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ABSTRACT

The advent of high-throughput-sequencing (HTS) has allowed for the use of large numbers of
coding regionsstorproduce robust phylogenies. These phylogenies have been used to highlight
relationships at aneient diversifications (subphyla, class), and highlight the evolution of
plastid genome structure. The Erythropeltales are an order in the Compsopogonophyceae, a
group with unusual plastid genomes but with low taxon sampling. We use HTS to produce
near complete plastid genomes of all genera, and multiple species within some genera, to
produce robust phylogenies to investigate character evolution, dating of divergence in the
group, and plastidiorganization, including intron patterns. Our results produce a fully
supported phylogeny of the genera in the Erythropeltales, and suggest that morphologies
(upright versus crustose) have evolved multiple times. Our dated phylogeny also indicates that
the order is very old (~ 800 Ma), with diversification occurring after the ice ages of the
Cryogenian period (750-635 Ma). Plastid gene order is congruent with phylogenetic
relationships.andssuggests that genome architecture does not change often. Our data also
highlight the;.abundance of introns in the plastid genomes of this order. We also produce a
nearly completeplastid genome of Tsunamia transpacifica (Stylonematophyceae) to add to
the taxon sampling of genomes of this class. The use of plastid genomes clearly produces
robust phylogenetic relationships that can be used to infer evolutionary events, and increased
taxon sampling, especially in less well-known red algal groups, will provide additional

insights into their evolution.

Key index words: ancestral state construction; chloroplast; comparative analysis of introns;
deep phylogeny; diversification; group II introns; molecular clock; phylogenetics; plastid

genome; tedlalgae

AbbreviationssARD, all rates different model; CTAB, cetyl trimethylammonium bromide;
ER, equal rates model; HTS, High-throughput-sequencing; LCB, locally collinear block;
SYM, symmetrical model

INTRODUCTION

The use of complete organelle genome data to accurately determine the relationships of algal
groups has become more common with the advent of cheaper high-throughput-sequencing

(HTS). These methods have been applied at several levels of taxonomic inquiry in red algae
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from ordinal, family to generic relationships (e.g., Costa et al. 2016, Diaz-Tapia et al. 2017,
2019, Tha et al. 2018). These methods have been applied to non-florideophyceaen red algal
orders (Qiu et al. 2016, Munoz-Gomez et al. 2017) but taxon sampling is still low in some
orders.

Theredralgal order Erythropeltales (also known as the Erythropeltidales but an
incorrect spelling as the order needs to be typified by the generic name Erythropelltis;
Athanasiadis 2016) 1s a commonly encountered group of mostly microscopic multicellular
algae foundgworldwide. They include both simple filamentous, or occasionally monostromatic
blades, and crustose growth forms (Zuccarello et al. 2010, 2011). Due to their simple
morphology theirtaxonomy has been controversial, until the advent of molecular studies that
have clarified some relationships, confirmed several genera (Zuccarello et al. 2010) and
species (Zuccarello et al. 2011) and led to the description of new genera and species (e.g.,
West et al. 2012).

The Erythropeltales is in the class Compsopogonophyceae, one of the classes of the
subphylum Proteorhodophytina, the others being the Porphyridiophyceae, the
Rhodellophyeeaegand the Stylonematophyceae (Mufioz-Gomez et al. 2017). Within the
Compsopogonophyceae, there are two other orders; the Compsopogonales (with the common
genus Compsopogon, among others) and the Rhodochaetales (containing the rare monotypic
genus Rhodochaete). Rhodochaete was once thought to be a pivotal red alga, as it showed
characters typical for florideophyceaen (pit plugs in all life stages) and features considered
more primitiye, such as simple sexual reproductive structures (Magne 1960, Pueschel and
Magne 1987). Later studies of Rhodochaete pulchella (as R. parvula) from Australia (isolate
JAW3924) suggested it was sister to the Erythropeltales (Zuccarello et al. 2000), excluding
the Compsopogonales. The Compsopogonales is at present composed of two families (the
Boldiaceae and the Compsopogonaceae), while the Erythropeltales contain the single family
Erythrotrichiaceag:

The plastid genomes of the Proteorhodophytina have some unusual features (Mufioz-
Gomez et als2047), including large numbers of introns: Boldia erythrosiphon with 20% of its
226 kb plastid'genome consisting of introns; and 16% of the 221 kb genome of Rhodochaete
pulchella (as'R. parvula) consisting of introns, which are minimal compared to the amount of
introns in some of the larger plastid genomes in the Proteorhodophytina (e.g., 63% of the
1.217 Mb genome of Corynoplastis japonica; Mufioz-Goémez et al. 2017). While gene content
in these genomes was very similar, and within the bounds of other red algal plastid genomes,

there were a few structural differences. For example, the plastid of Boldia erythrosiphon
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(Compsopogonales) lacked a ribosomal RNA inverted repeat, while the plastid of
Rhodochaete pulchella did have an inverted repeat, a common feature in the plastids under
study (Mufioz-Gomez et al. 2017). Inverted repeats are found in many red algal plastids of the
Florideophyceae, but it is not a ubiquitous feature (Lee et al. 2016), and differences are due to
different inversion events leading to multiple plastid architecture-types throughout the class
(Lee et al. 2016).

The aim of this study was to characterize the plastid genomes for the majority of
described genera within the Erythropeltales and use them to: 1) reconstruct a robust
phylogeny and infer growth forms evolution on the group, 2) estimate divergence times of
genera and species, and 3) determine genome arrangements including characterization of

introns if present within the Erythropeltales.

MATERIALS AND METHODS

DNA was extracted using the CTAB method from cultured isolates of members of the
Erythropeltales: Erythrocladia irregularis (JAW culture number #4467), Erythrotrichia
carnea (JAW4057), E. foliiformis (JAW4058), E. longistipitata (JAW4251), E. welwitschii
(JAW4704), Madagascaria erythrocladioides (JAW4480), Porphyropsis coccinea
(JAWA4073),"Porphyrostromium boryanum (JAW4706), P. japonicum (JAW4679),
Pseudoerythrocladia kornmannii (JAW4464), Sahlingia subintegra (JAW4466) and one
sample from the Stylonematophyceae: Tsunamia transpacifica (Table S1, Fig. S1 in the
Supporting Information).

Extracted DNA of red algae was pooled with green algae DNA to reduce sequencing
costs with a/distinguishable alternate project organism (Diaz-Tapia et al. 2017, 2019) and
libraries were sequenced on the Illumina HiSeq platform by Novogene, with 150 bp paired
end reads. Plastid genomes were assembled and annotated as previously described (Preuss et
al. 2020)..Only pattial plastid genomes were assembled as the number of rRNA copies and the
possibility ofinverted repeats of these rRNA copies made confirming circularity and
completenesssofithe genomes difficult.

Protein'coding genes were extracted, aligned and translated using the bacterial/plastid
genetic code."All alignments were trimmed using the automated trim option in TrimAL
(http://trimal.cgenomics.org). Additional taxa were selected by following the previous study
of the Proteorhodophytina (Mufioz-Gomez et al. 2017). Alignments were concatenated by
genes for phylogenetic analyses and either individual models for every gene were selected by

using ModelFinder (Table S2 in the Supporting Information) or the C40 and C60 protein
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mixture models were selected in IQ-Tree (Lanfear et al. 2012, Trifinopoulos et al. 2016). ML
topology robustness was performed using 1000 UFbootstrap (Hoang et al. 2018) and SH-
aLRT (Guindon et al. 2010) in IQ-tree. The Cyanidiophyceae were used as outgroup to root
the tree.

Molecular'clock analysis was inferred using Beast2 (Bouckaert et al. 2019) and the
phylogeny produced by the C60 models was chosen as a fixed topology, as it was the only
one confirming Eurhodophytina as sister to Proteorhodophytina. Each gene had an
individuallyschosen site model with a gamma distribution category for four rate categories
based on ModelTest in IQtree. The cpREV model was selected for all other genes where the
best selectedimodel is not present in Beast2. The molecular clock model and tree were linked
across genesi'For the analysis, the relaxed clock log model was selected and normal
distribution of the Bangiomorpha pubescens Butterfield fossil at 1,198 + 12 Ma (although this
data could be a slight overestimates; Gibson et al. 2018) was used as a constraint for all red
algae, excluding the Cyanidiales (Yang et al. 2016). The calibrated Yule model was selected
for the tree prior. The topology was fixed by setting the weight to 0 for all operators and
removing the-“narrow-exchange”, “subtree-slide”, “wide-exchange” and “Wilson-balding”
operators. The MCMC analysis were run for 1.5 million generations with sampling every
1000 generations: TreeAnnotator in Beast2 was used to create one consensus tree from all
generated trees.with a burn-in of 25%.

The dated phylogeny was used to reconstruct ancestral states of growth form using R
version 4.0.2 software (R Core Team 2020) and the geiger and phytools package (Revell
2012, Pennell et al. 2014). All taxa within the Cyanidiales, Bangiales and Florideophyceae
were removed and the remaining species were characterised as upright, unicellular or
crustose. The ER (equal rates), SYM (symmetrical) and ARD (all rates different) models of
multistate discrete character evolution were compared (models discussed in

https://wwwirdocumentation.org/packages/geiger/versions/2.0.7/topics/fitDiscrete). The ER

model was thesbest model fit based on AIC and AICc parameters whereas the ARD model
was the modelsbest fitted based on the biological processes of growth form evolution. Trait
mapping wassperformed 100 times and traits were combined on the fixed topology.
Progressive Mauve alignment was used to compare genome fragments across the
Compsopogonophyceae. Specifically we used (1) the contigs ranging from psbV to psbD, (2)
the contigs between ycf60 and ycf33, (3) the contigs ranging from ycf3 to rp/20 (Darling et al.
2004). Erythrocladia irregularis was removed from the Mauve alignment of contig 3 (ycf3-
rpl20) because of its short length (11,101 bp). We also performed a separate alignment
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between the complete genome of Bangiopsis subsimplex (KY709207) and the partial genome
of Tsunamia transpacifica. Mauve alignments could not be compared between
Compsopogonophyceae and Stylonematophyceae as plastid genomes were only partial and
there were major rearrangements between these classes.

Wercarried out comparative analyses of introns across the Compsopogonophyceae
plastid genomes, but excluded Compsopogon caeruleus because no annotated introns were
present. Intron groups were determined for all contigs using genetic code 11 (bacterial,
archael and plant plastid) in RNAweasel (https://megasun.bch.umontreal.ca/cgi-
bin/RNAweasel/RNAweasellnterface.pl).

RESULTS
Phylogeny
The concatenated plastid data set, from our almost complete plastid genomes and published
genomes, contained 39,051 amino acids of 171 protein coding genes from 29 taxa. ML
topologies showed almost full support (100%; Fig. 1, Figs. S1-S3 in the Supporting
Information).ensall branches in the topology, only some of the deeper-branching relationships
between classes are less than fully supported. One of the unsupported deep-branching
relationships‘is‘the' monophyly of the Proteorhodophytina, which was only recovered in the
ML topology based on C60 models (but only with 39% support) but not in the ML trees
where models were selected by ModelFinder and when using C40 models (Figs. S1-S2). The
monophyly of the Compsopogonophyceae is fully supported in all analyses, as is the
distinction between the Erythropeltales (including Rhodochaete pulchella) and the
Compsopogonales (Fig. 1). The Erythropeltales are non-monophyletic as the order contains
Rhodochaete pulchella, which is classified in the order Rhodochaetales. In the
Erythropeltales, the upright genera with multiple species sampled (Erythrotrichia and
Porphyrostromium) are monophyletic and, in this case, are sister genera to the crustose
Sahlingia subintegra. There is also a fully supported grouping of the genera Porphyropsis,
Pseudoerythroeladia and Erythrocladia (one upright and two crustose growth forms). Finally,
Madagascariaerythrocladioides and Rhodochaete pulchella (a crust and an upright taxon) are
a clade sisterto all the other genera of Erythropeltales. Boldia erythrosiphon and
Compsopogon caeruleus also form a supported clade (Fig. 1).

The estimated divergence times for Compsopogonophyceae, was during the late
Proterozoic, around 844 (905-862) Ma. The individual classes, Porphyridiophyceae,
Rhodellophyceae and the Stylonematophyceae, diverged in the Mesozoic, approximately 139
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(154-130) Ma, 114 (122-107) Ma and 149 (159-140) Ma, respectively. Within the
Compsopogonophyceae, the order Erythropeltales (including Rhodochaete pulchella)
diverged in the late Proterozoic approximately 814 (831-781) Ma and the Compsopogonales
around 628 (687-579) Ma. The Erythropeltales diversified during the late Proterozoic to
Paleozoicvafterithe Sturtian and Marinoan ice ages. The youngest genera/species in the
Erythropeltales are estimated to have diverged during the Paleozoic and Mesozoic (Fig. 1).
The ancestral character state reconstruction showed some uncertainty about growth
form near the deep-branching relationships of Stylonematophyceae, Rhodellophyceae,
Compsopogonophyceae and Porphyridiophyceae with unicellularity slightly more likely using
the all rates different (ARD) model. Filamentous upright is the most common estimated
ancestral staté along most of the internal nodes within the Erythropeltales. The crustose
growth form €volved in three separate clades possibly during ice ages in the late Proterozoic

in Madagascaria and Sahlingia, and the Mesozoic in Erythrocladia-Pseudoerythrocladia
(Fig. 1).

Plastid genomes:

Partial plastid genomes were assembled in one contig (Tsunamia transpacifica), two contigs
(Erythrotrichia éarnea, E. foliiformis, E. longistipitata, E. welwitschii, Madagascaria
erythrocladioides, Porphyrostromium boryanum, P. japonicum, Pseudoerythrocladia
kornmannii, Sahlingia subintegra) or three contigs (Erythrocladia irregularis, Porphyropsis
coccinea). The total assembled size ranged from 196,222 to 206,940 bp (between 93-98% of
the complete plastid genome of Erythrotrichia carnea KX284721) containing 191-198 protein
coding genes, 25-28 tRNAs, 0-3 rRNAs and 44-94 introns (Table 1). All taxa contained at
least one intron, many genes had one intron (19-29 genes) or two introns (5-17 genes)
depending on species, and occasionally multiple introns (3-9) per gene (Table S3).
Madagascariaerythrocladiodes was the only taxon containing an intron with an opposite
transcriptionsdirection from the gene it is contained in (psaF). Almost half of all taxa share the
same intronpesition for a gene: 50% of all species = 9 genes, 75% = 14 genes, 100%= 3
genes (TablesS3 1n the Supporting Information).

In the"Erythropeltales, 29-36 genes contain a total of 45-56 introns whereas both the
number of genes containing introns and number of introns are higher in Boldia erythrosiphon
and Rhodochaete pulchella (Table 2). Several genes with introns are only present in one
taxon, e.g., B. erythrosiphon (acpP, atpB, cb6, psbB, rpl23, secG, sufB, orfo4, psaC), R.
pulchella (petB, ycf33, ORF62) and E. irregularis (ORF565; Tables S3-S4 in the Supporting

This article is protected by copyright. All rights reserved



234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266

Information). Intron group-II-derived is the most common intron group type, but slightly over
half of all introns are undefined (Tables 2, S4). Several annotated introns contained two intron
matches within the same intron region (e.g., within the atpD gene of 8 species), indicating
even though one intron is annotated, there may be two introns present (Tables 2, S4). Introns
within dnaK andpsaA contained one or two protein-coding genes across all taxa (Tables 2,
S4).

The Mauve alignment for the psbV to psbD contig (13,113-16,830 bp) identified four
Locally Collinear Blocks (LCBs). Three LCBs were present in all taxa and one LCB (blue), in
an intergenic space, was only present in Pseudoerythrocladia kornmannii and
Porphyrostremium japonicum (Fig. S4 in the Supporting Information). Genes are not
rearranged in'this‘contig and the number of LCBs are likely be caused by big gaps of
intergenic regions between LCBs and the sequence similarity of a small piece (blue LCB).

The Mauve alignment for the ycf60 to ycf33 contig (161,011-174,050 bp; 121,144 bp
for Porphyropsis coccinea,) identified 11 LCBs (Fig. S5 in the Supporting Information). Two
of the LCBs (purple, light green) in Boldia erythrosiphon and Compsopogon caeruleus are
inverted to alliether taxa. (Fig. S5A). Five LCBs are found within drnaK in most taxa of the
Erythropeltales with all of these containing a ‘green’ LCB and one of two ‘red” LCBs. One
‘purple’ ECBris‘only present in E. longistipitata and E. welwitschii, and one ‘yellow’ LCB is
only present in&: ¢arnea (JAW4057) and E. welwitschii. All these LCBs within drnaK do not
seem to correlate with intron numbers or intron position but might be caused by the coded
genes within the introns (Fig. 5B).

The Mauve alignment for the ycf3 to rpl20 contig (54,401-89,029 bp) identified 17
LCBs (Figs: S6 and S7 in the Supporting Information). All LCBs in Boldia erythrosiphon and
Compsopogon caeruleus are transcribed in the same direction, without rearrangements (Figs.
S6 and S7).'All other included taxa show inversions and rearrangements compared to Boldia-
Compsopogon. One LCB including part of groEL and sy/B (see LCB 8 in Fig. S6) can only
be found in Beldia erythrosiphon, Compsopogon caeruleus, Rhodochaete pulchella, and
Madagascariaserythrocladioides, which is inverted in the last two taxa compared to the first
two. AnotherdZCB also within groEL (see LCB 15 in Fig. S6) was only observed in
Madagascariaerythrocladioides, Porphyropsis coccinea, Pseudoerythrocladia kornmannii

and Rhodochaete pulchella (Figs. S6 and S7).

Stylonematophyceae.
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The partial plastid genome of Tsunamia transpacifica was assembled in one contig of 206,801
bp containing 196 protein coding genes, 15 introns, 3 rRNA and 30 tRNA’s (Table 1) but we
were not able to confirm circularity. The plastid genome of 7. transpacifica is similar in
genome size, gene content and gene arrangement, but contains an extra tRNA intron than the
complete plastidsgenome of Bangiopsis subsimplex (205,002 bp long, KY709207). Although,
overall it hag less introns (15 vs. 25) than B. subsimplex (Table 1, Fig. S8 in the Supporting

Information).

DISCUSSION

Our nearly complete plastid genomes of several genera and species of the Erythropeltales and
our phylogenetic reconstructions clearly show the utility of plastid phylogenomics in
producing robust’and useful evolutionary relationships. These phylogenies are very similar to
the relationships seen from previous studies (Zuccarello et al. 2010, 2011) using a few genes,
but with full support and therefore more confidence in evolutionary patterns.

Plastid genome structure also closely matches phylogenetic relationships, with the
groupings: Madagascaria erythrocladiodes/Rhodochaete pulchella; Porphyropsis
coccinea/Pseudoerythrocladia kornmannii; and the remaining Erythropeltales
(Porphyrestromium, Sahlingia, Erythrotrichia) having near identical genome structure.
Plastid genome rearrangements are rare in this group.

The estimated divergence time of the Compsopogonophyceae, based on sampling of
the majority,of the genera, was during the late Proterozoic, around 884 (905-862) Ma, with
continued diversification from the late Proterozoic until the Mesozoic. These early divergence
estimates are older than the diversification of other classes (e.g., Bangiophyceae- 468 Ma;
Porphyridiophyceae- 139 Ma). Early studies using smaller data sets for the
Compsopogonophyceae, calculated their divergence times at approximately 300 Ma using
only 7 genes, 547 Ma for whole plastid genomes but also 1195 Ma for whole mitochondrial
genomes butwithifewer samples (Yang et al. 2016, Nan et al. 2017). This apparent ancient
divergence during the late Proterozoic (~ 884 Ma) is on the order of divergence times for the
Florideophyeeae (~ 860 Ma) and yet the morphological complexity of these two multicellular
groups is markedly different, with high species numbers and morphological complexity in the
Florideophyceae, in comparison to the current group under study.

These time diversification estimates are very dependent on the fossil calibrations used.
The affiliation of Proterozoic fossils (> ~500 Ma) to extant groups is problematic, due their

scarcity and generalized body plans. Crown group rhodophytes have been proposed for fossils
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from ~1.6 billion year ago (Zhang 1989, Bengtson et al. 2017). These fossils have very
generalized growth forms (filaments, or pseudo-parenchyma so called ‘cell fountains’) but
lack other characters (pit connections). Using macrofossil stem-group designations (e.g.,
Florideophyceae) for these 1.6 billion year old fossils makes dates of the origins of the
rhodophytes,ineluding the Compsopogonophyceae, improbably old (Berney and Pawlowski
2006, Parfrey et aly 2011). The use of the Bangiomorpha fossil as a stem group Rhodophyta
(excluding the Cyanidiales) is conservative, and has been used previously (see above), but the
true affiliations of these Proterozoic fossils remain uncertain.

While comparative genomic studies have not been conducted in the
Compsopogonophyceae, aside from the present study, genomic studies comparing
Florideophyeeaé with Porphyridiophyceae (one species) show that transposable elements are
greatly increased’in Florideophyceae (Lee et al. 2018). Transposable element activity is
known to contribute to gene modification, rearrangement and regulation in plants which may
influence morphological variability (Bennetzen and Wang 2014, Wendel et al. 2016). Of
course, sexual reproduction also affects transposable element number and activity (Arkhipova
2005), an areasefwesearch that is still lacking in the Compsopogonophyceae, due to
incomplete life'cycle observations (summarized in Zuccarello et al. 2010, 2011), rarity of
sexual reproduction or even its loss. How genomic changes may have shaped the
morphological evelution of this group still needs to be addressed.

Estimated divergence times are also very old for the Erythropeltales, with the order
originating approximately 814 Ma, and diversifying 724-573 Ma just after the great
Cryogenian glaciations (720-635 Ma; Fairchild and Kennedy 2007). The ancestors of the
order obviously survived these world-wide climate changes, and the warming of the earth
after these glaciations allowed for diversification of the different lineages (Sahlingia,
Erythrotrichia, Porphyriostromium). Diversification and evolution of different morphological
growth formis aftef' the Cryogenian glaciations in green algae was associated with novel
grazing andhabitipressure to outcompete other organisms by growing upright (Cortona et al.
2020). Uprightshabit is the most likely growth form of the ancestral Erythropeltales, based on
our reconstruetion. Whether these late Proterozoic earth warmings lead to diversification in
other red algalgroups needs a wider analysis but may show the importance of these eras in
algal diversification and possible historical biogeography.

Interestingly, the genus Erythrotrichia, with a simple filamentous morphology, has
persisted for over 500 Ma. This status is maybe not remarkable as the most ancient fossil

recognizable to a present day ‘genus’ is the red alga Bangiomorpha pubescens that closely
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resembles present day Bangia (Butterfield 2000). While Bangiomorpha pubescens was
originally placed as an ancestor of the Bangiales, even Butterfield (2000) noticed similarity to
other red algal groups, including the Erythropeltales, more conservatively placing its position,
as in the present study, at the base of non-Cyanidiophycean red algae. The Bangiomorpha
illustrations oftholdfasts (Fig. 6; Butterfield 2000) do resemble the multicellular bases of
some Erythropeltales (Zuccarello et al. 2011). An intriguing insight is the identification of
potential multicellular sexual structures (carpospores) in Bangiomorpha which are not seen in
Erythropeltales, which either have simple unicellular reproductive structure (in Rhodochaete
pulchella for example, Magne 1960) or lack any known alternation in life cycles. This
suggests that,sexuality, and sexual structures, could have been lost or simplified in this order
from their potential common ancestor.

This potential simplification from a more complex ancestor is even seen in vegetative
morphology, as some Proteorhodophytina have even simplified to unicellular vegetative cells,
although not in the Erythropeltales. Ancestral character reconstruction based on our
phylogenetic results showed that the upright and crustose forms have developed multiple
times, at leastithiee, within the Erythropeltales. The link between these two forms is
unsurprising as'many genera produce disk-like attachment structures early in development
from which uprights develop. For example, Porphyropsis coccinea produces a crust very
similar to the crustose Erythrocladia sp. from which uprights then develop (Murray et al.
1972, Kornmann and Sahling 1985). As mentioned previously, Porphyrostromium produces a
crust which morphologically is very similar to Sahlingia from which the upright develops
(Kornmann and Sahling 1985, Kikuchi and Shin 2011). Interestingly, our phylogeny supports
this, as Porphyropsis is closely related to Erythrocladia, while Porphyrostromium shares a
more recent common ancestor to Sahlingia than to the other two genera mentioned. This
developmental morphology is further complicated by the supposition that in some taxa (e.g.,
Porphyrostromium japonicum) the two morphologies could be alternate phases of the same
life history, withrassolely crust phase being the diploid and the crust/upright the gametophyte
(Kikuchi andsShin 2011). While simple sexual structures have been reported, though rarely, in
the Erythropeltales (e.g., West et al. 2012), complete life cycles especially evidence of
meiosis, or chromosome counts, is still lacking and confirmation of sexual life history stages
is clearly needed.

Intron-richness is one of the unique features within the Compsopogonophyceae
plastids. The high number of introns are predominantly classified as intron II (derived). All

our compared taxa also contain coding genes (maturases) in their dnaK and psaA introns and
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these are mostly in the same position between the majority of compared taxa, indicating that
these are ancient introns. Introns can be classified as group I or group II introns but currently
only group II introns have been identified in plastid genomes of red algae (Perrineau et al.
2015, Munoz-Gomez et al. 2017). One possible functional advantage of retaining these
introns is thewability for alternative splicing of RNA, as intron group II can be spliced by
maturases encoded in the introns (Wank et al. 1999). Another explanation as to why introns
have been maintained over time may be explained by the Hill-Robertson inference, that states
recombination between two sites will be increased by length of introns (Comeron and
Kreitman 2000),,which is strongest in asexual organisms with completely linked genomes
(Whitlock etial. 2016). Variation of plastid genome architecture is relatively small in the
Compsopogonophyceae indicating little to no recombination between these plastid genomes.
Whatever the'reasons for intron retention, the Compsopogonophyceae are an intriguing group
to investigate intron functionality in depth and will contribute to our understanding of intron
evolution in red algae.

Our results show several clear groupings within the Erythropeltales. The order as
presently designated also contains Rhodochaete pulchella, if Madagascaria erythrocladioides
is included, therefore making the Erythropeltales paraphyletic. Rhodochaete pulchella has an
interesting history,'as it was once suggested to be an important “intermediate” species
between ‘primitive’ and ‘advanced’ red algae (Garbary and Gabrielson 1990). This was due
the presence of apical growth and pit-connections in all life stages, considered advanced
characters, and simple undifferentiated one-celled male and female gametangia, considered
primitive characters (Magne 1960, Boillot 1975). The pivotal position was questioned once an
isolate matching the description of Rhodochaete (branched uniseriate filament, non-stellate
plastid,) was collected and cultured from Australia, as the type culture from France had been
lost. The Australian isolate only reproduced asexually by monospores (Zuccarello et al. 2000).
The intermediate (ancestral) status of any extant species is always a questionable hypothesis,
and morphological characters that are considered diagnostic and unique are found, using
independentsphylogenetic reconstruction methods (i.e., DNA sequence data), to have often
evolved multiple times in lineages. For example, in the Laminariales (meristem splitting)
(Lane et al. 2006), or green algal order Volvocales (isogamy; Nozaki et al. 2000) have
evolved multiple times. Molecular evidence on the Australian isolate of Rhodochaete
pulchella includes both the original sequences (ribosomal RNA), other nuclear genes, plus
complete plastid sequences. While it is tempting to designate this culture the type, and

therefore synonymize the order Rhodochaetales into the Erythropeltales, we must bear in
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mind that the original culture was from Mediterranean France. The Australian isolate does not
show, in culture, sexual reproductive structures, plus the characters identifying these algae of
simple morphologies, in this case a branched filament, could be homoplasious; and several
other characteristics also do not conform to the original description (e.g., cell dimensions;
Mateo-Cidretal»2002). We suggest an intensive collection effort in the Mediterranean be
undertaken to clearly show that the samples from the type area are the same as the Australian
sample.

We have produced a fully supported phylogeny of the Compsopogonophyceae and
especially the Erythropeltales using plastid genomic data. Our data sampled all the genera,
and several species within genera, and shows that the group has a long evolutionary history
with fairly stable plastid genome structure, especially within the Erythrotrichiaceae. The
position and Aiumber of introns also is conserved, and the forces maintaining this extra
genome burden need investigation. Our study also suggests that the order Rhodochaetales
needs further careful investigation to confirm or dismiss its previous transitional position in

red algal evelution.
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Fig. 1. Bayesiamtree with estimated divergence times and estimated ancestral characters
states, calculatéd using a relaxed log normal clock model in BEAST2 based on a fixed
topology of ML phylogeny using C60 models and 171 plastid genes. Culture number of all
isolates are given. Values of 100% bootstrap support of the ML phylogeny of C60 models are
indicated as asterisk and values of <80% bootstrap are not shown. Node age is represented
below the 95% confidence interval. The 95% confidence interval of each node bar is indicated

as a grey bar and values are represented below within brackets. The placement of the fossil
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573  constraint (i.e., Bangiomorpha pubescens) is indicated by an A. Branch lengths are

574  proportioned to divergence times and lengths of different eons and eras are indicated below
575  scale bar. Time frame of major ice ages are highlighted in grey: Sturtian (750-700 Ma),

576  Marinoan (650-635 Ma), Andean-Saharan (460-430 Ma) and Karoo (360-260 Ma). Ancestral
577  character stateswas calculated using ARD models in R and fixed topology. Characters states

578  of growth form are upright (black), unicellular (white) and crustose (grey).
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Table 1. Characterization of plastid genomes of the Compsopogonophyceae and Stylonematophyceae. Total contig size, number of assembled

contigs, protein coding genes (as CDS), non-coding (nc)RNAs, rRNAs and tRNAs.

Contig Contigs CDS ncRNA rRNA tRNA Reference

size (bp)

Compsopogonophyceae
Boldia erythrosiphon 226,658  1* 187 - 3 31 Muiioz-Gomez et al. 2017
Compsopagon caeruleus 221,013 1* 195 - 5 29 Nan et al. 2017
Erythroeladia irregularis 202,975 3 191 1 - 28 This study
Erythrotrichia carnea CCMP3225 210,691  1* 191 - 6 32 Lee et al. 2016
Erythrotriehia carnea JAW4057 196,222 2 195 1 - 28 This study
Erythrotrichia foliiformis 198,213 2 196 1 3 28 This study
Erythrotrichia longistipitata 200,029 2 196 1 - 28 This study
Erythrotrichia welwitschii 197,515 2 197 1 1 28 This study
Madagascaria erythrocladioides 206,940 2 195 1 - 28 This study
Porphyrepsis coccinea 197,738 3 195 1 2 25 This study
Porphyrostromium boryanum 197,623 2 194 1 1 27 This study
Porphyrostremium japonicum 198,702 2 196 1 2 27 This study
Pseudoerythrocladia kornmannii 204,391 2 196 1 - 28 This study
Rhodochaete parvula 221,665 1* 195 - 6 31 Lee et al. 2016
Sahlingia subintegra 203,045 2 198 2 1 28 This study

Stylonematophyceae
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Bangiopsis subsimplex 205,002  1* 198 - 3 29 Mufioz-Gomez et al. 2017
Tsunamia transpacifica 206,801 1 196 1 3 30 This study

*complete circular plastid genome, *=introns are present in the genome but not annotated

Table 2. Total number of genes containing introns and total number of introns within the plastid genome of the Compsopogonophyceae. All introns
were classified as either intron group II (derived), intron group II (domain V) or unidentified if no hit was found. Name of genes containing an

intron were two RNA structures were identified is number of introns and containing genes.

Total Total Intron  Intron group  Intron Genes containing Total number of introns

number number group  II (domain group: one intron with two  containing genes

of of introns I, V) undefined intron matches

genes derived

with

introns
Erythrotrichia 36 55 28 3 (rpoA: 2, 28 atpD, rpoA 3 (dnaK: 2, psaA: 1)
longistipitata vcf20: 1)
Erythrotrichia 35 56 39 18 bas1 3 (dnaK: 2, psaA: 1)
carnea JAW4057
Erythrotrichia 36 56 35 23 atpD, atpF 4 (dnaK: 3, psaA: 1)
welwitschii
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Erythrotrichia
carnea CCMP3225

Erythrotriehia
foliiformis

Porphyrostromium

japonicum,

Porphyrostromium

boryanum

Sahlingia subintegra

Porphyropsis

coccinea

Pseudoerythracladia

kornmannii

26

36

34

35

32

29

34

58

59

56

56

52

45

55

31

30

24

30

36

28

37

1 (dnaK)

1 (atpl)

2 (psaF,
rpoA

1 (atpl)

2 (psaA,
psaF)
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27

28

32

24

16

19

18

atpD

atpD, basl

atpD

atpD, atpF

atpD, basl

basl, rps7

3 (dnaK: 2, psaA: 1)

3 (dnaK: 2, psaA: 1)

3 (dnaK: 2, psaA: 1)

3 (dnaK: 2, psaF: 1)

3 (dnaK: 2, psaA :1)

3 (dnaK: 2, psaA: 1)

3 (dnaK: 2, psaA: 1)



Erythrocladia

irregularis

Rhodochaete
pulchella

Madagascaria

erythrocladioides

Boldia erythrosiphon

33

41

32

50

55

64

45

94

32

45

25

66

3 (dnak,
petB, ycf33)

2 (apcD,
infC)

26

21

atpD, atpF, bas1

ORF62

atpD

atpF, cb6, dnaK,
rpoA, rps2, rps7,
sufC

2 (dnaK: 1, psaA: 1)

5 (dnakK: 2, petB: 1,

psaA: 1, ycf33: 1)

3 (dnaK: 2, psaA: 1)

2 (dnaK: 1, psaA: 1)
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Table S1. Accession numbers of plastid genomes with culture numbers, in alphabetical order

by class.

Table S2. Models selected for individual plastid genes using ModelFinder in 1Q-tree for
phylogeneticranalyse in 1Q-Tree.

Table S3.,Compatison of plastid genomes that contain introns between 14 taxa within the
Compsopogonophyceae. Number indicates the number of introns, '+ indicates that the gene
in present (afinotated) but without introns, and '-' indicates the that the gene was not
annotated within partial or complete plastid contigs. Intron positions are determined using
ungapped distances of the Boldia erythrosiphon sequence as a reference. In absence of introns
in genes of B.erythrosiphon an alternative taxon is used as a reference: ! Rhodochaete
pulchella, *> Porphyrostromium japonicum and 3 Erythrocladia irregularis. Intron positions
were not determined for rpoA due to problematic alignment. Extension of intron position
indicates that'thesintron is inserted between 2 codons ('-0"), after the first codon ('-1") and

after the third codon ('-2").

Table S4. Identified RNA structures were identified in introns using RNAweasel. V followed
by e-values in brackets are classified as intron II (domain V) and only e-values in brackets are
classified aspintron II. Introns without a RNA structure hit are classified as undefined and
introns that contain two identified RNA structures are bold. Name of coding gene within an

intron region are given below the e-values.

Table S4. Identified RNA structures were identified in introns using RNAweasel. V followed
by e-valuessinsbrackets are classified as intron II (domain V) and only e-values in brackets are
classified as intron II. Introns without a RNA structure hit are classified as undefined and
introns that €ontain two identified RNA structures are bold. Name of coding gene within an

intron region‘are given below the e-values.

Fig. S1. ML topology of 171 concatenated plastid gene protein sequences where models were
selected for every gene based on ModelFinder in IQtree (Table S2). Taxa represented species
within the Bangiophyceae, Compsopogonophyceae, Florideophyceae, Rhodellophyceae and

Stylonematophyceae (Table S1). Culture number of all isolates are given. Cyanidium
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caldarium and Galdieria sulphuraria were used as outgroups. Values <80% SH-aLRT and

<95% UFDbootstrap are not shown. Asterisk represents full (100%) support.

Fig. S2. MUitopology of 171 concatenated plastid gene protein sequences using C40 models.
Taxa representédispecies within the Bangiophyceae, Compsopogonophyceae,
FlorideophyceaesRhodellophyceae and Stylonematophyceae (Table S1). Culture number of
all isolates are given. Cyanidium caldarium and Galdieria sulphuraria were used as

outgroups. Values <80% bootstrap are not shown. Asterisk represents full (100%) support.

Fig. S3 ML topology of 171 concatenated plastid gene protein sequences using C60 models.
Taxa representedispecies within the Bangiophyceae, Compsopogonophyceae,
FlorideophyeeaeyRhodellophyceae and Stylonematophyceae (Table S1). Culture number of
all isolates are given. Cyanidium caldarium and Galdieria sulphuraria were used as

outgroups. Values <80% bootstrap are not shown. Asterisk represents full (100%) support.

Fig. S4. Progressive Mauve alignment of the psbV to psbD contig between 15 taxa within the
Compsopogonophyceae identified four LCB, with two independent inversions below the
center line in a region without a gene annotation (blue LCB, arrow) in Porphyrostromium
Jjaponicum and Pseudoerythrocladia kornmanii. The three LCB present in all taxa read above

the center line.

Fig. SS. Progressive Mauve alignment of the ycf60 to ycf33 contig between 15 taxa within the
Compsopogonophyceae identified eleven LCB. A) Two LCB (purple and light green=
indicated bysarrows) in Boldia erythrosiphon and Compsopogon caeruleus (Comsopogonales)
are inverted;te-allsother taxa represented. B) Five LCB within the dnaK are only present in

most Erythropeltidales (black box)

Fig. S6. Schematic representation of the synteny of 17 identified LCBs within the ycf3 to
rpl20 contigs between Compsopogonophyceae. Shared vertical grey block represents identical
order of LCBs. Directions of arrow indicates LCB transcription direction (left arrow above

center line or right arrow below center line).
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Fig. S7. Progressive Mauve alignment of the ycf3 to rp/20 contig between 14 taxa within the
Compsopogonophyceae identified 17 LCB. The light green LCB (arrow) can only be found in
Boldia erythrosiphon, Compsopogon caeruleus, Rhodochaete pulchella, Madagascaria
erythrocladioides. The purple LCB (arrow) was only observed in Madagascaria
erythrocladioides,\Porphyropsis coccinea, Pseudoerythrocladia kornmannii, Rhodocaete

pulchella.
Fig. S8. Progressive Mauve alignment of the complete plastid genome of Bangiopsis

subsimplex and the partial plastid genome of Tsunamia transpacifica shows one LCB block

indicating the similarity between these two plastid genomes.
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