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Abstract

Reef-building corals depend on symbiotic mutualisms with photosynthetic dinoflagellates in the genus Symbiodinium. This large
microalgal group comprises many highly divergent lineages (“Clades A-1") and hundreds of undescribed species. Given their eco-
logical importance, efforts have turned to genomic approaches to characterize the functional ecology of Symbiodinium. To date,
investigators have only compared gene expression between representatives from separate clades—the equivalent of contrasting
genera or familiesin other dinoflagellate groups—making itimpossible to distinguish between clade-level and species-level functional
differences. Here, we examined the transcriptomes of four species within one Symbiodinium clade (Clade B) at ~20,000 orthologous
genes, as well as multiple isoclonal cell lines within species (i.e., cultured strains). These species span two major adaptive radiations
within Clade B, each encompassing both host-specialized and ecologically cryptic taxa. Species-specific expression differences were
consistently enriched for photosynthesis-related genes, likely reflecting selection pressures driving niche diversification.
Transcriptional variation among strains involved fatty acid metabolism and biosynthesis pathways. Such differences among individ-
uals are potentially a major source of physiological variation, contributing to the functional diversity of coral holobionts composed of
unique host—symbiont genotype pairings. Our findings expand the genomic resources available for this important symbiont group
and emphasize the power of comparative transcriptomics as a method for studying speciation processes and interindividual variation
in nonmodel organisms.
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Introduction

The concept that adaptation and speciation are driven largely
by natural selection on variant individuals of a population is
central to evolutionary biology. Much like other types of ge-
netic diversity, gene expression variation is extensive, highly
heritable, and subject to selection (Ranz and Machado 2006;
Voolstra et al. 2007; Wittkopp et al. 2008). The role of differ-
ential gene expression in ecological speciation has received
renewed interest in the genomics era because the molecular
biology of nonmodel organisms with unique evolutionary his-
tories can now be studied in great detail at relatively low cost
(Wolf et al. 2010). For example, among two recently diverged

species of cordgrass, only one is successful at invading envi-
ronments perturbed by climate change, and it exhibits unique
expression patterns at growth- and stress-related genes
(Chelaifa et al. 2010). A similar study in daisies illustrated
that a comparative transcriptomic framework can be used
to identify selective processes affecting ecological speciation
(Chapman et al. 2013). Additionally, transcription-based
assays of microbial metagenomes have revealed unique
niche diversification (e.g., specialization for certain substrates,
metabolic pathways, or environments) that is otherwise
hidden due to functional redundancy in the genomes of
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many bacteria (Gifford et al. 2013). Thus, comparative geno-
mics can also provide a means to recognize important func-
tional variation in organisms that are difficult to probe
phenotypically, such as corals and their symbionts.

Coral reef ecosystems support tremendous marine biodiver-
sity and ecological goods and services (Moberg and Folke
1999). Coral productivity and growth depend on a mutualism
with endosymbiotic dinoflagellates known as Symbiodinium
(Muscatine and Porter 1977; Muscatine 1990; Yellowlees
et al. 2008). This microalgal “genus” is incredibly diverse, en-
compassing at least nine major lineages that show ribosomal
divergence equivalent to that found among different genera,
families, or even orders of other dinoflagellates (Rowan and
Powers 1992). Likewise, Symbiodinium exhibit many unique
ecologies, ranging from “host-specialized” taxa commonly
found as symbiotic partners of corals (Parkinson, Coffroth,
et al. 2015), to “ecologically cryptic” taxa with alternate non-
symbiotic lifestyles (Laleunesse et al. 2015), to completely
“free-living” taxa that thrive independently in the water
column (Jeong et al. 2014). Unlike their mostly obligate coral
hosts, many Symbiodinium can survive ex hospite and are main-
tained in culture. In the natural environment, stressful condi-
tions can cause the association between corals and host-
specialized symbionts to break down in a process called coral
bleaching, which can lead to colony mortality (Fitt et al. 2001).
Climate change is predicted to drive more frequent and intense
bleaching events (Hoegh-Guldberg 1999), prompting a major
research focus on how climate-related stressors might affect
coral-dinoflagellate symbioses in the future. Accordingly, the
last decade has generated many studies describing coral host
transcription in various contexts (Meyer and Weis 2012), but
comparable studies in Symbiodinium are still in their early stages
(Leggat et al. 2007; Leggat, Yellowlees, et al. 2011; Lin 2011).

With the incorporation of next-generation sequencing
technology, genomic resources for Symbiodinium have ex-
panded greatly despite their status as a nonmodel organism.
The first draft genome was released in 2013 (Shoguchi et al.
2013), with the complete chloroplast genome following
shortly thereafter (Barbrook et al. 2014). Multiple mRNA tran-
scriptomes are available (Bayer et al. 2012; Ladner et al. 2012;
Baumgarten et al. 2013; Rosic et al. 2014; Xiang et al. 2015),
representing the four major clades known to associate with
scleractinian corals (Clades A, B, C, and D). Recent efforts have
expanded in important new directions, such as the description
of Symbiodinium microRNAs (Baumgarten et al. 2013),
the comparison of orthologous genes among clades
(Voolstra et al. 2009; Ladner et al. 2012; Barshis et al. 2014;
Rosic et al. 2014), the completion of another draft genome
(Lin et al. 2015), and the development of the Aiptasia—
Symbiodinium system for in-depth cellular and physiological
research (Weis et al. 2008; Sunagawa et al. 2009; Lehnert
etal. 2012, 2014; Xiang et al. 2013; Baumgarten et al. 2015).

Dinoflagellate genomes are unique among eukaryotes for
multiple reasons (Leggat, Yellowlees, et al. 2011). Of particular

note, dinoflagellates including Symbiodinium modulate nu-
clear-encoded protein levels predominantly by posttranscrip-
tional processes (Morse et al. 1989; Leggat, Seneca, et al.
2011). It is now understood that dinoflagellates also exhibit
some measure of transcriptional regulation, albeit changes in
expression profiles are minimal when exposed to different en-
vironmental conditions (Erdner and Anderson 2006; Moustafa
et al. 2010). For example, the number and magnitude of ex-
pression changes among Symbiodinium exposed to thermal
stress are relatively small compared with their animal hosts
(Leggat, Seneca, et al. 2011). Barshis et al. (2014) found that
two Symbiodinium spp. in Clades C and D did not alter gene
expression when exposed to temperature stress in hospite, even
though the host response involved the modulation of hundreds
of genes (Barshis et al. 2013, 2014). Interestingly, a large
number of transcriptional differences were maintained, or
fixed, for the two species from different clades regardless of
temperature treatment (Barshis et al. 2014). This suggests that
fixed expression differences are likely to be evident in strains
cultured ex hospite under identical controlled environmental
conditions. Differences in these “stable-state” expression pro-
files among lineages may strongly reflect evolutionary diver-
gence, some of which may be adaptive. These expression
patterns may also correspond to functional differences
among distantly related species. If lineage-specific expression
extends to the subcladal level—that is, between species
within clades or among individual strains within species—it
will be critical to recognize this source of variation when inter-
preting Symbiodinium genomic data and account for it in
future experimental designs.

By comparing different isoclonal cell lines (strains), it is pos-
sible to reveal intraspecific variation in genomic features that
underlie ecological and physiological phenotypes. For exam-
ple, unique genes distinguish strains of nitrogen-fixing rhizo-
bial bacteria with different symbiotic efficiencies and host
specificities (Galardini et al. 2011; Osterman et al. 2015). At
the level of transcription, toxic and nontoxic strains of the
dinoflagellate Alexandrium minutum maintain fixed expres-
sion differences at shared genes (Yang et al. 2010). We may
expect similar patterns among Symbiodinium strains, but this
idea has never been tested. Symbiodinium belonging to Clade
B are ideal candidates for further genomic characterization
because several ecologically distinct species within this group
were recently described (Laleunesse et al. 2012; Parkinson,
Coffroth, et al. 2015), a draft genome exists for the
member species Symbiodinium minutum (Shoguchi et al.
2013), and multiple genetically distinct cultures are available
for several species.

Currently, the extent of variation among species within a
single Symbiodinium clade and among individual strains
within a single species is mostly unknown (Parkinson and
Baums 2014). To address this knowledge gap, we analyzed
stable-state gene expression among four species representing
the two major evolutionary radiations within Clade B: The
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Pleistocene (B1) radiation and the Pliocene (B19) radiation
(sensu Laleunesse 2005). For each radiation, two species
with different ecologies were studied: Either host-specialized
taxa or ecologically cryptic taxa. Although these latter species
were originally cultured from coral tissues, they have never
been detected as the numerically dominant symbionts in cni-
darian mutualisms, and therefore were probably commensals
or free-living contaminants isolated from the mucus or gas-
trovascular cavity (Parkinson, Coffroth, et al. 2015). Where
available, we incorporated biological replication in the form
of distinct isoclonal cell cultures. The genomic resources de-
veloped here should assist in the design and interpretation of
future  comparative  transcriptional  analyses  among
Symbiodinium strains, species, and clades, as well as broaden
our understanding of speciation among microeukaryotes.

Materials and Methods
Culturing

Isoclonal cultures (strains) of Clade B Symbiodinium were
maintained at the Pennsylvania State University. They were
originally acquired from the Robert K. Trench and Buffalo
Undersea Reef Research collections. This study included one
strain of Symbiodinium aenigmaticum (mac04-487), four
strains of S. minutum (mac703, Mf1.05b, rt002, and rt351),
one strain of Symbiodinium pseudominutum (rt146), and four
strains of Symbiodinium psygmophilum (HIAp, Mf10.14b.02,
PurPFlex, and rt141), for the analysis of ten individual tran-
scriptomes. Most strains are available from the Provasoli-
Guillard National Center for Marine Algae and Microbiota at
Bigelow Laboratory for Ocean Sciences, East Boothbay, Maine
(Laleunesse et al. 2012; Parkinson, Coffroth, et al. 2015) or by
request. Within S. minutum and S. psygmophilum, strains
were confirmed to represent distinct genotypes based on
repeat length variation at the microsatellite locus Sym15
(Pettay and LaJeunesse 2007) and haplotype differences in
the psbA noncoding region (Laleunesse and Thornhill 2011).

Single cells were originally isolated from host tissues by
Schoenberg and Trench (1980) using modified methods of
McLaughlin and Zahl (1959) or by Mary Alice Coffroth follow-
ing the methods of Santos et al. (2001). To establish initial
crude cultures, several drops of a heavy suspension of symbi-
ont cells were transferred into nutrient-enriched filtered sea-
water (Provasoli 1968) and then spread onto semisolid agar
(0.8%) containing the same seawater. Vegetative cells from
viable colonies on agar were then transferred to liquid
medium ASP-8A (Ahles 1967). To generate isoclonal lines,
only individual motile cells were transferred to fresh media.
For this experiment, an additional transfer to new media was
made to synchronize all cultures. Final cultures were grown in
50 ml volumes in Erlenmeyer flasks for 2 weeks up to concen-
trations ~1 x 10° cells-ml~". Cultures were maintained in
incubators at 26 °C under Philips fluorescent tubes

(Koninklijke Philips Electronics, Amsterdam, The Netherlands)
delivering 80-120 pmol-m~2.s~" photosynthetically active
radiation on a 12:12 (light:dark) photoperiod. All cultures
grew together under identical conditions until processed si-
multaneously for RNA extraction.

RNA Isolation and Sequencing

At the sixth hour of the light photoperiod on the last day of
the second week of growth postsynchronization, all target
cultures were transferred to 50 ml tubes and centrifuged at
3000 RCF (relative centrifugal force). The media was decanted
and the pellets were flash frozen in liquid nitrogen. Pellets
were ground with a prechilled mortar and pestle and trans-
ferred into 1.5 ml tubes. Nucleic acids were extracted with
TriReagent (Thermo Fisher Scientific, Waltham, MA) and RNA
was isolated and cleaned with the RNeasy Kit (Qiagen, Venlo,
The Netherlands) according to the manufacturer’s protocols.
Total RNA isolations were shipped on dry ice to the KAUST
Red Sea Research Center, where they were quality checked
using a Bioanalyzer 2000 (Agilent, Santa Clara, CA) prior to
library preparation. For lllumina 2 x 100 bp paired-end sequenc-
ing, 180bp libraries were generated from oligo(dT)-enriched
mRNA using the NEBNext Ultra Directional RNA Library Prep
Kit for lllumina (New England Biolabs, lpswich, MA) according
to the manufacturer’s protocols. Each read pair ideally yielded a
partially overlapping 180 bp contiguous sequence, allowing for
additional quality control. mRNA sequencing libraries for each of
the ten samples were multiplexed in equimolar concentrations
and run on one lane on the lllumina HiSeq 2000 platform, pro-
ducing a total of 142 million paired-end reads. All raw RNAseq
data are available in the NCBI Sequence Read Archive data-
base under accession numbers http:/Aww.ncbi.nlm.nih.gov/
bioproject/PRINA274856/ (S. aenigmaticum), http:/Amaww.ncbi.
nlm.nih.gov/bioproject/?term=PRINA274852 (S. minutum),
http://mww.ncbi.nlim.nih.gov/bioproject/?term=PRINA274855
(S. pseudominutum), and http://www.ncbi.nlm.nih.gov/
bioproject/?term=PRINA274854 (S. psygmophilum).

Transcriptome Assemblies and Annotation

Adapters and low quality nucleotides (<20 Phred score in
ASCIl 33 format) were removed from raw reads with
Trimmomatic (Bolger et al. 2014). Reads were error corrected
with the error correction module of the AlIPATHS-LG pipeline
(Gnerre et al. 2011; Ribeiro et al. 2012). Quality-controlled
reads combined from all samples on a per-species basis
were assembled using the Trinity package (Grabherr et al.
2011) with minimum k-mer coverage of 2 and minimum
contig length of 250 bp to generate one reference assembly
per species (four total). For mapping purposes, we further
reduced each reference assembly to include only the longest
transcript for a related set of splice variants of a gene. For each
sample, reads were mapped back to the reduced assembly for
the appropriate species with Bowtie2 (Langmead and
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Salzberg 2012), and quantified by summing counts of all tran-
scripts per gene with the program eXpress (Roberts and
Pachter 2013), producing effective read counts and FPKM
values (Fragments Per Kilobase of transcript per Million
mapped reads).

Each reference assembly was annotated by iterative
searches of the longest transcript per gene against
SwissProt, TrEMBL, and NCBI nr sequence databases
(UniProt Consortium 2013; Pruitt et al. 2014) using BLASTX
(Altschul et al. 1990) and the October 2013 releases. Only hits
with e-values < 1 x 107> were retained. All genes remaining
unannotated after BLASTX against the first database were
passed onto the next sequentially. Gene Ontology (GO) cate-
gories were assigned through the BLASTX hit to SwissProt or
TrEMBL databases, and subsequent mapping to the UniProt-
GOA database (Dimmer et al. 2012). The assembled and
annotated transcriptome sequences for each species are avail-
able at http:/reefgenomics.org.

The recently published S. minutum draft genome (Shoguchi
et al. 2013) was derived from strain Mf1.05b, which was in-
cluded in this study. To compare our sequencing results to this
resource, we aligned our Mf1.05b reads to the exome of the
draft genome to estimate the proportion of mappable reads
using Bowtie 2; 73% of the raw reads aligned.

To assess how comparable our Clade B species assemblies
were in terms of gene content independent of expression,
complete assemblies were uploaded into Ingenuity Pathway
Analysis (IPA) software (Ingenuity Systems, www.ingenuity.
com, last accessed January 2014). IPA compares user-provided
gene lists with reference canonical pathways in the manually
curated Ingenuity Knowledge Base. It generates a ratio of
genes present versus total genes belonging to a pathway
and tests for the probability of significant enrichment for
that pathway in the Symbiodinium transcriptome with
Fisher's exact tests. The Ingenuity Knowledge Base is designed
mainly for model organism data, so results should be inter-
preted in the context of pathways that are well annotated and
highly conserved across eukaryotes. We were less concerned
about pathway identity and more interested in whether rep-
resentation within a pathway was similar across Clade B spe-
cies. Thus, we compared ratio values for all transcriptomes at
all pathways determined to be significantly enriched in the
dataset at P,q; < 0.05. As an additional metric of comparison
across Clade B species, we mined all transcriptomes for re-
peats and flanking regions using the software SciRoKo (Kofler
etal. 2007) and considered repeat motifs between 2 and 6 bp.

Ortholog Identification and Differential Expression
between Species, Lineages, and Ecologies

To test for differential expression between the four species, it
was necessary to identify a set of comparable orthologous
genes. Open reading frames (ORFs) were predicted for
each transcriptome with TransDecoder (Haas et al. 2013).

Orthologous genes were identified via reciprocal BLASTP of
ORFs pairwise for each species within the program InParanoid
(Remm et al. 2001), retaining hits with bitscores >300 (sup-
plementary table S1, Supplementary Material online).
Multiparanoid (Alexeyenko et al. 2006) was then used to iden-
tify orthologs that occurred exactly four times (once in each
species). Additional domain-based functional annotations
were assigned using the Pfam database v27 (Finn et al.
2014) and are provided in supplementary table S2,
Supplementary Material online.

Most current software designed to analyze differential ex-
pression for RNAseq data assumes raw read counts among
samples mapped to one common reference transcriptome,
and therefore only accepts integer values as input. To com-
pare expression at orthologous genes across species, it was
necessary to normalize read counts by transcript length using
FPKM to account for species-specific sequence length differ-
ences. This normalization produced many decimal expression
values that were still informative. For this reason, we scaled
FPKM by a common factor such that the lowest expressed
gene’s value equaled 1 and then rounded values to the near-
est integer. Thus, a scaled FPKM of 50 means the gene is
expressed 50 times higher than the lowest expressed gene
retained in the data set. This way, all orthologs could be com-
pared in the scaled FPKM space.

Scaled FPKM data were then used as input for the R pack-
age edgeR (Robinson et al. 2010), which accommodates data
sets with unequal replication when performing comparisons
among treatments (in this case, species). No additional nor-
malization procedures were carried out within the program.
Significant differential expression was determined by pairwise
comparisons among species with a false discovery rate—
adjusted Pvalue (FDR) of < 0.1. To additionally test by lineage,
all S. minutum and S. pseudominutum samples were grouped
as "Pleistocene” and all S. aenigmaticum and S. psygmophi-
lum samples were grouped as “Pliocene.” To test by ecology,
all S. minutum and S. psygmophilum samples were grouped
as host-specialized, and all S. aenigmaticum and S. pseudomi-
nutum samples were grouped as ecologically cryptic.

Multidimensional scaling (MDS) plots were generated
in edgeR using the plotMDS function. The distances be-
tween pairs of RNA samples correspond to the leading log2-
fold-changes, which is the average (root-mean-square) of the
largest absolute log2-fold-changes (Robinson et al. 2010). In all
three comparisons of the MDS plots (non-DEG [differentially
expressed gene] only, non-DEG + DEG, and DEG only), similar
clustering was observed among the four replicates of the two
species with replicates. It was therefore reasonable to assume
that (hypothetical) replicates of the other two species would
show a similar distribution. Because variation between repli-
cates was consistent, we assumed that the distances between
any of the species (which contributes to the number of DEGs
identified) was not affected by the number of replicates within
a species. This was incorporated into the between-species
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comparison by calculating the distribution with edgeR once
over all samples/replicates before comparing species. One dis-
tribution value was used for all subsequent comparisons, in-
cluding those with species that had only one replicate.

Differential Expression within Species

For both S. minutum and S. psygmophilum, isoclonal cultures
of four individual strains each were available, providing two
opportunities to test for differential expression within a spe-
cies. Each species was analyzed separately in edgeR (Robinson
et al. 2010). Raw read counts were normalized with the geo-
metric mean method.

Unlike hybridization-based techniques, the level of techni-
cal variation from sequencing is predictable and can therefore
be distinguished from biological variation (Chen et al. 2014).
In this case, the technical coefficient of variation describes the
measurement error derived from the uncertainty with which
the abundance of every gene is estimated from the sequenc-
ing platform, which decreases with increasing total counts for
each gene in an RNA sample. In contrast, the biological coef-
ficient of variation (BCV) describes the variation of the un-
known, true abundance of each gene among replicates of
RNA samples that will remain, even if sequencing depth
could be increased indefinitely. Thus, the BCV represents the
most important and main source of variation in expression
studies using a high-throughput deep-sequencing approach
(McCarthy et al. 2012). In RNA expression studies, the BCV is
usually determined from the biological replicates of RNA sam-
ples so the total variation of gene abundances can be calcu-
lated by considering the following equation: Total CV? =
Technical CV? + Biological CV? (McCarthy et al. 2012).

Due to the lack of replicates for the comparison of the four
genotypes of S. minutum and S. psygmophilum, we set the
BCV to a fixed value a priori under the assumption that a
majority of genes were not differentially expressed, which
we considered appropriate for Symbiodinium of the same
species under stable-state conditions. Although a value of
~1% is suggested for technical replicates and a value of
~10% is suggested for unique samples from separate but
genetically identical model organisms, a value of ~40% is
appropriate for independent biological samples (Chen et al.
2014) and was chosen for our expression analysis among the
four genotypes of both Symbiodinium species.

Significance of DEGs was determined by pairwise compar-
isons among individuals based on the negative binomial dis-
tribution with FDR < 0.1. A pairwise Euclidian distance matrix
for all strain comparisons within and between S. minutum and
S. psygmophilum was computed based on scaled FPKM values
using PRIMER v6 software (Clarke and Gorley 2006).

Visualization and Functional Analyses

DEGs between and within species were visualized as heat-
maps by plotting scaled FPKM expression values with Gene-

E (Gould 2015). Lists were tested for GO term functional en-
richment with the R/Bioconductor package topGO (Alexa and
Rahnenfuhrer 2010), using the default “weight01” Alexa al-
gorithm with the recommended cutoff of P < 0.05.

Results

Transcriptome Assemblies

We targeted isoclonal strains from four Clade B Symbiodinium
species: S. aenigmaticum (n = 1 strain: mac04-487); S. minu-
tum (n = 4 strains: mac703, Mf1.05b, rt002, and rt351);
S. pseudominutum (n = 1 strain: rt146); and S. psygmophilum
(n = 4 strains: HIAp, Mf10.14b.02, PurPFlex, and rt141). We
reared the ten cultures under identical conditions in one incu-
bator to assess stable-state conditions in the absence of
environmental variability. Symbiodinium minutum and S.
pseudominutum belong to the Pleistocene (B1) radiation.
The former is a host-specialized mutualist because it com-
monly associates with the anemone Aiptasia sp. The latter
is ecologically cryptic—although it has been isolated from
the background symbiont population of four cnidarians,
it has never been identified as a dominant symbiont.
Symbiodinium psygmophilum and S. aenigmaticum belong
to the Pliocene (B19) radiation; the former is host-specialized,
the latter is ecologically cryptic. Note the uneven distribution
of strains within species. This limitation was based on which
cultures were available in the collection and meant that certain
contrasts (e.g., 4 S. minutum strains vs. 4 S. psygmophilum
strains) potentially had more power to detect differential ex-
pression than others (e.g., 1 S. aenigmaticum strain vs. 1 S.
pseudominutum strain). However, for these data it was un-
likely that the number of replicates affected power given that
the same variance distribution was used for all comparisons
(see Materials and Methods).

From these cultures, we generated ten high-quality short-
read RNAseq libraries (table 1). Across species, sequencing sta-
tistics were quite similar. Total reads per sample averaged 14.3
million, while on average 88.5% of reads per sample passed
quality control. For each of the four species, we generated a
single reference assembly from either a combination of all
strains of a given species (in the cases of S. minutum and S.
psygmophilum) or from the single representative strain (in the
cases of S. aenigmaticum and S. pseudominutum). The number
of assembled genes per transcriptome averaged 48,700, the
number of predicted ORFs averaged 41,300, the contig N50
statistic averaged 1,515bp, mean transcript length per tran-
scriptome averaged 1,078 bp, and annotation success averaged
46.5%. These values are in agreement with previously pub-
lished Clade B Symbiodinium transcriptomes (Bayer et al.
2012; Baumgarten et al. 2013; Shoguchi et al. 2013).

After uploading reference assemblies into IPA software, we
identified 19 relevant canonical pathways with significant
gene set representation in all species, including fatty acid
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Table 1

Sequencing Statistics for the Ten Strains (A) and Transcriptome Assembly Statistics for the Four Species (B) of Clade B Symbiodinium

A

Species Strain Radiation Ecology Total Read Remaining

Count (M) After QC (%)

Symbiodinium minutum mac703 Pleistocene (B1) Host-specialized 10.9 89.03
S. minutum Mf1.05b Pleistocene (B1) Host-specialized 19.3 88.40
S. minutum rt002 Pleistocene (B1) Host-specialized 124 88.00
S. minutum 351 Pleistocene (B1) Host-specialized 8.7 88.68
Symbiodinium psygmophilum HIAp Pliocene (B19) Host-specialized 134 88.14
S. psygmophilum Mf10.14b.02 Pliocene (B19) Host-specialized 1.1 88.63
S. psygmophilum PurPflex Pliocene (B19) Host-specialized 11.7 88.55
S. psygmophilum rt141 Pliocene (B19) Host-specialized 19.5 88.47
Symbiodinium pseudominutum rt146 Pleistocene (B1) Ecologically cryptic 23.7 88.83
Symbiodinium aenigmaticum mac04-487 Pliocene (B19) Ecologically cryptic 11.9 88.10

B

Species Assembly Gene Predicted Genes Longest Gene Mean Gene N50 GC

Length (Mbp) Count ORF Count Annotated (%) Length (bp) Length (bp) (bp) Content (%)

S. minutum 57.2 51,199 42,929 47.3 37,483 1,118 1,579 51.33
S. psygmophilum 57.2 50,745 42,740 477 31,367 1,128 1,618 51.37
S. pseudominutum 51.3 47,411 40,716 46 31,393 1,081 1,508 51.51
S. aenigmaticum 446 45,343 38,923 449 24,202 984 1,355 51.39

Note—The S. minutum and S. psygmophilum assemblies in (B) are composited from the reads of all respective strains listed in (A).

beta-oxidation, nitric oxide signaling, oxidative stress re-
sponse, cell cycle control, RNA processes, and protein ubiqui-
tination (supplementary fig. S1, Supplementary Material
online). We compared the ratio of genes observed to total
associated genes per pathway among transcriptomes; each
pathway was evenly represented in each Clade B
Symbiodinium species. The four species were also roughly
equivalent in terms of their proportions of microsatellite
repeat motifs (supplementary fig. S2, Supplementary
Material online).

Between-Species Expression Differences

In order to compare gene expression between Symbiodinium
species, we identified orthologs via a reciprocal BLAST ap-
proach on predicted ORFs. All species shared a total of
19,359 orthologs after filtering out paralogs and low quality
matches (average pairwise ortholog count: 27,784; supple-
mentary table S1, Supplementary Material online). We then
scaled expression values relative to the lowest expressed gene
in the data set (scaled FPKM) to allow for statistical compari-
son with the R package edgeR. We detected a total of 452
significant DEGs in pairwise species comparisons using expres-
sion dispersion estimates derived from all samples across
Clade B (fig. 1a). Of these DEGs, 184 could be annotated.
The distribution ranged from a low of 45 DEGs between S.
pseudominutum and S. psygmophilum to a high of 256 DEGs
between S. minutum and S. psygmophilum (fig. 1b). We visu-
alized any annotated gene that was differentially expressed in

at least one species with a heatmap to show relative expres-
sion patterns for all samples (fig. 2). A full list of annotations,
expression values, and DEG list memberships can be found in
supplementary table S3, Supplementary Material online.

We also visualized the ten samples in an MDS plot, which
shows spatial clustering based on similarity in gene expression
values (fig. 3). When we clustered samples based on the ex-
pression of 18,907 genes that were not significantly differen-
tially expressed in species-level contrasts, 8 of the 10 samples
spanning three species grouped closely, with only the S. min-
utum strain mac703 and S. aenigmaticum strain mac04-487
separating from the others (fig. 3a). When we also included
the 452 DEGs, species began to resolve, with one cluster con-
sisting mostly of S. minutum, one of mostly S. psygmophilum,
and the single S. aenigmaticum remaining unique (fig. 3b6). All
species segregated well when only the DEGs were considered
(fig. 30).

We subsequently conducted a GO term enrichment analy-
sis on DEGs in order to assess which pathways were differen-
tially represented (supplementary table S2, Supplementary
Material online). The S. psygmophilum-S. pseudominutum
contrast was enriched for processes including photosynthesis,
response to cold, and transmembrane transport. The S.
pseudominutum-S. minutum contrast was enriched for pho-
tosynthesis and apoptosis. The S. aenigmaticum-S. pseudomi-
nutum contrast was enriched for photosynthesis and heat
acclimation. The S. psygmophilum-S. aenigmaticum contrast
was enriched for photosynthesis and mitosis. The S.
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Fic. 1.—(A) Phylogenetic relationships and ecologies for the Clade B Symbiodinium species used in this experiment. The maximum parsimony tree was
generated based on microsatellite Sym15 flanker region data from Parkinson, Coffroth, et al. (2015) and the methodologies described therein. (B) The numbers
of differentially expressed genes (DEGs) between Clade B Symbiodinium species. Counts are placed on the lines connecting the two species being contrasted.
Line thickness is scaled by the number of DEGs. Also depicted are the numbers (n) of cultured strains (clonal cell lines) included per species. Counts below the
diagram show the total number of genes differentially expressed in at least one species and the total number of comparable orthologs across all species.

aenigmaticum-S. minutum contrast was enriched for stress
response. The S. psygmophilum-S. minutum contrast was en-
riched for photosynthesis, phagocytosis, and cell signaling.

Within-Species Expression Differences

To understand the extent of gene expression differences
among individuals within species, we first quantified expression
variability by estimating the BCV and subsequently performed
pairwise comparisons of the four distinct strains of S. minutum
or S. psygmophilum using a fixed BCV that was more conser-
vative (lower) than the original BCV estimate (Chen et al. 2014).
We identified many pairwise expression differences among
strains, ranging from 61 to 404 DEGs for S. minutum (fig. 4a)
and 82 to 293 DEGs for S. psygmophilum (fig. 4b).

To further illustrate differences between pairs of strains for
S. minutum and S. psygmophilum, we calculated an expres-
sion-strain distance matrix based on Euclidean distances be-
tween all pairwise strain comparisons using scaled FPKM
values to assess variance (fig. 4c). Technical variation would
be expected to be equally distributed across all samples. The
distance matrix revealed a nonrandom distribution of variation
in gene expression between pairs of strains for a given species.
Also, the distance matrix showed that pairwise distances
between strains from different species exceeded any within-
species variation, and that both species exhibited distinct var-
iance distributions among member strains.

Finally, we generated heatmaps to show the subset of all
annotated genes differentially expressed in at least one indi-
vidual among the four S. minutum strains (fig. 5a) and among
the four S. psygmophilum strains (fig. 5b). In S. minutum,

DEGs between strains were most highly enriched for the pro-
cesses of malonyl-CoA biosynthesis, protein polymerization,
long-chain fatty acid biosynthesis and metabolism, microtu-
bule and nuclear envelope organization, GTP catabolism, and
mitosis regulation (supplementary table S2, Supplementary
Material online). In S. psygmophilum, DEGs between strains
were most highly enriched for the processes of DNA replica-
tion and biosynthesis, sulfate assimilation and hydrogen sul-
fide  biosynthesis, and  microtubule  organization
(supplementary table S2, Supplementary Material online).
A full list of annotations, expression values, and DEG list mem-
berships can be found in supplementary table S3,
Supplementary Material online.

Discussion

Fixed differences in gene expression ultimately influence the
phenotypic variation available for selection to act upon. We
anticipated that a comparative analysis of Symbiodinium spp.
transcription would improve our understanding of adaptation
and speciation among microeukaryotes. Indeed, we found
that despite an overall similarity in gene content and expres-
sion among Clade B species with distinct ecologies, all cultures
exhibited lineage-specific expression differences diagnostic for
each species. Overrepresentation of photosynthesis-related
gene expression variation among species likely reflects adap-
tation to unique light regimes over evolutionary time.
Extensive disparity in the expression of fatty acid metabolism
genes among strains within species may translate into differ-
ences in membrane composition, thermal tolerance, energy
reserves, and growth rates. These differences may play a
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Fic. 2—Expression heatmaps of annotated DEGs among species. Colors are scaled to the minimum (purple) and maximum (orange) expression value
per gene. Any gene that is differentially expressed in at least one species is included.
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crucial role in coral-dinoflagellate symbiosis ecology and evo-
lution. By examining the stable-state transcriptomes of cul-
tures reared independently of their hosts under identical
environmental conditions, we infer that these differences
stem from genotypic rather than environmental factors. Our
efforts reinforce the utility of comparative transcriptomics for
studying speciation and functional variation in dinoflagellates
and other nonmodel organisms (Chelaifa et al. 2010;
Chapman et al. 2013; Gifford et al. 2013).

Partitioning the Variation in Gene Expression

When comparing multiple species, expression differences can
be attributed to 1) technical variation, 2) within-species varia-
tion, and 3) among-species variation, with the proportion of
variable genes expected to increase from 1) to 2) to 3)
(Whitehead and Crawford 2006). Our results matched this
general trend. Technical variation was inferred to be low
based on the agreement between our data and transcriptome
statistics from other studies that included the same S. minu-
tum Mf1.05b strain, the high mapping success achieved be-
tween our Mf1.05b reads and the draft genome derived from
the same strain (73%), and the nonrandom distribution of
expression differences among species (fig. 4c). The percentage
of orthologous genes differentially expressed within species
(1.54% for S. minutum and 1.18% for S. psygmophilum,
fig. 4) was roughly half that found between species (2.33%;
fig. 2b). Overall, DEGs make up a small proportion of the
entire transcriptome, as has been found before for
Symbiodinium and other dinoflagellates (Baumgarten et al.
2013; Barshis et al. 2014; Xiang et al. 2015).

Between-Species Variation

By comparing closely related species within a clade, we greatly
expanded our comparative power to determine what genetic

changes underlie speciation among Symbiodinium. \We were
able to identify at least four times as many orthologs shared
between Clade B species as has been possible using similar
methods to compare species across separate clades (Ladner
et al. 2012; Barshis et al. 2014; Rosic et al. 2014). Genetic
divergence between clades is massive (Rowan and Powers
1992), and thus comparisons among species within clades
reveal finer-scale differences likely to be important in physio-
logical and ecological processes. Overall, stable-state gene ex-
pression was similar among Clade B Symbiodinium. Of the
nearly 20,000 orthologs shared by S. aenigmaticum, S. minu-
tum, S. pseudominutum, and S. psygmophilum, only 452
(2.3%) were differentially expressed between species. Thus
a substantial portion of the transcriptome maintains relatively
constant expression levels across members of Clade B. This
result mirrors similar studies in other systems such as flowering
plants where only a small proportion of interspecific orthologs
were differentially expressed (Chapman et al. 2013).

The species comparison with the greatest number of DEGs
was S. minutum versus S. psygmophilum (fig. 1b), which fit
expectations for several reasons. First, our replication scheme
(four strains per species) may have enhanced our ability to
detect fixed differences between these species’ transcriptomes
(though this is unlikely; see Materials and Methods). Second,
both species associate with different hosts and likely diverged in
part due to coevolutionary constraints imposed by those hosts,
whereas ecologically cryptic species may not have faced the
same constraints. Third, they are from phylogenetically diver-
gent lineages. Finally, S. minutum is warm water adapted, while
S. psygmophilum is cold water adapted (Thornhill et al. 2008),
likely contributing to expression differences.

Interestingly, the contrasts with the second- and third-most
abundant DEG counts both involved S. aenigmaticum (fig.
1b), a very distinct species from the Pliocene radiation and
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659 DEGs / 42,929 genes (1.54%)

S. minutum
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rt351
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S. minutum

Mf1.05b

rt141

Mf10.14b.02

HIAp

S. psygmophilum
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B Symbiodinium psygmophilum
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506 DEGs / 42,740 genes (1.18%)

S. psygmophilum

Mf10.14b.02 HIAp PurPflex

Fic. 4.—The numbers of DEGs among strains within (4) Symbiodinium minutum and (B) Symbiodinium psygmophilum. Counts are placed on the lines
connecting the two strains being contrasted. Line thickness is scaled by the number of DEGs. Counts below the diagram show the total number of genes
differentially expressed in at least one strain and the total number of comparable genes (ORFs) across all strains. (C) Distances between pairs of strains based
on Euclidean distance (x 10%) of expression estimates for all pairwise comparisons of S. minutum and S. psygmophilum strains. Boxes are shaded such that
light coloration reflects relatively small values and dark coloration reflects relatively large values.

one that appears to have undergone rapid evolution (fig. 1a;
LaJeunesse 2005; Parkinson, Coffroth, et al. 2015). The three
species pair comparisons with the least number of DEGs all
involved S. pseudominutum (fig. 1b). In fact, this species was
roughly equidistant from all other species based on DEG
number and MDS position (fig. 3¢). Its position might be ex-
plained on the one hand by its close evolutionary history with
S. minutum, and on the other by its cryptic ecology shared
with S. aenigmaticum. Based on these results, fixed differ-
ences in gene expression may not always correspond to phy-
logenetic similarity.

Multidimensional scaling offered a complementary analysis
for visualizing the similarities in expression among all strains

without a priori knowledge of species membership (fig. 3). By
restricting the data set to only non-DEGs, almost all replicates
from all species (8 of 10) clustered together (fig. 3a), matching
the expectation that at stable-state these Clade B
Symbiodinium generally maintain similar expression profiles.
When both non-DEGs and DEGs were included in the analysis,
each species was mostly resolved, showing that non-DEGs
contributed little to either species-level signal or noise (fig.
3b). As expected, when only the DEGs were considered, all
species resolved well (fig. 3c). Note however that the distant
positioning of S. aenigmaticum in all three MDS plots indicates
that a large proportion of expression variation for this species
is unique.
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In addition to pairwise comparisons, we also contrasted
groups of replicate species by lineage (2 species from the
Pleistocene radiation vs. 2 Pliocene radiation species) or by
ecology (2 host-specialized species vs. 2 ecologically cryptic
species). The Pleistocene—Pliocene contrast was equivalent
to the S. minutum-S. psygmophilum comparison in terms of
identity of DEGs, meaning that the species contrast either
captured all the differences between major lineages, or that
adding just one more strain to each group did not affect
expression variation sufficiently to alter our detection of
DEGs, even though the strain belonged to a different species.
Similarly, the ‘host-specialized’'—'ecologically cryptic’ contrast
only recovered four unique genes that had not been identified
in any of the species contrasts. The probable identity of only
one of these DEGs was determined (a general mRNA
splicing factor). These results indicate that differential expres-
sion of a particular set of genes does not necessarily explain
shared ecological attributes of phylogenetically distinct
species.

Photosynthesis Gene Expression Differences between
Species

Expression differences among closely related species were
consistently enriched for photosynthesis genes (supplemen-
tary table S2, Supplementary Material online). Here, overrep-
resentation of plastid genes cannot be attributed to light
intensity differences because all cultures were reared under
identical light conditions. In fact, although we might expect
these genes to be regulated by light intensity in Symbiodinium
as they are in other photosynthetic organisms (Escoubas et al.
1995; Pfannschmidt 2003), only minor (or no) changes in
photosynthesis-related gene expression have been detected
in cultures exposed to varying light levels (McGinley et al.
2013; Xiang et al. 2015). Thus, we conclude that different
species evolved unique expression levels among photosynthe-
sis-related genes. These differences may relate to inherent
variation in the circadian rhythm among species (Van Dolah
et al. 2007; Sorek and Levy 2012) or, more likely, to functional
variation in photosynthesis biochemistry. For example, during
heat stress, thermally sensitive Symbiodinium taxa suffer phys-
iological disruption of PSIl photochemistry (Warner et al. 1999;
Robison and Warner 2006) and associated downregulation of
core photosynthesis genes (McGinley et al. 2012), whereas
thermally tolerant species do not. The maintenance of distinct
expression patterns at key genes may underlie the capacity for
certain Symbiodinium species to occupy distinct niches, as has
been demonstrated for three diatom species in the genus
Pseudonitzschia (Di Dato et al. 2015).

Evolutionary Significance of Gene Expression Variation

In biogeographic surveys of marine mutualisms, depth and
latitude (correlates of light availability) are often primary fac-
tors explaining the distribution of Symbiodinium diversity

(Rowan and Knowlton 1995; Laleunesse et al. 2004, 2014;
Frade et al. 2008; Finney et al. 2010; Sanders and Palumbi
2011). Thus, light availability represents a main axis of niche
differentiation for this group. Symbiodinium possess a diverse
array of light-harvesting proteins (Boldt et al. 2012), which
may be both the cause and consequence of ecological spe-
cialization. Many such genes have been transferred to the
nuclear genome (Bachvaroff et al. 2004), while others are
encoded on plastid minicircles (Zhang et al. 1999; Moore
et al. 2003; Barbrook et al. 2014). Minicircles are subject to
different transcriptional mechanisms than nuclear encoded
genes (Dang and Green 2010), which may also facilitate spe-
cialization to different light regimes. Given that a majority of
expression variation between divergent species is expected to
accumulate neutrally over time (Khaitovich et al. 2005), it is
intriguing that expression differences between Symbiodinium
species are consistently enriched for photosynthesis genes
(Baumgarten et al. 2013; Barshis et al. 2014; Rosic et al.
2014, this study). This evidence suggests that species-specific
differences in gene expression are functionally important and
influenced by natural selection tied to niche diversification.

Within-Species Variation

Within each of the two species with four isoclonal cultures, we
detected hundreds of DEGs: 659 unique genes among S.
minutum strains (fig. 4a) and 506 unique genes among S.
psygmophilum strains (fig. 4b). Interestingly, only four anno-
tated genes differentially expressed among S. minutum over-
lapped with those among S. psygmophilum, and enriched
categories only overlapped for housekeeping genes which
regulate biochemical processes like nucleic acid synthesis
and microtubule organization (supplementary table S2,
Supplementary Material online). Thus, transcriptional variation
among strains differs from species to species (fig. 5).
Furthermore, nonrandom gene expression differences
among strains of a given species exist even under identical
rearing conditions (fig. 4c), emphasizing that a degree of ex-
pression variation among Symbiodinium strains is genetically
determined and potentially subject to natural selection. Thus,
the extent of variation among isoclonal strains may be much
greater than previously assumed. Although inter-individual
differences are known to play a significant role in symbiosis
ecology and evolution in terrestrial systems (Shuster et al.
2006; Whitham et al. 2006; Hughes et al. 2008), such evi-
dence has been lacking for coral-dinoflagellate associations
(Parkinson and Baums 2014). Although ~500 of the ~40,000
genes represents a small fraction of the transcriptome, such
differences may be important, especially because overall dif-
ferential expression of genes within a Symbiodinium species
responding to stress seems low (Barshis et al. 2014; but see
Baumgarten et al. 2013).

For example, putative “symbiosis genes” have been iden-
tified by comparing symbiotic versus aposymbiotic cnidarian
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hosts (Meyer and Weis 2012). The expression levels of similar
genes in the symbiont may also play a role in maintaining
functional associations. Two such genes varied among S. min-
utum strains: An ABC transporter (up to 4.2-fold) and a glu-
tathione reductase (up to 9.5-fold). There were also clear
differences in the expression of long chain fatty acid CoA
ligase (up to 12.2-fold), long chain acyl-CoA synthetase (up
to 8.8-fold), and six acety/-CoA carboxylases (up to 12.5-fold),
indicating that certain strains regulate fatty acid metabolism
differently. These genes may be related to cell membrane
composition, which in turn can affect thermal sensitivity
(Tchernov et al. 2004; Diaz-Almeyda et al. 2011). They may
also relate to energy storage and nutrient availability, perhaps
contributing to different growth rates observed among some
of these strains ex hospite (Parkinson and Baums 2014). Under
environmental change, these functional differences may
impact stress tolerance among genotypic host—symbiont com-
binations in a population (Parkinson and Baums 2014,
Parkinson, Banaszak, et al. 2015), partly explaining why
some coral colonies of a given species bleach while others
do not, even when sharing the same symbiont species
(Goulet et al. 2008; Laleunesse et al. 2010). Similar fine-
scale variation has been observed among maize strains with
distinct flavonoid content (Casati and Walbot 2003) and
among dinoflagellate strains with distinct toxicities (Yang
et al. 2010).

Conclusions

Comparisons among deeply sequenced transcriptomes can
reveal the extent and function of molecular variation that is
critical to speciation in nonmodel organisms. Such work pro-
vides important baselines against which experimentally ma-
nipulated samples might be compared and more accurately
interpreted. Our data reveal the extent of expression variation
that occurs among strains of Symbiodinium and emphasizes
how natural selection on existing populations may play a crit-
ical role in the response of coral-dinoflagellate symbioses to
climate change. The genomic resources described here should
improve functional investigations into marine symbiosis biol-
ogy, particularly as model systems continue to be developed
(Baumgarten et al. 2015). Future studies should examine the
same strains exposed to different stressors (thermal, osmotic,
and/or light) in order to characterize the relationship between
physiological and gene expression phenotypes. Each strain
should also be brought into an experimental host (e.g., the
model Aiptasia [= Exaiptasia]) and observed in symbiosis,
which would provide insight into how changes in gene ex-
pression work to maintain stable cnidarian—dinoflagellate mu-
tualisms.  Our  findings underscore that important
transcriptional differences exist at different taxonomic ranks
among dinoflagellates, from clades to species to strains.
Future Symbiodinium genomics experiments should be

designed such that clade-level questions incorporate different
species to serve as a representative sampling of the clade
under study, while species-level questions should incorporate
distinct strains to serve as a representative sampling of the
species under study. Such designs will improve our under-
standing of Symbiodinium genetic, functional, and phyloge-
netic diversity.

Supplementary Material

Supplementary tables S1-S3 and figures S1 and S2 are avail-
able at Genome Biology and Evolution online (http:/Avww.
gbe.oxfordjournals.orgy/).
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