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Abstract

Dinoflagellates are algae of tremendous importance to ecosystems and to public health. The cell biology and genome
organization of dinoflagellate species is highly unusual. For example, the plastid genomes of peridinin-containing dino-
flagellates encode only a minimal number of genes arranged on small elements termed “minicircles”. Previous studies of
peridinin plastid genes have found evidence for divergent sequence evolution, including extensive substitutions, novel
insertions and deletions, and use of alternative translation initiation codons. Understanding the extent of this divergent
evolution has been hampered by the lack of characterized peridinin plastid sequences. We have identified over 300
previously unannotated peridinin plastid mRNAs from published transcriptome projects, vastly increasing the number of
sequences available. Using these data, we have produced a well-resolved phylogeny of peridinin plastid lineages, which
uncovers several novel relationships within the dinoflagellates. This enables us to define changes to plastid sequences
that occurred early in dinoflagellate evolution, and that have contributed to the subsequent diversification of individual
dinoflagellate clades. We find that the origin of the peridinin dinoflagellates was specifically accompanied by elevations
both in the overall number of substitutions that occurred on plastid sequences, and in the Ka/Ks ratio associated with
plastid sequences, consistent with changes in selective pressure. These substitutions, alongside other changes, have
accumulated progressively in individual peridinin plastid lineages. Throughout our entire dataset, we identify a persistent
bias toward non-synonymous substitutions occurring on sequences encoding photosystem | subunits and stromal regions
of peridinin plastid proteins, which may have underpinned the evolution of this unusual organelle.
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Introduction Dinoflagellates are members of the alveolates, a group that

Dinoflagellates are eukaryotes with immense ecological and
evolutionary importance. They include photosynthetic, het-
erotrophic, mixotrophic, and parasitic representatives
(Dorrell and Howe 2015). The photosynthetic species are a
major component of plankton communities in marine and
freshwater environments (Leterme et al. 2006; de Vargas et al.
2015), and include causative agents of harmful algal blooms
(Protoperidinium, Ceratium) (Hallegraeff 2010; Hinder et al.
2012), and the symbionts of corals (Symbiodinium) and of
marine protozoa (Pelagodinium, Brandtodinium) (Siano et al.
2010; Probert et al. 2014). The non-photosynthetic species
include parasites of marine invertebrates (Hematodinium,
Syndiniales, and ellobiopsids) (Gornik et al. 2012), and
bioluminescent phagotrophs (Noctiluca) (Nakamura 1998).

additionally contains important laboratory model species (cil-
iates such as Paramecium and Tetrahymena), pathogens of
terrestrial and marine animals (e.g, the apicomplexan para-
sites Plasmodium and Toxoplasma, and the mollusc pathogen
Perkinsus), and other ecologically significant heterotrophs (cil-
iates and gregarines). Two other photosynthetic alveolates
have been described (the “chromerids” Chromera and
Vitrella), both of which are closely related to the apicomplex-
ans, and serve as model organisms for understanding the
origins of parasitism in this lineage (Janouskovec et al. 2010;
Dorrell and Howe 2015).

Dinoflagellates are renowned for their unusual and distinc-
tive cell biology (Lin 2011; Wisecaver and Hackett 20171;
Dorrell and Howe 2015). Unlike those of all other studied
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eukaryotes, dinoflagellate chromosomes are maintained in a
permanently condensed state, and do not principally utilise
histones for DNA packaging (Gornik et al. 2012). The mito-
chondrial genomes of dinoflagellates and apicomplexans are
highly reduced, and several otherwise well-conserved subunits of
the ATP synthase complex have not been documented in any
dinoflagellate (Butterfield et al. 2013; Janouskovec et al. 2013).

One of the oddest traits of dinoflagellate cell biology is
their possession of unusual plastids. While all other major
eukaryotic groups are either non-photosynthetic, or contain
only one plastid lineage, at least four and potentially as many
as seven phylogenetically distinct plastid lineages have been
documented across the dinoflagellates (Janouskovec et al.
2010; Dorrell and Howe 2015). The majority of photosyn-
thetic dinoflagellates possess plastids that contain the light
harvesting pigment peridinin (Haxo et al. 1976). These
“peridinin plastids” are most likely of red algal origin, although
the exact endosymbiotic events through which they origi-
nated remain debated (Keeling 2010; Sevcikova et al. 2015).
Phylogenetic studies have indicated that the peridinin plastid
was present in a common ancestor of dinoflagellates, chromer-
ids, and apicomplexans, and that the alternative plastids found
in some dinoflagellates have originated through serial endo-
symbiosis (Janouskovec et al. 2010; Dorrell and Howe 2015).

The genome of the peridinin plastid is the smallest known
from a photosynthetic plastid, retaining only 12 protein-cod-
ing genes (Barbrook et al. 2014; Mungpakdee et al. 2014), plus
ribosomal RNA and some transfer RNA genes (Barbrook et al.
2006; Nelson et al. 2007). The protein coding genes solely
encode core subunits of the photosynthetic electron trans-
port machinery, comprising genes encoding six subunits of
photosystem Il (psbA, psbB, psbC, psbD, psbE, psbl), and two
subunits each of photosystem | (psaA, psaB), cytochrome bg/f
(petB, petD), and plastid ATP synthase (atpA, atpB). These
genes are located on small elements termed “minicircles” (of
1,600-6,600-bp length) (Zhang et al. 1999; Nelson and Green
2005) and “microcircles” (of 400-600-bp length) (Nisbet et al.
2004). Minicircles typically contain single genes, although
minicircles that contain no genes (Nisbet et al. 2004;
Nelson et al. 2007), or combinations of multiple genes have
also been identified in multiple dinoflagellate species (Hiller
20071; Nisbet et al. 2004; Nelson et al. 2007). All other genes of
unambiguously plastid origin that have been documented in
peridinin dinoflagellates are located in the nucleus (Morse
et al. 1995; Bachvaroff et al. 2004; Mungpakdee et al. 2014).
Some minicircles contain sizeable open reading frames of
unknown function that are unique to dinoflagellates
(Barbrook et al. 2001, 2006; Nisbet et al. 2004). It has been
proposed that some peridinin plastids contain genes encod-
ing ribosomal proteins (rpl28, rpl33) and iron-sulfur cluster
biogenesis factors (ycf16, ycf24), which were acquired by hor-
izontal gene transfer from non-photosynthetic bacteria, al-
though whether these sequences are genuinely plastid-
encoded remains controversial (Moszczynski et al. 2012;
Dorrell and Howe 2015).

Alongside the extreme level of reduction observed in the
peridinin plastid genome, the transcript sequences produced
in peridinin plastids are highly unusual. This is in part due to
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the unusual transcript processing machinery associated with
peridinin plastids, which includes (in some species) extensive
in-frame sequence editing (Zauner et al. 2004; Dorrell and
Howe 2015) and (in all documented species) the addition
of a 3’ poly(U) tail to plastid mRNAs (Wang and Morse
2006; Barbrook et al. 2012), which contrast with the 3’
poly(A) tail and 5’ spliced-leader sequences added to tran-
scripts in dinoflagellate nuclei (Zhang et al. 2007). In addition,
individual genes within peridinin plastids are highly divergent
from orthologous from other plastid lineages (Shalchian-
Tabrizi et al. 2006; Pochon et al. 2014). The genes located in
peridinin plastids frequently contain extensive sequence sub-
stitutions (Barbrook et al. 2014) and in-frame insertions and
deletions (Barbrook et al. 2006, 2014), have unusual codon
usage preferences (Inagaki et al. 2004; Bachvaroff et al. 2006)
and use a range of alternative translation initiation codons in
addition to ATG (ATA, ATT, GTA, TTG) (Zhang et al. 1999;
Barbrook et al. 2014).

This project was conceived to investigate the timing and
extent of the divergent sequence evolution in peridinin plas-
tids. It is broadly agreed that application of poly(U) tails to
plastid transcripts is an ancestral feature of peridinin dinofla-
gellates, and it has been proposed that the fragmentation of
the peridinin plastid genome into minicircles, and the reduc-
tion of the plastid genome to a minimal protein-coding gene
set, are likewise ancestral (Janouskovec et al. 2010; Dorrell
et al. 2014; Dorrell and Howe 2015). However, it is not known
when other divergent evolutionary events occurred in peri-
dinin plastids. This has in part been due to the lack of available
sequence information, with essentially complete plastid cod-
ing sequences previously available only for Amphidinium car-
terae (Nisbet et al. 2004), and for two strains of Symbiodinium
(Clade C3, and Clade Mf) (Barbrook et al. 2014; Mungpakdee
et al. 2014). In addition, the phylogenetic relationships within
the peridinin dinoflagellates remain poorly resolved. While
Amphidinium is agreed to diverge at the base of the peridinin
dinoflagellates, the branching order of other lineages remains
debated (Hoppenrath and Leander 2010; Bachvaroff et al.
2014; Gavelis et al. 2015). We wished to generate a robust
phylogeny of extant peridinin dinoflagellate lineages, and use
this phylogeny to answer three questions: (1) which of the
divergent features associated with peridinin plastid sequences
are likely to have originated in an ancestor to all species
studied; (2) to what extent and in which dinoflagellate line-
ages have divergent plastid evolution events occurred more
recently, and (3) whether there are any consistent trends
across the dinoflagellates in terms of which plastid-encoded
proteins, or regions of plastid-encoded proteins, are the most
divergent, extending from their common ancestor through to
extant species.

We present a taxonomically detailed reconstruction of the
evolution of peridinin plastid sequences. We have focused on
identifying novel plastid transcripts, which allows us to assess
the composite effects of divergent gene evolution and tran-
script editing on peridinin plastid sequences (Zauner et al.
2004; Dorrell and Howe 2015). We have annotated over 300
new peridinin plastid sequences from published transcrip-
tome resources, and demonstrate that the twelve
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photosystem genes previously identified in peridinin plastids
(Mungpakdee et al. 2014; Dorrell and Howe 2015) probably
represent the complete protein-coding component of the
plastid genome of a common ancestor of all extant peridinin
dinoflagellates. We have used these sequences to generate a
well-resolved phylogeny of peridinin plastids, uncovering
novel evolutionary relationships between the major dinofla-
gellate lineages, and have used this phylogeny to determine
when different divergent evolutionary events have occurred
in peridinin plastids. To disentangle the different factors that
have underpinned this unusual sequence evolution, we have
calculated substitution rates, and Ka/Ks ratios [also referred
to as dN/dS, and defined as the relative enrichment in non-
synonymous substitutions, Ka, to synonymous substitutions,
Ks, over a particular sequence, which provides an indicator of
the strength of selective pressure (Yang and Bielawski 2000;
Hurst 2002)] for each dinoflagellate species and each residue
of each plastid-encoded protein studied.

We show that the origin of the peridinin plastid was spe-
cifically marked by an elevation in substitution rates and in
Ka/Ks ratios, consistent with changes in selection pressure in
the dinoflagellate common ancestor. We additionally show
that these and other divergent features, such as in-frame in-
sertions and alternative translation initiation codons, have
continued to evolve progressively in individual dinoflagellate
clades. Finally, we show that in both the common ancestor of
all studied peridinin dinoflagellates and in extant species, el-
evated Ka/Ks ratios are concentrated on genes encoding pho-
tosystem | subunits, and codons encoding stromal-facing
residues of plastid proteins. This may suggest that specific
changes to dinoflagellate physiology have driven the diver-
gent evolution of the peridinin plastid. Ultimately, our study
provides valuable insights into the evolutionary history of this
unusual plastid lineage, from its very origins and through its
subsequent diversification.

Results

Annotation of New Peridinin Plastid Sequences From
Transcriptome Data

Identification of Plastid Sequences

New dinoflagellate orthologues of the 12 protein-coding
genes (atpA, atpB, petB, petD, psaA, psaB, psbA, psbB, psbC,
psbD, psbE, and psbl) previously found to be retained in
peridinin plastids (Howe et al. 2008; Barbrook et al. 2014;
Mungpakdee et al. 2014) were identified in the NCBI EST
library, and transcriptome libraries within the Marine
Microeukaryote  Transcriptome  Sequencing  Project
(MMETSP) (Keeling et al. 2014). A total of 381 sequences
were identified, 364 of which had no previously annotated
equivalents (fig. 1; supplementary table S1, Supplementary
Material online). The majority (348) of the novel sequences
were identified from transcripts within the MMETSP libraries,
with only a few sequences (16) identifiable from EST libraries
located in NCBI (fig. 1). Sequences of plausible plastid origin
were identified in all but a few peridinin dinoflagellate
MMETSP libraries, with a minimum of 15 novel orthologues
found for each gene studied (supplementary table S1,
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Fic. 1. New peridinin plastid coding sequences identified from tran-
scriptome libraries. This graph shows the number of peridinin dino-
flagellates for which sequences of each of the 12 protein-coding genes
present in peridinin plastids have been identified, both previously,
and from the data presented in this study. Sequences are only
counted if they are >200-bp length (for atpA, atpB, psaA, psaB,
psbA, psbB, psbC, and psbD), >100bp (for petB, petD, and psbE),
or > 50 bp (for psbl).

Supplementary Material online), and complete sets of
protein-coding plastid genes identified for 13 new dinoflagel-
late species in addition to the three already characterized
(Howe et al. 2008; Barbrook et al. 2014; Mungpakdee et al.
2014).

Novel Sequences Are of Probable Plastid Origin
Uninterrupted poly(T) stretches of 4 bp or longer were de-
tected on the 3’ end of half (191/381) of the novel dinofla-
gellate sequences, consistent with the presence of the poly(U)
tails associated with dinoflagellate plastid transcripts (supple
mentary fig. S1 and table S1, Supplementary Material online).
Across the entire dataset, only one sequence was found that
terminated in a possible 3’ poly(A) tail, and none contained
evidence of 5’ spliced-leader sequences, or plausible tripartite
targeting sequences (consisting of a signal peptide, ASAFAP-
delimited transit peptide, and a downstream hydrophobic
region), as are associated with nucleus-encoded, plastid-tar-
geted proteins in peridinin dinoflagellates (Nassoury and
Morse 2005; Zhang et al. 2007) (supplementary table S1,
Supplementary Material online).

Limited Additional Coding Sequences in Peridinin Plastids
The entire assembled transcriptome dataset was screened for
further transcripts that might originate from peridinin plas-
tids. We could not find convincing evidence for any further
genes that are plastid-encoded in other non-dinoflagellate
lineages, and might still be plastid-encoded within individual
dinoflagellates, beyond the 12 photosystem genes previously
documented (supplementary fig. S2 and supplementary re
sults, Section 1, Supplementary Material online). The entire
dataset was additionally searched for homologues of the four
plastid genes (rpl28, rpl33, ycf16, ycf24) proposed to have been
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gained by horizontal transfer from bacteria into specific peri-
dinin plastids (Moszczynski et al. 2012). A total of 148 new
sequences were identified and inspected using single-gene
phylogenies. While the original Pyrocystis lunula and
Ceratium horridum sequences grouped with Bacteroidetes,
none of the homologues within this dataset did: instead,
the majority resolved as a monophyletic group and all
grouped either within, or as sister-groups to, other plastid
or cyanobacterial lineages, with robust (>90%) bootstrap
support  (supplementary figs. S3-S6, Supplementary
Material online). None of the rpl28, rpI33, ycf16 or ycf24 tran-
script sequences identified in this study possessed a 3’ poly(U)
tail (supplementary table S1, Supplementary Material online);
however, many contained 3’ poly(A) tails, spliced-leader se-
quences (supplementary table S1, Supplementary Material
online), and tripartite plastid targeting sequences (supplemen
tary fig. S7, Supplementary Material online), consistent with a
nuclear origin.

Homologues of the four novel open reading frames previ-
ously identified on minicircles located in the A. carterae plas-
tid (Barbrook and Howe 2000; Dorrell and Howe 2015) were
searched for across the entire transcript dataset. Only equiv-
alents of A. carterae ORF1, ORF2 and ORF3 were detected, and
these were limited to the related species Amphidinium mas-
sartii (supplementary fig. S8, panel A, Supplementary Material
online). The ORF-like sequences identified in A. massartii were
highly divergent from those of A. carterae, with only 46%
(ORF1), 32% (ORF2), and 33% (ORF3) identities shared
between sequences from the two species, compared with
(eg) 97% sequence conservation between the psbD se-
quences from each species (supplementary fig. S8, panel A,
Supplementary Material online). We could find only limited
evidence for the presence of additional conserved polyuridy-
lylated transcripts that might correspond to novel plastid
ORFs within the dataset (supplementary fig. S8 and supple
mentary results, Section 1, Supplementary Material online).

Reconstruction of Phylogenetic Relationships
Between Peridinin Dinoflagellates
A concatenated protein alignment (3,410 amino acids, aver-
age 72.7% pairwise identities) was generated, consisting of the
twelve plastid sequences studied, for each of the dinoflagel-
lates present in MMETSP, and a reference set of fifteen non-
dinoflagellate  species  (supplementary ~ table  S3,
Supplementary Material online). Bayesian and Maximum
Likelihood trees were generated from this alignment (fig. 2;
supplementary table S4, Supplementary Material online).
Two phylogenetically distinct sets of plastid sequences were
identified for clade A Symbiodinium, one of which resolved
with other Symbiodinium species, and the other as a sister
group to A. carterae, which presumably represents a contam-
ination within the Symbiodinium A MMETSP library (fig. 2;
supplementary table S1, Supplementary Material online).
Consistent with previous data, Amphidinium was identi-
fied as the earliest diverging peridinin dinoflagellate genus (fig.
2) (Dorrell and Howe 2015; Gavelis et al. 2015). Following
Amphidinium, the next most basal dinoflagellates were
Togula jolla, and a clade consisting of Prorocentrales,
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Peridiniales, and the (previously Suessialean) species
Pelagodinium beii, which diverged from a clade consisting of
Gonyaulacales, Suessiales, and the (previously Peridinialean)
genus Heterocapsa, with moderate to robust support (in
Bayesian analysis, >60% in ML trees) (fig. 2). Identical (supple
mentary fig. S9, Supplementary Material online) or nearly
identical (supplementary fig. S10, Supplementary Material on-
line) topologies to the original tree were obtained in trees
calculated from alignments from which long branches, fast
evolving sites, or individual plastid genes had been removed
(supplementary results, Section 2, Supplementary Material
online), suggesting that the initial tree topology was largely
accurate.

Dinoflagellate-Wide Changes in Plastid Sequence
Composition

Changes in Plastid GC Content May Have Occurred Before
the Radiation of the Dinoflagellates

The first, second, and third position GC content were com-
pared across a 4,478-nt gap-free alignment of six plastid genes
(psaA, psaB, psbA, psbB, psbC, and psbD), for each of the
dinoflagellates studied, and all of the non-dinoflagellate spe-
cies previously used for the multigene phylogeny (fig. 2).
Elevated GC contents were observed at third codon positions
in many of the dinoflagellates compared to non-dinoflagellate
species  previously used (supplementary fig. S11,
Supplementary Material online). These included third posi-
tion GC content values of >35% in three of the earliest di-
verging dinoflagellate clades (supplementary fig. S11,
Supplementary Material online; Amphidinium GC[3]= 39.
6-49.6%, Peridiniales GC[3]=29.8-40.9%, Prorocentrales
GC[3]=31.7-39.5%). However, the chromerid Vitrella brassi-
caformis, which forms the closest sister-group to the dinofla-
gellates within the multigene tree (fig. 2), also has a high third
position GC content (supplementary fig. S11, Supplementary
Material online; 46.9%), so it is possible that this GC enrich-
ment is not specific to dinoflagellates.

Limited Changes to Plastid Translation in the Dinoflagellate
Ancestor
Across the entire 4,478-nt gap-free plastid alignment, 18 co-
dons occurred with lower frequency (and 19 codons with
higher frequency) in dinoflagellates compared to non-
dinoflagellate species (one-way ANOVA, P < 0.05; supplemen
tary table S5 and fig. S12, Supplementary Material online). Ten
amino acids were likewise found to occur with lower fre-
quency, and five with higher frequency, in dinoflagellates
(one-way ANOVA, P < 0.05; supplementary table S5 and
fig. S12, Supplementary Material online) over this alignment,
as inferred by a standard translation table. We could not
identify any convincing evidence for changes to plastid trans-
lation tables within the dinoflagellates (supplementary table
S6 and fig. S13; supplementary results, Section 3,
Supplementary Material online).

A much smaller number of codons were found to have
undergone specific de-enrichments (6) or enrichments
(8; chi-squared test, P < 0.05; supplementary table S5 and
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Fic. 2. Multigene protein phylogeny of peridinin dinoflagellates. This figure shows the Bayesian obtained for the 48 species x 3,410 aa alignment of
the 12 proteins that are plastid-encoded in peridinin dinoflagellates. Filled circles at each node indicate support with a posterior probability of 1.0
(for Bayesian inference) and 100% bootstrap values (for RAXML); elsewhere, support values for each node are given in the format (MrBayes/
RAXML). The branch leading to P. beii (marked with double crossed lines) has been reduced to half its true length (true length 0.463, displayed
length 0.232) to accommodate the branch within the figure. Two phylogenetically distinct populations of sequences identified from the Clade A
Symbiodinium library are shown, one grouping with other Symbiodinium sequences, and the other (asterisked) within Amphidinium.
Dinoflagellate orders (Gymnodiniales, Gonyaulacales, Peridiniales, Suessiales, and Prorocentrales) are labeled on the diagram. Species that do
not resolve with other members of the same order are individually labeled, as follows: # (Azadinium spinosum), previously assigned to
Gonyaulacales but identified here as a sister group to the Suessiales; $ (Heterocapsa sp.), assigned to Peridiniales but identified here as a sister
group to Gonyaulacales and Suessiales; # (P. beii), assigned to Suessiales but identified here as a sister group to Prorocentrales.
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fig. S12, Supplementary Material online) in a common ances-
tor of all studied dinoflagellates [inferred by comparing the
regressed ancestral sequence of all dinoflagellates studied to
that of the regressed ancestral sequence of the common an-
cestor of all studied dinoflagellates and V. brassicaformis, which
was the closest sister-group to dinoflagellates included in the
alignment (Janouskovec et al. 2010)]. Comparing the two data-
sets, only four codons (ATA-lle, AGA-Arg, ACC-Thr, and TAT-
Tyr) were found both to occur at significantly higher frequen-
cies in dinoflagellates than non-dinoflagellate species, and to
have undergone a specific enrichment in the common ances-
tor of all studied dinoflagellates (supplementary table S5 and
fig. S12, Supplementary Material online). Similarly, only one
codon (CGT-Arg) was found to occur at a significantly lower
frequency in dinoflagellates, and to have undergone a specific
de-enrichment in the common ancestor of all studied dino-
flagellates (supplementary table S5 and fig. S12, Supplementary
Material online). Finally, only one amino acid (Tyrosine) was

o
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Chlorella variabilis
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[ Marchantia polymorpha
Camellia sinensis
Cyanidioschyzon merolae
Porphyridium purpureum
Guillardia theta
Rhodomonas salina
Emiliania huxleyi

Pavlova luthen
Phaeodactylum tricornutum
Aureo. anophageferrens
Ectocarpus siliculosus
Vitrella brassicaformis
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r= Pelagodinium beii
= =1 . Prorocentrum CCMP2233
! '— Prorocentrum CCMP1329
1 [ Scrippsiella trochoidea
! 'Y _ _ Brandtodinium nutriculum
! 1Y __  Peridinium aciculiferum
by Scrippsiella SHHI4
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Heterocapsa arctica
= Heterocapsa rotundata
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- Polarella glacialis
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Symbiodinium CCMP2430
Symbiodinium D1a
Symbiodinium CCMP421
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Alexandrium monilatum
Alexandrium tamarense
Alexandrium margalefi

Amphidinium massartii
Togula jolla
Pelagodinium beii

found to have undergone a significant change in frequency in
the common ancestor of all studied dinoflagellates (supple
mentary table S5 and fig. 12, Supplementary Material online),
suggesting overall that relatively limited changes to plastid
codon usage are associated with dinoflagellate origins.

Dinoflagellate-Wide Changes to Plastid Sequence
Evolution

Elevated Pairwise Substitutions at the Origin of
Dinoflagellates

Total numbers of pairwise substitutions were calculated
for every species used in the multigene phylogeny, over
the 4,478 nucleotide gap-free alignment (fig. 3; supplemen
tary table S7, Supplementary Material online). The dino-
flagellate sequences were highly divergent from the non-
dinoflagellate species (fig. 3; compare top left hand corner
of figure to remainder). On average, dinoflagellate and

Proro. 2233

Proro. 1329
Scrippsiella trochoidea
Peridinium aciculiferum

Scrippsiella SHHI4
Scrippsiella SHTV5
Heterocapsa arctica
Heterocapsa rotundata
Azadinium spinosum
Polarella glacialis
Symbiodinium Mp
Symbiodinium 2430
Symbiodinium D1a
Symbiodinium 421
Symbiodinium C1
Symbiodinium C15
Ceratium fusus
Lingulodinium polyedra
Protoceratium reticulatum
Gonyaulax spinifera
Pyrodinium bahamense
Gambierdiscus australes
Alexandrium andersonii
Alexandrium catenella
Alexandrium monilatum
Alexandrium tamarense
Alexandrium margalefi

Fic. 3. Pairwise substitution ratios in peridinin dinoflagellates. This heatmap shows pairwise Ka/Ks ratios (bottom left hand sector) and total
number of pairwise substitutions (top right hand sector) between every dinoflagellate and non-dinoflagellate sequence in the multigene nucle-
otide alignment. Sequences are shown per the multigene tree topology established in figure 2; non-dinoflagellates are shown on grey branches,
basal dinoflagellates (Gymnodiniales, Peridiniales, Prorocentrales, and Pelagodinium) with dashed branches; and Gonyaulacales and Suessiales on
solid black branches. The scale factors associated with each value are shown on the right-hand side of the figure. For ease of comparative viewing,
the tree has been rooted here between the dinoflagellate and non-dinoflagellate lineages.
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non-dinoflagellate species pairs were separated by 1,549
nucleotide substitutions, while pairs of non-dinoflagellate
species were separated by an average of 994 substitutions,
which was significantly lower (supplementary table S7 and
fig. S14, panel A, Supplementary Material online; one-way
ANOVA, P=1.86 x 10~ "°). Even the related alveolate
lineage V. brassicaformis, which was separated from other
non-dinoflagellate species by a much larger number of
substitutions (average value 1,276) was significantly less
divergent than dinoflagellate species studied (supplemen
tary table S7 and fig. S14, panel A, Supplementary Material
online; P =1.2 x 10 '®), suggesting that this elevated sub-
stitution rate is specifically associated with dinoflagellate
species.

We tested whether the elevated numbers of substitutions
observed between dinoflagellate and non-dinoflagellate spe-
cies were related either to plastid GC content, codon usage, or
amino acid composition (supplementary figs. S14 and S15;
supplementary results, Section 4, Supplementary Material on-
line). While changes to plastid GC content and codon usage
were correlated to the total numbers of pairwise substitutions
observed (supplementary fig. S15, Supplementary Material
online), alignment recoding to remove these effects did not
eliminate the elevated substitution rates associated with di-
noflagellate species (supplementary fig. S14, panel B,
Supplementary Material online).

Elevated Ka/Ks Ratios at the Origin of Dinoflagellates
Pairwise Ka/Ks ratios (which provide information regarding
the strength of selective pressure acting on individual se-
quences, as expressed by the ratio of non-synonymous to
synonymous substitutions) were additionally calculated for
each species pair (fig. 3; supplementary table S7,
Supplementary Material online). Similar to the situation ob-
served for total substitution rates, much higher pairwise Ka/
Ks ratios were observed between dinoflagellate and non-
dinoflagellate species pairs (average value 0.0592) than within
non-dinoflagellate species pairs (supplementary fig. S16, panel
A, Supplementary Material online; average value 0.0183; P
=275 x 107 "™). A dramatic difference was also observed
for the Ka/Ks ratios calculated between dinoflagellates and
non-dinoflagellate species, and Vitrella and all other non-
dinoflagellate species (supplementary fig. S16, panel A,
Supplementary Material online; average value 0.0271; P =2.
87 x 107 '®).

We tested whether the elevated Ka/Ks ratios observed in
dinoflagellates might be related to the extremely high total
numbers of pairwise substitutions observed, for example due
to a saturating substitution rate at codon third positions
leading to an underestimate of the total synonymous substi-
tutions between dinoflagellate and non-dinoflagellate species
(supplementary figs. S17 and S18; supplementary results,
Section 5, Supplementary Material online). The third position
substitution rates between dinoflagellate and non-
dinoflagellate species, while high, were not at saturation
rate (supplementary figs. S17 and S18; supplementary results,
Section 5, Supplementary Material online). Other variables

tested were either not correlated to the pairwise Ka/Ks ratios
obtained (in the case of amino acid composition), or were not
sufficient (judged by alignment recoding) to explain the dif-
ferences in Ka/Ks ratios observed (in the case of third position
GC content, and codon usage; supplementary figs. S16 and
$19; supplementary results, Section 6, Supplementary
Material online).

Lineage-Specific Changes to Peridinin Plastid
Sequences

Extremely Elevated Ka/Ks Ratios within Dinoflagellates
Some dinoflagellate species were found to have extremely
elevated pairwise Ka/Ks ratios calculated relative to other
dinoflagellates in the alignment (fig. 3). For example, P. beii
was separated from all other dinoflagellates by a minimum
number of 1,400 substitutions, and Brandtodinium nutricu-
lum was separated from all other dinoflagellates by a mini-
mum number of 1,399 substitutions (fig. 3; supplementary
table S7, Supplementary Material online), both of which were
far larger than the average minimum number of total pairwise
substitutions (416) calculated for other dinoflagellate species
(Z-test, P < 0.05). These separations were found to be inde-
pendent of plastid GC content and codon usage patterns in
both species (supplementary fig. S20; supplementary results,
Section 8, Supplementary Material online). Both species were
also found to have elevated Ka/Ks ratios (minimum P. beii
Ka/Ks 0.0618; minimum B. nutriculum Ka/Ks 0.0408; average
dinoflagellate minimum Ka/Ks 0.0174; fig. 3), but these differ-
ences were eliminated by removing codon third positions
from Ka/Ks calculations, suggesting that they are the result
of saturating mutation rates in each species (supplementary
fig. S20; supplementary results, Section 8, Supplementary
Material online).

A dramatic evolutionary divergence was observed within
members of the Gonyaulacales and Suessiales (fig. 3, bottom
right hand sector; supplementary fig. S21, Supplementary
Material online). Species within these lineages had extremely
high pairwise Ka/Ks ratios, with a maximum value of 0.284
between the Gonyaulacales Protoceratium reticulatum and
Pyrodinium bahamense, which is significantly greater than
the average maximum pairwise Ka/Ks ratio (0.140) observed
for all dinoflagellates (fig. 3; supplementary table S7,
Supplementary Material online; Z-test, P < 0.05). The average
pairwise Ka/Ks ratio between Gonyaulacalean and Suessialean
dinoflagellates (0.110) was significantly higher than the aver-
age pairwise Ka/Ks ratio between other dinoflagellate pairs (0.
043; supplementary fig. S21, panel A, Supplementary Material
online; P =157 x 10~*). This was found to be independent
of both third position substitutions, and changes to codon
usage in these species (supplementary results, Section 8,
Supplementary Material online). In contrast, the average
number of pairwise substitutions between Gonyaulacalean
and Suessialean species (711) was significantly lower (P=0)
than the average pairwise substitution frequencies observed
between other dinoflagellates (1,417; fig. 3; supplementary fig.
S21, panel B, Supplementary Material online), indicating that
the rapid divergent evolution within this lineage is specifically
due to an elevated Ka/Ks ratio.
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Widespread Evolution of Alternative Translation Initiation
Codons in Peridinin Plastids

44% of all the sequences identified lacked a plausible ATG
initiation codon, hence probably use alternative translation
initiation codons (supplementary table S8, Supplementary
Material online). Eight different codons were identified as
probable alternative initiation sites for individual peridinin

plastid transcripts, with TTG and ATT occurring the most
frequently (fig4; supplementary table S8, Supplementary
Material online). None of the alternative translation initiation
codons identified was conserved across all dinoflagellates, and
the majority were species-specific (fig. 4, panel A). However,
20 alternative initiation codons were conserved across mul-
tiple dinoflagellate species (fig. 4, panel B, square labels), such

Alternative initiation codons 20 I

Deletions “ 18
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Loss of atpA conserved residues m 92

87 |
25 I m Ancestral
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77 I OSpecies-specific
93 |
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Heterocapsa arctica
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.

B psbB -ATC
c

D

E

F

G

H

psaA- ATC
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I psbA-TTG v In-frame deletions
J atpB- BTG; psaA- GTR O
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Heterocapsa rotundata
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Azadinium spinosum

Polarella glacialis
Symbiodinium Mp
Symbiodinium CCMP2430
Symbiodinium D1a
Symbiodinium CCMP421
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Fic. 4. Phylogenetic reconstruction of clade-specific evolutionary events in peridinin dinoflagellates. This figure shows discrete changes to
peridinin plastid sequences that have occurred throughout dinoflagellate evolution. (A) shows the number of instances of four evolutionary
events (adoption of alternative translation initiation codons, in-frame insertions and deletions, and the loss of otherwise conserved residues from

atpA) that originated in a common ancestor of all dinoflagellates, are confined to specific species, or that originated in the common ancestors of

specific dinoflagellate clades. (B) shows the phylogenetic origins of each of the clade-specific features, as determined by comparison to the
multigene tree topology obtained in figure 2. Alternative initiation codons are shown with square labels, in-frame insertions and deletions with
triangular labels, and discrete changes to otherwise conserved atpA residues with circular labels.
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as the adoption of a TTG alternative initiation codon in psbA
in a common ancestor of Alexandrium, Gambierdiscus,
Pyrodinium, and Gonyaulax sp. (fig. 4, panel B, label I; supple
mentary fig. S22, Supplementary Material online). Some line-
ages utilize alternative initiation codons more frequently than
others, with six alternative initiation codons (petB-GTG, petD-
KTG, psaB-ATW, psbC-ATC, psbD-ATY, psbE-ATT) found in
Scrippsiella hangoei and its sister species Peridinium aciculife-
rum (fig. 4, panel B, labels C, D), compared with only one
(atpA-TTG) in Amphidinium sp. (fig. 4, panel B, label A).

Multiple Discrete Changes to Plastid Protein Sequences
within Dinoflagellates
A total of 111 insertions and 48 deletions distributed across
80 positions were identified within dinoflagellates (fig. 4, Panel
A; supplementary table S9, Supplementary Material online).
This contrasts to the situation for the non-dinoflagellate spe-
cies in the alignment, for which only 19 insertions and 22
deletions were identified (supplementary table S9,
Supplementary Material online). Twelve insertions and five
deletions were conserved across all dinoflagellates (fig. 4, panel
A; supplementary fig. S23, panel A, Supplementary Material
online), although many of these indels have undergone sub-
stantial expansions or contractions in individual species (sup
plementary fig. S23, panel B, Supplementary Material online).
The majority of indels, however, were restricted to individual
dinoflagellate species (77 insertions, 25 deletions) or clades
(22 insertions, 18 deletions) (fig. 4, panel A; supplementary fig.
$23, panel C, Supplementary Material online). These included
two insertions (in PsaB, insertion starting at consensus residue
41; and PsbC, residue 197) and one deletion (in PsbB, starting
at consensus residue 291) that evolved in a common ancestor
of all species studied, except for the basally divergent
Amphidinium, and one insertion (PsaB, residue 168) and
one deletion (PsaB, residue 602) in a common ancestor of
Gonyaulacales and Suessiales (fig. 4, panel B; triangular labels).
Instances in which a residue that is conserved in all other
studied plastids was lost in dinoflagellates were tabulated for
one representative protein, the ATP synthase subunit AtpA.
200 such changes were found, of which only 15 were ancestral
(fig. 4, panel A; supplementary table S10, Supplementary
Material online). Of the remaining 185 substitutions, 93
were species-specific, while 92 were shared across specific di-
noflagellate clades. These clade-specific changes included the
loss of 13 otherwise conserved residues in a common ances-
tor of all genera except Amphidinium, and 2 in a common
ancestor of Gonyaulacales and Suessiales (fig. 4, panel B, cir-
cular labels; supplementary table S10, Supplementary
Material online).

Identification of Consistent Trends in Peridinin Plastid
Evolution

Photosystem | Sequences in Peridinin Plastids Have
Elevated Ka/Ks Ratios

An elevated dinoflagellate Ka/Ks ratio was observed in the
two photosystem | subunit genes (psaA and psaB) retained in
dinoflagellate plastids. For psaA, the dinoflagellate Ka/Ks ratio

(0.481) was 4.89 times that of the non-dinoflagellate value
(0.098); whereas for psaB the dinoflagellate Ka/Ks ratio (0.446)
was 4.47 times that of the non-dinoflagellate value (0.099; fig.
5, panel A). Both the Ka/Ks ratios observed were substantially
greater than the average Ka/Ks ratios observed for all dino-
flagellate plastid genes, both in terms of the raw Ka/Ks ratio
(0.296) and in terms of the relative enrichment (2.41) com-
pared with the non-dinoflagellate Ka/Ks ratios (0.123; fig. 5,
panel A). Elevated Ka/Ks values were also obtained for dino-
flagellate psaA and psaB genes in alignments recoded to elim-
inate third position substitutions and codon usage bias
(supplementary fig. S24 and tables S11-S15; supplementary
results, Section 8, Supplementary Material online).

Photosystem | Sequences in the Dinoflagellate Ancestor
also Had Elevated Ka/Ks Ratios

Individual Ka/Ks ratios were also calculated for each gene,
solely between the hypothetical sequences calculated for
the common ancestor of all studied dinoflagellates, and the
common ancestor of dinoflagellates and Vitrella, which
should correspond to the substitutions that most probably
occurred in the peridinin plastid immediately following its

A
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B
S4
2
S 3
X 2
1 [ ¥
0
FOIRLIFRSFTILILE S
MR N O P NP P MO N4
T AR EEE SN
Positive
B All Positive selection  selection
residues _ancestral branch _within dinos
Total 4121 331 517
Transmembrane domains 1008 45** 108**
Stromal residues 691 70%* 156**
Luminal residues 1488 110 223
Intersubunit interfaces 472 29* 2%*
Cofactor-binding residues 393 32 0**

Fic. 5. Site-specific evolution in dinoflagellates. (A) shows the Ka/Ks
residues calculated for each of the twelve peridinin plastid genes.
Black bars show the Ka/Ks ratios inferred for the dinoflagellate com-
mon ancestor, divided by the Ka/Ks ratios calculated for every non-
dinoflagellate reference sequence within the alignments. Grey bars
show the Ka/Ks ratios calculated within the dinoflagellate sequences,
again divided by the Ka/Ks ratios calculated for the non-dinoflagellate
sequences within the alignment. (B) tabulates the residues with ad-
justed Ka/Ks ratio >1, and Ka/Ks ratio significantly greater than cor-
responding non-dinoflagellate reference Ka/Ks ratio) in the common
ancestor of all studied dinoflagellates or within the dinoflagellates (as
above, except adjusted Ka/Ks ratio >0.5) and their predicted func-
tional properties. Values that are significantly higher than would be
expected through random distribution of these sites are shown in
bold text, and values that are significantly lower are shown in italics.
Values with one asterisk are significant to P < 0.05, and values with
two asterisks are significant to P < 1 x 10~ %
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divergence from other plastid lineages (supplementary table
S11, Supplementary Material online). Elevated Ka/Ks ratios
were found in both the dinoflagellate ancestor psaA (ances-
tral Ka/Ks 0.425; dinoflagellate ancestor/non-dinoflagellate ra-
tio 432) and psaB sequences (ancestral Ka/Ks 0.593;
dinoflagellate ancestor/non-dinoflagellate ratio 5.95), com-
pared with all other genes (ancestral Ka/Ks 0.376; dinoflagellate
ancestor/non-dinoflagellate ratio 3.07; fig. 5, panel A; supplemen
tary tables S11 and S12, Supplementary Material online). The
Ka/Ks ratios associated with the psaB dinoflagellate ancestor
sequence were confirmed using alignment recoding to be gen-
uine, rather than a consequence of a highly elevated mutation
rate or change in codon usage preference specific to dinoflagel-
late photosystem | genes (supplementary fig. S24; supplemen
tary results, Section 8, Supplementary Material online).

Elevated Ka/Ks Ratios Are Specific to Photosystem | Genes
Only one other gene, psbl, was found to have a greater than
average Ka/Ks ratio between dinoflagellates and non-
dinoflagellate species (dinoflagellate Ka/Ks 0.451; non-
dinoflagellate Ka/Ks 0.132; dinoflagellate/non-dinoflagellate
ratio 3.39) and between the dinoflagellate ancestor and the
common ancestor of dinoflagellates and Vitrella (dinoflagel-
late ancestor Ka/Ks 0.512; dinoflagellate ancestor/non-
dinoflagellate ratio 3.84; fig. 5, panel A; supplementary table
S11, Supplementary Material online). However, the elevated
psbl Ka/Ks ratio was eliminated in alignments recoded to
eliminate third position substitutions (supplementary fig.
S24; supplementary results, Section 8, Supplementary
Material online), suggesting that it is the result is due to a
saturating mutation rate at dinoflagellate psbl third codon
positions. No other genes (except for psaA and psaB) were
found to have elevated associated Ka/Ks ratios.

Stromal Domains of Peridinin Plastid Proteins Have
Elevated Ka/Ks Ratios

Individual Ka/Ks ratios were calculated for each residue
within each plastid gene, for dinoflagellates, non-dinoflagel-
late species, and the common ancestors of all studied dino-
flagellates, and of all dinoflagellates and Vitrella
(supplementary table S11, Supplementary Material online).
The distribution of residues with elevated Ka/Ks ratios was
biased toward specific regions of individual proteins. For ex-
ample, within psbB, 59 codons have elevated associated Ka/
Ks ratios either in the common ancestor of all studied dino-
flagellates (positions at the centre of a block of ten residues
with aggregate Ka/Ks>1, and Ka/Ks significantly greater
than that calculated for the equivalent non-dinoflagellate
residue; Z-test, P < 0.05), or within the dinoflagellates
(same criteria, but with Ka/Ks >0.5; supplementary fig. S25,
Supplementary Material online). All of these codons are pre-
dicted to encode stromal- or luminal-facing residues (supple
mentary fig. S25, Supplementary Material online).

Across the entire dataset, 171 of the 331 residues identified
to have elevated Ka/Ks ratios in the common ancestor of all
studied dinoflagellates were located on predicted stromal
faces of plastid proteins (fig. 5, panel B; supplementary fig.
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S26, panel A, tables S11 and S12, Supplementary Material
online). This is significantly greater than the number (123)
expected through a random distribution of residues (chi-
squared, P =643 x 10 '% supplementary table S11,
Supplementary Material online). The elevated Ka/Ks ratios on
stromal residues were also identified in calculations performed
with alignments recoded to eliminate third position substitu-
tions and codon usage bias (supplementary fig. S26; supplemen
tary results, Section 9, Supplementary Material online).

The same trends were not directly observed within indi-
vidual dinoflagellate lineages, where the number of stromal
residues with elevated Ka/Ks ratios was in fact slightly fewer
than expected (202/582 residues; expected number 216; supple
mentary fig. S26, panel B, and tables S11 and S12,
Supplementary Material online). However, this may be influ-
enced by the low Ka/Ks ratios observed in dinoflagellates for
AtpA (0.251) and AtpB (0.254; fig. 5, panel A; supplementary
table S11, Supplementary Material online), which are the only
two proteins encoded in peridinin dinoflagellate plastids to be
entirely extrinsic to the thylakoid membrane, hence entirely
stromal-facing (Walker 2013). Excluding AtpA and AtpB, the
number of residues with elevated Ka/Ks ratios in dinoflagellates
that are predicted to face into the plastid stroma, was extremely
greater than expected (172/552 residues with elevated Ka/Ks
ratios; expected number of residues 29; P = 0; supplementary
fig. S26, panel B; tables S11 and S12, Supplementary Material
online). Similar to the dinoflagellate ancestor, the enrichment in
dinoflagellate stromal Ka/Ks ratios was confirmed through
alignment recoding to be genuine, rather than a result of
mutation rate saturation or codon usage bias (supplementary
results, Section 9, Supplementary Material online).

Discussion

We have identified and analyzed previously unannotated se-
quences for plastid-encoded transcripts in peridinin dinofla-
gellates. These data constitute over three times the number of
previously annotated peridinin dinoflagellate plastid se-
quences, and increases the number of complete peridinin
plastid protein-coding datasets 5-fold (fig. 1). Particularly large
numbers of plastid transcript sequences were identified from
the MMETSP transcriptome datasets (fig. 1). This may be due
to the presence of the 3’ poly(U) tail on dinoflagellate plastid
transcripts, which has previously been speculated to enable
the enrichment of plastid transcript sequences in poly(A)
enriched RNA libraries (Wang and Morse 2006) such as those
used for generation of the MMETSP transcriptomes (Keeling
et al. 2014), and is corroborated by the presence of poly(U)
tails on many of the transcripts we identified (supplementary
fig. S1 and table S1, Supplementary Material online).
Almost all of the dinoflagellates investigated appear to
possess the same 12 plastid-encoded protein-coding genes
previously identified (Howe et al. 2008; Barbrook et al. 2014;
Mungpakdee et al. 2014). We found no evidence for the
relocation of any of these genes to the nucleus in any species
(supplementary fig. S1 and table S1, Supplementary Material
online) or the retention of other conventional plastid genes in
any peridinin plastid (supplementary fig. S2 and table S2,
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Supplementary Material online). We additionally found only
limited evidence for the presence of laterally acquired genes
in the plastids of peridinin dinoflagellates, or that novel ORFs,
previously identified in individual peridinin plastid lineages,
may be conserved across multiple species (supplementary fig.
S8 and table S2, Supplementary Material online). While we
cannot formally exclude that other plastid transcripts [such
as transcripts that do not receive a 3' poly(U) tail hence are
unlikely to be present in poly(A)-enriched libraries] are pro-
duced, our data indicate that the 12 previously identified
protein-coding genes represent the ancestral protein-coding
component of dinoflagellate plastids.

These data have allowed us to produce a well-resolved
reference tree for the branching relationships between major
clades of peridinin dinoflagellates (fig. 2; supplementary figs.
S9 and S10, Supplementary Material online). Several novel
phylogenetic relationships were uncovered. For example, P.
beii (previously Gymnodinium beii) grouped with the
Prorocentrales with reasonable support (100/64%) whereas
previous studies based on single-gene phylogenies placed it
within the Suessiales (Siano et al. 2010; Decelle et al. 2014).
Similarly, sister-group relationships between Prorocentrum
and the Peridiniales, and the monophyletic clade of
Gonyaulacales, Suessiales and Heterocapsa (fig. 2), have not
to our knowledge been previously described (Hoppenrath
and Leander 2010; Bachvaroff et al. 2014; Gavelis et al. 2015).
Each of these novel relationships were also recovered using
modified alignments from which long branches, individual
genes, gapped positions, or fast-evolving sites were removed
(supplementary figs. S9 and S10, Supplementary Material on-
line). We accordingly conclude that the relationships obtained
within our dataset are probably genuine, and not the artifact
of fast sequence evolution or recent discrete changes (such as
changes to plastid translation tables, which might bias the
conceptual translations obtained, but presumably should be
removed in the fast site analysis) in individual dinoflagellate
plastids.

We have correlated divergent changes to peridinin plastid
transcript sequences to the branching relationships from the
multigene phylogeny, allowing us to infer when these changes
occurred. For these analyses, we have focused exclusively on
the sequences and conceptual translations of plastid tran-
scripts, which provide an understanding of the aggregate
consequences of divergent gene evolution and transcript
editing on peridinin plastids (Zauner et al. 2004; Bachvaroff
et al. 2006; Dorrell and Howe 2015). As many of the sequences
identified from MMETSP possess poly(U) tails (supplemen
tary fig. S1 and table S1, Supplementary Material online),
and the presence of the poly(U) tail is associated with the
completion of transcript editing in dinoflagellate plastids
(Dang and Green 2009; Dorrell et al. 2016), we presume
that the majority of the sequences identified in this study
probably have been edited to completion, as opposed to
representing unedited precursor transcripts.

First, we have identified changes to peridinin plastid se-
quence composition across the dinoflagellates. These include
changes to plastid sequence GC content and codon usage
(supplementary figs. S11 and S12, Supplementary Material

online), although many of these changes are either shared
with relatives (such as the elevated third position GC content
in the chromerid Vitrella; supplementary fig. S11,
Supplementary Material online), or appear largely to consist
of changes specific to individual dinoflagellate lineages (such
as the changes to plastid codon usage frequencies, which are
much more numerous in extant dinoflagellate species than in
the inferred sequences of their last common ancestor; supple
mentary fig. S12, Supplementary Material online). We could
not find convincing evidence for changes to the plastid trans-
lation table across the dinoflagellates (supplementary fig. S13,
Supplementary Material online). While we cannot exclude
alternative hypotheses (e.g, independent increases in third
position GC content in the lineages giving rise to Vitrella,
and in a common ancestor of all dinoflagellates), we cannot
find sufficient evidence for major changes to plastid sequence
composition, or translation, occurring in the dinoflagellate
common ancestor.

Next, we have identified widespread changes to the trans-
lation products of plastid sequences in dinoflagellates. These
include changes resulting from large numbers of substitu-
tions, and greatly elevated Ka/Ks ratios associated with dino-
flagellate plastid transcripts (fig. 3; supplementary figs. S14 and
S16, Supplementary Material online). The elevated Ka/Ks
ratios are unlikely to be explained by changes in codon pref-
erence (supplementary figs. S11 and S16, Supplementary
Material online), or saturation of synonymous substitution
rates at third-position sites in dinoflagellate plastids (supple
mentary figs. S17-519, Supplementary Material online). It is
possible that other factors related to sequence composition
(e.g, transitory changes in codon preference in individual di-
noflagellate lineages, or saturation of synonymous substitu-
tion rates at first- and second-position sites) may have
contributed to the elevated Ka/Ks ratios observed; however,
we suggest that the most parsimonious explanation for the
remaining elevated Ka/Ks ratios observed in dinoflagellate plas-
tids are changes in plastid selection pressure throughout their
evolution, commencing after their divergence from other plas-
tid lineages, and throughout the radiation of extant species.
Although previous studies have posited changes in selection
pressure on certain peridinin plastid genes (Shalchian-Tabrizi
et al. 2006), this is to our knowledge the first evidence that
indicates that selective events have played a widespread role in
dinoflagellate plastid evolution.

We have additionally identified changes that have oc-
curred in individual dinoflagellate lineages since their radia-
tion (figs. 3 and 4 supplementary figs. S20-S23,
Supplementary Material online). We have found extremely
elevated Ka/Ks ratios in pairwise comparisons between dino-
flagellates (fig. 3; supplementary figs. S20 and S21,
Supplementary Material online), and map multiple acquisi-
tions of alternative translation initiation codons (supplemen
tary fig. S22, Supplementary Material online), in-frame inser-
tion and deletions (supplementary fig. S23, Supplementary
Material online), and the loss of otherwise conserved atpA
residues to the dinoflagellate tree (fig. 4). These events have
occurred progressively, with the majority of the dinoflagellate
clades being marked by discrete changes to plastid sequences
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(fig. 4), and contrasts with the much more conservative evo-
lution observed in other plastid lineages (supplementary ta
bles S8 and S9, Supplementary Material online). The divergent
evolutionary events observed in this study await detailed bio-
chemical characterization. For example, it will be interesting to
determine experimentally whether peridinin dinoflagellates
utilize the alternative translation initiation codons identified
in this study, or whether there are further translation initiation
codons with weaker similarity to ATG in peridinin plastids.
This could be accomplished, for example, by proteomic char-
acterization of the N-termini of peridinin plastid proteins
(Huesgen et al. 2013). Regardless, our data show that peridinin
plastid sequences have not remained static, but have contin-
ued to diverge from one another to a remarkable extent.

We have found evidence that different peridinin plastid
lineages have evolved in different manners since their radia-
tion. For example, we observe elevated minimum pairwise
substitution rates in some Peridinialean/Prorocentralean spe-
cies (e.g, Brandtodinium, Pelagodinium; fig. 3), which is cor-
roborated by the rather long branch lengths associated with
these species in the multigene tree (fig. 2; supplementary fig.
S9, Supplementary Material online), and appears to explain at
least partially the high Ka/Ks ratios observed for these species
(supplementary fig. 520, Supplementary Material online). We
also observe extremely high maximum pairwise Ka/Ks ratios
within members of the Gonyaulacales and Suessiales, but in
contrast these occur alongside relatively low pairwise substi-
tution rates, suggesting that they have resulted from a change
in plastid selective pressure in these lineages (fig. 3; supple
mentary fig. S21, Supplementary Material online). Similarly,
we have found that specific nodes on the peridinin plastid
tree are marked by the origins of large numbers of alternative
initiation codons (the common ancestor of S. hangoei and P.
aciculiferum; fig. 4), indels (the common ancestor of
Amphidinium and Heterocapsa; fig. 4), or changes to con-
served atpA residues (the common ancestor of
Symbiodinium; fig. 4). It remains to be determined why the
plastids of specific dinoflagellate lineages and not others are
unusual, although we note that many of the most divergent
species within our dataset have symbiotic life strategies (e.g,
Pelagodinium is an endobiont of foraminiferans; Siano et al.
2010, whereas Brandtodinium is a radiolarian symbiont;
Probert et al. 2014). More taxonomically detailed compari-
sons of plastid evolution in endosymbiotic dinoflagellates to
their free-living relatives may provide insights into whether
symbiosis has driven divergent plastid evolution within the
dinoflagellates.

More globally, it remains to be resolved why the peridinin
dinoflagellates have undergone such divergent plastid evolu-
tion compared with other lineages. Notably, we show that
residues with elevated Ka/Ks ratios in peridinin plastids are
concentrated, both in extant dinoflagellates and in the dino-
flagellate common ancestor, on photosystem | subunits, and
stromal regions of plastid proteins, which cannot be ex-
plained by changes to codon usage or third position substi-
tution rate (fig. 5 supplementary figs. S24-S26,
Supplementary Material online). While divergent evolution
has previously been reported in the photosystem | sequences
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in individual peridinin plastid lineages (Bachvaroff et al. 2006;
Shalchian-Tabrizi et al. 2006; Pochon et al. 2014), this is to our
knowledge the first evidence that this bias in evolutionary
events is conserved throughout peridinin plastids, from the
origin of dinoflagellates to extant species.

Similar, albeit less extreme divergent evolution events to
those described in this study have been observed in nuclear
genes encoding plastid-targeted proteins (Bachvaroff et al.
2006; Mungpakdee et al. 2014) and non-plastid proteins
(Kim et al. 2011) in peridinin dinoflagellates. It will be inter-
esting to determine if the divergent evolutionary events ob-
served in nucleus-encoded and plastid-encoded genes are
linked; for example if the nucleus-encoded components of
dinoflagellate photosystem |, or nucleus-encoded proteins
likely to interact with the stromal faces of plastid-encoded
dinoflagellate proteins, likewise possess specifically elevated
Ka/Ks ratios. Conserved trends in the evolution of nucleus
and plastid-encoded proteins in dinoflagellates might arise as
a result of compensatory evolution events to maintain plastid
physiology (e.g, maintaining plastid redox state for plastid
physiology and gene regulation (Allen 1993; Puthiyaveetil
et al. 2008), or balancing cyclic and linear electron flow to
meet the physiological requirements of individual lineages
(Reynolds et al. 2008)), or as a result of divergent selection
on plastid proteins to accommodate some of the more un-
usual nucleus-encoded proteins and structures present in
peridinin  plastids, (eg, the dinoflagellate pyrenoid
(Nassoury et al. 2005; Siano et al. 2010), or the peridinin
pigment-binding protein complexes (Haxo et al. 1976)).
Ultimately, understanding the relationships between peridi-
nin plastid sequences, evolution and physiology may provide
valuable insights into the biology of this unusual and ecolog-
ically important lineage.

Materials and Methods

Assembly and Annotation of Previously Known
Peridinin Plastid Sequences

Nucleotide sequences corresponding to the 12 protein-cod-
ing genes (atpA, atpB, petB, petD, psaA, psaB, psbA, psbB,
psbC, psbD, psbE, psbl) that are found on the three effectively
complete peridinin plastid genomes (A. carterae CCAP1102/
6; Symbiodinium sp., Clade C3, and Clade Mf) (Nisbet et al.
2004; Barbrook et al. 2014; Mungpakdee et al. 2014), were
assembled from peridinin dinoflagellate EST libraries within
NCBI (https://www.ncbi.nlm.nih.gov/, last accessed June 16,
2014) and the Marine Microeukaryote Transcriptome
Sequencing Project (MMETSP) (http://data.imicrobe.us/proj
ect/view/104, last accessed November 1, 2014) (Keeling et al.
2014). Sequences were identified by tBLASTn searches, using
annotated plastid protein sequences from peridinin dinofla-
gellates and their close relatives (listed in supplementary table
S1, Supplementary Material online). Where possible, the pre-
dicted translation products of plastid transcript sequences
were used, instead of the translation products of plastid
gDNA sequences, due to the presence of plastid transcript
editing in some dinoflagellates (Zauner et al. 2004; Dorrell and
Howe 2015).
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Sequences that matched the queries with expect values of
below 1 x 107> were selected, and were searched using
BLASTx against the entire NCBI database. Sequences that
yielded a top hit against another peridinin dinoflagellate se-
quence were retained for subsequent analysis. Sequences that
were excluded on the basis of being of probable non-
dinoflagellate origin are listed in supplementary table S1,
Supplementary Material online. In the case of psbl, for which
peridinin dinoflagellate sequences are known to be highly
divergent (Nisbet et al. 2004), an initial expect value thresh-
old<1.0 was used to identify possible dinoflagellate
orthologues, and these orthologues were used in turn as
query sequences for a second round of reciprocal tBLASTn/
BLASTXx searches against each dataset, to identify even the
most divergent sequences present.

To investigate whether novel plastid ORFs, and genes pro-
posed to have been acquired by lateral transfer from
Bacteroidetes are conserved across peridinin plastids, similar
BLAST searches were performed with the translation prod-
ucts of the four predicted ORFs (ORF1, ORF2, ORF3, and
ORF4) described in the A. carterae plastid genome
(Barbrook et al. 2001; Nisbet et al. 2004; Barbrook et al.
2006), and the proposed ycf24 and ycf16 genes from C. horri-
dum (Moszczynski et al. 2012). For these genes, sequences
were retained if the top reciprocal BLAST hit was homologous
to the genes in question, regardless of evolutionary affinity.

Sequences that passed the reciprocal BLASTx search were
assembled into contigs using GenelOUS v 4.76 (Kearse et al.
2012). Each nucleotide sequence was searched manually for
possible 5 spliced leader sequences (Zhang et al. 2007), and
uninterrupted 3’ poly(T) and poly(A) tracts of more than 3-
bp length, which might respectively correspond to transcript
poly(U) and poly(A) tails (Wang and Morse 2006). The pre-
dicted translation products of each contig were inspected for
the presence of possible plastid-targeting sequences using
SignalP version 3.0 (Bendtsen et al. 2004) and ASAFind
(Gruber et al. 2015), and for mitochondria-targeting sequences
using TargetP version 1.1 (Emanuelsson et al. 2007) under the
default conditions. Annotated copies of each novel peridinin
plastid transcript (including information on the presence of
possible poly(U) tails, poly(A) tails, spliced-leader sequences,
and plastid-targeting sequences) are included in supplemen
tary table S1, Supplementary Material online.

Global Identification and Annotation of Peridinin
Plastid Transcripts
To determine whether further, previously undocumented
OREFs are conserved across peridinin plastids, an independent,
top-down search was performed for the entire dinoflagellate
sequence library. We focused on transcripts possessing a 3’
poly(U) tail, as this feature is believed to be uniquely associ-
ated with plastid transcripts in dinoflagellates (Dorrell and
Howe 2012), and polyuridylylated transcripts have previously
been indicated to be enriched by poly(A) selection, hence
may be present in poly(A)-selected transcriptome datasets
such as MMETSP (Wang and Morse 2006; Keeling et al. 2014).
For this analysis, all sequences that terminated at either
end in a potential poly(T) sequence (>3 bp) from all RNA

libraries were extracted, and filtered to remove sequences
that either contained a more plausible reverse complement
of a poly(A) sequence (length of poly(A) sequence > poly(T)
sequence), or a spliced-leader (>6-bp spliced-leader se-
quence) on the other transcript end. Parallel libraries were
constructed, containing all dinoflagellate sequences that by
the same criteria possessed either a poly(A) tail, or spliced-
leader sequences, and the remaining poly(T)-containing se-
quences were searched against these libraries using tBLASTXx.
Poly(T)-containing sequences that were contiguous with
other poly(A) or spliced-leader containing sequences (as
judged by BLAST best hit; expect value <1 x 10> >90%
similarities) were likewise removed from the dataset.

Next, to identify sequences encoding proteins of probable
plastid function, the filtered poly(T)-containing sequences
were oriented such that the poly(T) sequence was located
on the transcript 3’ end, and searched by BLASTx against a
composite protein dataset, consisting of the complete pro-
tein sequences encoded in the nuclear and plastid genomes
of the model diatom Phaeodactylum tricornutum (Oudot-Le
Secq et al. 2007; Bowler et al. 2008) (http://protists.ensembl.
org/Phaeodactylum_tricornutum/Info/Index, last accessed
March 14, 2015), and all dinoflagellate plastid sequences pre-
viously identified by the BLAST searches detailed above.
Sequences that yielded a top hit in a reverse orientation read-
ing frame (i.e, such that the poly(T) sequence could not be
located on a transcript 3’ end), or were identified to corre-
spond to an internal region of a transcript (judged if the 3’
end of the transcript alignment corresponded to <90% the
full length of the subject length), that yielded a top hit against
a known dinoflagellate plastid protein, or that yielded a top
hit against a Phaeodactylum nucleus-encoded protein (expect
value <1 X 10™°) were removed.

The longest ORFs from sequences that were found to
possess plausible 3’ ends, and were homologous to
plastid-encoded proteins in Phaeodactylum that have
not previously been identified in peridinin dinoflagellate
plastids were extracted, and searched for the presence of
plastid- and mitochondria-targeting sequences as above.
The sequences for which no plausible BLAST hit was
found (and thus may contain novel plastid ORFs), were
searched against one another using reciprocal tBLASTx/
tBLASTx searches. Sequences that were found to match
one another with a reciprocal BLAST hit expect value
of <1 x 107 (and thus might correspond to conserved
novel plastid proteins) were retained, assembled into
contigs, and aligned using GenelOUS v 4.76, as above.
The final annotations for each poly(T)-containing
sequence, as well as full nucleotide and protein sequences
for the possible novel plastid ORFs identified, are pre-
sented in supplementary table S2, Supplementary
Material online.

Phylogenetic Analysis

To assess the phylogenetic relationships between the different
dinoflagellates studied, conceptual translations were gener-
ated for each novel peridinin plastid sequence identified from
the MMETSP libraries (Keeling et al. 2014), using a standard
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translation table. This and all subsequent analyses conducted
throughout the remainder of the study were restricted to
proteins generated through the conceptual translations of
plastid transcript sequences, to minimize complications re-
sulting from the comparison of (edited) transcript sequences
and (unedited) gene sequences, and to reflect the probable
eventual translation products of each plastid sequence.

The conceptual dinoflagellate protein sequences for each
gene were aligned, using 20 iterations of MUSCLE v 3.8 (Edgar
2004), to a reference set of orthologous sequences from 15
other plastid lineages, including a chromerid (V.
brassicaformis) that represents the closest documented
plastid-containing relative of the peridinin dinoflagellates
(Janouskovec et al. 2010). Orthologues from other alveolate
plastids (those of apicomplexans, and the chromerid
Chromera velia) were not included, due to the loss of photo-
synthesis genes (in the case of apicomplexans), or the excep-
tionally divergent nature of the plastid genome, including
changes in the plastid translation table (in the case of C. velia)
(Moore et al. 2008; Janouskovec et al. 2013). The petD se-
quence from Ostreococcus tauri was excluded from this and
all subsequent analyses, as it is not present within the O. tauri
plastid genome (Derelle et al. 2006; Robbens et al. 2007).

The alignments were manually corrected, trimmed to re-
move all positions at which the most common non-
ambiguous identity was a gapped position, and concatenated.
For single-gene trees of rpl28, rpl33, ycf16 and ycf24 sequences,
similar alignments were generated, in this case containing all
of the novel sequences identified, the previously annotated P.
lunula and C. horridum sequences (Moszczynski et al. 2012),
and a representative sample of sequences from different plas-
tid and bacterial lineages, and trimmed as before. All of the
multiple- and single-gene alignments generated for inference
of phylogenetic trees are provided in supplementary table S3,
Supplementary Material online.

Bayesian inference of single gene alignments was carried
out using PhyloBayes v3.3 (Lartillot et al. 2009), with default
settings and the LG + I model. Two chains were run in par-
allel, using the automatic stopping rule such that sampling
was conducted every 100 points until the maximum differ-
ence was <0.1 and the effective size >100. Bayesian analyses
of concatenated alignments were performed using MrBayes
326 hosted on the CIPRES Science Gateway webportal
(Ronquist et al. 2012; Miller et al. 2015). For each dataset,
two independent runs were performed, each comprising
four chains for 1,000,000 MCMC generations, sampling every
1,000 points and selecting the first quarter as burn-in for the
consensus. The burn-in was selected such that the resulting
standard deviation of split frequencies was <0.06 for all
datasets, and that the log likelihood of the cold chain had
reached a stable plateau. Analyses were run with model
mixing and I distributed rate categories with an additional
invariant category.

All Maximum Likelihood analyses were carried out using
RAXML v8.1.17 (Stamatakis 2014), under the LG + I" model,
as hosted on CIPRES (https://www.phylo.org/, last accessed
March 26, 2016). For analyses of both Bayesian and Maximum
Likelihood inference, the —b option was used to conduct 500
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non-parametric bootstraps. These were then subsequently
assembled into a consensus tree using the consense program
of the PHYLIP package (v3.695) on default settings.
Bipartitions present in both trees were mapped onto the
Bayesian topology. Trees based solely on Maximum
Likelihood were run using the —f option, such that bootstraps
were automatically mapped onto the Maximum Likelihood
estimate of the tree from the same run. In all cases, gamma
distributed rates were modeled under a discrete model with
four rate categories. Newick format tree outputs for each
alignment, under each condition tested, are provided in sup
plementary table S4, Supplementary Material online.

Alignments from which individual genes or all gapped po-
sitions were removed were constructed using GenelOUS. Ten
further alignments were constructed from which the species
corresponding to the ten longest branches obtained in the
initial Bayesian consensus tree analysis were serially removed.
Finally, the evolutionary rate associated with each position
within the alignment was calculated using TIGER, with the
—b 100 option (Cummins and Mclnerney 2011). Fifteen
alignments were constructed, from which the 25 fastest
evolving categories were serially removed. All modified align-
ments were tested using RAXML using the same conditions as
previously defined. Modified alignments and TIGER output
data for fast site identification are supplied in supplementary
table S3, Supplementary Material online.

Codon Usage Comparisons

Changes in nucleotide sequence composition across the peri-
dinin dinoflagellates were assessed over the six genes (psaA,
psaB, psbA, psbB, psbC, and psbD) for which sequences had
been identified in each dinoflagellate MMETSP library studied.
Due to the probable sequence contamination present, the
Symbiodinium Clade A library was excluded from this and all
subsequent analyses (fig. 2). First, nucleotide alignments of
each gene were generated, and manually trimmed to remove
insertions specific to dinoflagellate lineages; these alignments
were concatenated to produce an alignment of all six genes
(supplementary table S3, Supplementary Material online). GC
content and codon usage frequencies of each sequence
within the alignment were calculated using PAML v4.8
(Yang 2007), using a standard genetic code. Amino acid com-
position of each species was quantified by summing the dif-
ferent codon frequencies obtained. To assess the relative
codon usage frequencies, and amino acid composition biases
associated with each species, the average frequency of each
codon, and each amino acid, were calculated for all species in
the alignment. The sum of squares of difference between the
frequencies of each codon, or amino acid for each species, and
the alignment-wide mean values, were calculated, and then
ranked in ascending order. All statistics pertaining to codon
and amino acid frequency are provided in supplementary
table S5, Supplementary Material online.

To assess the distribution and form of translationally in-
variant sites in dinoflagellate plastids, untrimmed nucleotide
alignments were generated for each gene. dN and dS ratios
were calculated for each site, within each gene, for dinofla-
gellate sequences only, using PAML v4.8 under a standard
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genetic code. All codon positions within each alignment with
an observed Ka of 0 (i.e, no non-synonymous substitutions)
within the dinoflagellates were extracted, and are shown in
supplementary table S6, Supplementary Material online.

Finally, to assess which of the trends identified might rep-
resent ancestral changes to dinoflagellate plastid translation,
predicted ancestral sequences of each plastid sequence were
generated by regression using PAML as before (supplemen
tary table S3, Supplementary Material online). Two sequences
were generated, one corresponding to the common ancestor
of all studied dinoflagellates included in this study, and one
corresponding to the common ancestor of dinoflagellates
and V. brassicaformis, the closest sister-group to dinoflagel-
lates within the alignment. Codon frequencies associated
with each ancestral sequence were calculated using PAML
v4.8 as before, and compared with one another.

Nucleotide Sequence Substitutions

Pairwise Ka/Ks ratios and total numbers of pairwise substitu-
tions were calculated using the gap-free concatenated nucle-
otide alignment, for each possible combination of species,
with KaKs Calculator version 2.0, using the Model
Averaging method (which performs weighted calculations
using eight different substitution matrices, based on the rel-
ative likelihood of each matrix to explain the observed se-
quences) and a standard plastid genetic code (Wang et al.
2010). Pairwise Ka/Ks calculations and the total number of
substitutions for each species pair are provided in supplemen
tary table S7, Supplementary Material online.

To investigate the different factors underpinning substitu-
tion rates within the alignment, total numbers of pairwise
substitutions and Ka/Ks ratios were correlated against (1) the
third-position GC content, (2) the codon usage bias (defined
as above), and (3) the amino acid composition bias for each
species pair. Correlation calculations were performed for both
the average values and modular differences in each variable
for each species pair, and were performed for both the abso-
lute substitution rates and Ka/Ks ratios observed, and the
rank of each value within the entire dataset. Third-position
GC, amino acid composition bias and codon usage bias values
for each species are provided in supplementary table S5,
Supplementary Material online, and values for each species
pair are provided in supplementary table S7, Supplementary
Material online.

Mutation rate saturation was assessed using the DAMBE
software package (Xia et al. 2003). The concatenated gap-free
alignment was separated into first-, second-, and third-codon
positions only, and separate calculations were performed for
each codon position. A separate series of calculations were
additionally performed for each codon position using align-
ments consisting only of the dinoflagellate sequences from
the first-, second-, or third-position alignments. For each
alignment and codon position, the proportion of invariant
sites was first calculated, using the tree topology obtained
using the multigene phylogeny (supplementary table S4,
Supplementary Material online), under otherwise default
conditions. Substitution rates were then assessed at each co-
don position through each alignment using Xia’s test, with

the empirically verified invariant site frequencies (Xia et al.
2003; Xia 2013), and otherwise under the default conditions.

To determine whether any of the above factors have had
significant effects on the total numbers of pairwise substitu-
tions observed, the total number of pairwise substitutions
and Ka/Ks ratios were calculated for alignments that were
manually recoded in several ways (all modified alignments
provided in Supplementary table S3, Supplementary
Material online). To investigate the affect of GC content
shifting on substitution rates, total numbers of pairwise sub-
stitutions were calculated for alignments that had been RY-
recoded (Ishikawa et al. 2012). Two RY-recoded alignments
were produced: one alignment in which all adenosines were
replaced by guanosines and all thymidines were replaced by
cytosines, and one for which the converse substitutions were
performed. To investigate the different roles of each codon
positions on substitution rates, total numbers of pairwise
substitutions were calculated for the separate first, second
and third position alignments previously generated for in-
spection with DAMBE, and two further alignments consisting
only of third codon positions that had been manually RY-
recoded as above (supplementary table S3, Supplementary
Material online). To investigate the significance of third posi-
tion mutations on Ka/Ks, ratios were calculated for two align-
ments that had been manually recoded so that all third
codon positions were replaced either by adenosines, or by
guanosines (supplementary table S3, Supplementary Material
online). These two substitutions were performed as they pre-
serve the possibility for synonymous first-position substitu-
tions associated with leucine (YTR) and arginine codons
(RGR), whereas manual recoding of the third position to py-
rimidine nucleotides would eliminate all synonymous single
substitutions associated with 6-fold degenerate codons under
a standard genetic code (Crick 1968; Inagaki et al. 2004).
Finally, to investigate the effects of changes in dinoflagellate
plastid codon preference on Ka/Ks and substitution rates,
calculations were performed for an alignment which was
globally recoded so that 19 codons, which occur at signifi-
cantly lower frequencies in dinoflagellates than in non-dino-
flagellate species (one-way ANOVA, P <0.05), were
universally replaced with 19 synonymous codons that occur
at elevated frequencies in dinoflagellates (supplementary ta
ble S5, Supplementary Material online). Pairwise substitution
value calculations for all manually recoded alignments are
provided in supplementary table S7, Supplementary
Material online.

Translation Initiation Site Identification

Possible alternative translation initiation codons in peridinin
plastids were identified from nucleotide sequence alignments
of each sequence that contained all of the dinoflagellate se-
quences studied, and orthologues from each of the non-
dinoflagellate reference sequences used for construction of
the multigene phylogeny. The 5’ end of each nucleotide se-
quence was trimmed so that it started from the first in-frame
termination codon within the 5 UTR, or (if no such codon
existed) so that the coding sequence was located within read-
ing frame position +1.
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To determine which alternative translation initiation co-
dons are utilized in peridinin plastids, the most probable ini-
tiation codon was identified in the N-terminal coding region
of each dinoflagellate sequence using a custom-built auto-
mated pipeline (supplementary text S1, Supplementary
Material online). As the presence of Shine-Dalgarno sequen-
ces in peridinin plastid genomes remains unclear (Zhang et al.
1999; Dang and Green 2009), initiation codons were searched
for in the entire possible 5" coding region of each sequence.
This was defined as the region extending upstream from the
first residue that was identical in 75% of the non-
dinoflagellate reference sequences. The most probable initia-
tion codon was taken to be ATG, if such a codon were pre-
sent. If not, the sequence was screened for codons that shared
two bases in common with ATG, which has been shown
experimentally in other plastid lineages to be sufficient to
permit translation initiation (Chen et al. 1995), alongside
GTA, which has been documented to function as an alterna-
tive initiation codon in Proteobacteria (Kim et al. 2008), and
has previously been proposed to be used as an alternative
translation initiation codon in Amphidinium (Barbrook and
Howe 2000; Barbrook et al. 2001). The nearest codon to the
consensus initiation site in the non-dinoflagellate reference
species (hence would produce the ORF with the greatest
homology to the expected protein sequence) was then taken
as the most probable translation initiation site. These data,
including full lists of all codons deemed to be possible initi-
ation codons for each gene and in each species, as well as the
most probable initiation codons, are provided in supplemen
tary table S8, Supplementary Material online.

Indel Analysis

Indels within peridinin plastid sequences were identified using
untrimmed protein sequence alignments generated for each
gene, as above. Pairwise comparisons were performed be-
tween each dinoflagellate sequence and non-dinoflagellate
sequence previously used for the construction of the multi-
gene alignment, using a custom built Python script that au-
tomatically detects and reports both insertions and deletions
(supplementary text S2, Supplementary Material online).
Sequences were counted as insertions only if they occurred
in at least one dinoflagellate sequence but were absent from
all of the non-dinoflagellate reference sequences, or as dele-
tions if they were absent from at least one dinoflagellate but
were present in every reference sequence examined.

Each predicted indel was confirmed by visual inspection of
the alignment. Positions that were within five amino acids of
sequence N- or C-termini, and patterns of alternating inser-
tions and deletions that indicated poor alignment of the se-
quence were rejected. Tabulated indels identified for each
species, and the inferred phylogenetic origin point (as defined
using the multigene tree topology) of each indel is shown in
supplementary table S9, Supplementary Material online.

Changes to Conserved atpA Residues

Changes to residues that were conserved in all other plastid
lineages were identified by visual inspection of the
untrimmed atpA protein sequence alignment containing all
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of the dinoflagellate sequences studied, each of the non-
dinoflagellate reference sequences used for generation of
the multigene phylogeny. Residues were deemed to be con-
served in non-dinoflagellate lineages only if they were found
in all, or all but one, of the species studied, including the
closest relative to the dinoflagellates within the alignment
(V. brassicaformis). The full list of substitutions to conserved
AtpA residues for each species, alongside the inferred origin
points for each substitution, is provided in supplementary
table $10, Supplementary Material online.

Site-Specific Substitution Rates

Substitution rates for each residue within each sequence were
calculated using the previously constructed single-gene nu-
cleotide alignments. Each sequence was trimmed to remove
indels that were specific to dinoflagellates, and Ka/Ks ratios
were calculated for each site using PAML v 4.8, site model
constraint 2, and a standard plastid genetic code (Yang 2007).
The consensus multigene tree generated above was used as
the reference tree topology. Separate alignments were con-
structed for each sequence in which the codon third positions
were either manually recoded to adenosines or to guanosines,
or in which all codon positions were manually altered to
reflect the predominant codon usage patterns observed in
dinoflagellates, as detailed above. Raw and modified align-
ments for each sequence are provided in supplementary table
S3, Supplementary Material online, and the Newick format
trees used for each analysis in supplementary table S4,
Supplementary Material online.

To allow comparisons between the evolutionary rates ob-
served for dinoflagellate and non-dinoflagellate species, sepa-
rate values were calculated for each site, using only
dinoflagellate sequences, and using only non-dinoflagellate
sequences. To identify substitution events that occurred at
the divergence of peridinin dinoflagellates from other plastids,
values were also calculated for each gene for the previously
inferred sequence for the dinoflagellate common ancestor,
when compared directly to the sequence for the common
ancestor of dinoflagellates and Vitrella (supplementary table
S3, Supplementary Material online). Individual rate calcula-
tions for each gene, including gene length, are provided in
supplementary table S11, Supplementary Material online.

Averaged Ka/Ks ratios were then calculated over a sliding
window of eleven residues in each sequence. For regions of
sequence which through this approach contained no synon-
ymous substitutions, the sliding window was expanded to
include the nearest codon upstream, and the nearest codon
downstream that were found to have undergone synony-
mous substitutions. The residues with Ka/Ks ratios >1 in
the dinoflagellate common ancestor, or Ka/Ks ratios >0.5
within dinoflagellates were inspected for localization (trans-
membrane, stromal, or luminal-facing), and function (inter-
action with other plastid-encoded subunits, or with nucleus-
encoded subunits and cofactors), as inferred by alignment to
annotated PDB sequences from the plastid of Arabidopsis
thaliana (Sato et al. 1999), and the model cyanobacterium
Thermosynechococcus elongatus (Kamiya and Shen 2003).
Separate Ka/Ks calculations were also performed and
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annotated for the previously generated codon re-optimized,
third-position adenosine- and third-position guanosine
recoded  alignments  (supplementary  table  S3,
Supplementary Material online), with substitution values
for each alignment provided in supplementary tables S12—
S$15, Supplementary Material online.

Data Deposition

All sequences and supplementary tables referenced in this
study are publically accessible from the University of
Cambridge dserve server (https://www.repository.cam.ac.uk/
handle/1810/252774; last accessed November 8, 2016).
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Supplementary data are available at Molecular Biology and
Evolution online.
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