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Abstract

The chlorophyte green algae (Chlorophyta) are species-rich ancient groups ubiquitous in various habitats with high cytological

diversity, ranging from microscopic to macroscopic organisms. However, the deep phylogeny within core Chlorophyta remains

unresolved, in part due to the relatively sparse taxon and gene sampling in previous studies. Here we contribute new transcriptomic

data and reconstruct phylogenetic relationships of core Chlorophyta based on four large data sets up to 2,698 genes of 70 species,

representing 80% of extant orders. The impacts of outgroup choice, missing data, bootstrap-support cutoffs, and model misspe-

cification inphylogenetic inferenceofcoreChlorophytaareexamined.Thespecies tree topologiesofcoreChlorophyta fromdifferent

analyses are highly congruent, with strong supports at many relationships (e.g., the Bryopsidales and the Scotinosphaerales-

Dasycladales clade). The monophyly of Chlorophyceae and of Trebouxiophyceae as well as the uncertain placement of

Chlorodendrophyceae and Pedinophyceae corroborate results from previous studies. The reconstruction of ancestral scenarios

illustrates the evolution of the freshwater-sea and microscopic–macroscopic transition in the Ulvophyceae, and the transformation

of unicellular!colonial!multicellular in the chlorophyte green algae. In addition, we provided new evidence that serine is encoded

by both canonical codons and noncanonical TAG code in Scotinosphaerales, and stop-to-sense codon reassignment in the

Ulvophyceae has originated independently at least three times. Our robust phylogenetic framework of core Chlorophyta unveils

the evolutionary history of phycoplast, cyto-morphology, and noncanonical genetic codes in chlorophyte green algae.

Key words: core Chlorophyta, phylotranscriptomics, systematic error, cyto-morphology, noncanonical genetic code.

Introduction

The core Chlorophyta is an ancient, species-rich group of

photosynthetic eukaryotes that includes the classes

Pedinophyceae, Chlorodendrophyceae, and the UTC clade

(Ulvophyceae, Trebouxiophyceae, and Chlorophyceae).

Algae in the core Chlorophyta are of particular evolutionary
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interest because they exhibit high morphological and cytolog-

ical diversity (De Clerck et al. 2012; Leliaert et al. 2012), rang-

ing from unicellular, colonial, and multicellular to a unique

mechanism of wounding response as giant-celled siphon-

ous/siphonocladous thalli forms (Mine et al. 2008; Cocquyt,

Verbruggen, et al. 2010). Cytokinesis in the core Chlorophyta

occurs by three different ways (as illustrated in fig. 1a): 1)

microtubules-mediated furrowing with cell elongation in the

Prasinophytes, Pedinophyceae, and most of species in the

Ulvophyceae, as a relatively primitive mode (Marin 2012); 2)

phycoplast-mediated furrowing without cell elongation in the

Chlorodendrophyceae, Chlorophyceae, and

Trebouxiophyceae, as a group of microtubules parallel to

the division plane, which is essential in forming cell wall

(Leliaert 2019); 3) phragmoplast-mediated cytokinesis as a

well-developed mode evolved in land plants, some strepto-

phytes, and Trentepohliales (an entirely terrestrial order in

Ulvophyeae). Phragmoplast is an array of microtubules parallel

to the spindle axis, which is essential in forming cell plates and

cell wall (Leliaert et al. 2012; Leliaert 2019). The core

Chlorophyta also occupies diverse habitats, being marine,

freshwater, and terrestrial habitats (Dittami et al. 2017;

Leliaert 2019) and has played a prominent role in the global

ecosystem (O’Kelly 2007; Leliaert et al. 2012). The flourishing

of marine algae may have acted as the principal source of

cloud condensation nuclei and contributed to the

“Snowball Earth” in the Neoproterozoic era (Gage et al.

1997; Pierrehumbert et al. 2011; Becker 2013; Rooney et

al. 2014; Prave et al. 2016). Among the divergent chlorophyte

lineages, the Ulvophyceae (seaweeds) contains groups with a

noncanonical genetic code in nuclear genes (Gile et al. 2009;

Cocquyt et al. 2010), but the origin and evolution of the

noncanonical genetic code are ambiguous due to the lack

of an accurate phylogenetic tree among ulvophytes and the

core Chlorophyta (Del Cortona and Leliaert 2018; Fang et al.

2018). To better understand the evolutionary history of

marine-freshwater transitions, cytological diversity, and codon

reassignments of green algae, it is essential to determine a

solid phylogenetic framework for the core Chlorophyta.

Although chloroplast phylogenetic studies uncovered five

major classes of the core Chlorophyta, the deep-level (e.g.,

order or class) relationships within the core Chlorophyta have

long been debated and the monophyly of the classes

Ulvophyceae and Trebouxiophyceae remained ambiguous

(Cocquyt, Verbruggen, et al. 2010; Novis et al. 2013;

Fu�c�ıkov�a et al. 2014; Melton et al. 2015; Turmel et al.

2017; Fang et al. 2018). Moreover, the phylogenetic place-

ments of Chlorodendrophyceae and Pedinophyceae are unre-

solved using chloroplast and transcriptomic data (Turmel et al.

2015, 2016; One Thousand Plant Transcriptomes Initiative

2019; Del Cortona et al. 2020), as well as in the

morphology-based studies (Stewart and Mattox 1975;

Baudelet et al. 2017; Leliaert 2019). The algae in the class

Chlorodendrophyceae and Prasinophyceae share the same

cell wall composition (Baudelet et al. 2017). On the contrary,

Pedinophyceae and the prasinophytes share the same type of

microtubules-mediated cytokinesis, compared with the

phycoplast-mediated cytokinesis in Chlorodendrophyceae,

Chlorophyceae, and Trebouxiophyceae (fig. 1a) (Stewart

and Mattox 1975; Leliaert 2019). The outgroup choice has

been shown to be critical in deep phylogenomic analyses (De

la Torre-B�arcena et al. 2009; Wilberg 2015; Borowiec et al.

2019), which may result in the discordant relationships in the

early-diverging lineages of the core Chlorophyta

(Chlorodendrophyceae and Pedinophyceae).

These inconsistent relationships among the major five clas-

ses within the core Chlorophyta may be in part due to poor

taxon/gene sampling, resulting in both stochastic and system-

atic errors in phylogenetic analyses (Cocquyt, Verbruggen, et

al. 2010; Smith et al. 2011; Fu�c�ıkov�a et al. 2014; Sun et al.

2016; Fang et al. 2017, 2018; Turmel and Lemieux 2018). It

has been suggested that estimating accurate species trees is

difficult with a limited number of genes (Sayyari and Mirarab

2016) and inadequate models (Philippe et al. 2017). Further,

the short and deep branches of the core Chlorophyta indicate

that these algae may be subject to lineage-specific differences

of rate variation, deviating amino acid/nucleotide composition

(codon-usage biases), or incomplete lineage sorting (ILS)

(Herron et al. 2009; Cocquyt, Verbruggen, et al. 2010; Cox

et al. 2014; Liu et al. 2014; Irisarri et al. 2017). These issues

can be ameliorated by using heterogeneous models,

summary-coalescent methods, and large-scale molecular

data with dense taxon sampling. Prespecified empirical mix-

ture models (e.g., site-heterogeneous model C20) have been

reported to reduce systematic error and suppress long-branch

attraction artifact (Quang et al. 2008). The GHOST model (i.e.,

heterotachous model H4) can address lineage-specific asym-

metries by recovering historical signal from heterotachously

evolved lineages (Crotty et al. 2020). The multispecies

summary-coalescent (MSC) model outperforms the concate-

nation method in the anomaly zone and ILS in species tree

estimation (Xi et al. 2014; Edwards 2016; Edwards et al.

2016; Jiang et al. 2020). The anomaly zone is a region of

species tree with very short branches, in which the most com-

mon gene tree contradicts the species tree (Degnan and

Rosenberg 2009; Liu et al. 2010, 2015). The simulation and

empirical studies have highlighted the importance of sufficient

number of genes (e.g., >500) and observed the trend that

species tree estimation error is reduced as the number of

genes is increased (Mirarab et al. 2014; Sayyari and Mirarab

2016). Blom et al. (2017) also emphasized the need for large-

scale data sets to better resolve challenging relationships and

increase the supports in some nodes. Although large-scale

data sets dramatically reduce stochastic errors in phylogenetic

inference, they simultaneously amplify systematic errors when

using incorrect models (Lartillot et al. 2007; Philippe et al.

2017). To reduce stochastic and systematic errors on phylo-

genetic inference, Philippe et al. (2017) argued that there is an
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optimal compromise between taxon and gene sampling.

Moreover, Xi et al. (2016) determined that the accuracy of

species tree estimation is increased as more genes (500–2,000

genes) were analyzed, regardless of missing data, high gene

rate heterogeneity, and ILS. Although species tree estimation

can greatly benefit from large-scale data sets, MSC methods

are sensitive to gene tree error (Mirarab and Warnow 2015;

Zhang et al. 2018). The updated ASTRAL II and III can consider

polytomies in input gene trees, and collapse low support

branches in order to increase the accuracy of the gene tree

estimation by reducing weak phylogenetic signal (Zhang et al.

2017, 2018).

In this study, we sequenced the transcriptomes of seven

species and compiled public data sets from 10 nuclear

genomes and 69 transcriptomes in the core Chlorophyta.

To minimize potential impacts of gene-tree estimation error,

we applied site-heterogeneous model in gene tree estimation

and collapsed low bootstrap supports on ASTRAL-based spe-

cies tree estimation. We demonstrated that species tree to-

pologies generated from different methods and models were

largely congruent. We found the Ulvophyceae to be nonmo-

nophyletic and suggested a hard polytomy for the relation-

ships among Chlorodendrophyceae, Pedinophyceae, and the

UTC clade. We investigated large-scale genes and presented

for the first time that serine is encoded by both canonical

codons and noncanonical TAG code in Scotinosphaerales.

Our phylogenetic inferences point toward three independent

gains of stop-to-sense codon reassignment in Scotinosphaera

sp. (Stop!Ser), Dasycladales (Stop!Gln), and

Trentepohliales þ Cladophorales þ Blastophysa (Stop!Gln).

Results

Species Tree Concordance and Conflict from
Phylogenomic Analyses

The number of ortholog groups (OGs) and the total lengths

of amino acid alignments in each orthologous group are

presented in table 1. Based on different column and taxon

occupancy, we obtained various numbers of orthologous

genes: 2,698 (50% column occupancy, 50% taxon occu-

pancy), 1,984 (80%, 50%), 1,404 (50%, 80%), and 1,447

(80%, 80%) in the 70 species data set, whereas 2,629

(50%, 50%), 1,880 (80%, 50%), 1,432 (50%, 80%),

and 1,415 (80%, 80%) OGs were retrieved in the 86 spe-

cies data set.

The species tree topologies inferred from ASTRAL- and

concatenation-based analyses were highly congruent across

different data sets at the class level, except for the position of

the Pedinophyceae, the Chlorodendrophyceae, and a few

orders in the major classes (fig. 1b and supplementary figs.

S1 and S2, Supplementary Material online). All the phyloge-

netic trees across different data sets strongly supported the

monophyly of the Chlorophyceae, Trebouxiophyceae,

Pedinophyceae, and Chlorodendrophyceae (fig. 2 and supple-

mentary figs. S3–S29, Supplementary Material online). Either

Chlorodendrophyceae or Pedinophyceae was found to be sis-

ter to the remaining core Chlorophyta (fig. 1b). The

Ulvophyceae was polyphyletic and separated into two clades

across all the analyses, Ulvophyceae I (included most ulvophy-

cean species) and Ulvophyceae II (Bryopsidales). Ulvophyceae

II and the Chlorophyceae formed a clade, which was sister to

Ulvophyceae I (fig. 2 and supplementary figs. S3–S29,

Supplementary Material online). The incongruence between

MSC and concatenation analyses mainly involved orders that

contain only a few species (e.g., Ignatius tetrasporus,

Blastophysa cf. rhizopus, and Scotinosphaera sp. in

Ulvophyceae; Leptosira obovata and Microthamnion kuetzin-

gianum in Trebouxiophyceae) or orders with limited taxon

sampling in our study (e.g., Oedogonium cardiacum,

Chaetopeltis orbicularis, and Aphanochaete repens in

Chlorophyceae) (fig. 2 and supplementary figs. S1 and S2,

Supplementary Material online).

The species trees based on concatenation analyses of 70

taxa were highly similar across the four data sets, except for

the position of the Pedinophyceae, the

Chlorodendrophyceae, and some ulvophyceans (fig. 1b and

supplementary figs. S1 and S2, Supplementary Material on-

line). The concatenation analyses using the site-

heterogeneous model supported the Pedinophyceae as sister

to the UTC clade (with SH-aLRT� 88% and UFboot� 93%),

together being sister-group to the Chlorodendrophyceae with

maximal bootstrap support (BS) (fig. 1b, T1). In contrast, the

concatenation analyses using site-homogeneous and hetero-

tachy models were totally congruent at the ordinal level or

above (supplementary figs. S18–S25, Supplementary Material

online), and fully supported the sister relationship of the

Chlorodendrophyceae and the UTC clade, together being

sister-group to the Pedinophyceae with maximal BS (fig. 1b,

T2). T2 topology was also supported in all the 86 taxa con-

catenation analyses (supplementary figs. S30–S41,

Supplementary Material online). A hard polytomy among

Chlorodendrophyceae, Pedinophyceae, and the UTC clade

was detected in most of the analyses (supplementary table

S1, Supplementary Material online). The relationships among

the Scotinosphaerales, Oltmannsiellopsidales, Ignatius, and

the Ulvales-Ulotrichales clades across different data sets and

analyses were instable in the analyses with 70 taxa (supple-

mentary fig. S1, Supplementary Material online), but

ScotinosphaeralesþDasycladales and Oltmannsiellopsidales

consistently grouped together in all the analyses of 86 taxa

(supplementary figs. S30–S41, Supplementary Material on-

line), which was similar to T2 in supplementary figure S1,

Supplementary Material online. All our concatenation analy-

ses supported that Blastophysa cf. Rhizopus was sister to the

Trentepohliales with maximum BS when using site-

homogeneous and heterotachy models (supplementary fig.

S2, Supplementary Material online, T1), but with low BS

Phylotranscriptomics of Chlorophyte Green Algae GBE
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and less consistent when using the site-heterogeneous model

from 2,698 genes (supplementary fig. S2, Supplementary

Material online, T2).

The topologies of the species tree spanning different

missing data and BS cutoffs in ASTRAL analyses were

more similar than in concatenation analyses, as only the

branching order of the Pedinophyceae and the

Chlorodendrophyceae remained in conflict (fig. 1b and

supplementary figs. S1 and S2, Supplementary Material on-

line). Two topologies were recovered in the core

Chlorophyta among our ASTRAL analyses using homoge-

neous model. The species trees with 10% BS value cutoff

supported the first split segregating the Pedinophyceae and

then the Chlorodendrophyceae, whereas the species trees

with 20% BS value cutoff were less congruent among dif-

ferent data sets using the homogeneous model (fig. 1b). In

Table 1

Four different column and taxon occupancy treatments

Data Partition/Missing Data >50% Taxon Occupancy (Amino Acid) >80% Taxon Occupancy (Amino Acid)

0.5 column occupancy (70 taxa) 2,698 (648,448) 1,404 (347,478)

0.8 column occupancy (70 taxa) 1,984 (415,483) 1,447 (320,498)

0.5 column occupancy (86 taxa) 2,629 (619,049) 1,432 (349,720)

0.8 column occupancy (86 taxa) 1,880 (390,307) 1,415 (307,954)

Prasinophytes
Chlorodendrophyceae
Pedinophyceae
Trebouxiophyceae
Ulvophyceae I
Bryopsidales
Chlorophyceae

Prasinophytes

Chlorodendrophyceae
Pedinophyceae

Trebouxiophyceae
Ulvophyceae I

Bryopsidales
ChlorophyceaeT1 T2

(a)

(b)

Microtubules
Cell Plate

Nucleus

taxon/column
occupancy

(gene number)

concatenation approach multispecies coalscent model
LG+F+G LG+F+G+C20 Bootstrap cutoff LG+G

0.5/50%
(2698)

BS10
BS20

0.5/80%
(1404)

BS10
BS20

0.8/50%
(1984)

BS10
BS20

0.8/80%
(1447)

BS10
BS20

100 / 100

100 / 100

100 / 100

100 / 100

88 / 97

96 / 97

88 / 93

99 / 99

0.67 / 54

0.75 / 55

0.37 / 55

0.48 / 56

0.50 / 50

0.46 / 49

0.49 / 59

0.44 / 53

0.82 / 84

0.73 / 65

0.75 / 80

0.81 / 78

0.76 / 88

0.84 / 80

0.64 / 69

0.70 / 62

SH-aLRT/UFboot SH-aLRT/UFboot PP/BS PP/BS
LG+F+G+C20

100 / 100

100 / 100

100 / 100

100 / 100

SH-aLRT/UFboot
LG+F+H4

FIG. 1.—Different types of cytokinesis (adapted from Leliaert [2019]) and two recovered topologies and support values of the major classes of the core

Chlorophyta. (a) The left: microtubules independent furrowing. The middle: phycoplast-dependent furrowing, a group of microtubules parallel to the nuclear

division plane, which is necessary for maintaining a solid cell wall. The right: phragmoplast-mediated cytokinesis (e.g., Trentepohliales), which is an array of

microtubules parallel to the spindle axis, guiding the formation of cell plates and new cell wall. (b) The purple boxes represent the topology on the left

supporting Pedinophyceae as sister to the UTC clade; the pink boxes represent the topology on the right supporting Chlorodendrophyceae as sister to the

UTC clade. The numbers in the boxes indicate support values obtained from the key node (red branch) in two topologies. Two hypotheses were proposed for

the gain of the phycoplast (black dot), which has been lost (white dot) in the Pedinophyceae and the Ulvophyeae (T1) or subsequently lost only in the

Ulvophyeae (T2).

Li et al. GBE

4 Genome Biol. Evol. 13(7) doi:10.1093/gbe/evab101 Advance Access publication 5 May 2021



contrast, our ASTRAL analyses under a site-heterogeneous

model supported that the Chlorodendrophyceae as the first

split of core Chlorophyta, and the Pedinophyceae was sister

to the UTC clade (fig. 1b, T1).

Relationships among the Major Orders in Chlorophyceae,

Ulvophyceae, and Trebouxiophyceae

The relationships among major orders in Chlorophyceae,

Ulvophyceae, and Trebouxiophyceae are presented in figure

2. The species trees were highly similar across different anal-

yses, especially when applying the site-heterogeneous model.

Therefore, we used the ASTRAL-based phylogenetic tree

based on the site-heterogeneous model, with support

branches lower than 20% collapsed from 2,698 genes as

the reference species tree (fig. 2) to display relationships

among the major orders within the UTC clade.

In agreement with previous studies, Chlorophyceae was

monophyletic and consisted of five major orders (Lemieux et

al. 2015; Fu�c�ıkov�a et al. 2016, 2019; One Thousand Plant

Transcriptomes Initiative 2019). The Chlamydomonadales

was fully supported as sister to Sphaeropleales forming the

CS clade. The CS clade was close to the OCC clade, including

three orders (i.e., Oedogoniales, Chaetopeltidales, and

Chaetophorales) (fig. 2). The monophyly and relationships

within the Chlamydomonadales were fully supported.

Spermatozopsis, Treubarinia, and Golenkinia had been previ-

ously reported within Chlamydomonadales (Nakada et al.

2008), whereas our phylogenomic results proposed that

they were topologically closer to Sphaeropleales (fig. 2), as

was supported in Lemieux et al. (2015) and Fu�c�ıkov�a et al.

(2019).

We sampled major orders in Ulvophyceae to expand taxon

sampling. Our results showed that Ulvophyceae is not mono-

phyletic and is divided into two groups: Ulvophyceae I and II

0.05

Neodesmus pupukensis

Dunaliella salina

Prototheca wickerhamii

Tetraselmis striata

Microthamnion kuetzingianum

Golenkinia longispicula

Bryopsis plumosa

Pedinomonas minor

Coccomyxa pringsheimii

Geminella sp.

Ignatius tetrasporus

Pediastrum duplex

Halochlorococcum marinum

Coccomyxa subellipsoidea

Prasiola crispa

Oltmannsiellopsis unicellularis

Protosiphonaceae sp. 

Carteria crucifera

Microspora tumidula

Blidingia minima

Scherffelia dubia

Chaetopeltis orbicularis

Volvox carteri

Ulvales sp. 

Chromochloris zofingiensis

Tetraselmis chui

Blastophysa cf. rhizopus

Pedinomonas tuberculata

Entocladia endozoica

Botryococcus braunii

Leptosira obovata

Bolbocoleon piliferum

Ostreococcus lucimarinus

Ochlochaete sp.

Pteromonas angulosa

Cephaleuros virescens

Eremosphaera viridis

Pseudoneochloris marina

Oltmannsiellopsis viridis

Codium fragile

Trebouxia arboricola

Parachlorella kessleri

Scotinosphaera sp. 

Ankistrodesmus sp.

Cephaleuros sp. 

Caulerpa taxifolia

Tetraselmis cordiformis

Chlamydomonas reinhardtii

Micromonas sp.

Aphanochaete repens

Cylindrocapsa geminella

Neochlorosarcina sp.

Trentepohlia annulata

Chlorella variabilis

Desmochloris halophila

Cladophora glomerata

Trentepohlia sp.

Nannochloris atomus

Oedogonium cardiacum

Haematococcus lacustris

Spermatozopsis exsultans

Asteromonas gracilis

Halofilum salinum

Planophila laetevirens

Stichococcus bacillaris

Gonium pectorale

Percursaria percursa

Pithophora roettleri

Acrosiphonia sp.

Scenedesmus dimorphus

//89/88

0.93/95/97/

0.73/84/*/*

/99/*/*
0.90/97/*/*

0.23/63/*/*

0.95/93/*/*

0.84/80/88/97

//*/*
//*/*

//*/*
//*/*

//*/*

//*/*

//*/*

Trentepohliales

Cladophorales
Blastophysa

Scotinosphaerales
Ulotrichales

Ignatiales

Ulvales

Oltmannsiellopsidales

Ulvophyceae I

A

B

C

D

E

F

G

Pedinophyceae

Chlorodendrophyceae
Prasinophytes

Leptosira

 clade

Trebouxiophyceae

Chlorophyceae

Oedogoniales

H

I

J

Ulvophyceae II

P=0.21

Chaetopeltidales
Chaetophorales

Sphaeropleales

Chlamydomonadales

Chlorellales

Choricystis / Botryococcus

Bryopsidales

Trebouxiales
Microthamniales

Prasiolales

Pedinomonadales

Chlorodendrales

Mamiellales

FIG. 2.—Resulting phylogeny of the core Chlorophyta obtained from a multilocus species tree analysis of 2,698 orthologous nuclear genes with site-

heterogeneous model and 20% BS value cutoff based. Support values are shown only for branches receiving less than full support from PP/BS/SH-aLRT/

UFboot analyses, respectively. The P value for the polytomy test is shown on node B. Conflicting topologies between ASTRAL and concatenation analyses of

2,698 genes with site-heterogeneous model and 20% BS value cutoff are indicated with asterisks. Pie charts at each node indicate the proportion of gene

trees concordance and conflicts against the reference species tree, with 10% BS value cutoff on the left and 20% on the right: blue—the proportion of gene

trees supporting the shown topology; green—the proportion of gene trees supporting the most common conflicting topology; red—the proportion of gene

trees supporting all other supported conflicting topologies; gray—the proportion of gene trees below the bootstrap cutoff at that node. Nodes labeled A–J

are with high gene tree discordances that have been discussed.
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(fig. 2). Ulvophyceae I comprises two distinct clades: one clade

consisting of Scotinosphaerales, Dasycladales, Ignatiales, and

the UUO lineage (Ulvales, Ulotrichales, and

Oltmannsiellopsidales) (fig. 3 and supplementary fig. S1,

Supplementary Material online), and another clade consisting

of Trentepohliales, Cladophorales, and Blastophysa (supple-

mentary fig. S2, Supplementary Material online). Ulvophyceae

II (Bryopsidales) was strongly supported as sister to

Chlorophyceae in all our analyses.

Our results revealed the monophyly of Trebouxiophyceae

(fig. 2). The placement of Chlorellales as sister to core

Trebouxiophyceae was fully supported, and Geminella was

nested within Chlorellales. Prasiolales was fully supported as

sister to the remaining core Trebouxiophyceae (fig. 2).

Gene Tree and Species Tree Concordance and Conflicts

The gene tree concordance and conflicts were most sensi-

tive to different BS cutoff values and were not strongly

influenced by the missing data and models (supplementary

figs. S42–S49, Supplementary Material online). We found

that gene tree conflicts were more common at deep-level

relationships and short internodes within core

Chlorophyta. Increasing the BS cutoffs from 10% to 20%

dramatically reduced gene tree conflicts at the deep nodes

(e.g., nodes A-G, fig. 2) and at some uncertain internodes

(e.g., nodes H and I in the Ulvophyceae and node J in the

Chlorophyceae, fig. 2). Gene tree discordance was not im-

pacted at shallow nodes (e.g., within-genus). The

Robinson-Foulds (RF) distances between species trees

from all the ASTRAL analyses and the reference tree were

extremely low (supplementary table S2, Supplementary

Material online). No more than two bipartitions among

70 species (i.e., RF distance of 0, 2, or 4) were different

in all the ASTRAL analyses, whereas most of the RF distan-

ces were zero when using the site-heterogeneous model.

The RF distances between species trees from the concate-

nation analyses and the reference tree were higher, al-

though no more than ten bipartitions were different. The

RF distances were decreased when site-heterogeneous

model was applied in both ASTRAL and concatenation

analyses.

Noncanonical Genetic Code in the Ulvophyceae

The noncanonical genetic codes in the Ulvophyceae are pre-

sented in table 2, figure 3, and supplementary figure S50,

Supplementary Material online. The presence of noncanonical

TAG/TAA codons in actin, EF-1a, GPI, GAPA, and histone H3

genes in Cephaleuros virescens, Cephaleuros sp., Trentepohlia

annulata, Pithophora roettleri, and Cladophora glomerata

were newly identified in our study (table 2, fig. 3, and sup-

plementary fig. S50, Supplementary Material online), al-

though all these noncanonical codon usages were expected

given the presence of such alternative codes in other

members of these orders (Cocquyt et al. 2010). Like the anal-

yses of the ten genes, the investigation of 30 ulvophycean

species in the 3,690 OGs showed a broad distribution of non-

canonical code. Here, we illustrate a few of cases of nonca-

nonical genetic code (fig. 3 and supplementary fig. S50,

Supplementary Material online). The alignments of the

3,690 OGs are available at Figshare (https://figshare.com/s/

17b87d35616f7ee2e7ff). Glutamine is encoded by both ca-

nonical CAG/CAA codons and noncanonical TAG/TAA

codons in Dasycladales and Trentepohliales þ Cladophorales

þ Blastophysa clade, which is in line with previous studies

(Cocquyt et al. 2010; Del Cortona et al. 2020). We also found

that when actin, EF-1alpha, GAPA, and histone H3 genes

have the noncanonical TAR!Gln code, TGA is used as a

functional stop codon (e.g., actin gene of P. roettleri) (fig. 3

and supplementary fig. S50, Supplementary Material online),

as reported by Cocquyt et al. (2010). On the contrary, when

these genes have only the canonical code, TAR and TGA are

used as stop codons (e.g., histone H3 gene of P. roettleri and

Cephaleuros sp.) (fig. 3 and supplementary fig. S50,

Supplementary Material online). Although the presence of

noncanonical nuclear genetic code has been briefly men-

tioned in Del Cortona et al. (2020), to the best of our knowl-

edge, there are few studies investigating the usages of

genetic code in the Scotinosphaerales. Unlike

Trentepohliales and Cladophorales, we observed that in

Scotinosphaera sp. (Scotinosphaerales), serine is encoded by

both canonical codons and noncanonical TAG code in GPI,

actin genes, and many genes from 3,690 OGs (fig. 3 and

supplementary fig. S50, Supplementary Material online). In

Scotinosphaera sp., TAA is used as a stop codon in actin,

EF-1alpha, and histone H3 genes, whereas GAPA gene has

TGA as a stop codon. Its stop codon in GPI was uncertain due

to the incomplete sequence in Scotinosphaera sp. As

expected, genes from members of UUO clade and Ignatius

appear to use standard nuclear genetic codes (Cocquyt et al.

2010; Del Cortona and Leliaert 2018). There are no genes

that have been found to terminate with a TAG codon in

Scotinosphaera sp. in neither the five nuclear genes nor the

3,690 OGs due to the incompleteness of transcriptomes

(without good quality of annotation) and this requires more

investigation. We investigated the chloroplast genome of

Scotinosphaera sp. (Fang et al. 2018) and found that the

chloroplast genes mostly use TAA as stop code, whereas in

a few cases end with TAG. Thus, we conjecture that some

nuclear genes of Scotinosphaerales are likely to use TAG as

stop code when they have only the canonical code.

Discussion

Impacts of outgroups, missing data, BS cutoffs, and model

misspecification on the phylogenetic inference of the core

Chlorophyta.
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The novelties of our study are as follows: 1) improve the

robustness of phylogenetic inference within the core

Chlorophyta, which remains challenging in the One

Thousand Plant Transcriptomes Initiative (2019) and Del

Cortona et al. (2020) (e.g., the placement of Bryopsidales

and the Scotinosphaerales-Dasycladales clade); 2) investigate

the impacts of outgroup choice on the placement of the early-

diverging lineages of the core Chlorophyta (i.e.,

Chlorodendrophyceae and Pedinophyceae); 3) evaluate the

influence of missing data, BS cutoffs, models, and concate-

nation versus MSC methods on phylogenetic reconstruction;

4) demonstrate the evolutionary history of noncanonical ge-

netic codes in the Ulvophyceae and uncover for the first time

the TAG!Ser codon reassignment in Scotinosphaerales. We
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FIG. 3.—Selected regions of the alignments illustrating genetic code alteration on TAR (Stop!Gln) in Dasycladales and Trentepohlialesþ Cladophorales

þ Blastophysa (in blue boxes) and TAG (Stop!Ser) in Scotinosphaerales (in red boxes) in a–f. Stop codons are shown as asterisk. (a) GPI; (b) actin; (c)

Gene996; (d) Gene1041; (e) Gene2764; (f) Gene3083. (g) Phylogenetic distribution of the noncanonical codes is indicated with horizontal bars (TAR!Gln in
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found that large-scale data sets (1,404–2,698 genes, table 1)

and broad taxon sampling were beneficial to phylogenetic

inferences, regardless of the extent of missing data. In agree-

ment with previous analyses of One Thousand Plant

Transcriptomes Initiative (2019) and Del Cortona et al.

(2020), the common branch uniting the UTC clade received

maximal support by all methods applied. The Chlorophyceae

was confirmed as monophyletic, and we found the

Ulvophyceae not to be monophyletic, which was consistent

with several phylogenetic analyses of chloroplast genomes

(Fu�c�ıkov�a et al. 2014; Melton et al. 2015; Turmel et al.

2017; Fang et al. 2018).

It is worth noting that missing data and models affected

the placement of the Scotinosphaerales in the concatenation

analyses using 70 taxa, in which Scotinosphaerales was sister

to Oltmannsiellopsidales or Ignatius (supplementary fig. S1,

Supplementary Material online). On the contrary,

Scotinosphaerales þ Dasycladales and Oltmannsiellopsidales

consistently grouped together with full support in all the con-

catenation analyses with 86 taxa (supplementary fig. S30–

S41, Supplementary Material online). However,

Scotinosphaerales þ Dasycladales was moderately supported

(posterior probability [PP]¼ 0.61 and BS¼ 83) as sister to

Trentepohliales þ Cladophorales þ Blastophysa in Del

Cortona et al. (2020). Ulvophyceae II (Bryopsidales) was

strongly supported as sister to Chlorophyceae in all our 70

and 86 taxon analyses (figs. 2 and 3), and the nonmonophyly

of the Ulvophyceae (i.e., Bryopsidales þ Chlorophyceae) was

also observed in the ASTRAL-based analyses in One Thousand

Plant Transcriptomes Initiative (2019) with weak support

(PP¼ 0.35) and concatenation-based analyses in Del

Cortona et al. (2020) with relatively high support (BS¼ 95).

On the contrary, monophyly of the Ulvophyceae was fully

supported in concatenation-based analyses in One

Thousand Plant Transcriptomes Initiative (2019) (i.e.,

Bryopsidales as sister to Trentepohliales þ Cladophorales þ
Blastophysa) and lowly supported (PP¼ 0.63) in the ASTRAL-

based analyses in Del Cortona et al. (2020) (i.e., Bryopsidales

as sister to the Ulvophyceae I). We suggest that the higher

support value and consistency (e.g., at the placement of

Bryopsidales and Scotinosphaerales þ Dasycladales clade) in

our study may be due to larger-scale gene sampling (2,698/

2,629 genes), comparing to 410 and 539 in One Thousand

Plant Transcriptomes Initiative (2019) and Del Cortona et al.

(2020), respectively.

The gene tree–species tree conflict did not decrease with

increasing column and taxon occupancy (supplementary figs.

S42–S49, Supplementary Material online), in contrast to the

studies of Lemmon et al. (2009) and Roure et al. (2013). This

may result from the relatively low number of genes and taxa

sampled in their studies, because limited characters could in-

directly decrease the accuracy of phylogenetic inferences by

uneven or unrepresentative sampling of gene histories (Xi et

al. 2016; Parks et al. 2018). Gene tree conflicts in species tree

inference are commonly reported (Degnan and Rosenberg

2006, 2009; Parks et al. 2018). Gene tree discordances

were reduced after increasing the BS cutoffs at these focal

nodes (fig. 2). This mirrors trends observed in Parks et al.

(2018) that suggested gene tree conflicts tend to have low

BS. Some nodes with high/full support were accompanied

with great gene tree discordances in our study, mostly in short

internodes at deep level (e.g., nodes A-J, fig. 2 and supple-

mentary figs. S42–S49, Supplementary Material online), as

have been reported in Sayyari and Mirarab (2016). For exam-

ple, the placement of Chlorodendrophyceae and

Pedinophyceae remain controversial (fig. 1b, node B in fig.

2), as reported in previous studies (Turmel et al. 2015, 2016;

Del Cortona et al. 2020). The outgroup choice affected the

placement of the Chlorodendrophyceae and Pedinophyceae,

when using the site-heterogeneous model in concatenation-

based analyses. Pedinophyceae was observed as the earliest-

diverging lineage of the core Chlorophyta in all the concate-

nation analyses using 86 taxa, regardless of the substitution

model used (supplementary figs. S30–S41, Supplementary

Material online). This is consistent with the concatenation

analyses based on 70 taxa with site-homogeneous and het-

erotachy models (fig. 1b, T2). However, we note that the

placement of Pedinophyceae changed when using the site-

heterogeneous model in the concatenation analyses of 70

taxa (fig. 1b, T1). As shown in Del Cortona et al. (2020),

our analyses also suggest a hard polytomy for the relation-

ships among Chlorodendrophyceae, Pedinophyceae, and the

UTC clade (supplementary table S1, Supplementary Material

Table 2

The presence of noncanonical nuclear genetic code

Actin EF-1a GPI GAPA Histone

Scotinosphaera sp.a Ser No Ser No No

Cladophora

glomeratab

No Gln Gln Gln Gln

Pithophora roettlerib Gln Gln No Gln No

Cephaleuros virescensc No No No No Gln

Cephaleuros sp.c No Gln No No No

Trentepohlia

annulatac

No No No Gln No

Trentepohlia sp.c No No No No No

Oltmannsiellopsis

viridisd

No No No No No

Oltmannsiellopsis

unicellularisd

No No No No No

Halochlorococcum

marinumd

No No No No No

NOTE—Noncanonical nuclear genetic codes are indicated by Gln and Ser, repre-
senting stop-to-sense codon reassignments of TAR (stop!Gln) and TAG (stop!Ser).
Canonical nuclear genetic codes are indicated by “No.”

aScotinosphaerales;
bCladophorales;
cTrentepohliales;
dOltmannsiellopsidales.
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online), which likely results from their antiquity and short time

span of diversification (O’Kelly 2007; Cocquyt et al. 2010).

RF distances supported that the use of the MSC model was

beneficial to the reliability of phylogenetic reconstruction. We

assumed that the reliability of ASTRAL-based species tree es-

timation can be increased with a sufficiently large number of

genes, regardless of the extent of missing data, gene rate

heterogeneity, and ILS, as reported by Xi et al. (2016). The

RF distances between species trees were relatively higher

when inferred with the homogeneous model than with the

site-heterogeneous model (supplementary table S2,

Supplementary Material online). Whereas RF distances be-

tween trees were relatively lower in all the ASTRAL-based

analyses than in concatenation-based analyses. This indicated

greater congruence among species trees from ASTRAL-based

analyses (supplementary table S2, Supplementary Material

online). Our analyses using the heterotachy model were highly

similar to those carried out using the homogeneous model

(fig. 2 and supplementary figs. S1 and S2, Supplementary

Material online), thus we infer that our data sets were not

sensitive to the issues of asymmetries. Two main reasons are

suggested: 1) the reference tree we used in the RF distances

analyses was based on the MSC model; and 2) the support for

concatenation methods may be spuriously high (Liu and

Edwards 2009; Roch and Steel 2015; Edwards et al. 2016).

Habitat and Trait Evolution in the Core Chlorophyta

The evolution of the phycoplast is thought to be a key step

and an early innovation during the evolution of the core

Chlorophyta. Chlorodendrophyceae and UTC classes are

characterized by the possession of a phycoplast-mediated cy-

tokinesis, which was subsequently lost in the Ulvophyceae

(fig. 1b), as reported in previous studies (Leliaert et al. 2012;

Fu�c�ıkov�a et al. 2014). Marin (2012) emphasized that the evo-

lution of the phycoplast (fig. 1a) was significant, as it could

mediate cell division without cell elongation. Based on our

study, we propose two hypotheses for the gain and loss of

the phycoplast (fig. 1b): 1) depending on the topology of T1,

the phycoplast evolved in the common ancestor of the core

Chlorophyta and was lost independently in the

Pedinophyceae and the Ulvophyceae; 2) depending on the

topology of T2, the phycoplast evolved in the common an-

cestor of Chlorodendrophyceae and the UTC clade and was

lost only in the Ulvophyceae. Further investigation using

denser taxon sampling from Chlorodendrophyceae and

Pedinophyceae will contribute to a better understanding of

evolution of the phycoplast.

The analyses of ancestral character reconstruction illus-

trated that the early green algae might originate from unicel-

lular and marine environments, and later successfully colonize

to freshwater and terrestrial in the core Chlorophyta (except

the Ulvophyceae) (fig. 4). Freshwater to marine transitions

have occurred several times in the core Chlorophyta,

especially in the Ulvophyceae, which is a variety of group living

mainly in marine, ranging from unicellular to macroscopic

multicellular, siphonous, and siphonocladous forms. Del

Cortona et al. (2020) hypothesized that the transition of

planktonic to benthic habitat played a crucial role in the di-

versification and macroscopic growth in ulvophycean species

during the Cryogenian. The dominance of marine habitat for

giant-celled algae (e.g., Acetabularia, Bryopsis, Caulerpa in the

Ulvophyceae) (fig. 4) indicates that they have evolved distinct

mechanisms for maintaining cell–cell osmotic conditions

(Bisson et al. 2006; Mine et al. 2008). This freshwater to ma-

rine transformation may associate with the loss of phycoplast

in the Ulvophyceae, considering that Ulvophyceae and

Prasinophytes share similar type of microtubules-mediated cy-

tokinesis and marine habitat.

Our phylogenetic analyses provided a solid framework and

important insights into cytomorphological evolution in the

Ulvophyceae (fig. 4). We confirmed that multicellularity

evolved independently in different clades of the

Ulvophyceae, such as the Ulvales-Ulotrichales clade

(Cocquyt, Verbruggen, et al. 2010; Del Cortona et al. 2017,

2020). The transformation of unicellular!colonial!multicel-

lular occurred at least once in the Ulvophyceae (fig. 4). We

infer that the ancestor of the UUO clade was a unicellular

organism, as the Scotinosphaerales, early divergent

Oltmannsiellopsidales and Ignatius taxa were unicellular and

colonial types. Multicellularity has evolved in the Ulvales-

Ulotrichales clade, which contains complex morphological

types, ranging from unicellular or colonial, multicellular to

macroscopic siphonocladous (fig. 4). This transformation of

microscopic to macroscopic algae (fig. 3g) mirrors the unicel-

lular!colonial!multicellular theory (Niklas 2014; Del

Cortona and Leliaert 2018), which hypothesized that cell–

cell simple adhesive (colonial), complex cell–cell communica-

tion, and indeterminate growth (multicellular) developed

from the co-option of genes in the unicellular ancestor.

Genetic Code Evolution in the Ulvophyceae

Our phylogenomic inference allowed us to shed light on ge-

netic code evolution in the Ulvophyceae. By analyzing publicly

available and our newly sequenced transcriptomes, we

detected a noncanonical genetic code in the Trentepohliales

and Cladophorales with TAR (Stop!Gln) codon reassignment

in genes (table 2, fig. 3, and supplementary figs. S38–S41,

Supplementary Material online) as reported by Gile et al.

(2009) and Cocquyt et al. (2010). However, these authors

did not sample the Scotinosphaerales. In our study, we

detected TAG (Stop!Ser) codon reassignment in the actin

and GPI genes of Scotinosphaera. TAG is used exclusively by

Scotinosphaerales at positions where serine is predominant in

other Ulvophyceae (fig. 3 and supplementary fig. S50,

Supplementary Material online). Furthermore, we investi-

gated all of the 30 ulvophycean species in the 3,690 OGs,
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and reinforced our hypotheses of the noncanonical genetic

codes comparing to the previous studies (Gile et al. 2009;

Cocquyt et al. 2010; Del Cortona et al. 2020).

Noncanonical nuclear genetic codons are universally present

in the nuclear genes of Scotinosphaerales, Dasycladales, and

Trentepohliales þ Cladophorales þ Blastophysa clade (fig. 3

and supplementary fig. S50, Supplementary Material online).

This appears to be an alternative scenario of stop-to-

sense codon reassignment, compared with Cocquyt et al.

(2010), in which Scotinosphaerales was missing and

Bryopsidales þ Dasycladales was close to Cladophorales

þ Blastophysa clade. Based on our phylogenetic tree in

figure 3g, we infer that the stop-to-sense codon reassign-

ments in the Ulvophyceae are likely to have originated

independently at least three times: 1) in the ancestor of

the monophyletic Trentepohliales þ Cladophorales þ
Blastophysa clade with TAR (Stop!Gln) codon reassign-

ment; 2) in Dasycladales with TAG (Stop!Gln) codon

reassignment; and 3) in Scotinosphaerales with TAG

(Stop!Ser) codon reassignment (fig. 3g).

Materials and Methods

Taxon Sampling and Culture Conditions

We newly sequenced the transcriptomes of seven species (six

in the Ulvophyceae and Protosiphonaceae sp. in the

Chlorophyceae). Blidingia minima (NIES-1837) (Hamana et

al. 2013), Ulvales sp. (as “Halochlorococcum” sp. NIES-

1838), Protosiphonaceae sp. (as “Pseudendoclonium” sp.

NIES-2501), and Scotinosphaera sp. (NIES-154) were obtained

from National Institute of Environmental Studies in Tsukuba

(NIES), Tsukuba, Japan. Cephaleuros sp. HZ-2017, P. roettleri,

and Trentepohlia sp. were sourced from the Freshwater Algae

Culture Collection at the Institute of Hydrobiology (FACHB-

collection), Chinese Academy of Sciences. All strains were

cultured at 20 �C under a 12 h:12 h L:D period at a photon

flux density of 30lmol photons m�2 s�1.

Data Sources and Transcriptome Assembly

The new transcriptome data were obtained using Illumina nova-

seq PE150 (2� 150bp) technologies. Library construction and
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FIG. 4.—The inferred ancestral character reconstruction of habitats (left) and cell types (right) based on a likelihood method and plotted on the tree in

supplementary figure S38, Supplementary Material online.
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sequencing were performed at Novogene Bioinformatics

Technology Co., Ltd (Beijing, China). Clean reads were obtained

according to the following steps: firstly, we removed Illumina

adapters; then we removed reads containing more than 10%

ploy-N; lastly, we removed reads containing more than 50%

low-quality bases (Q� 20). The contigs were assembled de novo

with Trinity (Grabherr et al. 2011) using a kmer value of 25, and

clustered using Corset (Davidson and Oshlack 2014) with default

parameters. The longest contig in each cluster was chosen as

unigene for further analyses. In the 70 taxa analyses, we re-

trieved 8 additional whole genomes and 53 transcriptomes in

Chlorophyta mainly from the Phytozome v 12 (http://phyto-

zome.jgi.doe.gov/pz/portal.html, last accessed February 10,

2021) and the 1KP Project (Matasci et al. 2014; One

Thousand Plant Transcriptomes Initiative 2019) (http://www.

onekp.com, last accessed February 10, 2021). Transcriptomes

of Caulerpa taxifolia and Oltmansiellopsis unicellularis were re-

trieved from Ranjan et al. (2015) and Cooper and Delwiche

(2016), respectively. The prasinophytes Ostreococcus lucimarinus

and Micromonas sp. were designated as outgroups and used to

root the phylogeny in the 70 taxa analyses. To assess the sensi-

tivity of the outgroup sampling and integrate recently published

data of four ulvophycean species (Cephaleuros parasiticus,

Phaeophila dendroides, Acetabularia acetabulum, and

Scotinosphaera lemnae) (Del Cortona et al. 2020), we increased

taxon sampling to 86 species and 14 prasinophytes species were

designated as outgroups, including Chloropicophyceae and

Picocystophyceae, Nephroselmidophyceae, Mamiellophyceae,

Pyramimonadophyceae, Pseudoscourfieldiales, and

Palmophyllophyceae. The details of the 86 species were de-

scribed in supplementary table S3, Supplementary Material

online.

Selection of Orthologs

Data from eight published whole genomes of Chlorophyceae

(Chlamydomonas reinhardtii, Chromochloris zofingiensis,

Dunaliella salina, and Volvox carteri), Trebouxiophyceae

(Chlorella variabilis and Coccomyxa subellipsoidea), and

Prasinophytes (O. lucimarinus and Micromonas sp.) were

used to identify putative single-copy orthologs in

Chlorophyta using OrthoMCL v2.0.9 (Li et al. 2003), with

default parameters. This resulted in a data set of 13,790 clus-

ters of putative orthologs. We sorted 5,926 clusters of single-

copy genes present in at least four of eight species, and then

selected 3,960 single-copy genes that existed in both C. rein-

hardtii (Chlorophyceae) and C. subellipsoidea

(Trebouxiophyceae). The 3,960 OGs were further used as

references in Orthograph v0.6.1 (Petersen et al. 2017) with

default settings to obtain orthologs from genomic/transcrip-

tomic data of 84 other taxa.

Alignment Processing and Trimming

Amino acid sequences of the 3,960 OGs were aligned using

MAFFT v7.310 (Katoh and Standley 2013) with the L-INS-I

algorithm. Alignments were trimmed using TrimAl v1.2

(Capella-Guti�errez et al. 2009) by three steps: 1) the low-

quality and ambiguous alignment regions were removed us-

ing a heuristic method (-automated1), which can automati-

cally select between the gappyout method (consider gap

scores distribution only) and strict method (consider both

gap and similarity scores distribution), depending on the av-

erage identity score and the number of sequences in a given

alignment; 2) to examine the impact of missing data on spe-

cies tree inference, we further applied distinct trimming strat-

egies using TrimAl prior to tree reconstruction, as column

occupancy cutoffs of 0.5 (relaxed) or 0.8 (strict) with -g 0.5

or 0.8; 3) we removed short and empty sequences with -

resoverlap 0.5 -seqoverlap 50. To explore the impacts of var-

iation in taxon occupancy, we set cutoffs as 50% (� 36 or 43

species) or 80% (� 57 or 68 species) out of 70 or 86 species

to each subset using Geneious v10.2.3 (http://www.geneious.

com/, last accessed February 10, 2021).

Phylogenetic Inference

Amino acid sequences of 2,698, 1,984, 1,447, and 1,404

OGs were separately used in ASTRAL- and concatenation-

based species tree estimation based on 70 taxa. Additional

concatenation-based analyses were conducted based on 86

taxa. Substitution models were chosen by IQ-TREE v1.5.5

(Nguyen et al. 2015). The gene trees were reconstructed us-

ing the site-homogeneous PROTGAMMALG model with

RAxML v8.2.11 (Stamatakis 2006) and the site-

heterogeneous LGþC20þFþG model with IQ-TREE v1.5.5

for all alignments from each of the four data sets (table 1),

and 100 random replicates were performed to calculate boot-

strap value. To minimize potential impacts of gene-tree esti-

mation error on multi-locus-based species tree estimation

(Mirarab and Warnow 2015), we collapsed low support

branches (i.e., BS <10%/20%) from the gene trees by

Newick utilities (htpp://cegg.unige.ch/newick_utils). The

multi-locus-based species trees with local PP and BS (100

replicates each), and polytomy test among

Chlorodendrophyceae, Pedinophyceae, and the UTC clade

were implemented in ASTRAL III v5.5.9 (Zhang et al. 2018).

The concatenation-based species trees were reconstructed

using site-homogeneous LGþFþG, site-heterogeneous

LGþC20þFþG, and heterotachous GHOST LGþFþH4 mod-

els implemented in IQ-TREE 1.5.5 with ultrafast bootstrapping

(UFboot) (Minh et al. 2013) and SH-aLRT (Guindon et al.

2010) testing supports (1,000 replicates each).

Gene tree concordance and conflicts against the reference

tree (i.e., the ASTRAL-based species tree from 2,698 genes

trees of 70 taxa based on a site-heterogeneous model, with

BS � 20%) were quantified using PhyParts (bitbucket.com/
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blackrim/phyparts; accessed July 12, 2019), with both 10%

and 20% BS threshold. We rooted all the gene trees from

different data sets with O. lucimarinus, Micromonas sp., or

both, using root. R (https://github.com/lixi8507/core-

Chlorophyta, last accessed February 10, 2021). Gene trees

that lack either O. lucimarinus or Micromonas sp. were re-

moved from the PhyParts analyses. We summarized and visu-

alized bipartition support using PhyPartsPieCharts.py (https://

github.com/mossmatters/phyloscripts/tree/master/phypart-

spiecharts, last accessed February 10, 2021) and ETE3 Python

package (http://etetoolkit.org./). The pairwise RF distances

(Robinson and Foulds 1981) between species trees based on

subsets and the reference species tree were calculated by the

RFdistances.twoFiles.v2.py script from the RF Distances Filter

(Simmons et al. 2016) (https://github.com/dbsloan/rf_distan-

ces_filter, last accessed February 10, 2021). The normalized RF

distances were calculated by dividing the plain RF distance by

2(n � 3), where n represents the number of taxa.

Ancestral State Reconstruction

The habitats and cell types of 86 species of Chlorophyta were

recoded as follows: Habitat: marine, freshwater, and terrestrial;

Cell type: unicellular, colonial, siphonous, multicellular, and

siphonocladous. The concatenation-based phylogeny from

2,629 OGs of 86 taxa with the site-heterogeneous model

was used to guide the ancestral state reconstruction. The an-

cestral state of habitat and cell type was reconstructed with

Mesquite v3.61 (http://www.mesquiteproject.org, last

accessed February 10, 2021) (Maddison and Maddison 2019)

using Tracing Character History option based on a likelihood

method, which find the ancestral states at different nodes with

maximum probability (Schluter et al., 1997; Pagel, 1999). One-

parameter Mk1 model was used to estimate the evolutionary

rate of categorical characters, in which the forward and back-

ward rates between states are equal (Lewis 2001).

Genetic Codes

We downloaded reference sequences of 10 nuclear genes

(the Elongation Factor-1 Alpha [1 alpha]/Elongation Factor-

Like [EFL], actin, GPI, GAPA, histone H3, OEE1, 40 S ribosomal

protein S9, and 60 S ribosomal proteins L3 and L17) from

different ulvophycean species that contain both noncanonical

and canonical genetic codes in Ulvophyceae (Gile et al. 2009;

Cocquyt et al. 2010) from NCBI (https://www.ncbi.nlm.nih.

gov/, last accessed February 10, 2021). To investigate the ex-

istence of noncanonical genetic codes in 10 species of

Trentepohliales, Oltmannsiellopsidales, Cladophorales, and

Scotinosphaerales, the additional transcriptomes were blasted

against the 10 genes reference database by BLASTN v2.7.1þ
(Altschul et al. 1997) with E-value cutoff of 10�10. The

sequences with best BLAST hit were aligned using translation

align tool in Geneious v10.2.3. To reinforce our hypothesis of

the noncanonical genetic codes, we investigated all of the 30

ulvophycean species in the nucleotide sequence of 3,690 OGs

generated in Orthograph v0.6.1. Orthograph executes

pHMM-based and BLAST reciprocal search to target ortholog

genes and it infers frameshift-corrected open reading frame

by using Exonerate (Slater and Birney 2005). All of the nucle-

otide sequences of the 3,690 OGs were aligned by

TranslatorX (Abascal et al. 2010) with settings “-p M -t T -

w 1 -c 1.” Noncanonical nuclear genetic codes were widely

detected by screening the alignments in Geneious. These

alignments were deposited in the Figshare: https://figshare.

com/s/17b87d35616f7ee2e7ff. Noncanonical nuclear genetic

TAG/TAA codons were found in some taxa at positions coding

for glutamine by canonical nuclear genetic CAG/CAA codons

in the remaining ulvophycean species. We also detected that

many genes in Scotinosphaerales used TAG codon at a con-

served position of serine (TCC/TCG).

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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