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Abstract

There are many cases of parallel gene expression underlying the evolution of convergent niche
specialization, but parallel expression could also underlie divergent specialization. We
investigated divergence in gene expression and genetic variation across three sympatric
Cyprinodon pupfishes endemic to San Salvador Island, Bahamas. This recent radiation consists
of ageneralist and two derived specialists adapted to novel niches—a‘scale-eater’ and a ‘snail-
eater.” We sampled total mRNA from all three species at two early developmental stages and
compared gene expression with whole-genome genetic differentiation between al three species.
82% of genesthat were differentially expressed between snail-eaters and generalists were up or
downregulated in the same direction between scale-eaters and generalists; however, there were
no shared fixed variants underlying this parallel expression. These genes showing parallel
expression did not exhibit increased developmental congtraints, but were enriched for effects on
metabolic processes. Alternatively, genes showing divergent expression were enriched for effects
on cranial skeleton development and pigment biosynthesis, reflecting the most divergent
phenotypes observed between specialist species. Our findings reveal that convergent adaptation
to higher trophic levels between divergent niche specialists through shared genetic pathwaysis

governed by unique genetic variants.
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Background

Abundant research on the genetic basis of adaptive traits has revealed an overarching pattern in
nature — when species are faced with similar selective pressures, they often respond with the
same genetic solutions (1). Parallel gene expression underlying convergent traitsis awell-
documented evolutionary phenomenon, with examples from experimental evolution studies
imposing uniform selection pressures on replicate populations (2,3), studiesin natural systems
between closely related taxa (4—10), and distantly related taxa (11-13). Thiswork has shown that
parallelism at the level of gene expression iscommon in many cases of phenotypic convergence,

particularly when divergence time between speciesis short (1,14).

However, few studies have investigated the extent of parallel gene expression
contributing to species divergence, largely because most expression studies focus on only two
species and are either concerned with divergent expression giving rise to divergent phenotypes
(15-17) or parallel expression of specific loci (11,18,19) (but see 19,20). Furthermore, while
there many genetic and demographic factors thought to influence the probability of parallel
evolution (22,23), there are no theoretical expectations for the amount of parallel genetic

variation contributing to parallel gene expression during ecological speciation (24,25).

Here we ask how both parallel and divergent expression patterns influence novel
phenotypes by measuring transcriptomic and genomic divergence between three sympatric
species of Cyprinodon pupfishes endemic to hypersaline lakes on San Salvador Island, Bahamas.
This recent radiation consists of adietary generalist species (C. variegatus) and two novel
speciaists: a‘snail-eater’ (C. brontotheroides) and a‘ scale-eater’ (C. desquamator). Scale-eaters
have large jaws and elongated bodies, whereas snail-eaters have short, thick jaws and a
protruding nasal region that may function in crushing hard-shelled mollusks. These specialized
species have evolved within the past 10,000 years based on the most recent drying of San
Salvador lakes (26,27) and occupy unique niches within atherinomorph fishes (28). Scale-eaters
and snail-eaters most likely diverged from a generalist common ancestor based on phylogenetic
analyses of outgroup species and surveys of pupfish populations on neighboring Bahamian
islands (28,29).

We performed total MRNA sequencing to examine gene expression in |ab-reared
individuals of all three species from different lake populations at two developmental stages. We
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also searched for SNPs unigue to each specialist and determined whether fixed variants near
differentially expressed genes showed signs of hard selective sweeps (30). We found divergent
genetic variation underlying trophic specialization, yet significant parallelism at the level of gene
expression in specialists. We tested whether this counterintuitive result of parallel expression
between divergent species may be due to 1) increased developmental constraint for genes
showing parallelism or that 2) specialists experience parallel selective environments and adapt to

higher trophic levels using smilar genetic pathways.

Materialsand Methods
Study system and sample collection

Individuals were caught from hypersaline lakes on San Salvador Island, Bahamas using a hand
net or seine net in 2011, 2013, and 2015. Whole genome resequencing was performed for wild-
caught individuals from atotal of nineisolated lakes on San Salvador (Great Lake, Stout’s Lake,
Oyster Lake, Little Lake, Crescent Pond, Moon Rock, Mermaid’ s Pond, Osprey Lake, and
Pigeon Creek). 14 scale-eaters were sampled from six populations; 11 snail-eaters were sampled
from four populations; and 13 generalists were sampled from eight populations on San Salvador.
Outgroup samplesincluded one C. laciniatus from Lake Cunningham, New Providence Island,
Bahamas, one C. bondi from Etang Saumautre lake in the Dominican Republic, one C. diabolis
from Devil’s Hole in California, and captive-bred individuals of C. ssmusand C. maya from
Laguna Chicancanab, Quintana Roo, Mexico. Sampling is further described in (31,32) Fish were
euthanized in an overdose of buffered MS-222 (Finquel, Inc.) following approved protocols from
the University of California, Davis Institutional Animal Care and Use Committee (#17455) and
University of California, Berkeley Animal Care and Use Committee (AUP-2015-01-7053) and
stored in 95-100% ethanal.

RNA sequencing and alignment

Juvenile pupfish were derived from individuals raised in a common laboratory environment (25-
27 C, 10-15 ppt salinity, pH 8.3) with identical diets. F, and F, fry were collected at two
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developmental stages after hatching: 8-10 days post-fertilization and 17-20 dpf. They were
euthanized in an overdose of buffered MS-222, and stored in RNA later (Ambion, Inc.) at 4 C for
one day, followed by long-term storage at -20 C for up to one year. We extracted whole-body
RNA using RNeasy kits (Qiagen) from 15 larvae (8-10 dpf) (Three generalists and snail-eaters
from Crescent Pond and Little Lake and three scale-eaters from Crescent Pond; Table S1). We
also dissected 14 larvae (17-20 dpf) to isolate RNA from the anterior craniofacial region
containing the dentary, angular articular, maxilla, premaxilla, palatine, and associated
craniofacial connective tissues using fine-tipped tweezers washed with RNAase-away (Three
generalists and snail-eaters from Crescent Pond and Little Lake and two scale-eaters from
Crescent Pond; Table S1). Our decision to sample RNA at 8-10 dpf and 17-20 dpf affects how
we interpret patterns of gene expression. We chose to sample a range of days within each
developmental stage to increase noise, thereby increasing the chance of identifying

transcriptional variation that robustly influences larval devel opment.

Libraries were prepared using the KAPA stranded mRNA-seq kit (KAPA Biosystems
2016) at the High Throughput Genomic Sequencing Facility at UNC Chapel Hill. Stranded
seguencing on one lane of 1llumina 150PE Hiseq4000 resulted in 677 million raw reads. We
filtered raw reads using Trim Galore (v. 4.4, Babraham Bioinformatics) to remove Illumina
adaptors and low-quality reads (mean Phred score < 20). We mapped these reads to the
Cyprinodon reference genome using the RNA-seq aligner STAR (v. 2.5 (33)). We used the
featureCounts function of the Rsubread package (34) requiring paired-end and reverse stranded
options to generate read counts across previously annotated features. We assessed mapping and
count quality usng MULTIQC (35).

Differential expression analyses

We quantified differences in gene expression between all three species at two developmental
stages. Our raw counts determined by featureCounts were normalized and used to identify
differentially expressed transcripts with DEseg2 (v. 3.5 (36)). We performed four pairwise tests
pooling species across lakes to identify differentially expressed transcripts among generalists vs.
snail-eaters and generalists vs. scale-eaters at 8-10 dpf and 17-20 dpf (Table. S1). Genes with
fewer than two read counts were discarded from all analyses (n = 1,570), along with genes
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showing low normalized counts at a threshold determined by DEseg2 (using Cook’ s distance,
0.99 quantile (36)). Wald tests determined significant differences in expression between species
by comparing normalized posterior log fold change estimates and correcting for multiple testing

using the Benjamini—Hochberg procedure with a false discovery rate of 0.05 (37).

We used permutation tests to determine whether specialist species exhibited nonrandom
patterns of parallel gene expression. We performed 100,000 permutations randomly sampling
transcript IDs from the combined number of transcripts differentially expressed between
generalists and each specialist followed by randomly sampling transcripts as either up or

downregulated relative to generalists.

Genomic variant discovery and population genetic analyses

SNP variants were called using previously outlined methods (31,32). Briefly, 42 individual DNA
samples extracted from muscle tissue were fragmented, barcoded with Illuminaindices, and
guality checked using a Fragment Analyzer (Advanced Analytical Technologies, Inc.).
Sequencing on four lanes of Illumina 150PE Hiseg4000 resulted in 2.8 billion raw reads that
were mapped from 42 individuals to the Cyprinodon reference genome (NCBI, C. variegatus
Annotation Release 100, total sequence length = 1,035,184,475; number of scaffold = 9,259,
scaffold N50, = 835,301; contig N50 = 20,803; (38)). We followed Genome Analysis Toolkit (v
3.5) best practices and hard filter criteriato call and refine our SNP variant dataset (QD < 2.0; FS
< 60; MQRankSum < -12.5; ReadPosRankSum < -8 (39)). Our final SNP dataset contained 16

million variants and a mean sequencing coverage of 7x per individual (range: 5.2-9.3x).

We identified SNPs that were fixed in each specialist species. We calculated genome
wide F¢ using VCFtools ‘welr-fst-pop’ function for two different population comparisons
involving samples collected from San Salvador: generalists (n = 13) vs. snail-eaters (n = 11) and
generalists (n = 13) vs. scale-eaters (n = 9). Our SNP dataset included 14 scale-eaters, however,
we split our scale-eater population into two groups (large-jawed scale-eaters, n = 9 and small-
jawed scale-eaters, n = 5) based on previous evidence that these two populations are genetically
distinct (31,32). Thisallowed usto identify SNPs unique to large-jawed scale-eaters (i.e. C.
desquamator (40)), which were the only type of scale-eater we sampled for RNA-seq. We
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identified which of these SNPs resided in gene regions (either exonic, intronic, or within 10kb of
thefirst or last exon) for genes showing differential expression. We determined whether these
regions showed signatures of hard selective sweeps using SweeD ((30); methods previously
described in (31)). Briefly, SweeD sections scaffolds into 1000 windows of equal size and
calculates a composite likelihood ratio (CLR) using anull model where the site frequency
spectrum of each window does not differ from that of the entire scaffold. Various demographic
histories can shift the neutral site frequency spectrum making it difficult to infer signatures of
selection (41,42). We previoudly estimated ancestral effective population sizes of San Salvador
pupfishes using MSMC (31,43) and used these estimates to correct the expected neutral site
frequency spectrum for the inferred recent population bottleneck in Caribbean pupfishes using
SweeD. Windows with fixed SNPs that showed CLRs above the 95™ percentile across their
respective scaffolds (>10,000bp) under the assumptions of a population decrease determined by
MSMC were interpreted as regions that recently experienced a hard sweep.

Measuring evolutionary constraint for differentially expressed genes

We performed gene ontology (GO) enrichment analyses for differentially expressed genes using
GO Consortium resources available at geneontology.org (44). We used BlastP (v. 2.6 (45)) to
identify zebrafish protein orthologs with high similarity (E-value < 1) to NCBI protein
accessions for genes that we identified as differentially expressed between Cyprinodon species.
We used these orthologs to determineif any gene ontology categories were enriched across
differentially expressed genes. We grouped enriched GO categories into similar representative
terms using the REVIGO clustering algorithm (46).

We a'so used these orthologs to estimate pleiotropy for differentially expressed genes
based on the number of associated GO biological processes, protein-protein interactions (PPIs),
and developmental stages when they are known to be expressed (47). We again used the GO
Consortium (44) to determine the number of biological processes associated with each gene. We
examined biological process annotations only for genes from ZFIN (zfin.org) with experimental
evidence (GO evidence code EXP). The String protein database (v. 10; (48)) calculates a
combined score measuring confidence in protein interactions by considering known interactions
(experimentally determined and from manually curated databases) and predicted interactions.
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197  We used the String database to quantify PPIs for protein products of differentially expressed
198  genes, focusing only on interactions with experimental evidence (i.e. non-zero experimental

199  evidence scores).

200 Next, we determined the number of developmental stages where a gene is known to be
201  expressed using the Bgee expression call database for zebrafish (v. 14.0 (49)). We considered
202  eight developmental stages from larval day five to juvenile day 89 from the Zebrafish Stage
203  Ontology (ZFS) that were deemed ‘gold quality,” meaning there was no contradicting call of
204  absence of expression for the same gene, in the same developmental stage (49). We tested

205  whether levels of gene pleiotropy were different in genes showing parallel expression in

206  gpecialists versus divergently expressed genes by fitting a generalized linear model (negative
207  binomial family; gim.nb function in the R library “MASS”) on count data for pleiotropy

208 estimates. We did not measure pleiotropy for genes expressed at 17-20 dpf dueto the low

209  number of zebrafish orthologs matched for genes with parallel expression in craniofacial tissues
210 (11 out of 23).

211 Finally, we used the duplicated genes database (50) to identify paralogs in our

212  differentially expressed gene dataset. We cal culated whether genes showing parallel expression
213  in specialists had more paralogs than divergently expressed genes using Pearson’ s Chi-square
214 testinR.

215
216 Results
217 Differential expression between generalists and specialists

218 Total MRNA sequencing across all 29 samples resulted in 677 million raw reads, which was
219  reduced to 674 million reads after quality control and filtering. 81.2% of these reads successfully
220  aligned to the reference genome and 75.5% of aligned reads mapped to annotated features with
221  an average read depth of 309% per sample. We used this dataset to identify differencesin gene
222  expression associated with specialist phenotypes at two developmental stages and within two

223  groups of tissues.
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224 We compared expression across 22,183 genes that showed greater than two read counts
225  out 24,383 total genes annotated in the Cyprinodon variegatus assembly (NCBI, C. variegatus
226  Annotation Release 100, (38)). These analyses revealed 1,014 genes (1,119 isoforms)

227  differentially expressed between generalists vs. snail-eaters and 5,982 genes (6,776 isoforms)
228  differentially expressed between generalists vs. scale-eaters (Fig. 1) (Benjamini and Hochberg
229 adjusted P < 0.05). 833 genes (923 isoforms) showed the same direction of expression (up or
230 down regulated) in both specialists relative to generalists, indicating parallel expression in

231 gpecidigs (Fig. 2). Specifically, 497 differentially expressed isoforms showed lower expression
232 inboth specialist species compared to generalists, while 424 showed higher expression in

233  specialists (Fig. S1). Thisissignificantly more parallel expression than would be expected by
234 chance for genes (n = 6,996; 100,000 permutations; P < 1.0 x 10°°) and gene isoforms (n =

235  8,998; 100,000 permutations; P < 7.0 x 10 (Fig. S2).

236 Craniofacial morphology isthe most rapidly diversifying trait in the San Salvador

237  radiation (51). In order to detect genes expressed during jaw development, we compared

238  expression within craniofacial tissue at the 17-20 dpf stage. We discovered 120 genes (123

239 isoforms) differentially expressed between generalists vs. snail-eaters and 1,903 genes (2,222
240 isoforms) differentially expressed between generalists vs. scale-eaters (Benjamini and Hochberg
241  adjusted P < 0.05). We observed alower proportion of parallel expression in specialists for

242  craniofacial tissue compared to whole-body tissue. 23 genes showed the same direction of

243  expression in specialists relative to generalists, with 11 differentially expressed isoforms

244 showing lower expression in both specialist species and 14 showing higher expression. Thisis
245  dgignificantly less parallel expression than would be expected by chance for genes (n =2,023;
246 100,000 permutations; P < 1.0 x 10™°) and gene isoforms (n = 2,345; 100,000 permutations; P <
247 1.0x10°) (Fig. S2).

248 We also identified 4 genes that showed opposite patterns of expression in specialists
249  relativeto generalists (Table S2). In 8-10 dpf whole-body tissue, 2 genes (agxt2, si:ch211-
250 197h24.9) were upregulated in snail-eaters and downregulated in scale-eaters, while one gene
251  (plin2) was upregulated in scale-eaters and downregulated in snail-eaters. In 17-20 dpf

252  craniofacial tissue, one gene (mybpc2a) was upregulated in snail-eaters and downregulated in
253 scae-edters.
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Parallel expression does not share the same genetic basis

Similar to previous work on a smaller sample size (31), we identified 79 SNPs fixed between
generalists and snail-eaters and 1,543 SNPs fixed between generalists and scale-eaters. None of
these fixed variants were shared between specialists. Next, we determined which of these fixed
SNPs fell within gene regions (either exonic, intronic, or within 10kb of thefirst or last exon).
29% of SNPsfixed in snail-eaters overlapped with 21 gene regions, while 59% of SNPsfixed in
scale-eaters overlapped with 245 gene regions. We found 365 SNPs fixed in scal e-eaters (24%)
within 68 gene regions that showed differential expression between generalists and scale-eaters
in whole-body tissue (8-10 dpf) and 123 SNPs (8%) within 26 gene regions differentially
expressed between generalists and scale-eaters in craniofacial tissue (17-20 dpf). We suspect that
some of these fixed variants are causal cis-regulatory variants responsible for species specific
expression patternsthat ultimately give rise to phenotypic differences in scale-eaters.
Conversely, we only identified a single SNP fixed in snail-eaters within a gene (tmprss2) that
was differentially expressed between generalists and snail-eaters in whole-body tissue (8-10 dpf).
We did not find any fixed variants near genes differentially expressed between generalists and
snail-eatersin craniofacial tissue, possibly suggesting that fixed variants regulate expression

divergence at an earlier developmental.

Since we did not find any variants that were fixed between scale-eaters and generalists
that were also fixed between snail-eaters and generalists, we repeated our analysis with alower
threshold of genetic divergence by examining SNPs with F¢> 0.8 between generalists vs. snail-
eaters and generalists vs. scale-eaters. Again, none of these SNPs were shared between
specialists. We found 11,491 divergent SNPs within 810 gene regions differentially expressed
between scale-eaters and generalists. We also found 297 SNPs within 27 gene regions
differentially expressed between snail-eaters and generalists. Strikingly, only three genes out of
833 that showed parallel expression in specialists contained SNPs with Fy > 0.8 between
generalists and each of the specialists. This suggests that parallel expression is not aresult of the

same genetic variation in specialists.

10
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Pleiotropic constraint and functional redundancy do not explain parallel expression

We predicted that genes showing parallel expression patterns in specialists may be constrained
by negative pleotropy. High gene pleiotropy is correlated with participation in more protein-
protein interactions (PPIs), which in turn effects multiple biological processes (52,53). Genes
that act across multiple developmental stages are also more pleiotropic (54). We estimated
pleiotropy for differentially expressed genes based on the number of protein-protein interactions
(PPIs), associated GO biological processes, and developmental stages when they are known to be
expressed. However, we did not find evidence for higher pleiotropy for genes showing parallel
expression patterns in specialists compared to genes showing divergent expression using any of
these three metrics (GLM; biological processes: P = 0.67; PPIs. P = 0.09; developmental stages:
P =0.89) (Fig. 3).

Next, we predicted that genes showing divergent expression patterns in specialists might
be under less developmental constraint because they share redundant functions with paralogous
genes. We searched the duplicated genes database (50) and found that datasets for genes with
divergent expression patternsin specialists showed similar numbers of paralogs to genes with
parallel expression patterns in specialists (y, 8-10 dpf: 48 duplicated genes out of 627 genes
showing parallel expression and 270 duplicated genes out of 3,491 divergently expressed genes,
P =0.95; 17-20 dpf: 2 duplicated genes out of 11 genes showing parallel expression and 41
duplicated genes out of 663 divergently expressed genes, P = 0.11).

Genes showing parallel expression are enriched for metabolic processes

We performed GO enrichment analyses with zebrafish orthologs for genes showing parallel
expression patterns in specialists (n = 620) and genes showing divergent expression patternsin
scale eaters (n = 3,349) and snail-eaters (n = 102). We restricted these analyses to genes
expressed at 8-10 dpf because the number of genes showing parallel expression in specialists at

17-20 dpf (n = 23) was low and did not show enrichment for any biological process.

Genes showing parallel expression in trophic specialists were enriched for metabolic
processes (20% of GO terms). In contrast, genes with divergent expression patternsin specialists
were enriched for cranial skeletal development and pigment biosynthesis (7% and 3% of terms,

11
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respectively) while only 11% of enriched categories described metabolic processes (Fig. 4, Table
S3). Weidentified genes with divergent expression between specialists enriched for effects on
viscerocranium, striated muscle, liver, erythrocyte, and the development of the heart, optic cup,
pancreas, and brain. 41 divergently expressed genes were annotated for viscerocranium
development, which is particularly interesting because thistissue gives rise to the most divergent

craniofacial structuresin specialists (55,56).

The genetic basis of extreme craniofacial divergence

We previously described 30 candidate gene regions containing variants fixed between trophic
specialist species associated with variation in jaw length (31). These candidates also showed
signatures of arecent hard selective sweep (31). Encouragingly, we found eleven of these genes
differentially expressed between generalists and specialists (seven at 8-10 dpf and four at 17-20
dpf) (Table $4).

We searched for variants fixed in specialists within gene regions across all 7,394 genes
that were differentially expressed between either generalists and snail-eaters or generalists and
scale-eaters. We discovered fixed SNPs in 81 of these gene regions (either intronic or within
10kb of the first or last exon), potentially implicating cis-acting variants regulating gene
expression. Further testing this hypothesis, we searched for signatures of hard selective sweeps
in specialists. Interestingly, 95% of these gene regions containing fixed SNPs showed signs of
experiencing a selective sweep (estimated by SweeD; CLR > 95™ percentile across their
respective scaffolds) (Table S5). All of these genes regions contained SNPs fixed between
generalists and scale-eaters and showed differential expression in this same comparison. Five of
these 81 genes were indicated as strong craniofacial candidates in our previous study (31).
Finally, we compared thislist of genes experiencing selection to those annotated for cranial
skeletal system devel opment (GO:1904888) and muscle organ development (GO:0007517). This
revealed three genes containing fixed variation in scale-eaters that likely influence craniofacial
divergence through cis-acting regulatory mechanisms (loxI3b (annotated for cranial effects);
fbxo32 and kihl40a (annotated for muscle effects)).
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Discussion

We combined RNA sequencing with genome-wide divergence scansto study the molecular
evolution of two trophic specialist species that rapidly diverged from a generalist common
ancestor within the last 10,000 years. We examined how gene expression and SNP variation
influence snail-eater and scale-eater niche adaptations using comparisons between each specialist
and their generalist sister species. We found a significant amount of paralelism at the level of
gene expression yet no parallelism at the level of fixed genetic variation in specialists.
Specifically, 82% of genes that were differentially expressed between snail-eaters and generalists
were up or downregulated in the same direction when comparing expression between scale-
eaters and generalists (Fig. 2). We show that this parallel expression is not the result of the same

underlying genetic variation.

We explored two possible explanations for this pattern: 1) developmental constraints
resulting from pleiotropy or functional redundancy favor parallel expression in specialist species
or 2) parallel selective environments act on similar genetic pathways needed for adaptation to
higher trophic levels.

1. Developmental constraints on the evolution of parallel gene expression

We tested two hypotheses considering how different forms of developmenta constraint could
promote parallel expression patternsin specialist species. One mechanism constraining the
probability of parallelism is pleiotropy — when the expression of one transcript influences
multiple phenotypic characteristics (22,47,57). Higher gene pleiotropy is correlated with
participation in more protein-protein interactions (PPIs), which can cause cascading downstream
effects on multiple biological processes (52,53). We predicted that genes showing parallel
expression might be under higher constraint due to negative pleiotropy. We estimated three
measures of gene pleiotropy (number of associated GO biological processes, protein-protein
interactions (PPIs), and developmental stages when they are known to be expressed) and found
no significant difference in any measure for genes showing parallel versus divergent expression
patternsin specialists (Fig. 3). Thisfinding is consistent with some empirical evidence and
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theoretical models of gene expression evolution that found pleiotropy constrains the variability

of gene expression within species, but does not hinder divergence between species (15,58).

Gene sequence similarity can also affect the probability of parallelism (22). Genes that
are similar due to duplication events (paralogs) may be less constrained and therefore more likely
to exhibit divergent expression (7,22,59-61). Given that some paralogs are known to share
molecular functions even when they have had much time to diverge (62—64), we predicted that
the set of genes showing divergent expression might be under less constraint because it was
enriched for paralogs exhibiting functional redundancy. However, we did not find any difference
in the proportion of paralogs for genes showing parallel and divergent expression in specialists
(% 8-10 dpf: P = 0.95; 17-20 dpf P = 0.11). Overall, we find that parallel expressionin

specialistsis not the result of increased developmental constraints.

2. Parallel gene expression underlies convergent metabolic adaptations to a higher trophic

level in each specialist

While the specialists are more morphologically diverged from one another than either is from
generalist species, particularly in their craniofacial phenotype and male reproductive coloration
(40,65) (Fig. 4), dietary isotope analyses show that they occupy a higher trophic level than
generalists (66). Fish scales and mollusks contribute to more nitrogen-rich diets in specialists
compared to generalist speciesthat primarily consume algae and detritus (66). Perhaps the same
metabolic processes required for thistype of diet are adaptive at higher trophic levels for both
scale-eaters and snail-eaters, which might explain patterns of parallel expression. Thus, we
predicted that genes showing parallel expression would affect metabolic processes that may be
similar between specialists, whereas genes showing divergent expression in specialists would

affect developmental processes.

GO enrichment analyses support both hypotheses. We found that 20% of GO categories
enriched for genes showing parallel expression described metabolic processes, and zero
described cranial skeletal development or pigment biosynthesis (Fig. 4A). In contrast, 10% of
terms showing enrichment in the divergently expressed gene set described devel opmental
processes (cranial skeletal development and pigment biosynthesis) and only 11% described
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metabolic processes (Fig 4A, Table S4). These results may suggest that parallel expression in
speciaistsisimportant for adapting to a higher trophic level, in which snail-eating and scale-
eating present ssimilar metabolic requirements relative to the lower trophic level of generalists.
Thisis consistent with the high macroalgae content of generalist diets relative to both specialist
species (51) and the shorter intestinal lengths observed in both specialists relative to the
generaist (CHM and JAM personal observation). In contrast, genes showing divergent
expression in specialists are more important for shaping divergent skeletal and pigmentation

phenotypes between species (Fig. 4B, C and D).

Parallel gene expression despite divergent genetic variation

We find significant parallel gene expression across genes that are annotated for effects on
metabolism, yet shared expression patterns do not seem to be driven by the same fixed variants.
Thisissurprising in this young radiation given that the probability of parallel genetic variation
underlying phenotypic convergence increases with decreasing divergence time (1,24,67).
Although 95% of differentially expressed gene regions containing fixed SNPs show signs of
experiencing a selective sweep, and almost none of these variants in these SNPs were in exons, it
is still possible that fixed alleles do not regulate parallel expression of metabolic genes. Instead,
we reasoned that segregating variants shared between specialists might be responsible for shared
expression patterns. However, we still failed to find any shared variants at lower levels of
differentiation (F¢> 0.8). Another possibility isthat parallel expression isnot controlled by
shared SNPs, but rather a more complex type of genetic variation (copy number variants,
inversions, insertions, deletions). However, preliminary results suggest that there are no shared
insertion/del etions between specialists (JAM unpublished data). Many studies on parallel
adaptation through gene reuse describe convergence within pigmentation and skeletal

devel opment pathways (6,18,23,68). Perhaps the architecture of metabolic adaptation is more
flexible, having more mutational targets or employing more late-acting devel opmental regulatory
networks that are less constrained than early-acting networks (67,69-73). Our findings highlight
the importance of understanding the probability of genetic convergence across different

biological processes.
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Caveatsto gene expression analyses and the robustness of parallel expression

We chose to sample RNA at 8-10 dpf and 17-20 dpf to identify transcriptional variation that
influences larval devel opment, however, some activation of parallel gene networksis likely
specified at pre-hatching developmental stages (69,70). It is also possible that we did not have
the power to identify subtle differencesin expression for genes that showed high divergence
between specialists and generalists. Detecting differential expression of transcriptsis notoriously
difficult when read counts are low and variance within treatment groupsis high (74,75). We
were able to detect differential expression for genes with a mean normalized count as low as 1.6
(median = 150) and log fold change as low as 0.2 (median = 1.11). Thus, we could not detect
any variation causing very sight fold changes in expression below 0.2. Furthermore, our scale-
eater sample sizes (8-10 dpf n = 3; 17-20 dpf n = 2) were lower than that of generalists and snail-
eaters (n = 6 at both stages) (Fig. S1), which likely resulted in more false positives for scale-eater

comparisons.

Finally, our results are robust in a recently published independent analysis of gene
expression in San Salvador pupfishes that identified many of the same genes we found
divergently expressed between speciaists (38). We examined this dataset using the same
significance thresholds for differentially expressed genes as described in Lencer et al. for mMRNA
extracted from all three species at 8 dpf and 15dpf (p < 0.1 and |Log, fold change] > 0.2). We
found that 40% of genes divergently expressed between specialistsin this dataset were
divergently expressed in our own dataset. Importantly, Lencer et al. only examined cranial
tissues at both of these developmental stages, and they did not investigate parallel expression
between each specialist. Next we searched for evidence of parallel expression for mRNA
extracted from all three species at 8 dpf. 28.8% of genesthat were differentially expressed
between snail-eaters and generalists were up or downregulated in the same direction between
scale-eaters and generalists. Thisis alower proportion of parallel expression than we identified
(Fig. 2), but thisis most likely because Lencer et al. only sampled RNA from cranial tissues
(38). Thus, the mgjority of parallel expression between specialists likely occursin non-cranial

tissues, consistent with our shared metabolic hypothesis.

Conclusion
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Here we find that divergent genetic variation underlies significant parallel gene expression in
two novel specialist species. While there are many cases of parallel expression underlying
parallel ecological specialization, to our knowledge, this represents the first case of parallel
expression accompanying divergent specialization. Our findings will be useful in developing
theoretical predictions of parallelism contributing to species divergence at both the gene and
nucleotide level. Numerous studies have shown that the probability of parallel genetic variation
underlying phenotypic convergence is higher when divergence time between speciesis short
(1,24,67). Scale-eating and snail-eating species have evolved rapidly within the last 10,000
years, yet parallel expression patterns are not driven by the same underlying genetic variants,
arguing that some forms of phenotypic convergence between young species do not exhibit
parallelism at the nucleotide level. We show that parallel expression isnot aresult of
developmental constraint imposed by negative pleiotropy or functional redundancy, but most
likely reveals convergent adaptation to a higher trophic level in each trophic specialist, despite

their specialization on highly divergent resources.
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Fig. 1. Differential gene expression between generalistsand trophic specialists. Red points
represent genes that are differentially expressed in 8-10 dpf whole-body tissue (A, C) and 17-20
dpf craniofacial tissue (B, C) between generalists vs. scale-eaters (A, B) and generalist vs. snail-
eaters (C, D). Bottom panels show the top two principal components accounting for a combined
52% (8-10 dpf; E) and 48% (17-20 dpf; F) of the total variation between samples across 413
million reads mapped to annotated features. Triangles represent samples from Little Lake and
circles represent samples from Crescent Pond. Generalists are shown in red, scale-eatersin blue,
and snail-eatersin green.
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Fig. 2. Significant parallel gene expression between specialists despite divergent trophic
adaptation. Circlesillustrate genes differentially expressed in 8-10 dpf whole-body tissue (top)
and 17-20 dpf craniofacial tissue (bottom) for generalists vs. scale-eaters (left) and generalists vs.
scale-eaters (right). Genes that show the same expression patternsin specialists relative to
generalists are blue, and those showing divergent expression patterns unique to each specialist
are green. Significantly more genes show the same expression pattern (either up or
downregulated) in specialists relative to generalist gene expression at 8-10 dpf than expected by
chance (Fig. S2; 100,000 permutations; P < 1.0 x 10°). Alternatively, significantly fewer genes
show the same expression pattern in 17-20 dpf craniofacial tissue (Fig. S2; 100,000
permutations; P < 7.0 x 10°%).
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761  Fig. 3. Genesshowing parallel expression patternsin specialists are not more pleiotropic
762  than genes showing divergent expression. Violin plots show the distribution of pleiotropy

763  estimates (GO biological processes (A), protein-protein interactions (B), and developmental

764  stages expressed (C)) for genes showing parallel expression patterns (blue) and divergent

765  expression patterns (green) in specialists relative to generalists. Red dots show the median, thick
766  black bars show interquartile ranges and thin bars show 95% confidence intervals. Genes

767  showing parallel expression are not significantly more or less pleiotropic than divergently

768  expressed genes (GLM; biological processes. P = 0.67; PPIs. P = 0.09; developmental stages. P
769 =0.89).
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Fig. 4. Parallel gene expression underlies metabolic adaptations while diver gent expression
under lies trophic mor phology A) Genes showing parallel expression in specialists (blue) and
genes showing divergent expression (green) are contrastingly enriched for terms describing
metabolic processes (parallel: %20; divergent: %11). Genes showing divergent expression are
enriched for cranial skeleton development (7% of terms) and pigment biosynthesis (3% of
terms). B) uCT scans show drastic craniofacial divergence between snail-eaters (top) and scale-
eaters (bottom). Bottom panels show male breeding coloration characteristic of light snail-eaters
(C) and dark scale-eaters (D).
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