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Abstract

Proliferation of selfish genetic elements has led to significant genome size expansion in plastid and mitochondrial genomes of
various eukaryotic lineages. Within the red algae, such expansion events are only known in the plastid genomes of the
Proteorhodophytina, a highly diverse group of mesophilic microalgae. By contrast, they have never been described in the
much understudied red algal mitochondrial genomes. Therefore, it remains unclear howwidespread such organellar genome ex-
pansion events are in this eukaryotic phylum. Here,we describe newmitochondrial and plastid genomes from25 red algal species,
thereby substantially expanding the amount of organellar sequence data available, especially for Proteorhodophytina, and show
that genome expansions are common in this group. We confirm that large plastid genomes are limited to the classes
Rhodellophyceae and Porphyridiophyceae, which, in part, are caused by lineage-specific expansion events. Independently
expanded mitochondrial genomes—up to three times larger than typical red algal mitogenomes—occur across
Proteorhodophytina classes and a large shift toward high GC content occurred in the Stylonematophyceae. Although intron pro-
liferation is the main cause of plastid andmitochondrial genome expansion in red algae, we do not observe recent intron transfer
between different organelles. Phylogenomic analyses of mitochondrial and plastid genes from our expanded taxon sampling
yielded well-resolved phylogenies of red algae with strong support for the monophyly of Proteorhodophytina. Our work shows
that organellar genomes followed different evolutionary dynamics across red algal lineages.
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Significance
Red algal plastids exhibit large genome size variation, especially in the recently described subphylumProteorhodophytina.
By contrast, their mitochondrial genomes remain unexplored. Here, we sequenced, assembled, and analyzed new plastid
andmitochondrial genomes of 25 species of redmicroalgae. We uncovered new cases of genome size expansion in plas-
tids and mitochondria, in both cases associated with group II intron proliferation. The phylogenomic analysis supported
that these expansions occurred several times independently.

Introduction
Red algae (Rhodophyta) are an ancient and diverse group of
photosynthetic eukaryotes, consisting of more than 7,000
described species (Guiry and Guiry 2021), which range
from unicellular species to complex multicellular seaweeds
such as nori (Pyropia yezoensis) and Irish moss (Chondrus

crispus). They are characterized by their red plastid pig-
ments and the lack of both flagella and centrioles
(Woelkerling 1990). Together with glaucophytes and green
algae and plants, they form the supergroup Archaeplastida
(Adl et al. 2005). The monophyly of red algae is well sup-
ported and the study of their phylogeny has elucidated
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many of their intragroup relationships. The subphylum
Eurhodophytina comprises the Bangiophyceae and
Florideophyceae, the classes containing seaweeds, whereas
the unicellular and extremophilic Cyanidiophyceae solely
form the subphylum Cyanidiophytina, sister to the rest of
red algae (Qiu et al. 2016). The placement of the remaining
four classes (Porphyridiophyceae, Compsopogonophyceae,
Rhodellophyceae, and Stylonematophyceae) was long un-
clear before a phylogenetic study including a representative
taxon sampling showed that they were monophyletic and
proposed the subphylum Proteorhodophytina to host
them (Muñoz-Gómez et al. 2017).

Contemporary plastids of the three phyla of
Archaeplastida evolved from an endosymbiotic cyanobacter-
ium through significant metabolic and genomic reduction
(Schwartz and Dayhoff 1978; Martin et al. 1998). Among
them, the plastid genomes (plastomes) of red algae are usu-
ally thought to retain several primitive features and to evolve
slowly (Butterfield 2000; Glöckner et al. 2000; Janouškovec
et al. 2013). For example, plastome alignments within the
classes Bangiophyceae and Florideophyceae show little
change in synteny (Janouškovec et al. 2013; Cao et al.
2018), although Cyanidiaceae and inter-class comparisons
show less conservation (Janouškovec et al. 2013;
Muñoz-Gómez et al. 2017). Genome size shows little vari-
ation as well, typically ranging from 150 to 200 kb. By con-
trast, intron invasion has resulted in massive plastome
expansion in the Proteorhodophytina: the Rhodellophyceae
include the largest red algal plastid genome (1.1 Mb in
Corynoplastis japonica), more than five times larger than
the typical florideophyte plastomes (Muñoz-Gómez et al.
2017).

Self-splicing introns are found not only in plastomes of
red algae, but also in the organellar genomes of land plants,
green algae, euglenoids, and other protists (Plant and Gray
1988; Copertino and Hallick 1993; Lambowitz and
Zimmerly 2011; Brouard et al. 2016). As observed in the
Proteorhodophytina, in some of these organisms, such as
certain green algae and the euglenoid Eutreptiella pomque-
tensis, the proliferation of self-splicing introns has led to
plastid genome expansion (Brouard et al. 2016; Dabbagh
et al. 2017). These introns do not only spread within one
genome, but they can also travel between organellar gen-
omes, intra- and interspecifically, and even between pro-
karyotes and eukaryotic organelles (Burger et al. 1999;
Sheveleva and Hallick 2004; Pombert et al. 2005; Khan
and Archibald 2008). Intron proliferation happens due to
the copy–paste ability of the spliced intron, which is aided
by an intron-encoded protein (IEP), a maturase often con-
taining a reverse-transcriptase domain (Jacquier and
Dujon 1985). However, this copy–paste ability is usually
lost in organellar introns, which can have degenerate IEPs
like in the plastome of the red alga Porphyridium purpur-
eum (Perrineau et al. 2015).

In contrast to their plastomes, genome expansion has
never been reported for mitochondrial genomes (mitogen-
omes) of red algae, which remain much less studied.
Although mitogenomes of Florideophyceae species exhibit
well-conserved gene content and synteny (Yang et al.
2015), they show more variability in Bangiophyceae and
Cyanidiophyceae (Yang et al. 2015; Liu et al. 2020a).
Nevertheless, size remains stable within the currently
known diversity of red algal mitogenomes, ranging from
21 kb (Galdieria sulphuraria) to 43 kb (Bangia fuscopur-
purea). However, there is only one mitochondrial genome
sequenced for the Proteorhodophytina, from the species
Compsopogon caeruleus (Nan et al. 2017), which hinders
the description of the overall mitogenome diversity in all
red algal classes.

To fill this gap and better characterize the diversity of or-
ganellar genomes in red algae, we have sequenced the
plastomes andmitogenomes of 25 species with a particular
focus on the poorly known Proteorhodophytina, for which
only the C. caeruleusmitogenome and few plastomes were
available at the start of this work. These new data allowed
us to propose a well-resolved phylogenetic framework for
Rhodophyta and to unveil divergent evolutionary patterns
in these organellar genomes, including multiple genome
size expansions.

Results
To explore the evolutionary relationships and organellar gen-
ome evolution in red algae, we sequencedDNAof 25 red algal
species: five Cyanidiophyceae (including two uncultured ones
from an environmental sample), seven Stylonematophyceae,
three Porphyridiophyceae, five Compsopogonophyceae, four
Rhodellophyceae, and one Bangiophyceae (supplementary
table S1, Supplementary Material online; Materials and
Methods). We assembled their organellar genome sequences
and predicted gene features that we used for genome com-
parison and phylogenetic analyses.

Plastid and Mitochondrial Phylogenies Support the
Monophyly of Proteorhodophytina

To build a phylogenetic framework for subsequent com-
parative genomic studies, we first carried out a phyloge-
nomic analysis based on the plastid genomes from this
study and those publicly available, including representatives
from all known red algal classes. Our plastid data set con-
tained 69 taxa and 189 proteins (supplementary fig. S1,
Supplementary Material online), which, after trimming,
consisted of 37,256 conserved amino acid positions. We
made a corresponding mitochondrial data set, with 10
fewer taxa (from non-Eurhodophytina lineages lacking
available mitochondrial genome sequences). This data set
consisted of 59 taxa and 21 proteins (4,537 conserved ami-
no acid positions after trimming; supplementary fig. S2,
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Supplementary Material online). We used Bayesian infer-
ence with the CAT+GTR model and maximum likelihood
approaches with data set-specific substitution models (see
Materials and Methods) to elucidate the evolutionary rela-
tionships among red algae with both data sets. These phy-
logenies were rooted at the base of the Cyanidiophyceae
since this class is known to be sister to all other red algae
(Ciniglia et al. 2004; Yoon et al. 2006).

Both the plastid and mitochondrial phylogenies recov-
ered the seven known classes of red algae with full support
as well as the monophyly of Eurhodophytina (figs. 1 and 2;
supplementary fig. S3, SupplementaryMaterial online). The
monophyly of Proteorhodophytina was also recovered with
strong support for both data sets (plastid: 1/84/100, mito-
chondrial: 0.99/96/98; support: Bayesian posterior
probability/ultrafast bootstrap/nonparametric bootstrap).

FIG. 1.—Phylogenetic tree of red algae based on plastidmarkers and statistics of plastid genome features. Species names boldedwith an asterisk indicate
sequences from this study; the colors indicate the different red algal classes. The treewas constructed froma concatenation of 189 proteins (37,256 positions,
69 taxa) using Bayesian inference (CAT+GTR model) and maximum likelihood (cpREV+C60+ F+R7 with 1,000 ultrafast bootstrap replicates;
cpREV+C60+ F+R7+ PMSF with 100 nonparametric bootstrap replicates). Support values for the deep relationships among Proteorhodophytina
classes are shown with labels (Bayesian probability/ultrafast bootstrap/nonparametric bootstrap). Genome statistics are indicated next to each taxon:
genome size (kb), GC content (%), the number of protein-coding genes (notice that the scale ranges between 150 and 250 to emphasize the differ-
ences), and the number of introns in protein-coding genes.
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Additionally, the plastid data set recovered the monophyly
of Rhodellophyceae+ Stylonematophyceae (1/83/99) as
well as the monophyly of Compsopogonophyceae+
Porphyridiophyceae (1/97/100) (fig. 1). By contrast, themito-
chondrial data set recovered a well-supported clade of
Stylonematophyceae+ Porphyridiophyceae (0.97/89/84),

but no clear support for any other relationship among the
Proteorhodophytina classes (fig. 2). We carried out an ap-
proximately unbiased (AU) test (Shimodaira 2002) to com-
pare these two different tree topologies (supplementary
fig. S4, Supplementary Material online). Although the top-
ology recovered by the plastid data set (fig. 1) was not

FIG. 2.—Phylogenetic tree of red algae based onmitochondrial markers and statistics of mitochondrial genome features. Species names with an asterisk
indicate sequences from this study; the colors indicate the different red algal classes. The tree was constructed from a concatenation of 21 proteins (4,537
positions, 59 taxa)with Bayesian inference (CAT+GTR) andmaximum likelihood (mtZOA+C60+ F+ R9with ultrafast bootstrap;mtZOA+C60+ F+R9+
PMSFwith nonparametric bootstrap). Branch support is shownwith circles on thebranches, actual values are shown for bipartitions important for understand-
ing the relationships among the Proteorhodophytina (Bayesian probability/ultrafast bootstrap/nonparametric bootstrap). All branches for the Galdieria clade
(G. phlegrea+G. sulphuraria) and the Stylonematophyceae have been shortened to one-fourth of their actual length for readability (indicated by dashed
lines), the true branch lengths are shown in the inset beside the phylogeny. Genome statistics are shown next to each taxon: genome size (kb), GC content
(%), thenumber of protein-codinggenes, and the number of introns in protein-codinggenes.Whenmitochondrial genomeswere fragmented, aminimal size
is shown considering only the contigs with protein-coding genes, and the total size (lighter bar) corresponds to the final assembly including contigs without
protein-coding genes.
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rejected by the mitochondrial data set (P-value= 0.4), the
mitochondrial topology (fig. 2) was strongly rejected by
the plastid data set (P-value= 0.00238).

Large Plastid Genome Sizes Explained by Relatively
Recent Group-II Intron Proliferation

Plastid genomes available so far for the Proteorhodophytina
are intron-rich (Tajima et al. 2014; Muñoz-Gómez et al.
2017; Preuss et al. 2021). Our study confirmed this trend;
our enriched taxon sampling for this group showed that
all currently sequenced Proteorhodophytina plastid gen-
omes had at least 27 introns (fig. 1). Typically, these plas-
tomes contained mostly small (200–600 bp) introns and a

few larger ones (1,500–2,500 bp) that coded for an IEP
(fig. 3A). The only exceptions were the highly intron-rich
plastomes of Rhodellophyceae and a clade within the
Porphyridiophyceae (containing the species Flintiella san-
guinaria, Erythrolobus coxiae, and Timspurckia oligopyre-
noides), which had introns ranging from small (�100 bp)
to huge (up to 13 kb in Corynoplastis japonica), with bigger
introns often lacking IEPs.

The large number and size of introns in plastomes of
Rhodellophyceae and a subset of Porphyridiophyceae ex-
plained the large genome sizes in these two clades, ranging
from 290 kb up to 1.1 Mb (fig. 1; Muñoz-Gómez et al.
2017). Within the two classes, there was a large variation
in genome size. In Porphyridiophyceae, the plastome of
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F. sanguinaria (370 kb) was significantly larger than the
plastomes of its sister lineages E. coxiae (298 kb) and
T. oligopyrenoides (292 kb), which was at least partly ex-
plained by an increase in intron content (fig. 3A).Many differ-
ently sized plastomes were present in the Rhodellophyceae,
all larger than any of the other red algal plastomes, yet
they encoded fewer proteins (fig. 1; supplementary fig. S1,
Supplementary Material online). Instead, they contained
more and typically larger introns than those found in the ex-
panded plastomes of Porphyridiophyceae (fig. 3A). The two
largest red algal plastomes were of the sister lineages
C. japonica and Rhodella violacea, which may suggest
that most of the genome expansion occurred in their com-
mon ancestor. However, when aligning each genome to it-
self to find repetitive sequences, there were few highly
identical sequences present in C. japonica, whereas that
of R. violacea had many (fig. 3B). These highly identical
regions corresponded to introns, many of which con-
tained IEPs, although most were degenerate (fig. 3A;
supplementary fig. S5, Supplementary Material online). A
possible explanation for this observation is that the plas-
tome of R. violacea underwent genome expansion by
intron invasion independently of, and more recently than,
that of C. japonica. An alternative could be that the expan-
sion occurred in the common ancestor of these two species,
but that the rate of subsequent intron degeneration was
much higher in C. japonica than in R. violacea.

The analysis of the position of introns can help to distin-
guish between these two possibilities. If the intron expan-
sion occurred in a common ancestor of R. violacea and
C. japonica, the introns should mostly reside at the same lo-
cations, whereas if there were independent intron prolifer-
ation events, the introns should often be found at different
locations. For all our Proteorhodophytina plastomes, we de-
termined the host gene and the position of each intron and
compared it with the other species (fig. 4). Only 42% of
the R. violacea introns had a corresponding intron at
the same position in C. japonica (40% for the C. japonica
versus R. violacea comparison). This result, together with
the easily detectable IEPs in the plastome of R. violacea
(supplementary fig. S5, Supplementary Material online)
and the close phylogenetic affinity of these IEPs
(supplementary fig. S6, Supplementary Material online)
supported a single, relatively recent, period of intron prolif-
eration in R. violacea. In general, the species of
Rhodellophyceae and Porphyridiophyceae had less introns
in common with their sister species than the species of
Stylonematophyceae and Compsopogonophyceae. Intron
proliferation in Rhodellophyceae and Porphyridiophyceae
was highly correlated with plastome size (fig. 5A).

Genome rearrangements are known to have occurred
in Proteorhodophytina (Muñoz-Gómez et al. 2017).
To detect additional putative recent rearrangements
within each class, we aligned the plastomes of their

representatives (supplementary fig. S7, Supplementary
Material online). Among plastomes of
Stylonematophyceae, only two rearrangements (both in-
versions) were detected, whereas multiple ones were vis-
ible in the plastomes of Compsopogonophyceae,
especially between Compsopogonales species (repre-
sented here by Pulvinaster venetus, C. caeruleus, Boldia
erythrosiphon, and Boldiaceae sp. CCMP3255) and the
remaining representatives of Compsopogonophyceae.
Finally, plastome rearrangements were especially
common in representatives of Rhodellophyceae and
Porphyridiophyceae, where many occurred among sister
lineages. These results suggested different genome re-
arrangement dynamics in the different red algal classes,
potentially caused by the high mobility of introns, espe-
cially in the intron-rich plastomes of Rhodellophyceae
and Porphyridiophyceae.

Proteorhodophytina Contain the Largest Mitochondrial
Genomes Among Red Algae

All known mitochondrial genomes of red algae are small,
ranging from 21 up to 43 kb. This includes C. caeruleus
(29 kb), the only mitogenome characterized in the
Proteorhodophytina (Nan et al. 2017). Like for the
plastid genomes, our considerably richer taxon sampling
allowed us to reveal a large size variation in red algal
mitochondrial genomes (fig. 2), with sizes over twice
those previously reported. The largest ones were found in E.
coxiae (Porphyridiophyceae, 102 kb) and P. venetus
(Compospogonophyceae, 100 kb). The Stylonematophyceae
also included highly expanded mitogenomes (e.g., �100 kb
in Tsunamia transpacifica), but we only obtained fragmented
assemblies for these species, making it difficult to determine
their precise size.Overall, althoughexpandedplastidgenomes
were limited to two specific clades (see above), expanded mi-
togenomes were found sporadically within different lineages
of the Proteorhodophytina (fig. 2).

We examined whether these mitogenome size increases
were related to the number of introns. Typically, red algae
have up to five mitochondrial introns, including introns in
rRNA genes (fig. 2; Yang et al. 2015). We found that the
two largestmitogenomes hadmanymore introns interrupt-
ing protein-coding genes (58 in P. venetus and 34 in E. cox-
iae) and their presence was correlated with mitogenome
size in these species (fig. 5D). However, these intron-rich
mitogenomes did not appear as highly rearranged as
the intron-rich plastomes of Porphyridiophyceae and
Rhodellophyceae representatives (supplementary figs. S7
and S8, Supplementary Material online). Since introns are
also common in plastomes, it could be hypothesized that
group II introns have been horizontally transferred between
the plastid and mitochondrial organellar genomes in differ-
ent Proteorhodophytina classes. However, a phylogeny of
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all red algal intron-encoded proteins did not show any clear
recent horizontal transfer of group II introns between the
two types of organellar genomes (supplementary fig. S7,
Supplementary Material online).

The most divergent mitogenomes were found in the
Stylonematophyceae. They contained the smallest number
of encoded genes and exhibited the highest GC content
(figs. 2 and 5). These mitogenomes also contained only
one intron, residing in the cox3 gene, with the exception
of R. sordida, which had two more introns. It is possible
that the low number of genes and introns identified in
these mitogenomes was due to the difficulty to assemble
and annotate these more divergent genomes. However,
they all appear to lack the same genes, which suggest
that our observations are not due to assembly or annota-
tion errors (supplementary fig. S2, Supplementary
Material online).

Discussion
The resolution of the red algal phylogeny, especially the re-
lationships among the various lineages of unicellular and
filamentous mesophilic species, has remained controversial
for several decades (Gabrielson et al. 1985; Saunders and
Hommersand 2004; Yoon et al. 2006). Based on the
phylogenomic analysis of six plastid genomes from
representatives of different classes, Muñoz-Gómez et al.
(2017) observed that these lineages form a monophyletic
group, supporting the erection of the subphylum
Proteorhodophytina. This result was subsequently con-
firmed by a phylogenetic analysis of plastid data including
additional species of Composogonophyceae and
Stylonematophyceae (Preuss et al. 2021). In this study, we
significantly improved the taxon sampling and showed
that the monophyly of Proteorhodophytina is strongly
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supported not only based on plastid data, but also on mito-
chondrial data.

Within Proteorhodophytina, our plastid data set sup-
ported the same relationships among classes as found in
the previous studies (fig. 1; Muñoz-Gómez et al. 2017;
Preuss et al. 2021). The mitochondrial phylogeny
showed different relationships among the four
Proteorhodophytina classes (fig. 2), but branch support
was typically lower and the plastid-derived relationships
were not rejected by the mitochondrial data set
(supplementary fig. S4, Supplementary Material online).
Likely, a combination of (1) the high divergence of themito-
chondrial sequences of Galdieria sp. ACUF613, G. sulphur-
aria, and Stylonematophyceae (fig. 5D); (2) the substantially
smaller size of the mitochondrial data set (4,537 amino
acids versus 37,256 for the plastid data set); and
(3) the relatively short branches at the base of the
Proteorhodophytina resulted in a different, less resolved
mitochondrial phylogeny. Altogether this suggests that
the plastid-encoded protein data set is more reliable to re-
construct the phylogeny of red algae. Future analyses based
on nuclear genomes, still very poorly represented for
Proteorhodophytina, will provide an additional test for
the robustness of the plastid phylogeny.

Plastid genomes of Cyanidiophyceae, Bangiophyceae,
and Florideophyceae are consistent in size and gene density
(Janouškovec et al. 2013; Cao et al. 2018; Liu et al. 2020a).
By contrast, those of Proteorhodophytina are intron-rich
and can reach much larger sizes (fig. 1; Muñoz-Gómez
et al. 2017; Preuss et al. 2021). Our larger taxon sampling
of Proteorhodophytina allowed us to observe that ex-
panded genomes were restricted to Rhodellophyceae and
a subclade within Porphyridiophyceae. As both
Rhodellophyceae and Porphyridiophyceae have only unicel-
lular representatives, plastome expansion is limited to uni-
cellular species but includes both freshwater and marine
species (fig. 5A–C). A previous comparison of several
P. purpureum strains revealed that some introns are mobile
(Perrineau et al. 2015). Our results supported that this ap-
pears to be a general feature in Porphyridiophyceae and
Rhodellophyceae (fig. 4), causing plastome expansion in
these two red algal classes (fig. 1).

Genome rearrangements are common in the expanded
plastomes (supplementary fig. S7, Supplementary Material
online). Such rearrangements are often related to the pres-
ence of repetitive sequences, for example, in the plastomes
of the green alga Volvox carteri and many land plants
(Smith and Lee 2009; Wicke et al. 2011). Introns have
been shown to be directly responsible for genome rearran-
gements in the bacterial endosymbiont Wolbachia
(Leclercq et al. 2011). High mobility of group II introns in
the plastomes of Rhodellophyceae and Porphyridiophyceae
may be the cause of the observed rearrangements, although
we cannot exclude that differences in plastome DNA repair

mechanisms may have also played a role (Robart and
Zimmerly 2005; Smith 2020). Additional research on the
structure of introns and genome comparisons of closely re-
lated species will help to better understand the relationship
between high intron content and the frequency of genome
rearrangement as well as the mechanisms responsible for in-
tron proliferation.

Although expanded genomes in red algae were re-
stricted to the Proteorhodophytina, there are many
other algae and land plants known to have large plastid
genomes. This is the case of many species of
Chlamydomonadales, among which Haematococcus lacus-
tris displays the largest known plastome (1.35 Mb)
(Bauman et al. 2018; Smith 2018). In contrast with the
Proteorhodophytina, these genomes are often expanded
due to the proliferation of palindromic repeats, which are
also found in mitogenomes of Volvox spp. (Aono et al.
2002; Smith and Lee 2009; Zhang et al. 2019).

There is a large variation in mitochondrial genome size
among eukaryotes, being famously small and gene-dense
in animals and often large in plants—such as the largest
known mitogenome of the Siberian larch (Larix sibirica) of
�11.7 Mb, which is rich in mobile genetic elements, includ-
ing group II introns (Putintseva et al. 2020). The mitogen-
ome of the fungus Morchella crassipes (�500 kb) is the
largest known outside plants and is also rich in group II
(but also group I) introns (Liu et al. 2020b). Mitogenome ex-
pansion occurs in red algae to a less extreme extent but has
resulted in the largest red algal mitochondrial genome
(�132 kb), recently described in a strain of P. purpureum
(Kim et al. 2022). In this study, we show multiple lineage-
specific genome expansions, including a more than 3-fold
genome size increase in P. venetus in comparison toC. caer-
uleus (fig. 2). In contrast to plastome expansions, mitogen-
ome expansions occur not only in unicellular, but also in
multicellular (filamentous) species, including both marine
and freshwater species (figs. 5D–F).

Organellar introns are known to be mobile, and putative
transfers have been reported between red and brown algal
mitochondria (Bhattacharya et al. 2001) and from cyano-
bacteria to red algal mitochondria (Burger et al. 1999).
Moreover, intraspecific transfer of intronic elements be-
tween organelles was suggested to have occurred in green
algae (Pombert et al. 2005; Zhang et al. 2019). One hypoth-
esis is that genome expansion of plastid and mitochondria
both result from a general invasion of these organelles by
group II introns and/or from intron transfer between
them. However, our data do not support these scenarios
in red algae since (1) there is only one red algal species
(E. coxiae) where both organellar genomes are substantially
expanded, and (2) there is no phylogenetic evidence of re-
cent intron transfer between plastid and mitochondrial
genomes in the same species based on phylogenies
from intron-encoded proteins (supplementary fig. S6,
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Supplementary Material online). Although intron transfer
between organellar genomes appears not to be responsible
for the genome expansions described here, it is clear that
selfish genetic elements, in particular group II introns, are
largely responsible for organellar genome expansion across
the eukaryotic domain, including red algae.

Materials and Methods

Species Selection and Culturing

Red algal species were selected based on their phylogenetic
position in 18S rRNA and RbcL phylogenies and availability
in culture collections. Selected cultures were obtained
from the Sammlung von Algenkulturen der Universität
Göttingen (SAG; Germany), the Culture Collection of
Algae and Protozoa (CCAP; Scotland), the Algal
Collection University Federico II (ACUF, Italy), and the
National Center for Marine Algae and Microbiota (NCMA;
Maine, USA). In addition, we also processed a natural sam-
ple rich in cyanidiophyte algae that was collected in the El
Chichon volcano (Mexico), which contained two distinct
Galderia species. A complete overview of the acquired cul-
tures and method of DNA extraction can be found in
supplementary table S1, Supplementary Material online.
All cultures were grown in the laboratory using the
Provasoli culture medium for several weeks at 21 °C with
a 12 h/12 h light/dark cycle (West and McBride 1999).

DNA Extraction and Sequencing

Cells were first disrupted by heat-shock, freezing them in
liquid nitrogen (90 s), and then thawing them at 65 °C
(90 s) three times. Then, different DNA extraction methods
were tested to maximize the DNA yield and quality
(supplementary table S1, Supplementary Material online).
For all species, the DNeasy PowerBiofilm kit (Qiagen) was
used to extract DNA for short-read (Illumina) sequencing,
following the manufacturer protocol. Because of a low
DNA yield, whole genome DNA amplification was used
for Galdieria phlegrea and G. maxima using the Phi 29 iso-
thermal amplification method with the kit EquiPhi29™
DNA Polymerase (Thermofisher) as described by the manu-
facturer. To obtain high molecular weight DNA for long-
read (Nanopore) sequencing, we used the DNeasy
PowerBiofilm kit (Qiagen) for R. violacea and a
CTAB-based method for Sahlinga subintegra. Briefly,
50 ml of culture was pelleted for 5 min at 500× g. To elim-
inate a maximum of polysaccharides and bacteria attached
to the red algal cells, the pellet was washed with a mix of
culture medium and a nonionic surfactant (Pluronic) at a fi-
nal concentration of 0.05% by performing three cycles of
vortexing, sonication at room temperature (two cycles of
1 min, 37 Hz), and centrifugation (500 g, 5 min). The
cleaned pellet was then lysed with 500 µl of Carlston buffer

containing 100 mM Tris-Cl, pH 9.5, 2% CTAB, 1.4 M NaCl,
1% PEG 8000, and 20 mM EDTA, preheated to 65 °C and
300 µl of chloroform, and incubated for 30 min at 65 °C
while shaking. The aqueous phase containing the DNA
was then further purified with one volume of chloroform/
isoamyl alcohol. The DNA was precipitated by incubation
with 0.8 M sodium citrate and 1.2 M NaCl and 100% iso-
propanol at room temperature for 15 min and centrifuga-
tion 15 min at 10,000× g at room temperature. The DNA
pellet was washed twice with cold 70% ethanol and dried
at room temperature. The DNAwas resuspended in 50 µl of
preheated (50 °C) 10 mM Tris-HCl pH 8 buffer and quanti-
fied with the Qubit™ dsDNA HS Assay Kit (Thermofisher)
following the manufacturer protocol. DNA fragment sizes
were visualized on a 0.7% agarose gel stained with
GelRed® Nucleic Acid Gel Stain (Biotium). The presence of
carryover contaminants was assessed with a Nanodrop
spectrophotometer (Thermofisher).

2× 150 bp or 2× 100 bp paired-end Illumina reads
were obtained by Eurofins Genomics (Konstanz,
Germany) and CNAG-CRG (Barcelona, Spain) using the
Illumina HiSeq 2500 and NovaSeq 6000 technologies
(supplementary table S1, Supplementary Material online).
Samples prepared for Nanopore sequencing were se-
quenced on a MinION Mk 1B device on R9.4.1 flow cells.
Prior to Nanopore library preparation, the high molecular
weight DNA was size-selected with the Short Read
Eliminator XS kit (Circulomics) as described by themanufac-
turer. Nanopore libraries were constructed with the
SQK-LSK 109 kit following the Genomic DNA ligation
protocol proposed by the manufacturer, with minor modi-
fications: The ligation time was extended to 30 min, all the
AmPure beads purification steps were extended to 10 min
of incubationwith themagnetic beads and the elution from
the beads was performed at 37 °C min for several hours.
Real time base-calling was performed on a MinIT
(MinKNOW v3.6.3) using Guppy (v3.2.9).

Organellar Genome Assembly

Illumina reads were trimmed with trimmomatic (v0.38;
ILLUMINACLIP: adapters.fa: 2: 30: 10 LEADING: 30
TRAILING: 30 SLIDINGWINDOW: 4: 30 MINLEN: 36;
Bolger et al. 2014) using the extended list of adapters
from BBMap (v38.41; Bushnell 2014). The quality of
trimmed Illumina reads was checked with FastQC
(v0.11.5; Andrews 2016). Genomes sequenced with both
Nanopore and Illumina were assembled with Unicycler
(v0.4.9b; using bold mode for R. violacea and conservative
mode for S. subintegra; Wick et al. 2017). The plastid gen-
omes ofNeorhodella cyanea and Rhodophanes brevistipita-
ta were assembled with GetOrganelle (v1.5.1c; with
variable k-mers and -R 200; Jin et al. 2020) due to the pres-
ence of many short repeats and a single large repeated
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region, respectively. All other plastid genomes were as-
sembled using NOVOPlasty (v3.4; Dierckxsens et al.
2017), with the rbcL sequence in the assembly as the
seed sequence and variable k-mer sizes. No single assem-
bler worked optimally for all mitogenomes and
NOVOPlasty, GetOrganelle, and SPAdes (v3.11.0; with or
without meta; Nurk et al. 2017; Prjibelski et al. 2020)
were used (see supplementary table S1, Supplementary
Material online). Genome assemblies obtained with
GetOrganelle and SPAdes were manually inspected using
Bandage (Wick et al. 2015). When an organellar genome
assembly remained fragmented, only the contigs with
protein-coding genes of plastid or mitochondrial
origin were selected. For the mitogenomes of the
Stylonematophyceae, this resulted in a large discrepancy
between the assembled genome size and the cumulative
size of selected contigs; thus, both were used to estimate
genome size and other genome statistics (fig. 2).

Organellar reads were gathered by mapping the reads to
the assembled organellar contigs, using BBmapwith option
paired only= t for short reads, and Minimap2 (v2.17-r941;
Li 2018) with option -ax map-ont followed by samtools
fastq (v1.9-52-g651bf14; Li et al. 2009) with option-F 4
for long reads. All organellar reads and unfragmented or-
ganellar genomes are available on SRA (BioProject
PRJNA744153) and GenBank, respectively (supplementary
table S1, Supplementary Material online). Fragmented or-
ganellar genomes are provided as fasta files, along with
the predicted protein sequences (see fragmented organel-
lar genome data in the Figshare repository).

To identify plastome and mitogenome rearrangements
within non-Eurhodophytina classes, we aligned the orga-
nellar genomes of representatives for each class
(supplementary figs. S7 and S8, Supplementary Material
online). As starting points of circular genomes are arbitrary,
the genomes were aligned with Mauve (snapshot
2015-02-13; Darling et al. 2004) to identify a common syn-
tenic region to use as the starting point. The adjusted plas-
tomes were then aligned using Mauve with default settings
for each of the classes.

Genome Annotation

tRNAs were predicted using TRNAscan-SE with parameter
-O (v2.0.3; Chan and Lowe 2019) and rRNAs were pre-
dicted using rnammer with parameters -S bac -m lsu, ssu,
tsu (v1.2; Lagesen et al. 2007). Protein-coding sequences
were predicted using protein sequences of closely related
species with published organellar genomes as reference.
Exonerate (v2.3; Slater and Birney 2005) was used to align
known proteins to the genome assemblies as it can infer in-
trons, using the applicable genetic code and a variation of
allowed intron sizes (other options: –model protein2dna:
bestfit -E -n 1 -s 60 –percent 10). Nucleotides for splice sites

were assumed unknown, as manual inspection of the pro-
tein sequences did not show consistent patterns (data not
shown). An in-house python script (cds_from_exonerate.-
py, available in Figshare) was used to create a valid coding
sequence based on the Exonerate data by finding a correct
start codon near the start of the protein alignment and a
stop codon near the end. Manual curation of the genome
annotation was done using BLAST (Johnson et al. 2008)
and the Artemis genome browser (Carver et al. 2012).
The published plastid genome sequence of C. caeruleus
was reannotated using the same method, as intron
predictions were inconsistent with that of other
Proteorhodophytina plastomes. The number of predicted
introns in plastid-encoded proteins of C. caeruleus changed
from 20 to 85.

Genome Statistics

To compare the organellar genomes, genome length and
GC content were determined using stats.sh from the
BBTools suite (Bushnell 2014). For the fragmented mito-
genomes of the Stylonematophyceae, it was run both for
the complete mitochondrial assembly (“maximum size”)
and the protein-coding contigs (“minimum size”). The
number of encoded proteins was estimated by counting
the number of genes represented by CDS features in the
.gff files. For each gene, the number of introns was as-
sumed to be equal to the number of CDS features minus
one. A principal component analysis (PCA) wasmade based
on these statistics for both the plastid and mitochondrial
genomes using the R stats function prcomp (R v4.0.4; op-
tions scale.= T; R Core Team 2021). PCA plots were
made using the ggfortify function autoplot (v0.4.11; Tang
et al. 2016) in ggplot2 (v3.3.3; Wickham 2016).

Phylogenetic Analyses

Published sequence data of organellar genomes from other
red algal species were retrieved from GenBank
(supplementary table S1, Supplementary Material online;
Benson et al. 2013). In total, 43 plastid genomes were
collected comprising all species of Cyanidiophyceae
and Proteorhodophytina with available plastid genomes
as well as a selection of Florideophyceae and
Bangiophyceae. Including our own data, this resulted in a
data set of 69 taxa (plastid dataset in Figshare).
Among these species, ten of the Cyanidiophyceae and
Proteorhodophytina representatives had no mitochondrial
genome sequence available, which resulted in a mitochon-
drial data set containing 59 taxa (mitochondrial dataset in
Figshare).

For each data set, we used an all-against-all BLAST
search using psi-blast (BLAST 2.6.0+; options: -evalue 10
-outfmt 6 -max_target_seqs 200 -seg yes -soft_masking
true -use_sw_tback -word_size 2 -matrix BLOSUM45;
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Altschul et al. 1997), and draft orthologous groups were
created using orthAgogue (v1.0.3; default options; Ekseth
et al. 2014) and running mcl (v1: 14-137; van Dongen
2000) on the “all.abc” output file. An in-house script was
used to deal with the presence of paralogous sequences
(mcl_to_og.py, available in Figshare). These were either
merged if the separated genes were considered two por-
tions of a unique gene separated due to misannotation,
or in the case of duplicated sequences specific to a genome,
the sequence most similar to other sequences in the ortho-
logous group was retained.

For the plastid and mitochondrial data sets, the multiple
sequence alignment (MSA) for each protein was con-
structed with MAFFT G-INS-i or MAFFT L-INS-i, respectively
(v7.310; Katoh et al. 2005). The MSAs were manually re-
fined using single-protein trees made with IQ-TREE
(v1.6.11; using -m cpREV+C60+ F+G for plastid MSAs,
and -mset LG -mrate G, I+G, R -mfreq FU, F for mitochon-
drial MSAs; Nguyen et al. 2015) and inspecting the align-
ments with Aliview (v1.24; Larsson 2014). Final MSAs
were trimmed using BMGE (default options; Criscuolo
and Gribaldo 2010) and concatenated, resulting in a plastid
data set of 37,256 amino acids and amitochondrial data set
of 4,537 amino acids.

The concatenated plastid data set was analyzed by max-
imum likelihood (ML) with IQ-TREE using the model cpREV
+C60+ F+ R7 and ultrafast bootstrap (Nguyen et al.
2015; Hoang et al. 2018). The resulting ML tree was used
as the guide tree for rapid approximation of posterior
mean site frequency (PMSF) under the same model and
the generation of 100 nonparametric bootstrap replicates
(Wang et al. 2018). Themitochondrial data set was similarly
analyzed with the models mtZOA+C60+ F+ R9 and
mtZOA+ PMSF(C60)+F+ R9. The Bayesian inference
phylogenetic analysis of the plastid and mitochondrial
data sets was performed using Phylobayes-MPI (v1.8c;
Lartillot et al. 2013) with the CAT-GTR model (Lartillot
and Philippe 2004) and four chains run to 10,000 genera-
tions (maxdiff remained 1 for both data sets due to the
lack of resolution of several branches within the
Florideophyceae). Trace files were inspected with graphylo
(supplementary figs. S9 and S10, Supplementary Material
online; https://github.com/wrf/graphphylo) and Tracer
(Rambaut et al. 2018) to determine a burn in of 200 genera-
tions for both mitochondrial and plastid phylogenies.
Phylogenetic trees were plotted with the R package ggtree
(v2.4.1; Yu 2020). The above phylogenies, along with the
full alignments and single gene alignments, are available
in the Figshare repository.

To compare the trees based on the plastid and mito-
chondrial data sets, we reconstructed trees for both the
plastid and mitochondrial taxon sampling and constrained
two possible relationships within the Proteorhodophytina:
(1) a clade of Stylonematophyceae+ Porphyridiophyceae,

with remaining relationships unresolved, and (2) a
clade of Stylonematophyceae+ Rhodellophyceae, plus a
clade of Compsopogonophyceae+ Porphyridiophyceae
(supplementary fig. S4, Supplementary Material online).
All other relationships were kept the same as in the original
trees. For both data sets, we tested the three trees from the
original analysis (Bayesian and maximum likelihood with
and without PMSF) and 100 nonparametric bootstrap trees
of the related maximum likelihood analysis with PMSF. The
AU-test (Shimodaira 2002) was used, as implemented in
IQ-TREE, with the options -n 0 -zb 10,000 -au -zw
(Nguyen et al. 2015). The models used were as before:
mtZOA+C60+ F+ R9 for the mitochondrial data set
cpREV+C60+ F+ R7 for the plastid data set.

A single-gene phylogeny using the protein RbcL was
made to include more available plastid data for comparison
(RbcL data set in Figshare). We gathered RbcL sequences of
the 69 representatives in the plastid data set and all RbcL se-
quences of red algal origin not part of the Eurhodophytina
from Uniprot (The UniProt Consortium 2015), resulting in a
total of 404 sequences. Sequences were aligned with
MAFFT L-INS-i (Katoh et al. 2005) and phylogenetic infer-
ence was done using IQ-TREE (Nguyen et al. 2015) with op-
tions -m cpREV+C40+ F+ R4 -bb 1,000 -alrt 1,000
(supplementary fig. S11, Supplementary Material online).

Analysis of Introns and Intron-Encoded Proteins

First, for each intron interrupting a protein-coding gene in
plastid genomes, we determined to which orthologous
group it was associated (based on ortholog grouping, see
“Phylogenetic Analyses” above). Second, the intron loca-
tion within the gene was determined by considering the
first nucleotide of the start codon as position 0 and disre-
garding the size of previous introns within that gene se-
quence (i.e., as if the introns were spliced out). To
estimate the number of plastome introns that a species A
shared with another species B, we calculated the fraction
of introns of species A that are at the same location
(+15 nt) in the same gene in species B. These results
were visualized with a heatmap made with ggplot2
(Wickham 2016).

To detect whether plastid introns have traces of IEPs,
they were aligned to a set of 144 proteins with the reverse-
transcriptase domain of group II introns from the conserved
domain database (CDD; cd01651; Lu et al. 2020) using
blastx (E-value threshold of 1× 10−10; Altschul et al.
1997). Size distribution of the introns of different species
was plotted using violin plots and raw data points with
ggplot2 (Wickham 2016).

To construct a phylogeny of all IEPs encoded in red algal
group II introns, we used the cd01651 protein sequences to
search all our plastid and mitochondrial genomes and all
red algal organellar genomes in GenBank using tblastn
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with the option -max_intron_length 15,000 (Altschul et al.
1997). Regions with blast hits were considered to have
traces of an IEP if there was more than one blast hit and
an E-value, 1× 10−5. These parameters were chosen
based on manually checking the results obtained with the
plastid genome of E. coxiae. Sequences were aligned using
MAFFT L-INS-i (Katoh et al. 2005) and nonhomologous se-
quences were removed. The final alignment consisted of
546 IEP sequences and 2,084 amino acid positions and
was trimmed with BMGE (to 462 amino acids) with the op-
tions -w 1 -h 1 -g 0.7 (Criscuolo and Gribaldo 2010). The IEP
phylogeny was reconstructed with IQ-TREE (-m LG+C20+
G+ F -bb 1,000) and with the R package ggtree
(supplementary fig. S6, Supplementary Material online; in-
tron data set in Figshare; Yu 2020).

To detect the presence of repetitive regions, including
multiple copies of intron-encoded proteins and other re-
peats, we aligned each genome with itself using NUCmer
(–maxmatch –nosimplify; MUMmer, 4.0.0beta2; Marçais
et al. 2018). Files with coordinates were created using
show-coords (-c -l -r -T) and plots were created using
ggplot2.

Supplementary Material
Supplementary data are available at Genome Biology and
Evolution online (http://www.gbe.oxfordjournals.org/).
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