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ARTICLE INFO ABSTRACT

Keywords: Green algae usually assigned to the genus Oophila are known to colonize egg capsules of amphibian egg masses
Amphibia across the Nearctic and Palearctic regions. We study the phylogenetic relationships of these algae using a phy-
Rana lotranscriptomic data set of 76 protein-coding single-copy nuclear genes. Our data set includes novel RNAseq
2?:3’;:3;"“ data for six amphibian-associated and five free-living green algae, and draft genomes of two of the latter. Within
Chlamydomonadales the Oophila clade (nested within Moewusinia), we find samples from two European frogs (Rana dalmatina and
Moewusinia R. temporaria) closely related to those of the North American frog R. aurora (Oophila subclade III). An isolate from
Phylotranscriptomics the North American R. sylvatica (subclade IV) appears to be sister to the Japanese isolate from the salamander

Hynobius nigrescens (subclade J1), and subclade I algae from Ambystoma maculatum are sister to all other lineages
in the Oophila clade. Two free-living algae (Chlamydomonas nasuta and Cd. pseudogloeogama) are nested within
the Oophila clade, and a strain of the type species of Chlorococcum (Cc. infusionum) is related to this assemblage.
Our phylotranscriptomic tree suggests that recognition of different species within the Oophila clade (“clade B” of

earlier studies) is warranted, and calls for a comprehensive taxonomic revision of Moewusinia.

1. Introduction

The aquatic egg masses of various amphibian species in the Pale-
arctic are known to regularly be colonized by green algae. This phe-
nomenon is known from North American salamanders of the genus
Ambystoma (e.g., Orr, 1888; Gilbert, 1942, 1944; Kerney, 2011; Kerney
et al.,, 2011; Nema et al., 2019), Japanese salamanders of the genus
Hynobius (Muto et al., 2017), and frogs of the genus Rana from North
America and Europe (Anslan et al., 2021; Baumgartner et al., 1996;
Eriksson, 2019; Kim et al., 2014; Pinder and Friet, 1994; Fernandez de
Larrea, 2018; DeShaw et al., 2022). The algae colonize and proliferate in

the egg capsules, i.e., on the vitelline membrane, in the intracapsular
fluid, and in the outer jelly matrix consisting of acid mucopolysaccha-
rides (Graham et al., 2013). This can lead to spectacularly green-colored
egg masses, and in Ambystoma maculatum the algae even invade the cells
of the developing amphibian embryo (Kerney et al., 2011). The costs and
benefits for amphibians and algae in this fascinating symbiosis are
poorly understood (Kerney, 2011). However, it is hypothesized that, at
least in the case of egg masses of A. maculatum, the algae gain protection
and improved growth conditions within the capsules, and that the
amphibian embryos may benefit from the oxygen produced during
photosynthesis by the algae (e.g., Bachmann et al., 1986; Pinder and
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Friet, 1994; Small and Bishop, 2020; Burns et al., 2020).

The algae that Lambert (ex Wille 1909) encountered in egg masses of
the salamander Ambystoma maculatum were described as a new genus
and species with the name Oophila amblystomatis, which has been used in
most studies since. The identity of these amphibian-associated algae has
however been controversially discussed in various recent studies.
Culture-derived DNA sequences of the 18S rRNA gene isolated from egg
masses of North American Ambystoma and Rana, and from Japanese
Hynobius, constituted a clade within Chlamydomonadales, related to
Chlamydomonas pseudogloeogama and Cd. nasuta (Kim et al., 2014; Muto
et al., 2017; Anslan et al., 2021). On the contrary, Nema et al. (2019)
isolated algae from egg masses of Ambystoma maculatum which were
phylogenetically closer to another clade of Chlamydomonadales. As
their sampling took place near the original type locality of the species
(the Middlesex Fells in eastern Massachusetts), the authors claimed that
these algae (named “clade A” by them, as opposed to “clade B” that had
been sequenced in other studies) correspond to the true
O. amblystomatis. However, DNA metabarcoding studies (Jurga et al.,
2020; Anslan et al., 2021) suggested that the predominant algae in North
American and European amphibian egg masses belong to clade B,
indicating that clade A algae may simply be more easily cultivable
generalists which therefore show among isolates from amphibian egg
masses. Finally, Bishop and Garbary (2024) obtained sequences from
historical type material of O. amblystomatis, and confirmed it corre-
sponds to clade B.

While overwhelming evidence from DNA metabarcoding (Jurga
et al.,, 2020; Anslan et al., 2021) and archival DNA analysis of the
O. amblystomatis type (Bishop and Garbary, 2024) supports the identity
of clade B algae as corresponding to Oophila, the phylogenetic position
of the amphibian-associated algae among Chlamydomonadales requires
further study. Hitherto, most phylogenetic studies have been based on
fragments of the 18S rRNA gene or the rbcL gene (Kim et al., 2014; Nema
etal., 2019; Correia et al., 2020a; Anslan et al., 2021), and have included
only a limited number of other green algae taxa. Anslan et al. (2021)
provided both an 18S tree with a large number of sequences of Chlor-
ococcum and Chlamydomonas species, and a tree inferred from
transcriptome-derived sequences of 18 nuclear protein-coding genes for
a selected number of green algae, including one representative each of
clade A and clade B amphibian-associated algal cultures.

The nomenclatural status of the genus name Oophila is convoluted as
well. Correia et al. (2020a) found their “clade A” algae phylogenetically
close to several species typically considered to belong to the genus
Chlorococcum, despite acknowledging that the type species of Chlor-
ococcum (Cc. infusionum) is not closely related to “clade A”. In a related
paper, Correia et al. (2020b) formally proposed the new combination
Chlorococcum amblystomatis, thus synonymizing Oophila. This syno-
nymization has not been officially reverted yet, and in the following we
therefore use the term “Oophila clade” rather than “genus Oophila” when
referring to “clade B” algae.

In the current study we considerably expand the phylotranscriptomic
data set of Anslan et al. (2021) based on new RNAseq data from four new
isolates from amphibian egg masses in North America, Japan, and
Europe, and five reference isolates of relevant species usually assigned to
the genera Chlamydomonas and Chlorococcum, complemented by two
amphibian-associated metatranscriptomes and newly assembled RNA-
seq data from public databases. We then use our expanded data set for
76 nuclear single-copy protein-coding genes to robustly infer the
phylogenetic relationships of the Oophila clade within the Moewusinia,
and to discuss the need for a revised genus-level classification within the
Chlamydomonadales.

2. Materials and methods
We isolated and cultured amphibian egg mass-associated algae as

previously described (Kim et al, 2014; Anslan et al, 2021). We
extracted algae with microsurgery equipment or pipettes primarily from
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the intracapsular fluid of the egg masses. The extracted algae, as well as
algae obtained from the SAG culture collection at the University of
Gottingen (Germany), were cultivated under standard conditions (see
Table 1 for details of all samples used). A sample of ca. 100 mg of each
culture was preserved in RNAlater and stored at —80 °C. We homoge-
nized the samples with steel beads in 2 ml tubes containing 1 ml of
TRIzol®, using the tissue lyser Precellys (speed 6000 rpm, 2 x 55 sec in
between 10 sec break), then centrifuged them for 10 min at 12,000 rpm
at 4 °C and transferred the solutions to new tubes. After TRIzol®
extraction (see Anslan et al., 2021 for detailed protocol), RNA quanti-
fication, and preparation of cDNA libraries, these were sequenced with a
High Output 2 x150 bp cycle kit (Illumina) on an Illumina NextSeq
instrument.

Obtaining cultures of clade B algae was unsuccessful for European
samples, despite intensive attempts under different conditions and with
different media, i.e., Bristol’s solution (Bold, 1949), and AF6 solution
(Watanabe et al., 2000) diluted to single cell in liquid media, and col-
onies raised on agar plates. These culturing attempts yielded only cul-
tures of clade A algae, despite DNA metabarcoding suggesting a
predominance of clade B algae in the egg masses (Anslan et al., 2021).
We therefore extracted capsular fluid from 20 to 50 algae-infested eggs
of Rana dalmatina and R. temporaria, transferred the fluid into RNAlater,
concentrated algae by centrifugation, and used the pellet for direct RNA
extraction and sequencing, using the same methods as for the cultures.

We quality-trimmed and filtered raw reads of all RNAseq runs using
Trimmomatic v. 0.32 (Bolger et al., 2014) with default settings (i.e.,
slidingwindow: 4:5, leading: 5, trailing: 5, minlength: 25). Filtered reads
were used for de novo transcriptome assembly using Trinity v. 2.1.0
(Grabherr et al., 2011) following a published protocol (Haas et al.,
2013). Illumina NextSeq sequencing data is deposited in the Sequence
Read Archive (SRA), BioProject ID: PRINA1125646.

We started with the nucleotide alignments of 386 single-copy nuclear
genes used in the phylotranscriptomic study by Leebens-Mack et al.
(2019) as a basis for our analysis and kept sequences of 69 Chlamydo-
monadales and related taxa (corresponding to those used in Anslan
et al., 2021). We then transformed these sequences into a BLAST data-
base and used local searches with BLAST+ (Camacho et al., 2009) to find
the best hits to this database in each transcriptome assembly (i.e., using
the sequences of the transcriptome assemblies as queries). Conserva-
tively, BLAST hits were only considered if they were > 300 bp with > 60
% nucleotide identity, and if no other (different) contigs in the same
transcriptome assembly matched with similar or higher scores. We
manually checked preliminary alignments and exploratory maximum
likelihood trees, and discarded genes in case of indications for possible
paralogs, or if fewer than four matches among the new transcriptome
assemblies were present. New sequences were then added to the single-
gene alignments after trimming them to similar lengths as in Leebens-
Mack et al. (2019), ensuring a start with first codon-positions. Eventu-
ally, our final data set consisted of 76 genes, which were aligned sepa-
rately based on their protein sequences (codon-based alignment in
MEGA 7; Kumar et al., 2016). For each gene, we added sequences of 20
transcriptomes/genomes (Table 1). There was some contamination
detected in the RNAseq data of Chlamydomonas nasuta (SAG culture
collection 11.72) and Cd. pseudogloeogama (SAG 15.73), thus we pri-
marily used sequences from draft genomes of the same strains to
represent these two taxa. This resulted in 18 new taxa added to the data
set of Leebens-Mack et al. (2019) for the 76 selected genes. Furthermore,
we extracted sequences of the 18S rRNA gene from new transcriptome
assemblies of Oophila and analysed them with dataset 3 of Anslan et al.
(2021), in order to match samples to Oophila subclades previously
defined based on this gene (Kim et al., 2014; Muto et al., 2017).

Alignments were visually re-inspected at the nucleotide and amino
acid levels for clear cases of paralogy and non-homologous sequence
stretches using SeaView v. 5.0.4 (Gouy et al., 2010). Alignment columns
with > 75 % gaps were trimmed away using Clipkit v. 1.0.7 (Steenwyk
et al., 2020) and the 76 loci were concatenated using FASConcat v. 1.04



Table 1
Samples added to the phylotranscriptomic data set of Leebens-Mack et al. (2019), from newly sequenced transcriptomes or genomes, or newly assembled from RNAseq data available from SRA under Bioproject
PRINA1125646.
Species Amphibian- Strain number  Internal sample SRA Accession Location Type status Remark
associated number
Oophila sp. Yes (Rana OOPELM SAMN41904479 Elm, Braunschweig, Germany No new metatranscriptome
dalmatina)
Oophila sp. Yes (Rana OOPNOR SAMN41904480 Kristiansand, Norway (N No new metatranscriptome
temporaria) 58.155309, E 7.986699)
Oophila sp. Yes (Hynobius MVRNA228 SAMN41902903 Tsubame city, Niigata No new transcriptome
nigrescens) prefecture, Japan
Oophila amblytomatis Yes (Ambystoma UTEX LB3005 /  UTEX LB3005 / SRR5445904 / SRR5445906 Halifax / Beaver Bank, Canada  No transcriptome from Burns
maculatum) LB3006 LB3006 et al. (2017)
Oophila sp. Yes (Rana aurora) RAUU SAMN41902904 Del Norte Redwoods State No new transcriptome
Park, CA, USA
Oophila sp. Yes (Rana RASA SAMN41902905 near Long Pine Run No new transcriptome
sylvatica) ResevoirReservoir, USA
Chlorococcum sp. Yes (Rana MVRNA229 SAMN41902906 near Diiren, Germany No new transcriptome
dalmatina)
Chlorococcum sp. Yes (Rana MVRNA93 SRR13924629 Elm, Braunschweig, Germany No transcriptome from Anslan
dalmatina) et al. (2022)
Chlamydomonas No SAG 15.73 MVRNA234 SAMN41902907 High Tatra Mts., Slovakia No new transcriptome
pseudogloeogama
Chlamydomonas No SAG 15.73 pseudoBish CDS available at DOIL: 10.5 High Tatra Mts., Slovakia No unpublished draft genome
pseudogloeogama 281/zenodo.12545556
Chlamydomonas nasuta ~ No NIES-2225 MVRNA235 SAMN41902908 Edgewood Park, USA No new transcriptome
(SAG 11.72)
Chlamydomonas nasuta ~ No NIES-2225 nasuBish CDS available at DOI: 10.5 Edgewood Park, USA No unpublished draft genome
SAG 11.72 281/zenodo.12545556
Chlorococcum No SAG 10.86 MVRNA233 SAMN41902909 Czech Republic Yes (epitype of C. infusionum; lectotype species of  new transcriptome
infusionum genus Chlorococcum; see Watanabe & Lewis 2017)
Chlamydomonas No CCMP 219 SRR1296991 Qingdao, China No newly assembled from SRA
euryale
Hyalomonas No SAG 11-48b SRR1294459 Venezuela Yes (epitype of H. chlamydogama; see DeShaw newly assembled from SRA
chlamydogama (=UTEX 102) et al., 2022)
Chlorococcum No SAG 213-11 MVRNA236 SAMN41902910 Duanesburg, US Yes (holotype of C. oleofaciens) new transcriptome
oleofaciens (=UTEX 105)
Chlorococcum No SAG 62.80 MVRNA237 SAMN41902911 Elkhart, US Yes new transcriptome
citriforme
Chlorococcum No SAG 30.93 ERR2041095 Kahlquelle, Biebergemiind/ No newly assembled from SRA
oleofaciens Spessart, Germany
Chlamydomonas sp. No CCMP 681 SRR1300379 Bellingshausen Sea No newly assembled from SRA
Chlamydomonas No SAG 11-49 SRR1294458 Cambridge, UK No newly assembled from SRA
leiostraca (=UTEX 466)
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(Kiick and Meusemann, 2010), separately for nucleotide and amino acid
alignments. Maximum likelihood phylogenies were inferred using IQ-
TREE v.2.1.2 (Minh et al., 2020) with a per-gene partition with inde-
pendent Bayesian Information Criterion (BIC)-selected best-fit evolu-
tionary models. Branch support was assessed by 1,000 replicates each of
SH-like approximate likelihood ratio test (aLRT)l (Guindon et al., 2010)
and ultrafast bootstrap (Hoang et al., 2018). ASTRAL v.5.6.3 (Zhang
et al., 2018) was used to infer summary coalescent trees starting from
the collection of 76 gene trees, independently inferred in IQ-TREE under
BIC-selected substitution models and after collapsing low-support
branches (<30 % ultrafast bootstrap support). All alignments and tree
files are deposited in Zenodo (https://doi.
org/10.5281/zenodo.12545556). Taxonomy of amphibian hosts fol-
lows Amphibiaweb (2023).

3. Results and discussion

3.1. Relationships of amphibian egg mass-associated green algae within
Chlamydomonadales

We recovered largely congruent tree topologies from maximum
likelihood inference based on the concatenated 76-gene nucleotide
(83,111 aligned nucleotides) or protein (27,759 aligned amino acids)
alignments, and from the ASTRAL summary coalescent tree analysis of
the 76 gene trees from nucleotide (Figure S3) or protein alignments
(Figure S4). As summarized in Fig. 1, discordances between analyses and
poorly supported branches mostly occurred in groups of non-focal taxa
(detailed trees given in supplementary materials). Relationships and
clades discussed in the following, unless otherwise stated, received
consistently 100 % support from ultrafast bootstrap and SH-like aLRT
tests in the concatenated analyses, and of 1.0 local posterior probabili-
ties in the ASTRAL trees.

These results corroborate previous trees based on single markers
(Kim et al., 2014; Nema et al., 2019) and much more limited phylo-
transcriptomic data sets (Anslan et al., 2021) in placing amphibian-egg-
mass-associated algae into two distinct clades within Chlamydomona-
dales: (i) a series of cultures from egg masses of Ambystoma, Hynobius,
and Rana (corresponding to clade B of Nema et al., 2019) that formed a
clade together with Chlamydomonas pseudogloeogama and Cd. nasuta;
and (ii) two cultures from R. dalmatina (corresponding to clade A of
Nema et al., 2019) that cluster with various species of algae assigned to
the genus Chlorococcum. In our metatranscriptomes from R. dalmatina
and R. temporaria egg masses, we found only sequences clustering with
clade B despite isolates from the same egg masses of R. dalmatina only
yielded clade A cultures. Clade A was nested within the Stephanos-
phaerinia clade sensu Temraleeva and Moslalenko (2019) whereas clade
B is nested within a clade that we herein name Moewusinia as in Nakada
et al. (2008) and DeShaw et al. (2022) (corresponding to the Moewusii-
Clade; Proschold et al. 2001; Demchenko et al. 2012) (Fig. 1). The
Stephanosphaerinia and Moewusinia, in turn, were nested in two highly
supported larger clades of Chlamydomonadales. These clades contained
taxa such as Chloromonas subdivisa, Pteromonas, and Phacotus (in the
major clade also containing Moewusinia), and Cd. leiostraca, Aster-
omonas, Dunaliella, Brachiomonas, and Haematococcus (in the major
clade also containing Stephanosphaerinia) (Fig. 1).

Despite using different isolation approaches and culturing methods,
we did not obtain any clade B isolate from egg masses of European frogs,
although clade B algae were predominant in these egg masses based on
previous metabarcoding data (Anslan et al., 2021), and from meta-
transcriptome reads obtained here. This provides further support for the
hypothesis that clade B algae are the predominant colonizers of
amphibian egg masses but are much more difficult to culture than the
more generalist clade A algae. The latter also appear to be regularly
present in egg masses, but at low frequencies. Together with the clus-
tering of 18S sequences from type material of O. amblystomatis in clade B
(Bishop and Garbary, 2024), this provides solid evidence that the
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scientific name Oophila is anchored within clade B. We consequently
refer to clade B as the “Oophila clade”.

3.2. Host-algae relationships and biogeography within the Oophila clade

Our data reconstructs with high credibility the relationships between
subclades of the Oophila clade and its corresponding host-species, which
previously (e.g., Kim et al., 2014; Muto et al., 2017; Anslan et al., 2021)
were resolved based on 18S sequences only, and with weaker support.
We find that isolates from the North American frogs Rana aurora
(Oophila subclade III) and R. sylvatica (subclade IV) are not each other's
closest relatives, but the isolate from R. aurora closely and unambigu-
ously clusters with the metatranscriptome sequences from two European
species, R. dalmatina and R. temporaria. This is of interest in the context
of biogeography and host association, because R. aurora is one of the few
Nearctic ranid frogs in a clade with the European species (Yuan et al.,
2016), whereas most other North and South American ranids (including
R. sylvatica) belong into a second clade within the genus (Yuan et al.,
2016). This suggests either a biogeographic connection by which the
Rana-associated Oophila lineage dispersed between Europe and North
America along with their hosts (around 43-34 mya; Yuan et al., 2016),
or a tendency of host association where this Oophila lineage specializes
to particular, but currently unknown, features of egg masses of this Rana
subclade. In this context, it might be relevant biogeographically that the
sister taxon of the Oophila lineage found in European Rana egg masses is
a culture of free-living alga from Slovakia, eastern Europe (SAG 15.73,
attributed to Cd. pseudogloeogama).

Another subclade groups the Hynobius-associated algal lineage from
Japan (subclade J1) together with the R. sylvatica-associated lineage
from North America (subclade IV). This salamander + frog symbiont
clade was recovered in all analyses but only received strong support in
the concatenated nucleotide analysis (Fig. 1); it was also recovered in
the 18S phylogeny of Anslan et al. (2021), again with only negligible
support. Despite being sampled in the eastern United States (Pennsyl-
vania), R. sylvatica populations reach closer to Japan than the “Western”
R. aurora, and may have originally spanned the Bering land bridge
(Hodge, 1976); this may explain this Asian-American phylogenetic link
of the Oophila lineages J1 and IV.

Our analysis unambiguously places the second salamander-
associated Oophila lineage (O. amblystomatis subclade I, associated to
Ambystoma) sister to the clade comprising (i) other Oophila lineages, (ii)
Cd. pseudogloeogama, and (iii) a further free-living lineage, Cd. nasuta,
from North America. The fact that the Oophila from egg masses of the
two salamanders (Ambystoma and Hynobius) do not form a clade illus-
trates that these symbionts may not have co-speciated with their hosts.
Whether such possible co-speciation would agree with divergence times
of algae and hosts cannot be assessed due to the absence of a reliably
calibrated timetree that would include the various Oophila strains; it is
however clear that potential co-speciation events would be ancient. The
two salamander groups (Hynobiidae and Ambystomatidae) diverged
about 200 million years ago (Irisarri et al., 2017). Green algae are an old
group as well, with pre-Cambrian origins of Chlamydomonadales (e.g.,
Hou et al., 2022). Divergences between two Moewusinia species (Cd.
noctigama and Cd. moewusii) have been estimated at about 200 million
years ago (Munakata et al. 2016), suggesting distinctly younger ages of
the various Oophila lineages which form a shallower subclade within
Moewusinia.

For improved understanding of the evolution and biology of Oophila
lineages, it will be important to widen the sampling to other potential
amphibian hosts. In Japan, egg masses of Rana japonica are known to be
colonized by algae (MV and AK, pers. obs.) but no molecular data are yet
available for these. Most other aquatic breeding amphibians from the
Holarctic typically have either egg strings, or single eggs; an infestation
by algae has not yet been documented for these hosts but may exist in
some cases, requiring intensified field surveys.
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OO Ankistrodesmus sp. / OTQG
Microspora cf. tumidula /| FOYQ
Spermatozopsis similis | ENAU
Spermatozopsis exsultans | MXDS
Cylindrocapsa geminella | DZPJ
Golenkinia longispicula | BZSH
Uronema sp. / ISGT

Uronema belkae | RAWF

Stigeoclonium helveticum / JMUI
Fritschiella tuberosa | VFIV
Aphanochaete repens | IJIMT
0000 —— —  Oedogonium cardiacum | DVYE
L Oedogonium foveolatum | SDPC
Chaetopeltis orbicularis | BAZF
Microthamnion kuetzingianum | EATP
Leptosira obovata / ZNUM
Parachlorella kessleri | AKCR
Geminella sp. / PFUD
o000 Codium fragile | GYBH

L Bryopsis plumosa /| JTIG

Ignatius tetrasporus | KADG
Oltmannsiellopsis viridis | NSTT

Fig. 1. Maximum likelihood tree inferred from a concatenated alignment (83,111 aligned nucleotides) of 76 nuclear protein-coding single-copy genes in green algae.
Taxa in bold were newly added for this study; other taxa are from Leebens-Mack et al. (2019); see that study for details of samples used based on the sample acronyms
shown. Amphibian-associated algal strains of the Oophila clade are shown in blue font and together with the name of their respective host. Genus names (Chlor-
ococcum and Chlamydomonas) are set in brackets for those species that require re-assessment and probably assignment to another genus. Dots on branches show (from
left to right) support values from concatenated maximum likelihood inferences at nucleotide and amino acid levels with IQ-Tree (SH-like aLRT tests and ultrafast
bootstrap percentages; dot colors reflect the minimum value found in any of these two measures of support) and from ASTRAL species summary coalescent tree
analyses (local posterior probabilities) at nucleotide and amino acid levels. See supplementary materials for all trees with detailed support values. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.3. Setting the stage for taxonomic revisions in the Moewusinia clade

As in a previous phylotranscriptomic tree (Anslan et al., 2021) we did
not recover a monophyletic Chlamydomonadales, but a strongly sup-
ported clade of Chlamydomonadales and Sphaeropleales was found in
all analyses. Consistent with previous studies (e.g., Proschold et al.,
2001; Nakada et al., 2008, 2016; Demchenko et al., 2012; Watanabe and
Lewis, 2017; DeShaw et al., 2022), the evolutionary relationships sug-
gested by our study also deviate substantially from the current genus-
level classification of Chlamydomonadales, especially for the species-
rich genera Chlamydomonas and Chlorococcum. For instance, our phy-
lotranscriptomic tree (Fig. 1) contains the type species of both Chlamy-
domonas (Cd. reinhardtii) and Chlorococcum (Cc. infusionum), but both of
these are placed far from other taxa usually assigned to their respective
genera. As in previous studies (e.g., Proschold et al., 2001), Cd. rein-
hardtii is placed in a distant Chlamydomonadales clade with colony-
forming taxa such as Volvox, whereas Cd. infusionum is placed in the
Moewusinia. Our tree (Fig. 1) does not include all taxa needed for a
comprehensive taxonomic revision of these and other genera in Chla-
mydomonadales, but by providing a more robust phylogenetic hypoth-
esis than previous single-marker analyses, it sets the stage for taxonomic
revisions at multiple levels, especially within the Moewusinia.

Nakada et al. (2008) defined Moewusinia as “the most inclusive
clade containing Cd. moewusii but not Cd. monadina or Phacotus lentic-
ularis”. In the 18S tree of these authors, Hyalomonas (as Chlamydomonas)
chlamydogama was left unassigned due to its uncertain phylogenetic
position. The phylotranscriptomic tree solidly places H. chlamydogama
sister to other Moewusinia and not with the Phacotus/Pteromonas clade
(Phacotinia), and we therefore consider it as a member of the Moewu-
sinia clade.

According to Watanabe and Lewis (2017) the Moewusinia include
Chlorococcum (with type species Cc. infusionum) but also genera not
represented in the phylotranscriptomic data set such as Alvikia,
Eubrownia, Parachlorococcum, and Spongiococcum. Watanabe and Lewis
(2017) also conclude that a taxonomic treatment of Cd. moewusii and
species directly allied to it can be pursued only after designation of its
type strain. On the other hand, several species included in our tree such
as H. chlamydogama, Chlamydomonas euryale, Cd. nasuta, and Oophila
were missing from the analysis of Watanabe and Lewis (2017). This
inconsistent taxon sampling between studies so far hampers the overall
understanding of the clade’s systematics.

Our tree places the Oophila clade sister to a clade containing Chlor-
ococcum infusionum (the type species of Chlorococcum) and Chlamydo-
monas moewusii, which according to previously published 18S
phylogenies (Correia et al., 2020a; Nakada et al., 2008, 2016; Temra-
leeva and Moslalenko, 2019; DeShaw et al., 2022; Demchenko et al.,
2012) may also contain Cc. echinozygotum, Cc. elkhartiense, Cc. hyp-
nosporum, Cd. acidophila, Cd. pitschmanni, and Tetracystis aeria. While the
case could be made to classify most or all of these taxa, including the
Oophila clade, as belonging to an inclusive genus Chlorococcum, we are
convinced that in-depth analyses will support separating them into
different genera and also favor recognizing Oophila as separate genus.
Crucial steps towards such a taxonomic revision are (i) inclusion of
additional Moewusinia species in the phylotranscriptomic tree, for
which analyses are currently ongoing; (ii) ecomorphological compari-
sons of the lineages involved to identify character states diagnosing the
Oophila clade, including its free-living members; and (iii) stabilizing
species and genus names by epitypification based on cultures used for
molecular analysis. For instance, our tree suggests that two free-living
lineages of algae are phylogenetically nested within the Oophila clade,
which may indicate independent origins of amphibian embryo associa-
tions and/or release from these associations to a completely free-living
life history within this clade. These lineages have been assigned to
Chlamydomonas nasuta and Cd. pseudogloeogama, but neither of them has
type status. If future work on these isolates (SAG 15.73 and SAG 11.72)
validates their taxonomic assignment, we recommend they should be
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designated as epitypes for their respective species.

Our study also suggests the need of species-level taxonomic revision.
It is likely that several egg mass-associated lineages in the Oophila clade
deserve separate species status, given that (i) they are phylogenetically
positioned among two free-living lineages (Cd. nasuta, Cd. pseudogloeo-
gama), (ii) several of the egg mass-associated lineages occur sympatri-
cally in North America, (iii) there is evidence for host fidelity (Kerney
et al., 2019), and (iv) the egg mass-associated lineages concordantly
differ in numerous nuclear gene trees. Removing taxonomic and
nomenclatural ambiguity for these algae will facilitate future studies,
such as testing for repeated initiations of the host-symbiont relationship,
and which free living members of the Moewusinia may have the capacity
to facultatively form associations with amphibian hosts.
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