
ally a result of various evolutionary processes. Many
factors can influence the evolvement of organismal
body plan (e.g., adaptation, neutral evolution, or
non-adaptive factors like spandrels or constraints;
Darwin 1859, Gould 2002, Nei 2005, Orr 2005,
Brakefield and Roskam 2006). The phenotype of
organisms can change either rapidly, especially
when associated with a speciation event (i.e., punc-
tuated evolution; Eldredge and Gould 1972), gradu-
ally (i.e., gradual evolution; Darwin 1859), or stay
unmodified for a long time in so called evolutionary
stasis (Gersick 1991). Although the latter may seem
like a passive state, the phenotype needs to remain
unchanged in spite of selection pressures and/or
fluctuations caused by stochastic processes (Erwin
2000).

Morphological evolutionary changes usually take
place over long time periods and thus cannot be
studied directly. One possibility is to study a fossil
record; however, that brings a lot of complications
(e.g., fragmentation of the fossil record or rareness
of fossilization in a majority of taxa; Eldredge and
Gould 1996). A convenient alternative is to apply
phylogenetic comparative approaches to track the
evolution of phenotypes based on modern species.
The modern phylogenetic comparative biology com-
bines the relationships between taxa with morpho-
logical data to model statistical inferences about
their evolutionary past (Revell 2013). By using these
approaches, we can reconstruct the past forms of
traits in extinct ancestral taxa inferred from the trait
values in their modern descendants (Schluter et al.
1997).

Unfortunately, it is extremely difficult to study
phenotypic evolution in protists, considering the
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dearth of easily scorable traits, frequently spherical
shape of their bodies, and poorly resolved phyloge-
netic relationships in the majority of lineages. More-
over, a lack of structures that could be preserved in
sediment leads to a very limited fossil record in pro-
tists, which also constrains the proper calibration of
phylogenetic analyses (Roger and Hug 2006). Never-
theless, some protist lineages are able to produce
minerals preserved in fossil layers by a process of
biomineralization (e.g., Bovee 1981, Henriksen
et al. 1993, Mayama and Kuriyama 2002, Morais
et al. 2017). The most well-known protists forming
mineral structures are diatoms (Martin-Jezequel
et al. 2000); though, several other clades in Stra-
menopiles are capable of creating extraordinarily
diverse biomineralized structures. Probably, the
most prominent are the structures formed by several
representatives of the class Chrysophyceae, includ-
ing its largest genus, Mallomonas (Kristiansen 2002).
The genus Mallomonas comprises unicellular auto-
trophic flagellates, commonly found in plankton of
freshwater lakes and ponds. These organisms form
scales, cysts, and bristles made of silicon dioxide
(Kristiansen 2005, Siver 2013). The basic scale
design is a flat plate with posterior upturned rim,
commonly perforated by small pores. However,
scales are usually much more complex, comple-
mented with papillae, ribs, or reticulations (Fig. 1).
One of the most prominent structures that can be
found on scales is a V-shaped rib called V-rib. This
structure helps scales to overlap on a cell surface to
create a highly organized and compact silica case
(Siver and Glew 1990, Lavau and Wetherbee 1994,
Siver et al. 2015). The end of the V-rib is often pro-
longed into two additional ribs, named anterior sub-
marginal ribs. They usually link the V-rib with a
dome, another prominent scale structure. The
dome is a convex proximal part of scale that is usu-
ally involved in bristle attachments (Siver 1991).
Based on the scale position on a cell surface, we
can recognize caudal, apical, and body scales with
their specific shapes and features. Most parts of the
cell are covered by body scales. The scales exhibit
an extraordinary phenotypic diversity, but their
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shape remains species-specific and is typically used
for species determination (Kristiansen 2005). The
silica scales can be preserved in sediment for mil-
lions of years (Siver et al. 2015). Currently, there
are two major localities with massive assemblages of
fossil Mallomonas siliceous structures, Wombat and
Giraffe, dating back to Paleocene and Middle
Eocene, respectively. Aside from extinct taxa, fos-
silized siliceous scales with clear similarities to con-
temporary species have been recorded there (e.g.,
Siver and Wolfe 2005, 2009, Siver et al. 2013a, Wolfe
and Siver 2013).

A number of studies focusing on the phylogeny
of the genus Mallomonas have been published
(Lavau et al. 1997, Andersen 2007, Jo et al. 2011,
2013, Skaloud et al. 2013a, Kim et al. 2014, Siver
et al. 2015). Jo et al. (2011) were the first who sug-
gested that two Mallomonas subclades (described
later as Al and A2 by Siver et al. 2015) can be dis-
tinguished by the presence or absence of the V-rib.
In addition, Jo et al. (2011) estimated the origin of
the genus in the Early Jurassic, approximately at
150 Ma, and the divergence between the two sub-
clades in the Early Cretaceous, approximately at
133 Ma. The period of origin and the divergence
estimations made by Siver et al. (2015) were slightly
younger, dated in the Early Cretaceous, at ~135 and
113 Ma, respectively. According to Siver et al.
(2015), the earliest-diverging taxa are M. insignis
within Al subclade and three closely related species,
M. bangladeshica, M. peronoides, and M. ceylanica
within A2 subclade. All these taxa have very com-
plex scales with reticulation, papillae, or a U-shaped
ridge, which contradicts an early assumption that
scales with basal morphology lacking any additional
structures are the most ancient ones (Asmund and
Kristiansen 1986, Kristiansen 2002). This stresses the
need for better understanding of the morphological
evolution of scales in the genus Mallomonas. How-
ever, our knowledge of the phylogenetic relation-
ships between the Mallomonas taxa is still limited.
Primarily due to the considerable dearth of Mal-
lomonas spp. cultures (probably caused by difficulties
with their cultivation), only 18% of currently
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Fic. 1. Schematic depiction of siliceous body scales of Mallomonas showing the main morphological features of their ornamentation
that were evaluated for the reconstruction of shape evolution in the genus.
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recognized species were molecularly characterized
prior to this research. The main aim of this study
was to provide an updated time-calibrated phy-
logeny of the genus Mallomonas supplemented with
newly sequenced taxa, and to study in detail the
evolution of phenotype by using phylogenetic com-
parative methods.

MATERIALS AND METHODS

Origin and cultivation of the investigated strains. New isolates
of the genus Mallomonas were obtained from plankton and
metaphyton samples collected in water bodies across Europe
using a plankton net (mesh size of 20 pm). Collection details,
strain information, and sequence accession numbers are
listed in Table SI in the Supporting Information. The cells
were isolated using a sterile Pasteur capillary pipette, and
brought into single-cell culture. The isolates were grown in
400 pL of either MES- or HEPES-buffered DY IV medium
(Andersen et al. 1997) at 14°C (cooling box Pol-Eko Aparat-
ura Sp.J., model ST 1 Wodzistaw Slaski, Poland) under illumi-
nation of 35 pmol photons - m % - s~ and 24 h light mode
(TLD 18W/33 fluorescent lamps; Philips, Amsterdam, The
Netherlands). As soon as cultures reached mid-exponential
phase, 200 pL of each was harvested for molecular analyses.

Molecular analyses. After centrifugation, genomic DNA was
extracted from the pellet of cells by InstaGene Matrix (Bio-
Rad, Hercules, CA, USA). Two nuclear genes and one plastid
gene were amplified (SSU rDNA, LSU rDNA, and rbcL,
respectively). For the nuclear SSU rDNA, 18S-F and 18S-R pri-
mers were used (Katana et al. 2001). When amplifying the
nuclear LSU rDNA region, we employed primers 28S_25F,
28S_1228F, 28S_861R and 28S_2160R (Jo etal. 2011),
28S_736F2 and 28S_1435R (Pusztai et al. 2016), and also a
primer 28S_2022F (5-ACT CAG AAC TGG AGC GGA CAA-
3’) designed for this study using the Primer3 software (Unter-
gasser et al. 2012). The plastid 7bcl. was amplified using
rbcL_2F (Daugbjerg and Andersen 1997) and rbcL_R3 (Jo
et al. 2011) primers.

Amplifications were performed in a total volume of 20 pL.
For the nuclear SSU rDNA, PCR mix contained 0.2 pL of Gold
DNA polymerase (Applied Biosystems, Foster City, CA, USA),
0.4 uL. of dNTP, 2 pL. of Gold Buffer (Applied Biosystems),
0.25 pL. of each primer, 13.1 ul. of double-distilled water,
2.2 pL of MgCly, 0.6 pL of enhancer (Applied Biosystems) and
1 pL of template DNA (not quantified). The amplification of
nuclear LSU rDNA and plastid rbcL. regions were performed in
a PCR mix containing 0.2 pul. of MyTaq HS DNA polymerase
(Bioline, Taunton, MA, USA), 4 pL. of MyTaqHS Buffer (Bio-
line), 0.4 pL of each primer, 14 pL of double-distilled water,
and 1 pL of template DNA (not quantified). The amplifica-
tions were performed in Eppendorf Mastercycler ep Gradient
5341 (Eppendorf GmbH, Hamburk, Germany) using the fol-
lowing programs: 5 min of denaturation at 94°C for all gene
regions; followed by 35 cycles of denaturation at 94°C (30 s to
1 min), annealing at 52°C/40°C/38°C for nuclear SSU and
LSU rDNA and plastid rbcL region, respectively (1 min), and
elongation at 72°C (2 min/4 min/2.5 min for nuclear SSU
and LSU rDNA and rbcl. region, respectively); with a final
extension at 72°C (10 min), subsequently held at 10°C. The
PCR products were sized on a 1% agarose gel and then purified
using either GenElute PCR Clean-Up Kit (Sigma-Aldrich, St.
Louis, MO, USA) or QIAEX II Gel Purification Kit (Qiagen,
Chatsworth, CA, USA). The purified DNA templates were
sequenced by Sanger Sequencing method at Macrogen, Inc.
(Seoul, Korea, http://dna.macrogen.com). Newly obtained
sequences were supplemented with GenBank-extracted

sequences for 37 Mallomonas species, 30 representatives of
related genera and two outgroup taxa (see Table S1). The
alignment was automatically edited using Q-INS-i algorithm in
MAFFT, ver. 7 (Katoh and Standley 2013) and then manually
edited using MEGA 5 (Tamura et al. 2011). To improve the
alignment quality, positions with deletions frequently occur-
ring over the majority of sequences were removed. The result-
ing data set comprised of 1,712, 2,620, and 946 nucleotide sites
for nuclear SSU rDNA, nuclear LSU rDNA and plastid rbcL
regions, respectively.

Phylogenetic analyses. The data set was analyzed using Baye-
sian inference (BI) method implemented in Beast ver. 1.8.1.
(Drummond and Rambaut 2007) to construct phylogeny and
simultaneously estimate branch divergence times. To deter-
mine the best model for each molecular region, we used the
Bayesian information criterion (BIC) in a likelihood-ratio test
performed in jModeltest ver. 2.1.10 (Darriba et al. 2012).
The GTR + G + I nucleotide substitution model was selected
as the best model for all three molecular regions. Bayesian
analysis with relaxed clock model and uncorrelated lognor-
mal model was used to estimate variation rates across all
branches. We used fossil calibrations as probabilistic priors.
The lognormal priors were used for splits between the species
Mallomonas bangladeshica - M. peronoides, M. cratis - M. pseu-
docratis, and M. elevata - M. mangofera var. foveata; and for the
ancestors of species Synura americana - S. conopea - S. glabra -
S. macracantha - S. petersenii - S. truttae, Synura curtispina -
S. mollispina - S. spinosa, and  Chrysosphaerella  brevispina -
C. longispina - C. rotundata. All calibrations were based on the
following setting: offset = 38 Ma, mean = 30 Ma, and stan-
dard deviation = 0.6 Ma; representing a minimal age estimate
for the majority of fossils of Mallomonas species from the Gir-
affe Pipe locality (Creaser et al. 2004, Doria et al. 2011). A
Yule tree prior was used as a speciation model. The analysis
ran for 100 million generations with chain sampling every
1,000 generations. The parameters-estimated convergence
and burn-in period were checked using the software Tracer
ver. 1.6. (Drummond and Rambaut 2007). The initial
1,500,000 trees (15%) were removed, the rest retained to con-
struct a final chronogram with 95% posterior probabilities
(PP) and age estimates for all nodes. The robustness of tree
topologies was assessed by bootstrapping the data set with
maximum-likelihood analysis (ML) and with weighted maxi-
mum parsimony analysis (WMP). The ML bootstrapping was
performed by a heuristic search with 1,000 random sequence
addition replicates and stepwise addition, using a Tree Bisec-
tion Reconnection branch-swapping algorithm using the pro-
gram GARLI ver. 0.951 (Zwickl 2006). The wMP
bootstrapping was performed using heuristic searches with
100 random sequences (the upper limit of 10,000 for each
replicate) and gap characters were treated as the fifth charac-
ter state using the program PAUP ver. 4.0 (Swofford 2001).
Character weights were assigned using the rescaled consis-
tency index on a scale of 0-1,000. New weights were based on
the mean fit values for each character over all trees in the
memory. Trees were visualized using FigTree ver.1.4.2. (Ram-
baut 2009).

Morphological analyses. Scales, bristles, and entire cell cases
of cultured and sequenced Mallomonas strains were pho-
tographed using a transmission electron microscope (TEM)
Jeol 1011 with integrated CCD camera Velvet (Olympus Soft
Imaging Solution GmbH, Miinster, Germany). The cysts were
not included in this study because the majority of Mallomonas
species has unknown cyst morphology (Kristiansen and Prei-
sig 2007). For the 37 Mallomonas species with known molecu-
lar sequence data, we acquired TEM or scanning electron
microscope (SEM) microphotographs from original descrip-
tions and/or from the European -chrysophyte database
(Skaloud et al. 2013b). To evaluate phenotypes of the entire
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set of 43 Mallomonas species used in this study, we scored 24
morphological traits on body scales, three traits on bristles,
and two traits on silica cases (Table S2 in the Supporting
Information). The trait values were either directly assessed
from microphotographs, estimated by image analysis in Ima-
ge] ver. 1.45s (Schneider et al. 2012) or alternatively taken
from original descriptions (i.e., scale length and width, case
length and width, bristle length). Trait estimates were aver-
aged over multiple measurements of several silica scales
(mean = 5, range 2-10) except for five species with only a
single scale image available (M. hexareticulata, M. lacuna,
M. pseudomatvienkoae, M. sorohexareticulata, and M. splendens).
Morphological traits were examined for correlation using the
Spearman correlation coefficient in R ver. 3.4.3 (R Develop-
ment Core Team 2017). Since no pair of traits with absolute
values of the coefficient >0.9 was detected, we retained all
traits in the data set. Due to the fact that the number of mea-
sured traits exceeded the number of studied species, we used
a principal coordinates analysis (PCoA) to visualize pheno-
typic differences among Mallomonas species. Trait values were
standardized prior to analysis and the Gower coefficient was
used for computing a similarity matrix to account for the
presence of both binary and quantitative traits using software
Canoco ver. 5 (Leps and Smilauer 2014).

Phylogenetic influence in traits. The phylogenetic influence
was estimated using two scaling parameters, A (lambda; Pagel
1999) and D (Fritz and Purvis 2010), on a reduced data set
comprising of only Mallomonas representatives. The estimates
were done in R using tools available in the library caper ver.
0.5.2 on data sets consisting of morphological trait values and
tree topology. The scaling parameter A was calculated to eval-
uate phylogenetic influence of quantitative traits using the
phylogenetic generalized least squares (PGLS) method fitted
by ML (Table S3 in the Supporting Information). Prior to
the analysis, all the traits were natural log transformed, with
exception of scale roundness with values ranging from 0 to 1.
In PGLS of a given trait, only one parameter value was calcu-
lated at a time, and values of the remaining parameters were
fixed to one. To evaluate phylogenetic influence for binary
traits, the scaling parameter D was calculated in a Fritz-Purvis
test with 10,000 permutations.

Mapping trait evolution on the phylogeny. The ancestral trait
values at internal nodes were estimated based on the logarith-
mically transformed quantitative morphological trait values
and the phylogenetic position of Mallomonas species using
the contMap function implemented in R library phytools ver.
0.4-45 (Revell 2012). The quantitative ancestral character
states were mapped onto the phylogenetic tree constructed
by the ML method, using the Brownian motion function
implemented in the ape library (Popescu et al. 2012). The
ancestral characters with values interpolated along the
branches of the tree were graphically visualized by Felsen-
stein’s equation (Felsenstein 1985) using the contMap func-
tion. Evolution of binary traits was reconstructed by
simulations with 999 repeats using make.simmap and den-
tistyMap functions in phytools.

After the PCoA was made on the entire morphological data
set in Canoco ver. 5 (Lep§ and Smilauer 2014), we projected
phylogenetic relationships among Mallomonas species into the
PCoA ordination space to create a phylomorphospace plot
using the phylomorphospace function in phytools.

RESULTS

Phylogenetic  relationships  among  taxa. Time-cali-
brated phylogenetic analyses estimated the period
of origin and phylogenetic position of taxa within
Synurales (Fig. 2). According to our estimations, the

genus Neotessella split between the Late Triassic and
Early Cretaceous (213-124 Ma), most likely in the
Late Jurassic at 163 Ma. The genera Synura and Mal-
lomonas divided between the Middle Jurassic and
Early Cretaceous (173-130 Ma), most probably in
the Early Cretaceous at 135 Ma. About 20 million
years after, the genus Mallomonas split into two
major subclades Al and A2 (sensu Siver et al. 2015)
between the Early and Late Cretaceous (143—
87 Ma), approximately in the Early Cretaceous at
113 Ma. We can distinguish the representatives of
Al and A2 subclades by the presence or absence of
the V-rib on their body scales, with an exception of
two taxa, M. akrokomos and M. punctifera. Phyloge-
netic position of three taxa, M. intermedia, M. palu-
dosa, and M. pumilio var. dispersa was established for
the first time. Mallomonas intermedia was inferred as
a member of section Mallomonas, closely related to
M. portae-ferreae, M. corymbosa, and M. tonsurata. Mal-
lomonas pumilio var. dispersa was inferred as a mem-
ber of the section Torquatae, sister to M. torquata.
Interestingly, M. paludosa, originally described as a
member of the section Leboimeanae, was with high
statistical support nested within the section Mal-
lomonas, closely related to the taxa M. acaroides,
M. crassisquama, M. morrisonensis, and M. muskokana.

Reconstructions of trait evolution. Based on D and A
parameter indices, we detected a strong phyloge-
netic signal in 10 analyzed traits, specifically in the
U-shaped ridge, bristle absence, bristle length, mesh
on posterior flange, V-rib presence, V-rib angle,
dome presence, dome size, scale area, and absolute
proximal border width (Table S3).

A phylomorphospace plot combining the PCoA
ordination plot of Mallomonas phenotypes with phy-
logenetic information indicated that closely related
species generally have similar overall phenotypes
(Fig. 3). Nonetheless, there are clearly several
exceptions, for example, M. adamas, M. akrokomos,
M. heterospina, M. insignis, and M. punctifera. While
representatives of the sections Quadratae, Planae,
Insignes, and Punctiferae are overlapping in their
morphology, the section Mallomonas forms a well-de-
limited group based on both morphology and phy-
logeny (Fig. 3).

The reconstructed evolution of particular traits
often displayed very different patterns (Figs. 4 and
5; Figs. SI and S2 in the Supporting Information).
Evolutionary trends observed in binary traits could
be described by four scenarios. First, a structure was
absent in the common ancestor of the genus and
evolved once as a synapomorphy of a specific lin-
eage (though may have later disappeared in some
taxa). This is likely the case of two traits, mesh on
posterior flange and U-shaped ridge (Fig. S1). Sec-
ond, a structure was again absent in the common
ancestor of the genus but evolved multiple times
(again with secondary disappearance in some lin-
eages). The evolution of most traits follows this sce-
nario, for example absence of bristles, bristles
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restricted to ends of cells, dome, papillae on ante-
rior flange, papillae on dome, ribs on anterior and
posterior flange, ribs on dome as well as smaller
pores in V-rib angle (Fig. 4, Fig. S1). Third, the
common ancestor possessed a structure which then
disappeared in some lineages (i.e., papillae on
shield, pores on shield and pores on posterior
flange; Fig. 5, Fig. S1). Finally, the structure may
not show any clear evolutionary trend (i.e., anterior
submarginal rib, mesh on shield, V-rib and window;
Fig. 4, Fig. S1).

In the case of quantitative traits, the evolutionary
change (i.e., increase or decrease in trait values)
may either follow general trends in the whole
genus, or, alternatively, be species- or lineage-spe-
cific. A general evolutionary trend can be observed
only in a single trait, bristle length, which seems to
gradually increase during the evolution of the genus
Mallomonas (Fig. 4). However, evolution of the
remaining traits is consistent with the second sce-
nario of lineage-specific trends (Fig. 5, Fig. S2).
When comparing the reconstructed evolution of two
related traits, we might see different effects on the
overall phenotype. For instance, proportional
increase/decrease in scale length and width
observed in some taxa led to changes in the scale
size while conserving its overall shape (e.g., M. bron-
chartiana, M. elevate, M. pumilio var. dispersa),
whereas disproportional changes in scale length and
width resulted in the origin of new scale shape in
other species (e.g., M. asmundiae, M. corymbosa,
M. torquata; Fig. 5).

DISCUSSION

Molecular phylogeny of the genus Mallomonas. The
timing of major diversification events in our time-
calibrated phylogenetic analysis is closer to the latest

917

analysis presented by Siver et al. (2015) than to the
analysis presented by Jo et al. (2013), although our
estimated diversifications of taxa are slightly
younger. Similarly, the topology and relationships of
Mallomonas species are largely congruent with the
phylogeny presented in Siver et al. (2015) with sev-
eral minor changes. With high statistical support,
M. adamas is sister to clade comprising of M. puncti-
Jera, M. splendens, and M. bronchartiana. Contrastly,
in Siver et al. (2015), M. adamas was sister to clade
comprising of M. splendens, and M. bronchartiana.
Further, M. matvienkoae is sister to M. pseudo-
matvienkoae, not sister to clade comprising taxa
M. pseudomativenkoae, M. hexareticulata, and M. soro-
hexareticulata. In our phylogeny, M. elevata is sister
to M. mangofera f. foveata, not to M. torquata. Also,
M. annulata is sister to all taxa from the sections
Papillosae, Akrokomae, Striatae, Pseudocoronatae, Mal-
lomonas, and Leboimeanae, not only to M. akrokomos.
In the phylogeny presented by Siver et al. (2015),
M. areolata is sister to many taxa from the section
Mallomonas, while in the phylogeny presented here,
M. areolata is sister to clade comprising of M. elon-
gata and M. alpina (also from the section Mal-
lomonas).  Lastly, M. morrisonensis is sister to
M. muskokana, not sister to clade comprising of taxa
M. muskokana, M. crassisquana, and M. acaroides.

The two newly sequenced taxa, Mallomonas inter-
media and M. pumilio var. dispersa, were placed into
sections Mallomonas and Torqualae, respectively,
where they morphologically belong to. The taxa
M. intermedia is closely related to M. portae-ferreae
with similar phenotype, though scales of the latter
have more complex morphology. The taxa
M. pumilio var. dispersa is sister to M. torquata, also
possessing very similar morphology of scales. How-
ever, the third newly sequenced taxa, M. paludosa,
was placed in the section Mallomonas, even though
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it is morphologically characterized as a member of
the section Leboimeanae. Thus, we suggest a reclassifi-
cation of M. paludosa (possibly also other members
of the section Leboimeanae) and their inclusion in
the section Mallomonas. Likewise, in line with the
previous studies (e.g., Jo etal. 2013, Kim et al.
2014, Siver et al. 2015), we show that the section
Striatae is not monophyletic.

The differences between our phylogeny and phy-
logeny presented in Siver et al. (2015) could be
attributed to different number of used molecular
markers (three in this study compared with five in
Siver et al. 2015) and to each species being repre-
sented by a single strain in our study (compared
with multiple strains in Siver et al. 2015). Nonethe-
less, the topologies are highly congruent, which sup-
ports using our phylogeny to reconstruct the
evolution of morphological traits.

The evolution of phenotype from Mallomonas ancestor
to modern taxa. According to trait evolution recon-
structions, scales of the common ancestor were
likely equipped with papillae on the shield and per-
forations (pores) on both shield and posterior
flange. The ancestral scales could be even more
complex because our analyses only account for traits
present in the modern taxa with available sequence
data. While bristles were probably present in the
common ancestor of the Mallomonas genus, it is not
clear whether a common ancestor of Al subclade
still had bristles. This is because the most ancient
lineages of Al subclade lack bristles completely and
many of the later divided taxa possess bristles only
on anterior and/or posterior ends of the silica case
(Fig. S1). However, we did not consider different

types of bristles, that is, with a solid shaft versus with
a rolled shaft (Siver et al. 2015) since this informa-
tion is not available for all species. In fact, these
additional data may have given us more information
about the bristle origin. Interestingly, the most
ancient lineages within the sister genus Synura (e.g.,
S. wvella, S. splendida) also possess silica projections
from their scales, called spines, and we could specu-
late that these structures might have originated
from the same ancestral precursor as Mallomonas
bristles.

One of the earliest events that happened in the
Mallomonas evolution was the formation of the V-rib.
This structure evolved either in the common ances-
tor of the genus or early in the Al subclade after
the Al and A2 subclades split (approximately at
113 Ma; Fig. 4b). Lineages Al and A2 are defined
by the presence or absence of the V-rib, respectively
(Siver et al. 2015). However, there are two species
lacking the V-rib in spite of their phylogenetic posi-
tion within the Al subclade (i.e., M. punctifera and
M. akrokomos). Interestingly, this was not mentioned
in any of the previous molecular studies (Jo et al.
2011, 2013, Kim et al. 2014, Siver et al. 2015) and
information about the V-rib is also missing in the
original descriptions of these species (Korshikov
1941, Harris 1958, Kristiansen and Preisig 2007).
Nonetheless, we can still recognize its presumable
rudiments, the indistinct longitudinal ribs of
M. akrokomos and the pronounced anterior sub-
marginal ribs of M. punctifera. Another conspicuous
structure, the dome, emerged further in the Mal-
lomonas evolution. The dome appeared on body
scales of the Al representatives at 70 Ma (Fig. 4a);
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however, it is very likely it was already present on
apical and caudal scales long before. This is linked
with its function in bristle attachment through a
part called the foot that is tucked under the dome.
As described above, in the most ancient Al taxa,
bristles are either absent or restricted to ends of the
silica case. Therefore domes were most likely pre-
sent on apical and/or caudal scales, which are
placed at anterior and posterior ends on cells,
respectively, as we can see in several contemporary
taxa (e.g., M. elevata, M. mangofera f. foveata,
M. torquata, M. pumilio var. dispersa, M. splendens).
The dome also secondarily disappeared from body
scales of M. akrokomos, even though it is still present
on their apical scales. Interestingly, a different way
of bristle attachment originated in the A2 lineage,
where a flat foot of the bristle is simply tucked
under the proximal end of the scale. There is no
dome on any type of scale among the A2 taxa, with
the only exception of M. heterospina. Despite the
similar appearance and function in bristle attach-
ment, the dome of M. helerospina is not homologous
to the dome in the Al subclade. This structure orig-
inated independently and should be treated as a
dome-like structure (Fig. S3 in the Supporting
Information).

Both the dome and the V-rib are extremely con-
servative structures with only rare cases of their evo-
lutionary loss. This is most likely due to structural
and/or developmental constraints, such as bristle
attachment and their key role in organizing scales
into a compact silica case, for the dome and the V-
rib, respectively (Siver and Glew 1990, Siver 1991).
An alternative way of creating a compact silica case
is by production of larger and rather plain scales
that overlap to a great extent. This latter scenario is
apparent in many A2 lineage taxa (e.g., Mallomonas
caudata and M. hexareticulata).

Interestingly, the bristles gradually increase in size
during the Mallomonas genus evolution.

Taking into account the oscillations in climatic
conditions occurring over the last 150 Ma, it is unli-
kely that unidirectional change in bristle length
could have been triggered by a climate change.
Instead, this might have been a consequence of
selection to escape predation. Longer spines and
bristles could prevent predator attacks (Raven and
Giordano 2009, Finkel and Kotrc 2010, van Tol
et al. 2012). These structures could also slow sinking
from wupper water layers (Padisak etal. 2003),
though the flagellated cells of Mallomonas are cap-
able of active movement.

There are also traits that were inherited in
unchanged form for more than 50 million years
and from the Mallomonas evolution perspective, we
can classify them as medium dynamic. This con-
cerns pores on shield, pores on posterior flange,
window, mesh on posterior flange and U-shaped
ridge (Fig. S1). These perforations and structural

reinforcements probably represent constraints of a
scale construction and are evolutionarily conserved.

On the other hand, ribs on the shield are one of
the most recently evolved structures (Fig. ba). Inter-
estingly, morphologically similar ribs on the poste-
rior flange in Mallomonas insignis and M. heterospina
evolved independently. The ribs on the shield origi-
nated in the Paleocene, approximately at 60 Ma,
which was a time of substantial global environmen-
tal changes, such as increase in temperature and
cosmic radiation (e.g., Shaviv 2003, Gingerich
2006). It is possible that the formation of ribs was a
response to these environmental changes (e.g., by
shielding off the UV-B radiation more efficiently
and thus preventing cell damage). Similarly, an
increase in efficiency of UV-B protection due to sur-
face structuring of silica cases was previously
demonstrated in modern diatoms (Ellegaard et al.
2016).

Some traits did not last in unchanged form for
more than 25 million years. Most of these highly
dynamic traits are connected to size and shape of
scale and silica case (scale and cell case length and
width and scale roundness). This could be linked
with a need to quickly change the scale or case size.
As Siver et al. (2015) suggested, a change in scale
size could follow a change in temperature. Accord-
ing to the temperature-size rule in protists, their
cells linearly decrease in size with an increase in
temperature (Montagnes and Franklin 2001, Atkin-
son et al. 2003). To optimize a precise cell coverage
by the silica case, a decrease in cell size should be
followed by the decrease in scale size. Such ability
to readily modify the cell and scale size could be
the key aspect in the evolutionary success of Mal-
lomonas taxa. This is evident when comparing the
fossil and contemporary scales of M. insignis that
persisted in an almost unchanged form over the last
40 million years except their apparent size reduc-
tion (Siver and Wolfe 2009, Siver et al. 2013b). Simi-
lar morphological stasis concerns also the species
M. asmundiae, M. bangladeshica, M. lychenensis,
M. multiunca, and M. peronoides.

On the other hand, the overall phenotype was
rapidly changed within the last 25 million years in
Mallomonas ceylanica, M. corymbosa, M. morrisonensis,
M. portae-ferreae, and M. tonsurata (see Fig. 5, Figs. S1
and S2).

Morphological similarity of Mallomonas species
generally reflects their phylogenetic relationships.
Therefore, the traditional species concept based on
silica scale morphology seems to be justified for a
basic classification of species into the particular sec-
tions. However, in some cases the morphological
data alone are not suitable for estimating species
classification since some differ greatly in their mor-
phology from their closest relatives (see species of
the Planae and Quadratae sections in the phylomor-
phospace plot, Fig. 3).



EVOLUTION OF PHENOTYPE IN THE GENUS MALLOMONAS 921

In this study, the species morphology was evalu-
ated mainly based on silica scales. For this evalua-
tion, multiple microphotographs and in a few cases
only a single microphotograph were used per spe-
cies. The majority of microphotographs was taken
using TEM; however, for some species there are
only SEM microphotographs available. Moreover,
several analyzed microphotographs had rather poor
image resolution. Theoretically, the morphological
evaluations could have been also influenced by
intraspecific morphological variation of individuals
due to phenotypic plasticity, particularly in cases
when limited number of strains was available per
species. These shortcomings might have especially
influenced the evaluations of Mallomonas hexareticu-
lata, M. lacuna, M. pseudomatvienkoae, M. sorohexaretic-
ulata, and M. splendens. Despite this, the overall
strong correlation of phenotypic similarity and
genetic relatedness suggests that morphological eval-
uations conducted in this study had sufficient power
to describe species’ phenotypes.

Most importantly, the evolution of phenotype was
reconstructed on the basis of only a quarter of
described Mallomonas species. Due to this, it is possi-
ble that we did not detect all evolutionary trends. In
addition, the structures that originated only once
based on the results of our study could, in fact, have
originated multiple times. However, the molecular
data for the other members of the genus Mallomonas
are lacking, which is mainly due to general difficul-
ties with their cultivation. In the future, the cultiva-
tion difficulties could be solved by meta-barcoding
studies applying next-generation sequencing tech-
niques; however, these data sets would be affected
by the complete lack of morphological data.
Nonetheless, all the Mallomonas representatives with
molecular data available were included in our study
and we also obtained the molecular data for three
more taxa. It is worth mentioning that in our study
we omitted the taxon “Mallomonas sorofavus”
reported in Kim et al. 2014 as this is not a valid spe-
cies name. According to molecular data supplied by
the authors (strain Gungnam092709, GenBank
accession numbers: JN991183, JN991192, JN991174)
the investigated strain in fact belong to M. soro-
hexareticulata.
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Supporting Information

Additional Supporting Information may be
found in the online version of this article at the
publisher’s web site:

Figure S1. Ancestral character reconstructions
showing the evolution of 15 binary morphological
traits in the genus Mallomonas.

Figure S2. Ancestral character reconstructions
showing the evolution of seven quantitative mor-
phological traits in the genus Mallomonas.

Figure S3. TEM microphotographs illustrating
how bristles are attached to scales either through
dome-like structure (a) in Mallomonas heterospina
and dome (b) in M. papillosa.

Table S1. Collection details for the strains of
Chrysophyceae used in this study and GenBank

accession numbers for the respective nr SSU, nr
LSU, and rbcl. gene sequences.

Table S2. Values of 29 morphological traits
scored on 43 representatives of the genus Mal-
lomonas.

Table S3. Values of two parameters describing
the strength of phylogenetic influence on the evo-
lution of particular morphological traits. The
parameter D was estimated for binary traits (a),
and the parameter A (lambda) was estimated for
quantitative traits (b). For both parameters, statis-
tical tests were conducted to assess whether the
parameter values are equal to 0 (i.e., no effect of
phylogeny on trait evolution) or 1 (i.e., trait evo-
lution can be explained entirely by phylogenetic
relationships among taxa).




