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Abstract

Nuclear genome sequencing from extremophilic eukaryotes has revealed clues about the mechanisms of adaptation to extreme
environments, but the functional consequences of extremophily on organellar genomes are unknown. To address this issue, we
assembled the mitochondrial and plastid genomes from a polyextremophilic red alga, Galdlieria sulphuraria strain 074 W, and per-
formed a comparative genomic analysis with other red algae and more broadly across eukaryotes. The mitogenome is highly reduced
in size and genetic content and exhibits the highest guanine—cytosine skew of any known genome and the fastest substitution rate
among all red algae. The plastid genome contains a large number of intergenic stem-loop structures but is otherwise rather typical in
size, structure, and content in comparison with other red algae. We suggest that these unique genomic modifications result not only
from the harsh conditions in which Galdlieria lives but also from its unusual capability to grow heterotrophically, endolithically, and
in the dark. These conditions place additional mutational pressures on the mitogenome due to the increased reliance on the mito-
chondrion for energy production, whereas the decreased reliance on photosynthesis and the presence of numerous stem-loop
structures may shield the plastome from similar genomic stress.

Key words: Galdieria sulphuraria, red algae, facultative heterotrophy, polyextremophily, GC skew, substitution rate.

Introduction

Red algae (Rhodophyta) are one of the three ancient lineages
of photosynthetic eukaryotes (along with green plants and
glaucophytes) derived from the primary endosymbiosis event
that established the plastid (Reyes-Prieto et al. 2007).
Taxonomic relationships within red algae have undergone ex-
tensive reorganization in recent years, culminating in the for-
mation of seven organismal classes comprising about 6,000
species (reviewed in Yoon et al. 2010). Cyanidiophyceae,
which was estimated to have split from the rest of the red
algal lineage over one billion years ago (Yoon et al. 2002,
2004), includes mostly thermophilic and acidophilic species
from three currently recognized genera (Cyanidioschyzon,
Cyanidium and Galdieria), although sequencing surveys sug-
gest that additional biodiversity is present within this group

(Ciniglia et al. 2004; Yoon et al. 2006). Galdieria sulphuraria,
like other members of Cyanidiophyceae, thrives at high tem-
peratures (50-55 °C) and low pH (0.5-1.5) and tolerates high
concentrations of salt and toxic metals, but it stands out by its
ability to grow endolithically and to survive heterotrophically
for long periods of time in the dark, where it can grow on
more than 50 carbon sources (Barbier et al. 2005; Reeb and
Bhattacharya 2010).

Although there are many genomes sequenced from
bacterial and archaeal extremophiles (Bult et al. 1996;
Deckert et al. 1998; Nelson et al. 1999; Saunders et al.
2003), relatively few genomes are available from extremophi-
lic eukaryotes, such as halotolerant or thermophilic fungi
(Dujon et al. 2004; Amlacher et al. 2011), a halophilic plant
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(Dassanayake et al. 2011), and the thermoacidophilic red
algae  Cyanidioschyzon merolae and G. sulphuraria
(Matsuzaki et al. 2004; Schonknecht et al. 2013). Many of
these studies focused on the adaptive genomic changes which
may have enabled the survival of the species in extreme con-
ditions. For instance, G. sulphuraria’s metabolic flexibility and
tolerance of extreme environments were facilitated by the
horizontal acquisition of numerous critical genes from extre-
mophilic bacteria (Schonknecht et al. 2013). However, none
of the eukaryotic studies have examined the potentially adap-
tive or consequential changes in their mitochondrial or chlo-
roplast genomes.

To date, complete sequences have been published for
more than a dozen mitochondrial and plastid genomes from
various red algae in Florideophyceae, Bangiophyceae, and
Cyanidiophyceae (Campbell et al. 2014; Kim et al. 2014).
Sequenced red algal mitochondrial genomes, ranging in size
from 25 to 42 kb, are generally smaller than genomes from
green algae and glaucophytes, although gene content is
roughly comparable. In contrast, the 150-218kb plastid ge-
nomes among red algae are typically larger and more gene
rich than those in green algae and glaucophytes. In this study,
we present the mitochondrial and plastid genomes of the
polyextremophile G. sulphuraria. We performed a compara-
tive analysis of red algal mitochondrial and plastid genomes to
understand organellar genomic diversity in this group and to
assess the effects of an extremophilic lifestyle on organellar
genomic size, structure, organization, and content.

Materials and Methods

Genome Assembly

The mitochondrial genome sequence was assembled from
five sets of whole genome 454 pyrosequencing reads,
which were generated from G. sulphuraria strain 074 W by
a previous study (Schonknecht et al. 2013). The five data sets
were downloaded from the National Center for Biotechnology
Information (NCBI) Sequence Read Archive (SRA accession
numbers SRRO39878-SRR039882). Each read data set was
independently assembled with MIRA version 3.0.3 (http://
mira-assembler.sourceforge.net/, last accessed January 24,
2015) by using the accurate, de novo, and no trace info as-
sembly options. Mitochondrial contigs were identified by com-
paring known proteins from the C. merolae and Reclinomonas
americana mitochondrial genomes (GenBank accession num-
bers D89861 and AF007261) with the assembled contigs
using TBLASTN from BLAST+ version 2.2.27 (Camacho et al.
2009) with relaxed nondefault parameters (word size=2,
matrix = BLOSUMA45, e-value = 100). Each assembly generated
a single mitochondrial contig, all of which were virtually iden-
tical in sequence except for several small indels in repetitive
regions. To resolve the discrepancies, all 454 reads were
mapped back onto the genome using BLASTN with

nondefault parameters (e-value=1x 1072°, dust=no), and
the final genomic sequence was corrected based on the se-
guence present in the majority of reads. The mitochondrial
genome was circularized based on overlapping sequences at
the beginning and end of the single mitochondrial contig as-
sembled from the SRR039878 read set.

The plastid genome sequence was assembled as part of the
G. sulphuraria nuclear genome sequencing project from
Sanger-sequenced shotgun reads that were supplemented
with 454 data, as described previously (Schonknecht et al.
2013). The obtained consensus sequence covered nearly the
entire genome. Gaps were closed either by direct sequence
analysis of polymerase chain reaction products or by preparing
sequencing templates using the illustra  TempliPhi
Amplification Kit (GE Healthcare Life Sciences). Total DNA
for this analysis was isolated as described (Schonknecht
et al. 2013). An independent plastid assembly was generated
using 454 data and MIRA as described for the mitochondrial
genome assembly. Discrepancies between the two plastid as-
semblies were corrected by mapping the Sanger and 454
reads against the two sequences using BLASTN (e-
value=1 x 1072°, dust = no) and taking the sequence present
in the majority of mapped reads.

To confirm that all segments of the mitochondrial and
plastid genomes were identified and included in the finished
genome sequences, we used depth of coverage and
guanine—cytosine frequency (GC%) as reported by the
MIRA assembler to evaluate contigs from the SRR039878
read set assembly (supplementary table S1, Supplementary
Material online). The mitochondrial contig representing the
full genome had 85 x coverage and 44% GC. Two addi-
tional contigs matched the small repeats in the mitochon-
drial genome, but their lower coverage depth suggests that
they represent minor repeat variants among individuals. The
plastid genome was represented by 24 contigs with about
30 x coverage and 28% GC. These contigs totaled 163 kb
in length, which, after accounting for the 5-kb inverted
repeat, is equal to the 168-kb length of the finished
genome sequence. We used BLASTN to evaluate all remain-
ing contigs that were >200bp and supported by
15 x depth of read coverage. The remaining contigs either
matched Galdieria nuclear sequences or had no match in
the GenBank nonredundant database, likely representing
contaminant sequences. Importantly, no additional mito-
chondrial or plastid contigs were identified.

Genome Annotation

Initial annotation of protein-coding, transfer RNA (tRNA), and
ribosomal RNA (rRNA) genes in the mitochondrial and plastid
genomes was done using DOGMA (Wyman et al. 2004).
Protein-coding genes were independently evaluated by
searching all open reading frames (ORFs) >80 AA against
the nonredundant protein sequence database using BLASTP
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Table 1
General Characteristics of Red Algal Mitogenomes
Cyanidiophyceae Bangiophyceae Florideophyceae
Cmer Gsul Phai Ppur Pumb Pyez Cari Gand Glem Gory Ppul
Genome size (bp) 32,211 21,428 37,023 36,753 29,123 41,688 25,836 27,036 25,883 25,161 25,894
GC content (%) 27.1 43.9 30.7 335 31.9 32.7 27.9 28.0 275 28.1 239
Repeat content (%) 0.04 2.85 0.32 1.24 0.37 1.97 0.50 0.33 0.33 0.00 0.53
Gene-strand skew 0.06 0.88 0.15 0.17 0.16 0.14 0.06 0.07 0.07 0.08 0.07
Unique genes 62 27 50 50 50 50 50 47 48 46 51
rRNA 3 2 2 2 2 2 3 3 3 3 3
tRNA 25 7 24 24 24 24 23 21 21 21 24
Protein 34 18 24 24 24 24 24 23 24 22 24
Introns 0 0 5 2 1 5 1 1 1 1 2
With IEPs 0 0 5 2 1 5 0 0 0 0 0

Note.—Cmer = Cyanidioschyzon merolae; Gsul = Galdieria sulphuraria; Phai=Pyropia haitanensis; Ppur=Porphyra purpurea; Pumb = Porphyra umbilicalis; Pyez=Pyropia
yezoensis; Ccri=Chondrus crispus; Gand = Gracilariopsis andersonii; Glem = Gracilariopsis lemaneiformis; Gory = Gracilariophila oryzoides; Ppul = Plocamiocolax pulvinata.

with relaxed parameters (word size =2, matrix=BLOSUM45, mononucleotide repeat. Because such repeats can cause
e-value =100). Detection of rRNAs and tRNAs was also per- errors during sequencing, we resequenced all three genes
formed using the RNA prediction tools RNAweasel (http:// and obtained intact gene sequences without any frameshift-
megasun.bch.umontreal.ca/RNAweasel/,  last  accessed ing mutations, indicating that these three genes are almost
January 24, 2015), tRNAscan-SE version 1.21 (Lowe and certainly  functional  (supplementary  fig.  S1A-C,
Eddy 1997), and BLASTN with relaxed parameters (word Supplementary Material online). In Plocamiocolax pulvinata,
size=7, penalty=—1, reward=1, e-value=100). We were orf135 is probably an atp8 homolog because it is highly similar
unable to determine the precise end points of the mitochon- to atp8 genes in other Florideophyceae species (supplemen-
drial small subunit and large subunit rRNAs, so they were an- tary fig. S1B, Supplementary Material online). All
notated approximately based on their length and position in C. Bangiophyceae mitogenomes contain presumably functional
merolae mitochondrial DNA. Repeats were identified by com- rol20 genes, although the gene was not annotated in three
paring the genome sequence against itself using BLASTN with species, most likely due to the small size of this gene (supple-
modified  parameters  (minimum identity=90%, e- mentary fig. S1D, Supplementary Material online). Al five se-
value =0.001, dust = no). Stem-loop structures were predicted quenced  Florideophyceae  mitogenomes ~ contain  a
with the EMBOSS program einverted (http://emboss.bioinfor- homologous ORF located between trnA-ugc and trnW/-uca.
matics.nl/cgi-bin/emboss/einverted, last accessed January 24, This ORF in Chondfrus crispus (orf172) exhibits weak similarity
2015), requiring a >20-bp stem with >80% sequence iden- to rpl5 from R. americana, suggesting that all five ORFs are
tity and a <20-bp loop. Linear and circular genomic maps divergent rp/5 homologs, including the frameshifted homolog
were drawn using OgDraw version 1.2 (Lohse et al. 2013). in Gra. oryzoides that we corrected after resequencing (sup-
Genomic dot plots were generated using the mummer script plementary fig. S1£, Supplementary Material online). We
with modified parameters (-b -c -maxmatch) and the mum- identified a putative rr5 gene in P. pulvinata, Cyanidium cal-

merplot script with default parameters in MUMmer version

darium, and the three species in Gracilariales (supplementary
3.23 (Kurtz et al. 2004).

fig. S1F, Supplementary Material online). In all species, the
position of this previously unannotated rr5 gene is syntenic

Reannotation of Previously Sequenced Red Algal with its closest relatives. Our comparative analysis indicated
Mitochondrial Genomes that the unique P. pulvinata trnA-ggc gene is highly similar to
To ensure consistent genomic annotations between G. sul- trnG-gcc genes in other red algae (supplementary fig. S1G,
phuraria and other red algae, we re-examined the previously Supplementary Material online), suggesting either a recent
released red algal mitochondrial genomes, which uncovered anticodon shift or a potential sequencing error in P. pulvinata.
numerous unreported genes, identified several unknown We also identified a putative intron-containing trn/-gua gene
ORFs, and corrected some misannotations (supplementary in P. pulvinata and Gracilariales (supplementary fig. S1H,
fig. S1, Supplementary Material online). The Gracilariopsis Supplementary Material online) and several unannotated
andersonii atp4 gene and Gracilariophila oryzoides atp8 and tRNAs that were predicted by tRNAscan-SE or RNAWeasel
sdhC genes, which were previously scored as absent or pseu- (table 1). Finally, our intron distribution (table 1) accounts
dogenes (Hancock et al. 2010), are present and intact except for the newly reported trni-gua intron in P. pulvinata and
for a single-nucleotide frameshift in a long (7-9bp) Gracilariales  (supplementary fig. S1G, Supplementary
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Material online) as well as the reannotation of intron cox1-i4
that is clearly shared among P. pulvinata, Pyropia haitanensis,
and Pyropia yezoensis (supplementary fig. S1/, Supplementary
Material online).

Sequence Composition Analyses

Protein domains were identified by searching the Pfam data-
base (http:/pfam.xfam.org/, last accessed January 24, 2015)
and the Conserved Domain Database (http:/www.ncbi.nlm.
nih.gov/cdd/, last accessed January 24, 2015) using default
parameters. Transmembrane domains were searched using
the TMHMM version 2 server (http:/Avww.cbs.dtu.dk/ser-
vices/TMHMM/, last accessed January 24, 2015).

Nucleotide frequencies were calculated using BioEdit ver-
sion 7.1.3 (Hall 1999) and custom Perl scripts. GC skew, AT
skew, and coding skew were calculated with the following
general formula:

A—-B

Skew =~ °
V=Ats

Genomic GC skew was calculated using A=G% and
B=C%, where the nucleotide frequencies were taken
from one strand of the entire genome. For genomic AT
skew, A=A% and B=T%, again based on genomic nucle-
otide frequencies. Exonic GC skew and exonic AT skew
were calculated from a concatenated set of all protein-
coding, rRNA, and tRNA exons in forward strand orienta-
tion. Gene-strand skew is a parameter introduced to
quantify the amount of strand bias in the distribution of
genes. For gene-strand skew, A =number of exonic nucle-
otides in plus strand orientation and B =number of exonic
nucleotides in minus strand orientation. Both values
include protein-coding, tRNA, and rRNA exons but exclude
introns and unidentified ORFs.

Search for Mitochondrion-to-Nucleus Gene Transfers

For all genes present in the C. merolae mitogenome but
absent from the G. sulphuraria mitogenome, we searched
for homologs in the nuclear genome of G. sulphuraria.
Each C. merolae protein sequence was used as a query in
a TBLASTN search with relaxed parameters (word size =2,
matrix = BLOSUM45, e-value =0.001) against contigs from
the nuclear genome sequence project and from the red
algal SRR039878 genome assembly described above. Hits
to plastid contigs were ignored. All remaining matches
with an e-value <1073 were scored as potential transfer
events.

Phylogenetic Analyses

The mitochondrial data set was generated from 12 red algal
genomes: C. merolae (D89861), Cy. caldarium (Z48930),
Ch. crispus (Z47547), G. sulphuraria (KJ700460), Gra.

oryzoides (HQ586059), Gr. andersonii (HQ586060),
Gracilariopsis lemaneiformis (JQ071938), P. pulvinata
(HQ586061), Porphyra purpurea (AF114794), Porphyra
umbilicalis (JQ388471), Py. haitanensis (JQ736808), and
Py. yezoensis (JQ736809). For outgroups, we used the glau-
cophyte Cyanophora paradoxa (HQ849544) and two slowly
evolving and gene-rich representatives from green algae,
Chara vulagris (AY267353) and Nephroselmis olivacea
(AF110138). Codon-based nucleotide alignments were
generated using the “MUSCLE(codons)” command in
MEGA version 5.1 (Edgar 2004; Tamura et al. 2011) for
all 24 protein-coding genes (atp4, atp6, atp8, atp9, cob,
cox1, cox2, cox3, mttB, nadl, nad2, nad3, nad4, nad4L,
nad5, nad6, rpl16, rpl20, rps3, rps11, rps12, sdhB, sdhC,
sdhD) that were present in the mitochondrial genomes of at
least 8 taxa. Some alignments were corrected manually
using BioEdit version 7.1.3. Gblocks version 0.91b
(Castresana 2000) was used to remove poorly aligned re-
gions from each alignment, and the reduced alignments
were concatenated using Gblocks with options “-t=c -
a=y -c=y -w=y.” The final codon data set was
17,265 bp in length. A protein data set was also generated
by translation of the final codon data set.

The plastid data set was generated from 9 red algal ge-
nomes: Calliarthron tuberculosum (KC153978), Ch. crispus
(HF562234), C. merolae (AB002583), Cy. caldarium
(AF022186), G. sulphuraria (KJ700459), Gracilaria tenuisti-
pitata (AY673996), Po. purpurea (U38804), Py. haitanensis
(KC464603), and Py. yezoensis (APO06715). The same
three outgroup species were chosen: Cya. paradoxa
(U30821), Cha. wulagris (DQ229107), and N. olivacea
(AF137379). The final 39,324-bp data set was produced
from 53 protein-coding genes (atpA, atpB, atpE, atpF,
atpH, ccsA, chll, petA, petB, petD, petG, psaA, psaB,
psaC, psal, psal, psbA, psbB, psbC, psbD, psbE, psbF,
psbH, psbl, psb), psbK, psbL, psbN, psbT, rbcl, rpl2, rpl5,
rpl12, rpl14, rpl16, rpl19, rpl20, rpl36, rpoA, rpoB, rpoCl,
rpoC2, rps2, rps3, rps4, rps7, rps8, rps11, rps12, rpsi4,
rps18, rps19, tufA) that were aligned, trimmed, and con-
catenated as described above. A protein data set was also
generated by translation of the final codon data set.

Phylogenetic analyses were performed using maximum
likelihood (ML) and Bayesian inference (Bl) approaches on
the nucleotide and protein data sets. The general time-
reversible model with a gamma correction for rate varia-
tion and a proportion of invariable sites (the GTR+G +|
model) was used for all nucleotide analyses based on
model-testing results from jModeltest version 2.1.3
(Darriba et al. 2012), while the MtRev and CpRev protein
models were used for the mitochondrial and plastid pro-
tein data sets, respectively. The ML trees were constructing
with RAXML version 7.2.8-alpha (Stamatakis 2006), and
branch support was evaluated using the rapid bootstrap
option with 1,000 replicates (Stamatakis et al. 2008). BI
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Fic. 1.—Galdleria sulphuraria mitochondrial genome map. Outer
genes are transcribed counter clockwise; inner genes are transcribed
clockwise. Gene colors correspond to the functional categories listed in
the key. NADH = nicotinamide adenine dinucleotide; ATP=adenosine
triphosphate.

was performed with MrBayes version 3.1.2 (Ronquist and
Huelsenbeck 2003) using two individual runs with four
chains for each data set. Trees were sampled every 100
generations and the first 25% of the sampled trees were
discarded as burn-in. The analysis was run for at least
200,000 generations until the standard deviation of split
frequencies was less than 0.01. The resulting ML and BI
trees were rooted on green algae and glaucophytes. The
data sets and trees were deposited in TreeBase under ac-
cession number S16775.

Results

Reduced Size and Content, Biased Organization, and
Simplified Structure of the Mitogenome

The mitochondrial genome of G. sulphuraria was assem-
bled into a 21,428-bp circular molecule (fig. 1) with a GC
content of 43.9% and 2 sets of tandem repeats (2.6
copies of a 270-bp repeat and 2 copies of a 158-bp
repeat) within its 1.5-kb nongenic portion, equating to a
2.8% repeat content. The genome contains 28 intronless
genes encoding 2 rRNAs, 7 tRNAs, 18 proteins with
known function, and 1 hypothetical protein. Gene distri-
bution is highly biased, in which all but two genes (cob,
orf181) are encoded on the same DNA strand (fig. 2).
Using a novel metric called gene-strand skew, where a
value of 1 indicates all exons are coded on one DNA
strand while a value of O indicates exons are equally

distributed on both strands, we show that G. sulphuraria
has a mitochondrial gene-strand skew of 0.88. Compared
with all other red algal mitogenomes sequenced to date,
the G. sulphuraria mitogenome has the smallest size, the
fewest genes and introns, the highest gene-strand skew,
the highest GC content, and the greatest proportion of
repeats (table 1).

Broader comparative analysis among sequenced red
algae reveals numerous gene losses from the G. sulphuraria
mitogenome (fig. 3). Conspicuously absent are all ribosomal
protein genes, several respiratory genes, and the protein trans-
locase gene (variably called tatC, mttB, orfX, or ymf16). Similar
to many green plants (Adams and Palmer 2003), these missing
mitochondrial genes were likely transferred to the nuclear
genome after G. sulphuraria diverged from other
Cyanidiophyceae species. Indeed, TBLASTN searches provide
strong evidence (e-value=1 x 10~%) for the presence of sdhB
in the G. sulphuraria nuclear genome, and weaker evidence
(e-values 1073 to 1079 for several other mitochondrion-
to-nucleus gene transfer events. However, more conclusive
evidence for such transfer events is limited by the accelerated
evolution of G. sulphuraria mitochondrial genes (see below)
and by the lack of any closely related gene homologs for
similarity searching, as G. sulphuraria diverged from other
Cyanidiophyceae species hundreds of millions of years ago.
No mitochondrial rr5 was detected, but we cannot rule out
the existence of a divergent functional copy considering our
difficulties in detecting rmL and rmS in this species and the
previously reported difficulties in detecting rm5 in many red
algae and other eukaryotes (Valach et al. 2014). The mitogen-
ome has a highly reduced set of seven tRNAs recognizing
codons for only six amino acids (GIn, Glu, Met, Pro, Trp,
Tyr), suggesting that the missing tRNAs are imported from
the cytosol. No mitochondrial introns were found in G. sul-
phuraria (or in C. merolae), whereas all sequenced species in
Bangiophyceae and Florideophyceae have between 1 and 5
group Il introns variably present in the cox7, rrL, and/or trni-
gua genes. All of the Bangiophyceae introns contain intron-
encoded proteins (IEPs).

Despite the extensive gene loss, a comparison of mitochon-
drial gene order between G. sulphuraria and its closest com-
pletely sequenced relative, C. merolae, reveals a high level of
colinearity (fig. 2). Both genomes share several syntenic
gene blocks in the same genomic order, although two gene
blocks are in inverted orientation and three tRNA genes are
translocated. The G. sulphuraria rrnl and rrnS genes, which
were difficult to identify due to their divergence (only a few
short fragments match homologs in other red algae), never-
theless have a syntenic gene order of rmS-nad4L-
ccmC-rrl-sdhC, confirming their genomic position. In
addition, the size and genomic position of a 468-bp ORF sug-
gests that it probably encodes a divergent ATP4 protein,
which is further supported by results from a Pfam domain
search (e-value=0.057) and by the presence of a predicted
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Fic. 2—Comparison of mitochondrial gene order and content in Cyanidiophyceae. Maps were drawn to the scale shown at bottom right. Gene colors
correspond to functional categories as shown in the key. Gray shading between genomes indicates syntenic gene blocks. Twisted shading indicates inversion
events. Dashed lines between genomes indicate nonsyntenic tRNA genes.

transmembrane domain at position 21-43 in the protein, sim-
ilar to other mitochondrion-encoded ATP4 proteins (Burger
et al. 2003).

Extreme GC Skew and Moderate AT Skew in the
Mitogenome

Chargaff's second parity rule states that complementary
nucleotides are at approximately equal frequencies within a
single strand of DNA, such that A% ~ T% and G% ~ C%
(Rudner et al. 1968). Surprisingly, we found that the
G. sulphuraria mitogenome deviates significantly from this
rule, with 38.3% G compared with only 5.7% C and
35.1% A but only 20.9% T on the gene-dominant strand,
which makes this strand unusually G rich and pyrimidine poor
compared with other red algae (fig. 44). GC skew and AT
skew are metrics used to measure the amount of deviation
from Chargaff's second parity rule. Plotting these
metrics showed that G. sulphuraria’s genome-wide GC
skew of 0.74 is highest among all eukaryotic mitogenomes
sequenced to date, while the AT skew of 0.26 is highest
among all non-Metazoans (fig. 4B). The two values are posi-
tively correlated for G. sulphuraria (and most red algae in gen-
eral), indicating an excess of purines on the forward
(predominantly sense) strand and an excess of pyrimidines
on the reverse (predominantly template) strand. In contrast,
GC and AT skew tends to be inversely correlated in other
eukaryotes with the most skewed genomes, especially
Metazoans.

To evaluate the selective versus mutational forces driving
the skewed nucleotide composition in the G. sulphuraria

mitogenome, we examined the variation in compositional
skew within particular genomic regions. Sliding window anal-
ysis shows that GC skew and AT skew are pervasive through-
out the genome, but there is some gene-to-gene variation
(fig. 4C). For example, the nad and ccm genes tend to be
highly GC skewed but only moderately AT skewed, whereas
rRNA genes are highly AT skewed but only moderately GC
skewed. Notably, the two genes located in an antisense ori-
entation (cob and orf181) do not exhibit an inverted GC or AT
skew pattern, arguing against transcriptional direction as a
major force driving nucleotide compositional skew. The C
merolae mitogenome also exhibits some localized and gene-
specific variation in GC skew and AT skew, although the mag-
nitude of these deviations is generally much smaller than in G.
sulphuraria.

We also examined nucleotide compositional biases in inter-
genic regions, in RNA genes, and in protein-coding genes at
nonsynonymous sites and at 4-fold degenerate synonymous
sites (fig. 4D and E). Overall, genomic regions in C. merolae are
much less skewed than in G. sulphuraria. As already noted,
G. sulphuraria’s RNA genes tend to be less GC skewed but
more AT skewed, while the two protein-coding genes on the
opposite DNA strand, now examined in their sense orienta-
tion, have strongly inverted GC and AT skews. In general,
4-fold degenerate synonymous sites, which are typically
under little to no selective constraint, are more skewed than
the genome average, suggesting that mutational biases are
driving AT and GC skew. Nonsynonymous sites and RNA
genes also exhibit large deviations from the genome average,
suggesting that selective effects (both adaptive and constrain-
ing) are also acting to exacerbate or mitigate these mutational
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Functional Locus Cyanidioph. Bangiophyceae Florideophyceae

category (synonym)
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cytochrome bc.
Akl W
cytochrome ¢
oxidase

NADH
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large ribosomal
subunit

small ribosomal
subunit

succinate
dehydrogenase

protein translocase
ribosomal RNA

transfer RNA trnA-ugc
trnA-ggc
trnC-gca
trnD-guc
trnE-uuc
trnF-gaa
trnG-gcc
trnG-ucc
trnH-gug
trnl-gau
trnK-uuu
trnL-caa
trnL-uaa
trnL-uag
trnfM-cau
trnM-cau
trnN-guu
trnP-ugg
trnQ-uug
trnR-acg
trnR-ucu
trnS-gcu
trnS-uga
trnV-uac
trnW-cca
trnW-uca
trnY-gua
group Il intron cox1-i1
cox1-i2
cox1-i3
cox1-i4
rrnL-i1
rmL-i2
rmL-i3
[trnl-i1

Fic. 3.—Comparison of red algal mitochondrial gene and intron con-
tent. Dark gray boxes indicate presence, white boxes indicate absencel.
Black circles indicate that further information to support the identifications
is provided in supplementary figure S1, Supplementary Material online.
Plus symbols indicate that an IEP is present.

biases. These selective effects have resulted in unusual amino
acid (AA) compositional biases compared with other red al-
gae (supplementary table S2, Supplementary Material online),
although there is no clear trend that emerges based on
polarity, charge, or size of overrepresented and underrepre-
sented AAs (i.e., we see both gains and losses of polar and
nonpolar AAs, charged and uncharged AAs, and small and
large AAs).

Reduced Protein Gene Content, an Abundance of
Stem-Loop Structures, and an Inverted Repeat in the
Plastid Genome

The G. sulphuraria plastid genome maps as a 167,741-bp
circular molecule with 224 unigue intronless genes encod-
ing 158 proteins with known functions, 25 conserved hy-
pothetical reading frames, 3 rRNAs, 36 tRNAs, and 2 RNAs
with other functions (fig. 5). Synteny analysis between G.
sulphuraria and other red algal plastid genomes revealed
extensive reorganization, with numerous rearranged and
inverted genomic blocks (fig. 6). Compared with other red
algae, the G. sulphuraria genome is rather typical in size
and does not exhibit any unusual strand-specific skews of
gene distribution or nucleotide frequency, but it has the
lowest GC content and the fewest protein-coding genes
(table 2). Gene loss affects proteins in most functional
categories including gene regulation, translation, energy
production, and the biosynthesis of amino acids, cofac-
tors, and lipids (supplementary table S3, Supplementary
Material online).

Notably, G. sulphuraria is the only sequenced red algal spe-
cies that contains a repeat of the rRNA gene cluster in inverted
orientation (fig. 5 and table 2). Similar inverted repeats (IRs)
containing the entire ribosomal operon and varying numbers
of protein and tRNA-encoding genes are commonly found in
plastid genomes from land plants, green algae, glaucophytes,
and many photosynthetic eukaryotes with red algal-derived
plastids. The presence of an IR in G. sulphuraria and most
other primary plastid-containing lineages suggests that the
common ancestor of red algae also contained an IR that
was either rearranged to become a direct repeat in
Bangiophyceae or lost several times independently from the
other red algal lineages.

Also unusual is the presence of 36 pairs of closely spaced
repeats that are predicted to form hairpin-loop structures in
single-stranded DNA/RNA or cruciform structures in double-
stranded DNA. These stem-loop structures tend to reside in
intergenic regions, and 20 have stems predicted to be >40bp
in length (supplementary fig. S2, Supplementary Material
online). In contrast, our same search strategy uncovered
only 2 to 9 stem-loop structures in any other sequenced red
algal plastid genome, of which between 0 and 2 structures
had stems >40bp in length. Dot-plot analyses corroborated
the abundance of stem-loop repeats and the presence of the
larger rRNA-containing IR in G. sulphuraria, whereas other red
algae have many fewer stem-loop repeats and no rRNA-
containing IR (supplementary fig. S3, Supplementary
Material online).

Increased Rate of Mitochondrial Sequence Evolution

Phylogenetic analysis of mitochondrial and plastid sequences
from diverse red algae using ML and BI constructed a mostly
well-supported topology (fig. 7), with strong support for the
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Fic. 4.—Nucleotide compositional analysis of mitochondrial genomes. (A) Genome-wide frequencies of guanine (black), cytosine (blue), adenine (red),
and thymine (green) in sequenced red algal mitogenomes. (B) Scatter plot of genome-wide values for GC skew and AT skew from >3,600 eukaryote
mitogenomes available at NCBI GenBank. (C) Sliding window analysis of GC skew (purple) and AT skew (blues) in Galdieria sulphuraria (top) and
Cyanidioschyzon merolae (bottom). (D) Nucleotide frequencies for G. sulphuraria (top) and C. merolae (bottom) in the whole genome (genome), in intergenic
regions (intergenic), in RNA genes (RNA), in plus strand genes at 0-fold degenerate (Prot+ OD) or 4-fold degenerate sites (Prot+ 4D), or minus strand genes at
0-fold degenerate (Prot— OD) or 4-fold degenerate sites (Prot— 4D). (E) Scatter plot of GC skew and AT skew for G. sulphuraria (purple) and C. merolae (blue)
in the different genomic regions described in 4D.
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monophyly of all three sampled classes (Cyanidiophyceae,
Bangiophyceae, Florideophyceae) and for the early divergence
of Cyandiophyceae from the rest of the lineage, in agreement
with recent taxonomic treatments in red algae (Verbruggen
et al. 2010; Yoon et al. 2010). Within Cyanidiophyceae,
G. sulphuraria grouped as sister to a clade including C. mer-
olae and Cy. caldarium, as expected (Ciniglia et al. 2004; Yoon
et al. 2006, 2010). With respect to branch lengths, it is clear
that G. sulphuraria’s mitochondrial gene and protein se-
guences are highly divergent in comparison with other red

algae (fig. 7A). Since they last shared a common ancestor,
mitochondrial genes have evolved 5.7 times faster on average
in G. sulphuraria relative to C. merolae, which is significantly
different based on a relative rate test (P=0.00; x*=863.6;
degrees of freedom=1). In contrast, G. sulphuraria’s plastid
genes do not exhibit any increased rate of evolutionary diver-
gence compared with other red algae (fig. 7B). Mitochondrial
and plastid evolutionary rates appear quite uniform in other
red algae based on the similarity of their root-to-tip branch
lengths. Unfortunately, synonymous sites in the G. sulphuraria
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mitogenome appear to be heavily saturated, precluding
codon-based analyses to assess the rate of synonymous
and nonsynonymous sites separately. Additional sampling of
other Galdlieria strains will be necessary to assess synonymous
rates.
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Fic. 6.—Colinearity between the plastid genomes of Galdieria sul-
phuraria, Gracilaria tenuistipitata, and Cyanidioschyzon merolae. Pairwise
relative arrangements of gene clusters between (4) G. sulphuraria and
G. tenuistipitata and (B) G. sulphuraria and C. merolae. Colinearity plots
were generated with Mauve (Darling et al. 2004). Clusters of genes iden-
tified in each pair are shown as color-coded rectangles and were labeled
alphabetically in the reference genome of G. sulphuraria. The longest
colinear stretches of sequence are underlined. The level of similarity be-
tween blocks is shown as colored bars. Clusters appearing on the opposite
strand in G. tenuistipitata or C. merolae indicate an inversion relative to
G. sulphuraria. The asterisk in brackets denotes the area of one of the two
inverted repeats containing the ribosomal operon of G. sulphuraria. This
area is blank because it failed to find a corresponding sequence in the
genomes of G. tenuistipitata or C. merolae, both of which have only one
copy of this operon (included in clusters “O").

Table 2
General Characteristics of Red Algal Plastid Genomes

Discussion

A Facultatively Heterotrophic Lifestyle Elicits Increased
Mitochondrial Mutation

Although G. sulphuraria lives in extreme environments with
high temperatures, low pH, and abundant salts and metals, it
is unlikely that these conditions are directly responsible for the
atypical organellar features. This is because other
Cyanidiophyceae species are also polyextremophilic, yet their
mitochondrial and plastid genomes do not share the same set
of characteristics. In addition, the dramatic nucleotide and
gene-strand skews in G. sulphuraria’s mitochondrial genome
are not paralleled in the plastid genome, arguing against an
underlying cause affecting the entire organism. What sets G.
sulphuraria apart from other polyextremophilic red algae is the
fact that it can grow heterotrophically, endolithically, and in
the dark, conditions which require increased or total reliance
on energy production from the mitochondrion and reduced or
complete absence of demand for photosynthetic activity.

It is likely that this increased mitochondrial usage in certain
environments generates a larger amount of reactive oxygen
species (ROS) in G. sulphuraria mitochondria. If the scavenging
mechanisms that are normally in place to prevent ROS-
mediated damage are compromised or inefficient due to
the extreme environmental conditions, or if the ROS levels
become too high to be dealt with effectively, then the in-
creased damage would lead to an increased mutation rate,
which corresponds perfectly with our observations of acceler-
ated mitochondrial protein evolution (fig. 7). Based on DNA
sequence alignments, it is clear that the nucleotide substitu-
tion rate is also extremely elevated in G. sulphuraria mitochon-
drial genes, but reliable estimates of synonymous site
evolution could not be obtained due to mutational saturation.
Although the high temperatures, low pH, and abundant salts
and metals in G. sulphuraria’s environment may not be directly
responsible for the unusual mitochondrial genomic evolution,
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Cyanidiophyceae Bangiophyceae Florideophyceae

Ccal Cmer Gsul Phai Pyez Ppur Ccri Ctub Gten

Genome size (bp) 164,921 149,987 167,741 195,597 191,952 191,028 180,086 178,981 183,883
GC content (%) 327 37.6 28.5 33.0 33.1 33.0 28.7 29.2 29.2
Gene-strand skew 0.07 0.30 0.08 0.11 0.1 0.1 0.03 0.06 0.01

rRNA repeat None None Inverted Direct Direct Direct None None None
GC skew 0.04 0.06 0.01 0.00 0.00 0.00 —0.01 0.02 0.01
AT skew —0.07 0.04 0.00 0.01 0.01 0.01 0.01 —0.01 —0.01

Unique genes 223 229 224 246 246 246 236 235 237

RNA 34 36 41 41 41 41 36 37 36

Protein 189 193 183 205 205 205 200 198 201

Introns 0 0 0 0 0 0 1 2 1

With IEPs 0 0 0 0 0 0 1 2 1

Note.—Ccal = Cyanidium caldarium; Cmer = Cyanidioschyzon merolae; Gsul = Galdieria sulphuraria; Phai=Pyropia haitanensis; Pyez=Pyropia yezoensis; Ppur=Porphyra
purpurea; Ccri=Chondrus crispus; Ctub = Calliarthron tuberculosum; Gten = Gracilaria tenuistipitata.
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it is very possible that these extreme environmental conditions
exacerbate the mutational effects. Many types of mutations,
including deamination and depurination, increase in fre-
guency under conditions of low pH, high temperature, and
high salinity, while denatured DNA is more prone to mutations
than double-stranded DNA (Lindahl and Nyberg 1972;
Frederico et al. 1993). The increased mutation rate could
also be exacerbated by inefficient mitochondrial repair
mechanisms.

Mutational and Selective Mechanisms Promoting Strand-
Specific Skews

The reasons for the extreme GC skew and moderate AT skew
in the G. sulphuraria mitogenome likely derive, at least in part,
from strand-specific biases in the accumulation and/or repair
of particular types of mutations. GC skew is well known in
bacteria and viruses, and to some extent in higher organisms,
with the G-rich strand being the leading strand during repli-
cation (Frank and Lobry 1999; Qu et al. 2010). While the lag-
ging strand is being replicated, its template (the leading strand
from the last round of replication) is transiently single stranded
because discontinuous replication loops it out between
Okazaki fragment priming. During this single-stranded
phase, deamination of C to U is more likely than otherwise.
Such deamination will convert a C in the leading strand to a U,
which if uncorrected will lead to a GC to AT transition muta-
tion, resulting in a bias against C in the leading strand, and
positive GC skew. The extreme GC skew seen in G. sulphur-
aria suggests that the entire genome is replicated in one di-
rection, via a unidirectional replication fork or a rolling-circle
mechanism. Cytosine deamination during replication can also

A Gracilariophila oryzoides

X/0.86 Gracilariopsis andersonii

68/1.0 Gracilariopsis lemaneiformis

Plocamiocolax pulvinata
Chondrus crispus
Pyropia haitanensis
Pyropia yezoensis

-
Porphyra purpurea o
o Cyanidioschyzon merolae
Porphyra umbilicalis o F
ey e e Cyanidiophyceae Cyanidium caldarium
Cyanidium caldarium Galdieria sulphuraria
75/1.0 i .
50/1.0 Galdieria sulphuraria Chara vulgaris
Chara vulgaris F
—E . Nephroselmis olivacea
Nephroselmis olivacea
Cyanophora paradoxa 0.5 subs/site Cyanophora paradoxa ——

Florideophyceae

Bangiophyceae

lead to a slight bias toward T in the leading strand, and hence
negative AT skew, although the effect is generally much smal-
ler than the direct effect of mutagenesis of C by deamination
(Worning et al. 2006). However, the AT skew in G. sulphuraria
is large and in the opposite direction, favoring A rather than
T in the G-rich strand, and arguing against cytosine deamina-
tion as the cause of the positive AT skew.

In addition to G. sulphuraria, a group of Gram-positive
bacteria known as the Firmicutes also show the unusual
combination of positive GC skew and positive AT skew in
the leading strand as well as a highly biased gene distribu-
tion, with the sense strand most likely to be on the leading
strand (Saha et al. 2014). In Firmicutes, the positive GC
skew is most likely due to the cytosine deamination process
described above, while the positive AT skew correlates with
the presence of a novel DNA polymerase subunit. Most
bacteria use a family C DNA polymerase encoded by the
dnaE family of genes as the major replicative polymerase
(Timinskas et al. 2014). The Firmicutes use a dnaE3 subtype
polymerase for lagging strand replication and a second
family C DNA polymerase, encoded by the polC gene, for
the leading strand (McHenry 2011; Saha et al. 2014,
Timinskas et al. 2014). It is not understood why this po/C/
dnakE3 system of replication generates positive AT skew in
the leading strand, in contrast to the slightly negative AT
skew of the other bacteria.

In eukaryotes, family C polymerases are virtually un-
known, and organellar DNA polymerases (also known as
gamma type or DNA Poll) are in family A (Koonin 2006).
Interestingly enough, G. sulphuraria has a DNA polymerase
of the dnaE type (XP_005703203.1) that is predicted to

Gracilaria tenuistipitata B
Chondrus crispus
Calliarthron tuberculosum

Pyropia haitanensis
Pyropia yezoensis

Porphyra purpurea

Fic. 7.—Phylogenetic analysis of red algal mitochondrial and plastid genes. The phylograms from the MrBayes analyses of (A) 24 mitochondrial genes
and (B) 53 plastid genes are shown. Thick branches received >90% ML bootstrap support and >0.99 Bayesian posterior probability. Branches with weaker
support values are labeled. The X indicates that the ML nucleotide analysis did not recover the particular branch, but instead grouped Plocamiocolax and

Chondrus together with 49% bootstrap support.
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have mitochondrial targeting peptides by both iPSORT
(http://ipsort.hgc.jp, last accessed January 24, 2015;
Bannai et al. 2002) and TargetP (http://www.cbs.dtu.dk/
services/TargetP/, last accessed January 24, 2015;
Emanuelsson et al. 2000). However, it is most similar to
the dnaE1 subtype of the cyanobacteria rather than the
dnak3 subtype found in the Firmicutes. Furthermore,
there is no apparent copy of polC in G. sulphuraria, and
the dnaE7 polymerases usually replicate both strands,
rather than only the lagging strand (Timinskas et al.
2014). Nevertheless, there may be mutational effects that
are due to the novel mitochondrial DNA polymerase and its
particular fidelity spectrum. The dnaE-type polymerases
rely on the separate dnaQ subunit for proofreading, and
it is not clear what carries out that function in G. sulphur-
aria mitochondria, so there may be a specific mutational
spectrum deriving from this novel replication protein (Bruck
et al. 2003; McHenry 2011; Timinskas et al. 2014). That the
AT skew of the two genes on the opposite strand is not
inverted suggests that replication and mutation are likely to
be the major processes driving the extreme GC and AT
skew of the G. sulphuraria mitochondrial genome.

There are also selection-based hypotheses to explain the
unusual strand biases for genes and nucleotides in the G.
sulphuraria mitochondrial genome. The strong strand bias
for genes may be selected for in order to avoid head-on col-
lisions between replication forks and transcription machinery.
Because the sense strands of genes are predominantly in the
leading strand, the GC skew leads to G-rich mRNAs. Given
that G can pair readily with both C and U in RNA, selection
against double-stranded RNA would lead to a bias against
both C and T in the leading strand, to produce mRNAs that
will not fold into compact structures (Lao and Forsdyke 2000;
Hu et al. 2007). G-rich mRNAs could also promote increased
transcript stability, which may be required to prevent degra-
dation in extreme conditions. Extended poly-G tracts have
been shown to significantly increase transcript half-lives
(Vreken and Raue 1992; Drager et al. 1998), providing a se-
lective advantage for G-rich mRNAs.

Mutational Load and the Loss of Genes and Introns

Whatever the underlying cause, these strand-specific muta-
tional biases in the mitochondrial genome undoubtedly gen-
erate increased mutational load and nonoptimal codon usage.
In the absence of a functional repair mechanism, gene transfer
to the nucleus is the only way to escape the mutational load
and increasing nucleotide composition skew. Thus, these fac-
tors would be expected to preferentially drive genes into the
nucleus, which likely explains the dramatic reduction of gene
content in the G. sulphuraria mitogenome. Sequencing from
additional strains of Galdlieria and other Cyanidiophyceae spe-
cies will be necessary to detect whether many of the missing
mitochondrial genes were indeed transferred to the nuclear

genome or were completely lost from G. sulphuraria. The ob-
served GC and AT skews are also likely to disrupt stem forma-
tion in RNA secondary structure, prompting the dramatic
reduction of tRNAs, absence of introns, and apparent loss of
5S rRNA from the G. sulphuraria mitogenome.

The Functional Role of Plastid Stem-Loop Structures

These various factors influencing mitochondrial genomic
structure and content should also affect the plastid genome
of G. sulphuraria. However, the decreased reliance on photo-
synthesis in certain conditions would reduce the production of
ROS in the chloroplast, and the absence of any mutation rate
increase in plastid genes is consistent with this hypothesis. In
addition, the presence of numerous stem-loop structures is
intriguing, especially given G. sulphuraria’s extremophilic life-
style. The large increase in the number of stem-loop structures
in the plastid genome may be an adaptive strategy to prevent
unwinding of DNA in extreme conditions and to limit the
extent of DNA unwinding during replication and transcription.
This genomic stabilization likely serves to limit the accumula-
tion of mutations in the plastid genome.

Alternatively, the stem-loop structures in the G. sulphuraria
plastid genome may play a functional role during replication,
transcription, or translation. DNA hairpin and cruciform struc-
tures are known to initiate replication and to modulate tran-
scription in other species (Bikard et al. 2010; Brazda et al.
2011). Furthermore, the stability of these DNA structures are
affected by changes in DNA supercoiling, stem length, tem-
perature, and metal and salt concentrations (Singleton 1983;
Viglasky et al. 2005). At the transcript level, RNA hairpins have
been shown in prokaryotes to regulate translation initiation in
a temperature-dependent fashion (Kortmann and Narberhaus
2012; Deiorio-Haggar et al. 2013). RNA secondary structure
can also increase transcript stability at elevated temperatures.
It is possible that environmental cues alter the conformation of
the DNA/RNA stem-loop structures to regulate plastid replica-
tion, transcription, and/or translation in G. sulphuraria.

Supplementary Material

Supplementary figures S1-53 and tables S1-S3 are available
at Genome Biology and Evolution online (http:/Avww.gbe.
oxfordjournals.org/).
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