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A B S T R A C T

The Bryopsidales is a morphologically diverse group of mainly marine green macroalgae characterized by a
siphonous structure. The order is composed of three suborders – Ostreobineae, Bryopsidineae, and
Halimedineae. While previous studies improved the higher-level classification of the order, the taxonomic
placement of some genera in Bryopsidineae (Pseudobryopsis and Lambia) as well as the relationships between the
families of Halimedineae remains uncertain. In this study, we re-assess the phylogeny of the order with datasets
derived from chloroplast genomes, drastically increasing the taxon sampling by sequencing 32 new chloroplast
genomes. The phylogenies presented here provided good support for the major lineages (suborders and most
families) in Bryopsidales. In Bryopsidineae, Pseudobryopsis hainanensis was inferred as a distinct lineage from the
three established families allowing us to establish the family Pseudobryopsidaceae. The Antarctic species Lambia
antarctica was shown to be an early-branching lineage in the family Bryopsidaceae. In Halimedineae, we re-
vealed several inconsistent phylogenetic positions of macroscopic taxa, and several entirely new lineages of
microscopic species. A new classification scheme is proposed, which includes the merger of the families
Pseudocodiaceae, Rhipiliaceae and Udoteaceae into a more broadly circumscribed Halimedaceae, and the es-
tablishment of tribes for the different lineages found therein. In addition, the deep-water genus Johnson-sea-
linkia, currently placed in Rhipiliopsis, was reinstated based on our phylogeny.

1. Introduction

The order Bryopsidales (Chlorophyta) is a diverse group of mainly
marine macroalgae. Species have a siphonous structure with the thallus
consisting of a single giant tubular cell (siphon), which contains thou-
sands of nuclei and chloroplasts that are transported throughout the cell
by cytoplasmic streaming (Vroom and Smith, 2003). The group likely
originated in the late Proterozoic or Cambrian and diversified into its
component families during the Paleozoic and early Mesozoic
(Verbruggen et al., 2009a). Extant species exhibit diverse morphologies
ranging from simple branched siphons (Boodleopsis, Bryopsis, Caulerpa,
Chlorodesmis, Derbesia, Pseudochlorodesmis, Ostreobium) to more com-
plex, multiaxial thalli (Codium, Halimeda, Rhipilia, Rhipiliopsis, Udotea)
(Lam and Zechman, 2006; Verbruggen et al., 2009a; Vroom et al.,
1998). The Bryopsidales comprise about 564 species (Guiry and Guiry,

2017) distributed from tropical- to Arctic marine waters (Kerswell,
2006), with a single genus (Dichotomosiphon) found in freshwater ha-
bitats. They are among the major primary producers on both coral reefs
and rocky shores, as well as in embayments, lagoons, and seagrass beds.
Some tropical representatives have calcified thalli and are major con-
tributors to coral reef formation (e.g. Halimeda mounds) (Drew and
Abel, 1995; Drew, 1983). Species like Trichosolen are known to form
blooms on coral reefs after physical damage has occurred, for instance
from hurricanes or ship groundings (Pauly et al., 2011). Other species
are notorious for their invasive nature, affecting the native biota in
areas of introduction (e.g. Caulerpa taxifolia, Caulerpa racemosa var.
cylindracea, and Codium fragile) (Klein and Verlaque, 2008; Meinesz
et al., 2001; Trowbridge, 1995).

Hillis-Colinvaux (1984) introduced a subordinal classification for
Bryopsidales, which is still in place today with some modifications. The
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suborder Bryopsidineae is characterized by homoplastidic thalli (with
chloroplasts only), absence of a concentric lamellar system from the
chloroplast (which plays a role in the initial synthesis and organization
of the thylakoids; also called a thylakoid-organising body (Solymosi,
2013)), non-holocarpic reproduction (production of reproductive
zooids occur within delimited zones of the thallus) with cross-walls
commonly present at the base of reproductive structures, and cell walls
made up of mannan or xylan, and cellulose. Halimedineae on the other
hand are heteroplastidic (with both amyloplasts and chloroplasts), have
a concentric lamellar system, feature holocarpic reproduction (all of the
cytoplasm is transformed into reproductive cells, and their release re-
sults in the death of the parental siphonous thallus) without septa at the
base of reproductive structures, and have cell walls predominantly
made of xylan. A third lineage, Ostreobineae that includes a single
genus, Ostreobium, was added by Verbruggen et al. (2017) mainly based
on phylogenetic analysis of chloroplast genomes. The Ostreobineae
have been much less studied morphologically than the other two
groups. Species are endolithic in limestone substrate, and quadri-
flagellate zoospores produced in sporangia not separated by a cross-
wall from the rest of the thallus have been reported for Ostreobium
queketti (Kornmann and Sahling, 1980).

Vroom et al. (1998) inferred the phylogeny of Bryopsidales using
morphological and anatomical features. Subsequent studies utilized
chloroplast- and nuclear-encoded gene sequences to further char-
acterise the higher-level phylogeny of the order (Lam and Zechman,
2006; Verbruggen et al., 2009a), its families (Kooistra, 2002; Woolcott
et al., 2000) and genera (De Clerck et al., 2008; Draisma et al., 2014;
Famà et al., 2002; Hillis et al., 1998; Krellwitz et al., 2001; Verbruggen
et al., 2009b, 2007). A multi-locus molecular phylogeny of Bryopsidales
recovered a well-supported, monophyletic Bryopsidineae (including
families Bryopsidaceae, Codiaceae, and Derbesiaceae) and Halimedi-
neae (including families Caulerpaceae, Dichotomosiphonaceae, Hali-
medaceae, Pseudocodiaceae, Rhipiliaceae, and Udoteaceae)
(Verbruggen et al., 2009a). Within the Bryopsidineae, phylogenetic
placement of the genera Pseudobryopsis, Trichosolen and Lambia has not
been confidently determined. Two studies based on the rbcL gene in-
ferred Pseudobryopsis myura (syn.: Trichosolen myura) as sister to
Bryopsis (Lam and Zechman, 2006; Woolcott et al., 2000) but with low
support. No molecular data are available for Lambia, and its placement
within the Bryopsidineae is unknown.

Within the Halimedineae, the family Dichotomosiphonaceae has
been recovered as sister to what was referred to the ‘core Halimedineae’
with high support (Verbruggen et al., 2009a). However, relationship
between the families within the core Halimedineae (Caulerpaceae,
Rhipiliaceae, Halimedaceae, Pseudocodiaceae, and Udoteaceae) re-
mained poorly resolved in previous work.

A previous comprehensive phylogenetic study of the Bryopsidales
was based on five genes (four plastid genes, rbcL, tufA, atpB, and 16S
rDNA, and the nuclear encoded 18S rDNA) (Verbruggen et al., 2009a).
Since then, high throughput sequencing (HTS) methods have greatly
aided the acquisition of large multi-locus datasets. Phylogenomic ana-
lyses based on chloroplast genome data have helped to resolve evolu-
tionary relationships of several algal groups, including the red algae
(Costa et al., 2016; Díaz-Tapia et al., 2017), and green algae (Fang
et al., 2018; Lemieux et al., 2015, 2014a, 2014b; Turmel et al., 2017,
2008). Chloroplast genome data for Bryopsidales have been accumu-
lating steadily in recent years (Cremen et al., 2018; del Campo et al.,
2017; Lam and Lopez-Bautista, 2016; Leliaert and Lopez-Bautista, 2015;
Lü et al., 2011; Marcelino et al., 2016; Verbruggen et al., 2017). The
availability of these sequence data, manageable size of chloroplast
genomes, conserved gene content (∼78 protein-coding genes) of
Bryopsidales (Cremen et al., 2018) and the non-recombinant nature of
chloroplast genomes makes them useful tool for phylogenomic studies
(Oliveira et al., 2018).

This study aims to re-examine the classification of Bryopsidales
based on chloroplast phylogenomic analysis with increased taxon

sampling across all families. Specifically, we aim to infer the position of
Pseudobryopsis and Lambia within the Bryopsidineae and determine the
relationship of different families within the Halimedineae.

2. Materials and methods

2.1. Taxon sampling and DNA extraction

We selected 24 taxa from eight bryopsidalean families for chlor-
oplast genome sequencing, along with six taxa of Dasycladales as a
close outgroup to Bryopsidales (Verbruggen et al., 2017). Total genomic
DNA was extracted from silica gel-dried or ethanol-preserved thallus
fragments using a modified CTAB protocol described in Cremen et al.
(2016). Lambia antarctica was field collected and frozen at −80 °C and
was extracted using DNeasy Plant Mini Kit (Qiagen, Hilden, Germany).
Samples used in this study are listed in Supplementary Table S1.

2.2. Sequencing, genome assembly, and annotation

Library preparation and sequencing were performed either at
Georgia Genomics Facility (University of Georgia, GA, USA), the
Genome Center of Cold Spring Harbor Laboratory (NY, USA), or
Novogene using Illumina sequencing platforms (Supplementary Table
S1). Genome assembly followed Verbruggen and Costa (2015),
Marcelino et al. (2016), and Lam and Lopez-Bautista (2016). In brief, de
novo assembly was performed from the paired-end Illumina reads using
four different assembly programs: (1) CLC Genomics Workbench 7.5.1,
(2) SPAdes 3.8.1 (Bankevich et al., 2012), (3) MEGAHIT 1.0.6 (Li et al.,
2014), and (4) IDBA (Peng et al., 2010). Because one of the samples of
the turf species Pseudochlorodesmis sp. HV01306 turned out to contain
multiple species, metagenome binning was carried out to separate the
contigs from different species following Verbruggen et al. (2017). These
analyses were done using contigs larger than 18 kb resulting from CLC
and SPAdes assemblies and used MyCC (Lin and Liao, 2016) and
MaxBin 2.2 (Wu et al., 2014). Annotation followed Verbruggen and
Costa (2015), Marcelino et al. (2016), or Lam and Lopez-Bautista
(2016). In addition to the data generated here, 30 complete or partial
chloroplast genome sequences belonging to other members of Ulvo-
phyceae were downloaded from GenBank and included in our analyses
(Supplementary Table S1).

2.3. Alignments

In order to assess the effect of outgroup selection on phylogenetic
inference, three different datasets were generated. The first included
only Bryopsidales without outgroups, called the Bryopsidales align-
ment. It is well known that analyses without an outgroup can yield
more reliable (yet unrooted) ingroup trees (Shavit et al., 2007). In
Bryopsidales, it has been established with strong confidence that Os-
treobineae is sister to the remaining lineages of the order (Verbruggen
et al., 2017), which facilitates rooting the Bryopsidales-only trees along
the branch separating Ostreobineae from the rest of the order. The
second dataset used the Dasycladales as outgroup, which was indicated
to be related to Bryopsidales in previously published chloroplast and
nuclear phylogenies (Cocquyt et al., 2010; Fučíková et al., 2014;
Škaloud et al., 2013). This dataset is called the Bryopsidales-Dasycla-
dales alignment. The third dataset used several other orders of the Ul-
vophyceae (Oltmannsiellopsidales, Ulvales, Ulotrichales, Ignatiales) as
outgroups, and is called the Ulvophyceae alignment.

2.4. Phylogenetic inference

For each of the three datasets, alignments for each chloroplast
protein-coding gene were inferred with TranslatorX (Abascal et al.,
2010), which translates sequences to amino acids then performs mul-
tiple sequence alignment of the amino acid sequences with MAFFT
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v.7.3.9 (Katoh and Standley, 2013) to generate the corresponding nu-
cleotide alignments. Resulting gene alignments were checked visually
in Geneious 10.2.3. For those that could not be reliably aligned,
GBlocks (which eliminates poorly aligned positions and divergent re-
gions of DNA alignments) (Castresana, 2000) was used. If GBlocks re-
moved more than 60% of the alignment position for each individual
gene, the entire gene was excluded from the phylogenetic reconstruc-
tion, leading to the complete removal of ftsH, rpoA, rpoB, rpoC1, rpoC2,
and tilS (=ycf62) from all three datasets. In addition to these genes,
rpl19, rpl23, rps7, rps9, and ycf1 were excluded from the Bryopsidales-
Dasycladales datasets. Additional genes such as ccs1, petL, rpl32, rps18,
ycf20, and ycf47 were excluded from the Ulvophyceae dataset
(Supplementary Tables S2a and S2b). Concatenated gene alignments
were generated at the nuclear and amino acid level for each of the three
datasets.

For each of the three datasets, unpartitioned and partitioned

analyses were carried out at both the amino acid and nucleotide level.
Partitioning was done by gene for amino acid-level analyses and by
codon position (1st + 2nd, 3rd) for analyses at the nucleotide level.

For all three unpartitioned datasets, analyses at the nucleotide level
were carried out using a GTR + Γ + I model based on the BIC criterion
in jModelTest 2 (Darriba et al., 2012). At the amino acid level, analyses
of all three unpartitioned datasets were carried out using CPREV + Γ +
I + F model based on the BIC criterion in ProtTest 3.4.1 (Darriba et al.,
2011; Guindon and Gascuel, 2003). Model tests were also conducted for
the partitioned dataset using ModelFinder (Kalyaanamoorthy et al.,
2017) as implemented in IQ-Tree. Further analyses were carried out to
assess the sensitivity of these analyses to model choice (LG, WAG), and
with Γ among-site rate variation and estimated AA frequencies on both
partitioned and unpartitioned datasets (Supplementary Table S3). Due
to extensive analyses with multiple alignments and multiple models of
sequence evolution and partitioning strategies (48 analyses total)
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Fig. 1. Maximum likelihood phylogeny inferred from the concatenated amino acid (partitioned) alignment of 71 chloroplast protein coding genes from 42
bryopsidalean taxa using CPREV + Γ + F model and manually rooted along the branch between Ostreobineae (abbreviated OS) and the other suborders. Values at
nodes indicate bootstrap support where (*) denotes maximum bootstrap support. The new proposed classification scheme is shown to the right of the tree and all
newly sequenced taxa are in green text. Black and grey dots after the taxon name indicate their current placement in Rhipiliaceae and Udoteaceae, respectively.
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(Supplementary Table S3), we limited our analyses to maximum like-
lihood with RAxML 8.2.9, using 1000 standard bootstrap replicates
(Stamatakis, 2014).

2.5. 18S rDNA sequences

Nuclear encoded 18S rDNA sequences were also extracted from the
assemblies. This was done using the BLAST plug-in in Geneious by
creating a BLAST database of contigs and querying it with published
18S sequences of bryopsidalean and dasycladalean taxa from GenBank
(Supplementary Table S4). The result was set to: bin into ‘hit’ vs. ‘no hit’
settings. The contigs that gave hits were then annotated using the
‘annotate from’ function in Geneious using the reference 18S sequences.
The resulting annotations were then exported and checked in NCBI
BLASTN database to confirm if it they did indeed match to bryopsida-
lean taxa. Using this method, we were able to extract the 18S rDNA
sequences for most of the samples.

18S rDNA sequences extracted from our samples and published
bryopsidalean and dasycladalean 18S sequences were aligned in
Geneious using MAFFT. Poorly aligned positions were removed using
the GBlocks and a phylogenetic tree was inferred with maximum like-
lihood in RAxML using a GTR + Γ + I model based on the BIC criterion
in jModelTest 2 with 1000 standard bootstrap replicates.

3. Results

3.1. New chloroplast genomes

We obtained 12 partial and 14 complete chloroplast genomes from
Bryopsidales (GenBank: MH591079-MH591114, KT946603,
KU059765) and 6 partial chloroplast genomes from Dasycladales
(GenBank: MH545187-MH545361) representing all families from both
orders. The variable structure (genome size, gene order, intron content)
and conserved gene content of the new genomes were in line with those
previously reported for the group (Cremen et al., 2018; Lam and Lopez-
Bautista, 2016; Leliaert and Lopez-Bautista, 2015; Verbruggen et al.,
2017). Genome size, gene content, and various other features of the
newly sequenced bryopsidalean taxa are listed in Supplementary Table
S5. The assemblies of the five newly sequenced dasycladalean taxa
failed to recover complete chloroplast genomes. Instead, the assemblies
for Dasycladales samples recovered multiple contigs containing chlor-
oplast genes from which we were able to recover between 10 and 36
chloroplast genes depending on the species (Supplementary Table S5).
The Bryopsidales and Bryopsidales-Dasycladales alignments contained
71 and 66 genes from 42 and 50 taxa, respectively. The gene alignments
were 95% filled in Bryopsidales and 87% in Bryopsidales-Dasycladales.
The Ulvophyceae alignment contained 62 genes from 62 taxa and was
87% filled. The 18S rDNA alignment was 1185 bp long and included 80
species in total (65 ingroup species).

3.2. Relationship between the three suborders of Bryopsidales

Maximum likelihood (ML) phylogenetic inferences from the con-
catenated chloroplast gene datasets of both nucleotide and amino acid
alignments resulted in well-supported phylogenies for Bryopsidales in
all three datasets (Fig. 1 and Supplementary Figs. S1–S3). Suborder
Ostreobineae was inferred as sister to the clade containing the Bryop-
sidineae and Halimedineae with high support (92–100%) regardless of
outgroup sampling and analysis method.

In the suborder Bryopsidineae, the Derbesiaceae and Codiaceae
were recovered as sister families with maximum support and these two
families were recovered as sister to the Bryopsidaceae with maximum
support in all analyses. Pseudobryopsis hainanensis, traditionally classi-
fied in the Bryopsidaceae, was inferred as sister to the three established
families with low (58%) to high (96%) bootstrap support. A closer in-
spection of the bootstrap trees from different analyses showed that P.

hainanensis was at times recovered as sister to Ostreobineae in the
analyses that included outgroups (i.e. Bryopsidales-Dasycladales and
Ulvophyceae datasets), or as sister to Bryopsidineae + Halimedineae
(unrooted Bryopsidales only dataset). The Antarctic Lambia antarctica
was shown to be an early-branching lineage of Bryopsidaceae with
maximum support (Fig. 1 and Supplementary Figs. S1–S3).

In the suborder Halimedineae, Dichotomosiphonaceae was re-
covered as sister to the core Halimedineae with maximum support.
Within the core Halimedineae, the monogeneric family Caulerpaceae
was monophyletic and always recovered as sister to the remaining
lineages in the core Halimedineae with maximum support.

The remainder of the core Halimedineae contained seven lineages,
and because there were several disagreements between the existing
classification and these lineages, we have numbered them from 1
through 7 in Fig. 1 for ease of reference. Only one of the existing fa-
milies, the monogeneric Halimedaceae (lineage 5), was recovered as
monophyletic, and for another, the Pseudocodiaceae (lineage 6), only a
single species was included. The two other families in this radiation of
lineages – Rhipiliaceae and Udoteaceae – were not monophyletic, and
fragmented into several lineages. One of these (lineage 7) contained the
bulk of the Udoteaceae genera (Flabellia, Tydemania, Udotea, Chlor-
odesmis) and was recovered with full support as sister to the Pseudo-
codiaceae. Three other Udoteaceae genera (Callipsygma, Boodleopsis and
Pseudochlorodesmis) were recovered elsewhere in the tree (Fig. 1 and
Supplementary Figs. S1–S3). The Rhipiliaceae were also scattered in the
tree, with Johnson-sea-linkia profunda and Rhipilia penicilloides grouped
in lineage 3, while Rhipiliopsis peltata was recovered in lineage 4. These
scattered taxa in the Rhipiliaceae and the Udoteaceae formed several
early-branching lineages: (1) Boodleopsis sp. H.0758 (Udoteaceae); (2)
Pseudochlorodesmis spp. HV01306a and HV01306c (Udoteaceae); (3)
the clade containing Boodleopsis sp. FL1161, Boodleopsis pusilla, and
Pseudochlorodesmis sp. HV01306b (Udoteaceae) along with Johnson-sea-
linkia profunda and Rhipilia penicilloides (Rhipiliaceae); (4) Callipsygma
wilsonis (Udoteaceae) + Rhipiliopsis peltata (Rhipiliaceae) clade.

While each of these early-branching lineages got solid support, the
relationships between them were recovered with low to moderate
support depending on the dataset and analysis technique (Fig. 1 and
Supplementary Figs. S1–S3).

In spite of this variable support, several patterns regarding the re-
lationships of clades in the core Halimedineae emerged from the dif-
ferent datasets and models used. First, Boodleopsis sp. H.0758 (lineage
1) was always the first to branch off. Second, the Callipsygma
wilsonis+ Rhipiliopsis peltata clade (lineage 4) was always recovered as
sister to Halimeda (lineage 5), and Pseudocodium (lineage 6) was always
recovered as sister to lineage 7. The Pseudochlorodesmis spp. HV01306a
and HV01306c clade (lineage 2) was either sister to lineage 3 (Fig. 2A),
sister to the clade comprised of lineage 4 + lineage 5 and 6 + lineage 7
(Fig. 2B), or sister to the clade comprised of: lineage 3 + lineage
4 + lineage 5 and lineage 6 + lineage 7 (Fig. 2C) depending on out-
group selection and model used (Supplementary Table S6).

3.3. 18S rDNA phylogeny

The nuclear 18S phylogeny (Supplementary Fig. S4) recovered Os-
treobineae as sister to Bryopsidineae + Halimedineae with maximum
support. In the suborder Bryopsidineae, the Derbesiaceae was inferred
as sister to the Bryopsidaceae + Codiaceae but bootstrap support for
the latter was low (44%). Similar to the chloroplast genome phylogeny,
Pseudobryopsis was recovered as an early branching lineage sister to the
three established families with maximum support. Lambia antarctica
was similarly placed in the Bryopsidaceae where it is sister to
Bryopsis+ Pseudoderbesia.

In the suborder Halimedineae, the topology from the 18S phylogeny
was incongruent with the chloroplast genome phylogenies and the re-
lationships among the different lineages inferred were very low
(12–58% bootstrap support). The families Rhipiliaceae and Udoteaceae
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were again recovered in several lineages. Lineage 7 (based on chlor-
oplast genome phylogenies), which contained the bulk of the
Udoteaceae was split into 2 lineages. One lineage included Flabellia and
Tydemania (Lineage 7a), and the other has Chlorodesmis, Penicillus,
Rhipocephalus, and Udotea (Lineage 7b) (Supplementary Fig. S4).
Lineage 3 contained most of the representatives of Rhipiliaceae (Rhipilia
and Johnson-sea-linkia). Lineage 4, which contained Callipsygma and
Rhipiliopsis peltata based on chloroplast genome phylogeny, was also
split into 2 lineages. Callipsygma (lineage 4a) was recovered as sister to
the rest of the core Halimedaceae (except Halimedaceae). Boodleopsis
sp. H.0758 (Lineage 1) was recovered now as sister to Caulerpaceae. In
spite of the incongruent topologies in the core Halimedaceae, the
monophyly of the Halimedaceae, Caulerpaceae, Pseudocodiaceae, and
lineage 3 still stands.

Incongruent topologies between chloroplast and 18S phylogenies
were observed at the family level in suborders Bryopsidineae and
Halimedineae. Chloroplast genome phylogenies generally gave better
support for the relationships of families within the two suborders than
the 18S phylogenies. This is especially true in the suborder
Halimedineae.

4. Discussion

Our analyses of a chloroplast multi-gene dataset including many
previously unsequenced taxa generated several new insights into the
phylogenetic history of the Bryopsidales. Our results have significant
taxonomic implications, and here we propose a new classification
system based on them.

All phylogenetic inferences using different models on all three da-
tasets (partitioned and unpartitioned analyses of both amino acid and
nucleotide data) recovered several early-branching lineages in
Bryopsidineae and Halimedineae. At the highest taxonomic level, the
relationships among suborders inferred in this study (Ostreobineae
sister to Bryopsidineae + Halimedineae) concur with the results from
previous studies (Cremen et al., 2018; Marcelino et al., 2016;

Verbruggen et al., 2017). Despite the consistent recovery of the three
suborders in our ML trees, the inclusion of Pseudobryopsis in our data-
sets did suggest the situation might be slightly more complex. The in-
clusion of this taxon reduced support for the monophyly of Bryopsidi-
neae compared to previous studies on smaller datasets (Cremen et al.,
2018; Marcelino et al., 2016; Verbruggen et al., 2017), and a closer
investigation of the bootstrap trees showed that this taxon branched as
sister to Ostreobineae for some of the resampled datasets. Because we
had access to only a single species of the Pseudobryopsis-Trichosolen
complex, the branch leading to this taxon is quite long, which may
result in its placement being more uncertain. Even though the 18S data
suggests that Pseudobryopsis sits firmly within the Bryopsidineae, ad-
ditional sampling in this group would be useful in future work to es-
tablish the most reliable position of this taxon in chloroplast phylo-
genies.

In the suborder Bryopsidineae, the Bryopsidaceae was recovered as
sister to Derbesiaceae + Codiaceae, similar to a ML analyses inferred
from a rbcL + tufA alignment with large taxon sampling in the
Bryopsidineae (Leliaert et al., 2014). Conversely, cladistic analyses
using morphological and anatomical features suggested a sister re-
lationship between Bryopsidaceae and Derbesiaceae based on common
features such as uniaxial morphology and sporic meiosis, separating
them from Codiaceae (Vroom et al., 1998). Another study using max-
imum parsimony (MP) analysis based on rbcL gene also inferred a sister
relationship between Bryopsidaceae and Derbesiaceae but with low
bootstrap support (60%) (Lam and Zechman, 2006). In contrast, our
18S phylogeny was inconclusive about the relationships between these
families (Bryopsidaceae + Codiaceae with 44% bootstrap support), and
previous multigene trees recovered the Codiaceae as sister to Bryopsi-
daceae with strong support (81% bootstrap, 1.00 BPP) (Verbruggen
et al., 2009a).

Our chloroplast and 18S phylogenetic analyses showed for the first
time the placement of the genus Lambia antarctica as an early-branching
lineage sister to the rest of the Bryopsidaceae. The species was origin-
ally described as Derbesia antarctica by Skottsberg (1953), but Delépine
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Fig. 2. Relationships among the families of Halimedineae based on different ML models and datasets (amino acid and nucleotide data of the different groupings using
both partitioned and unpartitioned analyses unless otherwise indicated). New clades inferred from the phylogenetic analyses are in green text. (A) Bryopsidales:
CPREV + Γ, CPREV + Γ + F, CPREV + Γ + F + I (unpartitioned), WAG + Γ + F (partitioned), GTR + Γ + I; Bryopsidales-Dasycladales: CPREV + Γ, CPREV + Γ
+ F, CPREV + Γ + F + I (unpartitioned), GTR + Γ + I; Ulvophyceae: CPREV + Γ, CPREV + Γ + F, CPREV + Γ + F + I (unpartitioned), WAG + Γ (partitioned),
GTR + Γ + I; (B) Bryopsidales: LG + Γ, LG + Γ + F (unpartitioned), WAG + Γ, WAG + Γ + F (unpart.); Bryopsidales-Dasycladales (unpartitioned): LG + Γ, LG + Γ
+ F; Ulvophyceae: LG + Γ, LG + Γ + F, WAG + Γ (unpartitioned), WAG + Γ + F; (C) Bryopsidales: LG + Γ + F (partitioned). Bryopsidales-Dasycladales: LG + Γ
(partitioned), LG + Γ + F (partitioned), WAG + Γ, WAG + Γ + F.
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(1967) noted that it has features such as chloroplast structure that are
more similar to Codium. Like Bryopsis, the species is isogamous, but the
thallus does not have the feather-like branching pattern and it lacks
pyrenoids in the chloroplasts, both typical for Bryopsis (Delépine,
1967). Based on this mismatch of features with other genera, the genus
Lambia was established, but its relationship to other genera remained
unclear until now. Our study also confirms the sister relationship of
Pseudoderbesia and Bryopsis as inferred in an earlier study based on rbcL
and tufA by Leliaert et al. (2014). The genus Bryopsidella, not included
in our analyses, has also been classified in the Bryopsidaceae but phy-
logenetic studies based on rbcL or rbcL + tufA recovered it in the Der-
besiaceae, sister to Pedobesia (Verbruggen et al., 2009a; Woolcott et al.,
2000) or sister the rest of the Derbesiaceae (Leliaert et al., 2014).
Bryopsidella is morphologically similar to Bryopsis, Pseudoderbesia, and
Pseudobryopsis in their gametophyte stage by having branched prostrate
siphons and upright siphons. The sporophytic thallus of Bryopsidella on
the other hand resembles that of Derbesia by having branched inter-
woven siphons, which are sometimes anchored by rhizoids.

The separate phylogenetic position of Pseudobryopsis hainanensis
within the Bryopsidineae suggests that it deserves recognition at the
family level. Pseudobryopsis has been traditionally classified in the
Bryopsidaceae and is morphologically similar to Bryopsis in having a
central axis with numerous lateral siphon branches termed pinnules.
They differ in their fertile state – Pseudobryopsis has been reported to
bear specialized gametangia (Henne and Schnetter, 1999) while in
Bryopsis the gametes are formed in unmodified pinnules. Our phylo-
genies show Pseudobryopsis hainanensis as a distinctly separate lineage
from other members of Bryopsidaceae. From a taxonomic perspective,
one option would be to reduce Bryopsidineae into a single family with
the existing families and Pseudobryopsis as separate tribes. However,
since Pseudobryopsis is clearly distinct from the other three existing
families based on chloroplast genome phylogeny, we propose to erect a
new family for Pseudobryopsis and retain the other existing bryopsidi-
nean families in their current taxonomic status.

In the suborder Halimedineae, the sister relationship between the
family Dichotomosiphonaceae and the core Halimedineae based on
chloroplast genome phylogenies concurs with the results from previous
phylogenetic studies using smaller datasets (Curtis et al., 2008;
Verbruggen et al., 2009a). Cladocephalus, which is not included in our
analyses, most likely also belongs to this lineage, and is probably re-
lated to Avrainvillea based on shared morphological and ultrastructural
features (Roth and Friedmann, 1987). The Caulerpaceae was inferred to
be the sister lineage to the remaining core Halimedineae. This re-
lationship was already suggested in previous studies also with high
support (Leliaert et al., 2014; Verbruggen et al., 2009a). In contrast, our
18S phylogeny recovered Halimedaceae as sister to the remaining
members of the core Halimedineae, but the low bootstrap support
(57%) suggests the 18S data are inconclusive.

Among the new lineages of core Halimedineae recovered from the
chloroplast phylogenies, one contains Callipsygma wilsonis and
Rhipiliopsis peltata (lineage 4). This is an unexpected relationship, con-
sidering that Callipsygma is traditionally placed in the Udoteaceae
(Womersley, 1984) and Rhipiliopsis in Rhipiliaceae (Dragastan et al.,
1997). Womersley (1984) already noted some differences in siphon
structure between Callipsygma wilsonis with other members of Udotea-
ceae and noted similarities with Rhipiliopsis, including segmented si-
phons and lateral attachment of segments. However, the features that
Womersley noted on Callipsygma such as moniliform, ovoid segments of
the filaments with perforate end walls and the laterally attached seg-
ments are not found in Rhipiliopsis peltata but rather in Rhipiliopsis ro-
busta (not sampled in our study) (Womersley, 1984). It is interesting to
note that Callipsygma, Rhipiliopsis peltata and Rhipiliopsis robusta are
usually found in low-light habitats such as heavily shaded pools or
deeper waters up to 30 m deep. These observations taken together
would suggest that Rhipiliopsis robusta is also a member of this lineage
and that additional Rhipiliopsis species may also be recovered in this

lineage when their chloroplast genomes get characterized.
Two other genera currently classified in the Udoteaceae, Boodleopsis

and Pseudochlorodesmis, were recovered as polyphyletic. Boodleopsis sp.
H.0758 and Pseudochlorodesmis spp. HV01306a and HV01306c formed
early-branching lineages (1 and 2, respectively) but some re-
presentatives of these genera were nested within lineage 3 (Fig. 1,
Supplementary Figs. S1–S3). These two genera exhibit very simple
morphologies and are currently classified in the Udoteaceae, a family
mostly containing species exhibiting complex morphologies and in
some cases calcification. Cladistic analyses of morphological and ana-
tomical characters placed Boodleopsis and Pseudochlorodesmis as sister
taxa (albeit poorly supported) due to their uniaxial morphologies
(Vroom et al., 1998). It has also been suggested that these taxa re-
present an alternate life cycle stage of morphologically complex taxa in
the Halimedineae (i.e.: Pseudochlorodesmis-like life-stage in Halimeda
tuna). While some of the more complex genera certainly have simpler
life stages, our data and those of Verbruggen et al. (2009b) clearly show
that there are also lineages of simple siphons that do not appear to have
complex stages.

Boodleopsis forms green cushions or mats of entangled siphons on
supralittoral to midlittoral rocks, mangrove roots, or muddy bottoms of
shallow bays, often in sheltered and shaded locations (Taylor et al.,
1953). Previous cladistic analyses based on morphological and anato-
mical characters included Boodleopsis where it was hypothesized that it
would assume an early branching lineage within Halimedineae on the
basis of traits they shared with Bryopsidineae – uniaxial morphology
and stephanokontan zoospores (Vroom et al., 1998). However, Boo-
dleopsis is also similar to the juvenile stages of Flabellia (F. petiolata) and
Penicillus (P. capitatus) (Taylor et al., 1953). The hypothesis of relat-
edness derived from the morphological similarities were confirmed by
an rbcL-based phylogeny where Boodleopsis was found to be related to
Udoteaceae (Curtis et al., 2008). In our analyses, Boodleopsis was re-
covered in three very different positions in our phylogeny: one in
lineage 1, and two others in lineage 3, which also includes two species
of the former Rhipiliaceae, a family characterized by blade-like thalli
with interlinked siphons. The early branching nature of Boodleopsis in
the core Halimedineae in general and in lineage 3 may be indicative
that Boodleopsis-like morphology is an ancestral trait for the group, but
denser taxon sampling and ancestral state estimation would be required
to test this hypothesis.

Pseudochlorodesmis forms small, utterly simple thalli of sparingly
branched siphons, and generally forms small turfs on hard substrata or
coralline algae (Kraft, 2007). Phylogenetic analyses based on tufA and
rbcL genes recovered the genus in two separate lineages – one forming
an early-branching lineage in the core Halimedineae and the other at
the base of the Rhipiliaceae (our lineage 3) (Verbruggen et al., 2009b).
Recovering Pseudochlorodesmis in several early-branching lineages in
our study not only concurs with the results of Verbruggen et al. (2009b)
and other studies (Marcelino and Verbruggen, 2016; Sauvage et al.,
2016; Verbruggen and Schils, 2012) but it further emphasizes their
cryptic diversity. Our sample was taken from one clump but as we were
analysing the data it turned out that from this tiny population, we
obtained three different species that are very divergent from each other.
It seems highly likely that targeted collections of these morphologically
simple siphonous turf-formers will further increase their known biodi-
versity.

In the light of our phylogenetic results, in particular the disin-
tegration of Rhipiliaceae and Udoteaceae, it is clear that a new classi-
fication scheme for the Halimedineae is needed. There are currently six
recognized families in the suborder – Caulerpaceae,
Dichotomosiphonaceae, Halimedaceae, Pseudocodiaceae, Rhipiliaceae,
and Udoteaceae, of which three are monogeneric. Since the mono-
phyletic nature of Dichotomosiphonaceae and Caulerpaceae has been
established with confidence, they can be retained as they are. For the
other families and new lineages inferred from our analyses, several
scenarios for taxonomic change are possible. First, we could opt to erect
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new families for the currently nameless lineages (Supplementary Fig.
S5a). Second, we could merge lineage 4 (Callipsygma+ Rhipiliopsis
peltata) with the Halimedaceae and erect new families for the lineages
of Boodleopsis sp. H.0758 and Pseudochlorodesmis spp. HV01306a and
HV01306c. In doing so, the definitions of family Rhipiliaceae and Ha-
limedaceae would have to be extended to accommodate Pseudo-
chlorodesmis+ Boodleopsis and Callipsygma+ Rhipiliopsis peltata, re-
spectively (Supplementary Fig. S5b). Third, we could merge the
families Pseudocodiaceae, Rhipiliaceae, Udoteaceae into a wider defi-
nition of Halimedaceae and designate the seven lineages as tribes
(Fig. 1).

The first two options would result in a proliferation of monogeneric
families in the core Halimedineae, a situation that is not desirable from
a taxonomic standpoint. Thus we propose to go with the third option as
a practical solution. This classification scheme allows for a well cir-
cumscribed and firmly monophyletic Halimedaceae containing several
higher-level clades, some of which contain only one genus (e.g. lineage
5) and others with multiple genera (e.g. lineage 7), which can be de-
fined at the tribe level. At the same time it will allow taxonomists
working on specific families of the previous classification framework
(Halimedaceae s.s., Rhipiliaceae, Pseudocodiaceae and Udoteaceae) a
point of reference for their groups that will now be designated as tribes,
albeit with some modifications in the case of Rhipiliaceae and
Udoteaceae.

In our proposal, the suborder Halimedineae is composed of three
families: Dichotomosiphonaceae, Caulerpaceae, and Halimedaceae. The
morphological delineation of the Halimedaceae, currently a mono-
generic family, therefore needs to be extended to accommodate the new
tribes and the species included therein: Halimedeae, Pseudocodieae,
Rhipileae, Rhipiliopsideae, and Udoteae. We refrain from formally
naming the lineages of Boodleopsis sp. H.0758 and Pseudochlorodesmis
HV01306a and HV01306c because the type species (Boodleopsis sipho-
nacea and Pseudochlorodesmis furcellata, respectively) were not included
in our analyses, and since the two genera are polyphyletic, the un-
certainty regarding the phylogenetic position of the types results in
uncertainty regarding suitable tribe names for the lineages in our trees.
In both cases a more thorough investigation needs to be done in order
to fully resolve the distribution and diversity of these diminutive si-
phonous species in the Bryopsidales phylogeny and taxonomic deci-
sions be made when type species can be included.

A tribe-level classification for Halimedineae has already been pro-
posed by Hillis-Colinvaux (1984), who subdivided the subfamily Cau-
lerpoideae into three tribes (Caulerpeae, Avrainvilleae, Rhipileae)
based on morphological and allelochemical features. The tribe-level
classification that we are proposing here will be different from Hillis-
Colinvaux (1984) in their genus composition and most will be delimited
based on their phylogenetic position inferred from molecular data.

In addition to the proposed changes at the family and tribe level, we
also propose a taxonomic change at the genus level for Rhipiliopsis
profunda. The type species for Rhipiliopsis is Rhipiliopsis peltata, which in
our phylogeny formed a new lineage with Callipsygma wilsonis. It fol-
lows then that Rhipiliopsis profunda, which is nested in Rhipileae, should
be renamed. In this case, a previous name is available, as R. profunda
was originally described as Johnson-sea-linkia profunda (Eiseman &
Earle, 1983).

5. Taxonomic treatment

5.1. Taxonomic proposal at family level

Pseudobryopsidaceae, Cremen, Leliaert, West, Lam, Verbruggen,
fam. nov.

Description: Siphonous thalli composed of central axis with nu-
merous lateral branches. Gametes in specialized gametangia arising
from the lateral filaments. Recognized based on its highly divergent
nature in phylogenetic trees derived from chloroplast genome data,

with the chloroplast genome of Pseudobryopsis hainanensis H.0703 ser-
ving as reference.

Type genus: Pseudobryopsis Berthold, 1904
Taxa included in our molecular analyses: Pseudobryopsis hainanensis

C.K. Tseng
Halimedaceae Link, 1832 emend
Description: Recognized as a well-supported clade in phylogenetic

analyses based on the chloroplast genome data. Thalli range from
simple diminutive siphons to complex multi-axial structures, including
both calcified and uncalcified species.

Automatically typified by Halimeda J.V. Lamouroux, 1812
Tribes included: Halimedeae, Pseudocodieae, Rhipileae,

Rhipiliopsideae and Udoteae

5.2. Taxonomic proposals at tribe level

Halimedeae Konishi, 1961 emend
Description: Thalli siphonous, multiaxial, macroscopic, composed of

numerous, calcified flat or terete segments connected by narrow un-
calcified nodes. Segments composed of filamentous medulla and cortex
of inflated utricles, while the nodes are composed of parallel medullary
siphons.

Type and only genus: Halimeda J.V. Lamouroux, 1812
Pseudocodieae Cremen, Leliaert, West, Lam, Verbruggen, trib nov.
Description: Thalli siphonous, multiaxial, macroscopic, uncalcified,

dichotomously branched cylindrical tubes composed of a medulla of
interwoven siphons that form a single layer of peripheral utricles.

Type and only genus: Pseudocodium Weber-van Bosse, 1896
Rhipileae L. Hillis-Collinvaux, 1984 emend.
Description: Thalli siphonous, morphologically variable ranging

from uniaxial diminutive siphons to multiaxial thalli forming fan-
shaped blades composed of interwoven irregularly or dichotomously
branched siphons interconnected by tenacula or lateral adhesion pa-
pillae.

Type genus: Rhipilia Kützing, 1858
Taxa included in our molecular analyses:
Boodleopsis pusilla (Collins) W.R. Taylor, A.B. Joly, & Bernatowicz

1953, Boodleopsis sp. (GenBank: MH591102), Johnson-sea-linkia pro-
funda Eiseman & S.A. Earle 1983, Pseudochlorodesmis sp. (GenBank:
MH591096), Rhipilia penicilloides A.D.E. N’Yeurt & D.W. Keats 1997.

Note: Rhipileae was originally erected based on the lack of calcifi-
cation and absence of rhizomatous habit. It originally included
Boodleopsis, Callipsygma, Chlorodesmis, Johnson-sea-linkia,
Pseudochlorodesmis, Rhipilia, Rhipiliopisis, and Flabellaria (Udotea) pe-
tiolata (Hillis-Collinvaux 1984).

Rhipiliopsideae Cremen, Leliaert, West, Lam, Verbruggen, trib nov.
Description: Thallus siphonous, macroscopic, simple with distinct

stipe and lamina or complanately branched with upper branches
bearing alternate, distichous, to flabellate branch systems. Filaments
elongated with regular constricted segments at times laterally attached
and with perforate end walls; or slender filaments that are dichot-
omously branched with equal constrictions above the dichotomy, at-
tached laterally by circular rings or by short protrusions from adjacent
filaments.

Type genus: Rhipiliopsis A. Gepp & E.S. Gepp 1911
Taxa included in our molecular analyses:
Callipsygma wilsonis J. Agardh 1877, Rhipiliopsis peltata (J. Agardh)

A. Gepp & E.S. Gepp 1911
Udoteae Konishi 1961, emend
Description: Thallus siphonous, macroscopic, morphologically

variable ranging from simple tufts of branched siphons, simple stalked
blades to more complex corticated blades with calcified thalli.

Type genus: Udotea J.V. Lamourox 1812
Taxa included in our molecular analyses:
Chlorodesmis fastigiata (C. Agardh) S.C. Ducker 1969, Flabellia pe-

tiolata (Turra) Nizamuddin 1987, Tydemania expeditionis Weber-van
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Bosse 1901, Udotea argentea Zanardini, Udotea flabellum (J. Ellis &
Solander) M. Howe 1904, Udotea sp. (GenBank: MH591111).

5.3. Reinstatement of Johnson-sea-linkia profunda

This deep-water species was first collected using the submersible
Johnson-Sea-Link on 16 April 1975 at depths of 60–120 m in various
locations in the Bahamas, and later observed on a 153 m deep vertical
cliff (Eiseman and Earle, 1983). Eiseman and Earle (1983) noted that
the species resembles Rhipiliopsis in some features but lacks the leuco-
plasts and the thallus is not distinctly funnel-form nor are the fronds
net-like. Noris and Olsen (1991) transferred it to Rhipiliopsis following
Kraft’s (1986) broader generic definition of the genus, which included
different kinds of lateral cohesions including types with or without
papillae. Noris and Olsen (1991) argued its lateral cohesions along the
blade’s parallel filaments and perpendicular cross filaments did not
distinguish it as a separate genus.

Our proposal to reinstate the name Johnson-sea-linkia profunda is
made based on our phylogenetic analyses, as it no longer clusters with
Rhipiliopsis peltata, the type species of the genus.

6. Conclusions and perspectives

The chloroplast-genome based phylogenies presented here gave
good support for the major lineages inferred in our phylogenies.
Increased taxon sampling helped resolve the taxonomic placement of
Pseudobryopsis and Lambia in Bryopsidineae. In Halimedineae, several
early-branching lineages were inferred, several of which were un-
known. Our phylogenetic analyses resolved the placement of the fa-
milies Dichotomosiphonaceae and Caulerpaceae with respect to the
remaining Halimedineae, but relationships between the remaining fa-
milies in this suborder remain poorly resolved. Our proposal to estab-
lish tribes under the broader definition of Halimedaceae is a more
stable taxonomic solution. The proliferation of early-branching lineages
in the core Halimedineae outside the traditionally recognized families
highlights the underestimated higher-level taxonomic diversity of the
group. As most of the early-branching lineages inferred were made up
of species with diminutive siphons, morphological delineation of these
lineages may not be possible. Although chloroplast genome data were
able to resolve tribe-level relationships in other algal groups such as the
Rhodomelaceae (Díaz-Tapia et al., 2017), this approach might not hold
true for rapidly diversifying lineages as seen in the core Halimedineae.

Further improvements can be made in the near future to better re-
solve the phylogeny of the order. As most of the early-branching
lineages inferred from our phylogeny included taxa with very simple
morphologies, including additional species with simple morphologies in
future studies may improve relationships in the Halimedineae.
Likewise, addition of other Pseudobryopsis and Trichosolen species could
break-up the long branch in the Bryopsidineae.

The taxonomic proposals in our study were mainly based on
chloroplast genome phylogenies due to better resolutions, as the nu-
clear 18S phylogeny was inconclusive especially in the core
Halimedineae. This is perhaps owned to the fact that in our 18S phy-
logeny, there were far fewer representatives in the core Halimedineae
compared to the chloroplast phylogenies. Adding more taxa and in-
cluding additional nuclear markers in the future could confirm the re-
sults of our chloroplast genome-based phylogenies.
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