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Abstract 

Molecular Evolution in Embiotocid Surfperches 

Gary Charles Longo 

 

 Here, in embiotocid surfperches I have investigated diverse evolutionary 

processes on different genomic scales using advances in massively parallel DNA 

sequencing technologies. First I reconstructed phylogenetic relationships among all 

genera and 21 out of 23 embiotocid species using restriction-site associated DNA 

sequence (RADseq) markers. In Embiotocidae I found that RADseq supermatrices 

that retained 91% of orthologous markers across sampled species, which 

corresponded to 523 loci, yielded trees with the highest support values. The resulting 

phylogenetic hypotheses support a scenario where embiotocids first diverged into 

clades associated with sandy and reef habitats during the middle Miocene (13–18 

million years ago) with subsequent invasions of novel habitats in the reef associated 

clade, and northern range expansion in the Northwest Pacific. In all cases, radiations 

occurred within specific habitats, a pattern consistent with niche partitioning.  For my 

second chapter I characterized the complete mitochondrial genome of the black 

surfperch, Embiotoca jacksoni. The genome contains 13 protein-coding genes, two 

ribosomal RNA genes, 22 transfer RNA genes, and the non-coding control region 

(Dloop), the gene order of which is identical to that observed in most vertebrates. I 

then compared the protein-coding mitochondrial DNA gene sequences of E. jacksoni 

with two other embiotocid surfperches with available complete mitochondrial 
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genomes, Cymatogaster aggregata and Ditrema temminckii. Across all mitochondrial 

protein-coding genes in surfperches the weighted average substitution rate was 

2.079% per million years and average dN/dS ratios for each protein-coding gene 

ranged from 0.016 in CytB to 0.608 in ND3. Substitution rates and dN/dS ratios were 

relatively high for ATP8 compared to other protein-coding genes. Although most 

protein-coding genes showed signals of purifying selection, I found evidence for 

positive selection in ND3 in E. jacksoni. Finally for chapter three I performed 

exploratory genome scans for selection in four species of Embiotocid surfperches 

between populations in Monterey Bay, California, USA and Punta Banda, Baja 

California, Mexico again using RADseq markers. These localities are on opposite 

sides of a well-known biogeographic break and experience significantly different sea 

surface temperatures (SST) as well heterogeneous species assemblages. Using a FST 

outlier approach, I detected strong signals of intraspecific balancing and divergent 

selection as well as clear evidence for interspecific parallel selection with some loci 

aligning to known proteins. These results suggest that California surfperches 

represent an ideal system for investigating different forms of selection in a natural 

marine environment.  
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Introduction 

 
 The evolutionary history of species, populations, and individuals are recorded 

in the nucleotides of their genomes. Written in these genomes are evolutionary 

success stories that have navigated the gauntlet of survival and reproduction over the 

last 4 billion years. If diversity is an indicator of success then it is clear that certain 

lineages have faired better than others. Certainly stochastic processes have played a 

role in the diversification of some lineages, such as in the proliferation of mammals 

following the Cretaceous-Paleogene extinction event. However some especially 

successful lineages undoubtedly owe a portion of their diversity to revolutionary 

changes in their genomes. For instance the most speciose order of extant bony fishes, 

Cypriniformes, contains over 4,300 valid species while the order Amiformes persists 

with only one surviving member, Amia calva (Eschmeyer & Fong 2016). A portion of 

the Cypriniformes diversity is undoubtedly due to ancestral genomic innovations that 

led to hearing improvements via the Weberian apparatus (Bird & Hernandez 2007), 

although it is only recently that we have been able to investigate the genomic 

architecture responsible for these changes. 

 Advances in sequencing technology and chemistry have opened up doors and 

ushered us into the golden age of genetics where it is now economically feasible to 

generate and sequence thousands of genome wide markers in non-model organisms 

and even sequence full genomes. Computing power and analytical approaches have 

progressed as well allowing us to query genomes in novel ways. Indeed it is now 

possible to reconstruct an entire population’s demographic history from the relative 
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diversity contained within an individual’s genome (Li & Durbin 2011). Here in my 

dissertation we utilized genomic techniques to better understand evolutionary 

processes in embiotocid surfperches. Specifically for chapter one, we built the most 

robust and well supported phylogenetic hypothesis to date for Embiotocidae using 

genome wide restriction site associated DNA (RADseq) markers. For chapter two, we 

sequenced the full mitochondrial genome of the black surfperch, Embiotoca jacksoni, 

and compared substitution rates as well as the ratio of nonsynonymous to 

synonymous substitutions (dN/dS) among protein coding genes with the 

mitochondrial genomes of two other surfperches, Cymatogaster aggregata and 

Ditrema temminckii. Finally we performed genomic scans for signals of selection, 

again using RADseq markers, at the population level in four species of surfperches. 

From these genomic analyses in embiotocid surfperches we have learned a 

tremendous amount about the family’s interspecific evolutionary relationships, 

uncovered and analyzed the full mitochondrial genome of the black surfperch, and 

gained insight into how selection and geneflow vary among different surfperch 

species. 
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Supporting information for (Figures and Tables) 

The evolutionary history of the embiotocid surfperch radiation based on 
genome-wide RAD sequence data 
Gary	Longo	&	Giacomo	Bernardi	

	
Figure S1. RAD sequence read number per individual after passing quality filtering. 
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Figure S2. Embiotocidae phylogenetic trees inferred with Bayesian methods from 
various sets of populations (Stacks v 1.13) filter parameters “-p” (the minimum 
number of species that must possess that marker) and “-r” (the minimum percentage 
of individuals in each species that must possess that marker). Posterior probability 
was 1 at all nodes except where indicated. * denotes mean posterior probability 
values across all bifurcating branches for each tree.	
	



15	
	

	
 
 
 
 
 



16	
	

 
Figure S3. Phylogeny of Embiotocidae inferred using genome wide RAD markers 
(p20_r1 supermatrix) with maximum likelihood and Bayesian methods. Individual 
consensus sequences were used for phylogenetic inference here. Node values 
represent posterior probability (top) and bootstrap support (bottom) and are 1 and 
100, respectively, except where indicated. 
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Table S1.  Unique stacks (i.e., unique loci) and polymorphic loci detected by the 
denovo_map.pl program (Stacks version 1.13) for each individual. 
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sample name   unique stacks  polymorphic Loci 
AAR_SCP   45168   1161 
AAR_SLV   47755   1126 
AKO_MBA1   45987   814 
AKO_MBA2   47231   924 
ARH_CAP   84872   4003 
ARH_NSS   55232   2495 
BAL_GUA1   63946   2973 
BAL_GUA2   52854   2746 
BFR_CAT7   53896   4778 
BFR_CAT8   53010   4667 
CAG_CB1   81237   4625 
CAG_SD1   104494   5758 
DTE_J193   42088   1818 
DTE_J194   44276   1827 
EJA_MBA   47319   2061 
EJA_PBA   48155   3273 
ELA_MBA   48214   2331 
ELA_PBA   47974   2204 
HAN_MIB1   43602   1397 
HAN_MIB2   43377   1419 
HAR_MBA   47789   2315 
HAR_SCH1   50636   2742 
HEL_MBA   46807   1562 
HEL_PAC   50657   1971 
HCA_SCH1   46896   1755 
HCA_SCH2   47958   1918 
HTR_01    50621   1511 
HTR_02    48791   1369 
MAU_MBA1   48139   697 
MAU_MBA1   34439   568 
MMI_MBA   48610   2402 
MMI_MIB   41946   1949 
NRA_J1    41686   1384 
NRA_J2    43932   1684 
PAT_MON   53020   3887 
PAT_NRI   48762   2681 
PFU_SCH1   50625   2364 
PFU_SCH2   52540   2409 
RTO_MBA   48610   1526 
RTO_PBA   48940   1975 
RVA_MBA   48943   2502 
RVA_PBA   49379   2553 
ZRO_MBA2   47572   3430 
ZRO_MBA3   44484   3392 
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Table S2. Number of loci and phylogenetically informative SNPs as well as the 
overall size of the concatenated supermatrix obtained from a given set of populations 
(Stacks v 1.13) filter parameters “-p” (the minimum number of species that must 
possess that marker) and “-r” (the minimum percentage of individuals in each species 
that must possess that marker).	
 
    phylogenetically 
filter  loci  informative  total 
parameters number SNPs   length (bp) 
 

p21_r1  116  304   9,280 

p21_r0.5 8,517  25,622   681,360 

p20_r1  523  1,426   41,840 

p20_r0.5 12,932  40,370   1,034,560 

p18_r1  3,125  8,290   250,000 

p18_r0.5 19,505  62,846   1,560,400 

p16_r1  8,503  22,386   680,240 

p16_0.5 24,941  79,908   1,995,280 

p14_r1  15,025  39,421   1,202,000 

p14_r0.5 30,629  96,368   2,450,320 
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Table S3. Sequence divergence between sister species of surfperches. Values 
correspond to uncorrected distances within a species and between sister species. 
Values within E. lateralis and R. toxotes are also given for information, but they are 
not sister species. Averages are provided for species except for the species in the 
genus Brachyistius that is shown at the bottom. 
 
Species  intra-  inter- 
 
 
A. argenteus  0.006 
     0.346 
A. koelzi  0.000 
 
 
H. argenteum  0.013 
     0.443 
H. ellipticum  0.016 
 
 
P. furcatus  0.012 
     0.195 
R. vacca  0.010  
 
 
H.caryi  0.010  
     0.282 
E. jacksoni  0.015 
 
 
E. lateralis  0.010 
R. toxotes  0.007 
 
 
Average  0.010  0.317 
 
 
B. frenatus  0.015 
     0.025 
B. aletes  0.012 
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Abstract 

 

Cases of parallel selection in closely related taxa provide excellent opportunities for 

better understanding the genetic component of selection and adaptation. Controlled 

experiments with E. coli and studies utilizing both terrestrial and freshwater systems 

have progressed our understanding of parallel selection, however there are fewer 

examples from the marine environment. Here, we perform exploratory genome scans 

for selection in four species of Embiotocid surfperches between populations in 

Monterey Bay, California, USA and Punta Banda, Baja California, Mexico. These 

localities are on opposite sides of a well-known biogeographic break and experience 

significantly different sea surface temperatures (SST) as well heterogeneous species 

assemblages. Using a FST outlier approach, we detect strong signals of intraspecific 

balancing and divergent selection as well as clear evidence for interspecific parallel 

selection with some loci aligning to NCBI proteins. These results suggest that 

California surfperches represent an ideal system for investigating different forms of 

selection in a natural marine environment. 
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Introduction 

A tenet to Darwinian natural selection is that when selective pressure differs over 

space or time, it is reflected by expected changes in a population’s collective 

genomes. Population genetics and the modern synthesis laid the mathematical 

groundwork for formally describing these expectations (Dobzhansky 1937; Mayr 

1942; Simpson 1944; Stebbins 1950). Increased availability of molecular data 

resulted in the proposal of the neutral theory of molecular evolution, where genetic 

drift accounted for a significant share of the observed intraspecific and interspecific 

variation (Kimura 1968). Although the relative role of neutrality and selection in 

genome evolution was debated, cases of convergent and parallel evolution present 

opportunities to better understand the selective component of the equation. The 

genomic bases of parallel and convergent selection operating on populations of E. 

coli were observed experimentally (Woods et al. 2006; Barrick et al. 2009). In natural 

systems, the cichlid flocks of the Great African Lakes were identified early on as an 

ideal system to detect signatures of parallel and convergent evolution (Fryer & Iles 

1972; Barlow 2000). DNA sequences of the cichlid flocks, and the recent sequencing 

of key cichlid genomes further confirmed the role of convergence in these systems 

(Meyer 1993; Brawand et al. 2014). Likewise, cases of multiple invasions of glacial 

freshwater lakes by marine forms of three-spine sticklebacks provided unique insight 

into both the mode and expectations of convergent and parallel evolution (Schluter & 

Nagel 1995; Colosimo et al. 2005; Hohenlohe et al. 2010). Indeed, recent genomic 

advances have resulted in increased power to detect selection both at the population 
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and gene expression levels with directional, balancing and disruptive selection all 

being uncovered in several systems (Andrews et al. 2016). While cases of convergent 

and parallel evolution in terrestrial and freshwater systems are well developed, there 

remains a need for more marine study systems where knowledge tends to lag behind 

(Webb 2012). 

While different approaches have been used to identify selection, population-based 

methods often use variations of outlier approaches based on Wright’s fixation index 

(FST) (Wright 1978).  There, FST is calculated at a genomic scale and then outlier loci, 

or regions, are identified as candidates for selection (Bersaglieri et al. 2004; 

Hohenlohe et al. 2010). Importantly, this method is robust to past demographic 

fluctuations such as bottlenecks and population expansions (Beaumont 2005). In 

other words, these genome scans identify selection between or among populations by 

recognizing significant differences or similarities in allele frequencies relative to the 

rest of the genome. Here we performed genome scans on embiotocid surfperches, a 

family of predominantly marine fishes endemic to the temperate North Pacific.  

The unique nature of embiotocid viviparity restricts dispersal resulting in 

relatively low gene flow and high FST values compared with most other reef fishes 

(Bernardi 2000, 2005). Surfperches belong to the speciose group Ovalentaria, which 

includes cichlids and damselfishes, among others (Wainwright et al. 2012; Betancur-

R et al. 2013). Pharyngognathy, a modification to the musculature and structure of the 

pharyngeal jaws, is a synapomorphy for the group that has allowed for increased diet 

specialization and has likely contributed to the group’s impressive diversity as 
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exemplified in cichlids (Wainwright et al. 2012) and to a lesser extent in surfperches 

(Tarp 1952; De Martini 1969; Bernardi & Bucciarelli 1999; Longo & Bernardi 2015). 

Although less speciose, surfperches are unique within Ovalentaria, as they exhibit 

internal fertilization and direct development. This differs from most marine fishes, 

which fertilize externally and have a bipartite life cycle with sedentary adults and 

pelagic larvae, potentially dispersing hundreds of kilometers (Leis 1991).  

At the center of surfperch diversity, a prominent marine biogeographic break 

occurs in central California at Point Conception, where the northern Oregonian 

assemblage meets the southern San Diegan assemblage (Briggs 1974; Dawson 2001; 

Allen et al. 2006). Local current conditions play a key role in this break, resulting in 

significantly different sea surface temperatures (SST) north and south of Point 

Conception (Fig. 1, Fig. S1). These dissimilar biotic and abiotic conditions likely 

result in different selective pressures for populations along the central California 

coastline, therefore providing an opportunity to compare the effects of selection on a 

group of closely related marine fishes. 

In this study we investigate genomic signals of selection between Monterey Bay, 

CA, USA (MBA) and Punta Banda, Baja California, Mexico (PBA) populations in 

four species of closely related surfperches, the black surfperch (Embiotoca jacksoni), 

striped surfperch (Embiotoca lateralis), rubberlip surfperch (Rhacochilus toxotes), 

and pile perch (Rhacochilus vacca). Here we find several instances where selection 

was identified as playing a role on the same genomic regions across species, thus 
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suggesting that similar selective pressures on closely related species translate to 

similar genomic signatures. 

 

Materials and Methods 

Sample collection and SST data 

Twenty to 26 individuals were collected for each species with spears while on 

SCUBA or freediving from MBA and PBA (Fig. 1). Fin clippings or liver tissue were 

stored in 95% ethanol and DNA was extracted from tissue samples using DNeasy 

Blood & Tissue kits (Qiagen) according to the manufacturer’s protocol. SST data and 

images were downloaded from the NOAA CoastWatch Program, specifically the data 

set used was SST, NOAA POES AVHRR, LAC, 0.0125 degrees, West US, Day and 

Night (Fig. 1, Fig. S1). 

 

RADseq data 

Restriction site associated DNA sequence (RADseq) library preparations were 

based on Baird and Miller’s protocol (Baird et al. 2008; Miller et al. 2012) with some 

modifications (Longo & Bernardi 2015). Samples used in this study were sequenced 

in one of three libraries, each containing 96 individually barcoded samples. Each 

library was sequenced in a single lane on an Illumina HiSeq 2000 at the Vincent J. 

Coates Genomics Sequencing Laboratory at UC Berkeley. 

Raw reads were trimmed to 92 bp on the 3’ end, quality filtered, and then split 

according to the unique 6 bp barcode using Miller et al. (2012) custom Perl scripts.  
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Sequences were dropped if the product of quality scores for their respective 92 bases 

was below 80%. The barcode (6 bp) and restriction site residue (6 bp) were then 

removed from the 5’ end, resulting in a final sequence length of 80 bp. Sequences 

from 172 individuals resulted in 217 million filtered reads ranging from 23,854 to 

6,345,608 reads per individual. Ten individuals with <200,000 reads were discarded 

from subsequent analyses.  

Loci were detected using the software program STACKS version 1.29 (Catchen et 

al. 2011, 2013) by running the denovo_map program for each species. In each 

denovo_map we set a minimum stack depth (-m) of five, a maximum of two 

mismatches per loci for each individual (-M), and allowed up to one mismatch when 

building catalog loci (-n).  We excluded highly repetitive stacks, set the maximum 

number of stacks per locus at two, and disabled calling haplotypes from secondary 

reads. For each species’ denovo_map batch, we ran the STACKS populations 

program to further filter the data and generate output files for downstream analyses. 

Due to generally high coverage across individuals, we increased the minimum stack 

depth (-m) to 10 and required that 80% of individuals in each population retain the 

marker (-p 2 & -r 0.8). We used the --write_single_snp flag so only a single SNP 

from each RADseq locus was used for detecting loci under selection and population 

structure analyses. STRUCTURE output files from the STACKS population scripts 

were converted into appropriate formats for downstream population genetic analyses 

using PGDSPIDER 2.0 (Lischer & Excoffier 2012). Although individuals with 

relatively low coverage were removed prior to running STACKS, some individuals 
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with high coverage had a high percentage of missing data. We removed eight 

individuals who were missing data for more than 50% of loci and ran again the 

STACKS population scripts, which resulted in 154 samples used for all downstream 

analyses (E. jacksoni: MBA = 17 & PBA = 20; E. lateralis: MBA = 21 & PBA = 20; 

R. toxotes: MBA = 19 & PBA = 21; R. vacca: MBA = 16 & PBA = 20, Table S1). 

The quality filtered sequences were deposited at the National Center for 

Biotechnology Information (NCBI) short-read archive (accession no. XXXXXX). 

A Bayesian clustering approach as implemented in STRUCTURE 2.2 (Pritchard 

et al. 2000) was used to assess genetic partitioning for each species. We used an 

initial burnin of 10,000 with 100,000 MCMC iterations for K = 1-5 (assumed number 

of populations) with 10 replicates each. The most likely number of genetic partitions 

was then estimated using the Evanno method (Evanno et al. 2005) as implemented in 

STRUCTURE HAVESTER (Earl & vonHoldt 2012) and the final results were 

visualized using DISTRUCT (Rosenberg 2004).  

To test for loci under selection between populations in each species independently 

we used the FDIST method (Beaumont & Nichols 1996) as implemented in 

ARLEQUIN v3.5 (Excoffier et al. 2005). This method detects signals of selection, 

either acting directly on the locus or indirectly on a closely linked locus (hitch-

hiking), based on FST as a function of heterozygosity (Bierne et al. 2013; Lotterhos & 

Whitlock 2015). We ran 100 demes with 50,000 simulations and set the minimum 

and maximum expected heterozygosity to 0 and 1 respectively. Loci below the 1% 

quantile and above the 99% quantile were considered candidates for balancing and 
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divergent selection respectively. We investigated potential gene functions of loci 

undergoing selection by searching the NCBI database for sequence similarities using 

BLASTN 2.3.1 (Altschul et al. 1997) and report hits on predicted proteins with an E-

value ≤1e-6 (Table S2).  

 

Results  

RADSeq data  

Total number of loci output from STACKS population runs (-m 10, -p 2, & -r 0.8) 

for each species yielded between 19,761 to 34,252 loci in R. vacca and E. lateralis 

respectively, while polymorphic loci counts varied from 4,706 to 8,728 in R. vacca 

and E. lateralis respectively (Table 1). 

 

Population structure  

STRUCTURE HARVESTER results identified K=2 for all species as the most 

likely clustering model, however the Evanno method cannot detect a K=1 scenario, 

which seems to be the most likely case for R. vacca. STRUCTURE plots based on 

K=2 and a single SNP from each polymorphic locus showed variable levels of genetic 

structure between MBA and PBA in each species (Fig. 2). E. lateralis showed the 

strongest levels of genetic differentiation between individuals in MBA and PBA 

while almost no differentiation is observed between the populations in R. vacca 

corresponding to strong and weak population structure, respectively. However, 

population pairwise comparisons between MBA and PBA yielded a gradient of FST 
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values with 0.21699 in E. jacksoni, 0.1318 in R. toxotes, 0.11441 in E. lateralis, and 

0.02634 in R. vacca (Table 2).  

 

Loci under selection  

FDIST approaches to identify loci under selection between MBA and PBA 

populations in each species yielded varying numbers of candidate loci. For E. 

jacksoni, out of 8,304 total polymorphic loci, 88 were classified as being under 

divergent selection (above 99% quantile) and 48 as balancing (below 1% quantile). 

For E. lateralis, out of 8,728 total polymorphic loci, 136 and 89 loci were classified 

as being under divergent and balancing selection respectively. For R. toxotes, out of 

the 4,706 total polymorphic loci, 58 and 44 loci were classified as being under 

divergent and balancing selection respectively. For R. vacca, out of the 5,702 total 

polymorphic loci, 59 and 420 loci were classified as being under divergent and 

balancing selection respectively (Figs. S2, Table 1). 

 

Gene function and parallel selection 

The proportion of loci under divergent selection that aligned with NCBI proteins 

ranged from 11.9% (7 of 59 loci) in R. vacca to 19.3% (17 of 88 loci) in E. jacksoni 

and from 16.7% (8 of 48 loci) in E. jacksoni to 32.6% (29 of 89 loci) in E. lateralis 

for loci under balancing selection (Fig. 3, Table S2). Remarkably, we observed 

several instances of parallel divergent and balancing selection across surfperch 

species in MBA and PBA populations (Fig. 3). In regards to parallel selection, we 
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refer to interspecific RADseq loci that share very high sequence similarity, likely due 

to orthologous SbfI restriction sites, as orthologous loci. On the other hand, RADseq 

loci that do not share high sequence similarity but align to the same NCBI protein in 

different physical locations are referred to as non-orthologous RADseq loci. 

Approximately half of the loci putatively undergoing parallel selection aligned to 

proteins on NCBI’s database based on our BLASTN filter parameters.  

One such case of parallel divergent selection involves non-orthologous RADseq 

markers from E. jacksoni and R. toxotes that align to the same predicted protein, 

transmembrane protease serine 9-like (Table S2), but in different locations. We also 

detected several instances of surfperch species sharing loci under balancing selection 

(Figure 3). Specifically, R. vacca and R. toxotes share an orthologous locus under 

balancing selection that aligns to a known centromeric protein. R. vacca and E. 

lateralis also share three loci under balancing selection that align to NCBI proteins, 

one of which is a trace amine-associated receptor protein (taar). Another involves 

non-orthologous markers that align to same known spectrin repeat containing, nuclear 

envelope 2 protein but in different locations. In the last case, non-orthologous R. 

vacca and E. lateralis loci align to the same predicted dopey family member protein 

(dopey 1) but in different fish taxa (Table S2). Finally, several loci under selection 

have predicted gene functions that may be related to surfperch life histories or distinct 

selective pressures between MBA and PBA, as briefly discussed below. 

 

Discussion 
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Over the past few decades our understanding of parallel and convergent evolution 

in experimental (Woods et al. 2006; Barrick et al. 2009) and natural populations 

(Schluter & Nagel 1995; Colosimo et al. 2005; Hohenlohe et al. 2010) has grown. 

Here we present evidence from the marine environment that selection may act on the 

same genomic regions in closely related species subjected to the same selective 

environment. Additionally we discuss a select few cases of loci under selection with 

predicted gene functions that are particularly interesting given the system. Our results 

also show significant differences in gene flow and genetic structure among taxa 

between MBA and PBA populations, however further work is needed to better 

understand how these interspecific variations in gene flow affect genomic selection in 

such a complex natural system.  

 

Population structure 

Compared to most other marine fishes surfperches exhibit exceptionally reduced 

gene flow, which is largely attributed to their apelagic life history (Bernardi 2000, 

2005).  This unique reproductive strategy restricts dispersal to juvenile and/or adult 

movement, as seen in other systems (Planes et al. 2001; Bernardi & Vagelli 2004; 

Vagelli et al. 2009). Here, we show that closely related surfperch species exhibit 

significant variation in gene flow between the same locations, which is likely due to 

differences in life history traits such as habitat preference (Tarp 1952; Longo & 

Bernardi 2015). STRUCTURE results showed a very strong genetic break between 

MBA and PBA for both E. jacksoni and E. lateralis. There is a genetic break in R. 
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toxotes but it is less pronounced than for the Embiotoca spp. and exhibits some 

evidence of admixture. On the other hand, R. vacca shows signs of panmixia with 

almost complete admixture between populations (Fig. 2). Pairwise population 

comparisons produced FST values that differed by nearly an order of magnitude from 

0.21699 in E. jacksoni to 0.02634 in R. vacca (Table 2). Previous population genetic 

work based on mitochondrial data has shown strong differentiation between northern 

and southern populations for E. jacksoni as well as for E. lateralis (Bernardi 2000, 

2005).  These signals of low admixture and strong genetic population structure from 

the Embiotoca spp. can be attributed to their affinity for physical structure, such as 

kelp forest reefs, and low probability of crossing sandy expanses (Bernardi 2000; 

Longo & Bernardi 2015).  On the other hand, R. vacca populations exhibit the lowest 

observed FST in this study and show evidence for panmixia, which may be attributed 

to the species being habitat generalist that loosely associate with many types of 

structure and readily cross sandy expanses (Tarp 1952; De Martini 1969; Longo & 

Bernardi 2015). Although R. toxotes is also a habitat generalist, it is less likely to 

venture over sandy expanses than R. vacca, which would explain the stronger 

observed genetic structure. 

 

Potential functions of loci under selection  

Two conspicuous environmental disparities between MBA in central California 

and PBA in northern Baja California are the differences in SST (Fig. 1, Fig. S1) and 

the heterogeneous species assemblages. Although these dissimilarities would predict 
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strong divergent selection, balancing selection accounts for a large proportion of the 

observed genomic effects (Fig. 3, Fig. S2, Table 1). The proportion of loci under 

divergent and balancing selection that aligned with NCBI proteins varied (Fig. 3, 

Table S2). Encouragingly we find that all markers under divergent selection that pass 

our BLASTN filter parameters align to a predicted or known protein in a teleost fish 

(52/52). Although most markers under balancing selection also align to teleost 

proteins (119/122), three loci map to mammal genes (rat, horse, and polar bear), 

which all have highly conserved functions (Table S2). In general balancing selection 

is more likely to act on highly conserved genes such as those involved in cellular 

house keeping pathways. Here we discuss the predicted gene functions of outlier loci 

with BLASTN alignments that may be related to surfperch life histories or distinct 

selective pressure between MBA and PBA. 

A particularly intriguing case of divergent selection seems to be occurring in E. 

jacksoni as a marker aligns to dynein axonemal heavy chain 2, a protein involved in 

sperm motility (Chapelin et al. 1997). Intense sperm competition likely occurs within 

female surfperches since they mate with multiple males and store sperm for up to 

several months until fertilization (Reisser et al. 2009). Another pertinent find in E. 

jacksoni populations involves a locus under divergent selection that aligns to 

mitogen-activated protein kinase-binding protein, a protein involved in a signaling 

pathway activated by cytokines and exposure to environmental stress (Ip & Davis 

1998). With notable differences in SST and heterogeneous species assemblages MBA 
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and PBA populations likely encounter dissimilar environmental stressors, which 

could explain this signal of divergent selection. 

Indeed MBA and PBA populations also likely face different immunological 

selective pressures as marine systems with higher temperatures are known to harbor 

higher pathogen loads than cooler systems (Harvell 1999). One would expect genes 

linked to immune responses to be strong candidates for divergent selection between 

populations and in fact a marker from E. lateralis aligns to a T-cell receptor alpha-

chain protein (Table S2). The alpha-chain is a variable subunit of the T cell that 

functionally recognizes foreign antigens bound to MHC molecules (Brigl & Brenner 

2004). Likewise R. toxotes populations also showed evidence for divergent selection 

in immune response when a marker aligned to NOD-like receptor C3, a protein 

involved in T cell activation pathways (Chen et al. 2009). 

Interestingly in R. vacca we found evidence for balancing and divergent selection 

co-occurring in different subunits of the same holoenzyme complex, the vacuolar 

(H+)-ATPase (V-ATPase). Broadly, V-ATPase is an evolutionarily conserved proton 

pump that functionally alters pH across lipid membranes and is involved in diverse 

processes such as lysosomal protein degradation, bone reabsorption by osteoclasts, 

sperm maturation and storage, and early embryonic left-right patterning (Blake-

Palmer et al. 2007; Jansen & Martens 2012). The V-ATPase holoenzyme has two 

major domains, an integral membrane protein complex that contains a rotary 

transmembrane pore (V0) and a cytoplasmic complex with an ATP hydrolysis site 

(V1). Regulation and distribution of V-ATPase is at least partly controlled by V-
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ATPase accessory proteins. A R. vacca locus under divergent selection aligned to the 

accessory subunit S1/ac45 of V-ATPase, which has been shown to act as a regulator 

in the neuroendocrine secretory pathway (Jansen & Martens 2012). S1/ac45 also 

plays a pivotal role in vertebrate development as knockout mice resulted in early 

embryonic lethality (Jansen & Martens 2012) and insertional mutagenesis in zebra 

fish resulted in pigmentation defects and failure to develop swim bladders in most 

embryos (Amsterdam et al. 1999). On the other hand, a locus under balancing 

selection in R. vacca aligned to an E1 subunit isoform of the V0 subunit, which is 

essential for proper proton pump function in yeast and is ubiquitously expressed 

across tissues (Blake-Palmer et al. 2007). This finding illustrates the relatively small 

scale at which divergent and balancing selection can operate across the genome. With 

such a wide range of functions, further work is needed to assert what environmental 

pressures may be driving divergent selection in the regulatory accessory subunit of 

the V-ATPase complex between MBA and PBA populations of R. vacca. 

 

Parallel selection  

Observations of parallel selection across closely related taxa in a single system are 

rare.  In such instances, selection favors the same phenotype in independently 

evolving lineages usually through parallel evolution or in some cases convergent 

evolution. Although links between genotype and phenotype from polymorphic 

RADseq data have been found in sticklebacks (Hohenlohe et al. 2010), much work 

remains to substantiate these associations in surfperches. Therefore coupling 
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genotype to phenotype, which is necessary to properly identify both parallel and 

convergent evolution, is beyond the scope of this study and we simply qualify 

observations of interspecific homologous loci or genes under balancing or divergent 

selection as parallel selection. Here we expand on cases where loci under parallel 

selection align to NCBI proteins and speculate on selective pressures that may be 

driving these observations.  

In one instance, we observe parallel divergent selection in E. jacksoni and R. 

toxotes (Fig. 3) where non-orthologous loci align to transmembrane serine protease 9 

(TMPSS9)/ polyserase-1 but in different physical locations along the nucleotide 

sequence (Table S2). Specifically the E. jacksoni RADseq query aligns to nucleotide 

positions 1837-1901 while the R. toxotes query aligns to nucleotide positions 1772-

1828. Type II TMPSS are involved in diverse physiological functions such as 

digestion, blood pressure control, and hearing (Fontanil et al. 2014).  Recently 

TMPSS9 has been linked to promotion of pro-tumor activities in mammals (Fontanil 

et al. 2014), although a more refined function has yet to be determined. Further work 

is needed to understand the potential phenotypes under selection in teleosts and 

vertebrates broadly. 

We also detected several cases of parallel balancing selection between surfperch 

species pairs in MBA and PBA populations (Fig. 3). R. toxotes and R. vacca share an 

orthologous locus under balancing selection that aligns to trace amine-associated 

receptor (taar) 13-c like protein (Table S2). Class II and III taar gene products are 

known to function in olfactory sensory systems, although the latter are unique to 
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teleosts in which several gene families have been shown to be under positive 

Darwinian selection (Hussain et al. 2009). However the class II taar 13-c like gene, 

which is expressed in olfactory receptor epithelium in teleosts, shows signals of 

balancing selection in both global and site-by-site positive selection analyses 

(Hussain et al. 2009). Class II taar gene families arose early in jawed vertebrates and 

are more likely to be conserved, which may explain our finding of parallel balancing 

selection occurring across R. toxotes and R. vacca populations. However, with a 

targeted approach we would expect at least some scale of interspecific divergent 

selection in class III taar genes due to dissimilar natural histories requiring unique 

olfactory sensitivity (e.g., heterogeneous diet, habitat, hormones, etc.). 

E. lateralis and R. vacca share three instances of parallel balancing selection. In 

one case, an orthologous locus aligns to centromeric protein A (CENP-A), which is a 

histone 3 variant and epigenetically responsible for centromere formation and 

kinetochore assembly (Allshire & Karpen 2008). Most regions of CENP-A are highly 

conserved due to its crucial role in cell division, although the N-terminal tail, which 

can be highly divergent both in length and AA composition among taxa, shows signs 

of positive selection in percid fishes (Abbey & Kral 2015). However, this orthologous 

locus aligns upstream (nucleotide positions 952-1031) of the first exon (nucleotide 

positions 2651-2774).  One possibility is this upstream sequence could be an 

important promoter region and therefore conserved between these surfperch species. 

E. lateralis and R. vacca also share non-orthologous loci that align to the dopey 

family member 1 protein (dopey1) but in different fish taxa, Oreochromis niloticus 
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and Larimichthys crocea, respectively (Table S2). Dopey1, a member of the leucine 

zipper-like family, is involved in processes such as endosome to golgi transport, 

organization of the endoplasmic reticulum, and cell morphogenesis (Pascon & Miller 

2000). It has also been shown to be crucial for proper myelination in the central 

nervous system of mammals (Tanaka et al. 2014) and likely so in other vertebrates 

except hagfishes and lampreys, which lack myelin (Bullock et al. 1984). The critical 

nature of this highly conserved protein likely drives balancing selection in E. lateralis 

and R. vacca populations. The final case of parallel balancing selection in these two 

species involves non-orthologous RADseq markers that align to synaptic nuclear 

envelope 2 protein (Syne-2) but in different nucleotide positions (28,192 to 28,270 in 

E. lateralis and 13,029 to 13,107 in R. vacca). Syne proteins generally function to 

tether organelles to the cytoskeleton. Syne-2 has been shown to play a crucial role in 

properly anchoring neuromuscular nuclei, which is critical for motor neuron 

innervation and respiration in mammals (Zhang et al. 2007). Like dopey 1, Syne-2 is 

also crucially involved in basic cellular and organismal processes such as 

neuromuscular movement making it another excellent candidate for balancing 

selection. Overall these RADseq data have highlighted genes likely involved in 

various modes of selection in surfperches and suggest this promising system warrants 

further investigation. 

Although powerful, genome scans based on FST outliers are limited to detecting 

SNPs directly under selection or those hitch-hiking. Without the inclusion of other 

data, such as QTL mapping experiments, phenotypes associated with the various 
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alleles cannot be deduced from genome scans alone. However the ability to detect 

selection with genome scans has been corroborated in systems with comprehensive 

QTL data, such as sticklebacks. Furthermore these studies identified previously 

unknown SNPs and candidate pathways involved in freshwater adaptation 

(Hohenlohe et al. 2010). Although surfperches lack any such phenotypically 

informative data, these exploratory genome scans detected strong signals of 

intraspecific divergent and balancing selection as well as interspecific parallel 

selection. However, our inference into the targets of selection is limited to the subset 

of loci that map to NCBI proteins. Undoubtedly some outlier loci did not map to 

known proteins but are in fact associated with novel genes or pathways in local 

adaptation to the dissimilar environments of MBA and PBA. In these scenarios, a 

high quality and well annotated genome would allow for mapping to better 

understand what genes and pathways may be driving these observations. 

Our findings suggest this system warrants further investigation. For one we have 

shown that surfperches exhibit significant differences in gene flow among species, 

making this system attractive for studying the effects of dissimilar gene flow on 

selection and local adaptation. Additionally the differences in SST between MBA and 

PBA replicate selective pressures many marine populations will face as the climate 

continues to warm. Progressing our understanding of what standing genetic 

variability may be better suited for adaptation to increasing temperatures could be 

crucial for fisheries management and conservation efforts.  
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Conclusion 

California surfperches present an ideal marine system for studying different 

modes of selection. Here, in four surfperch species, we identified signatures of 

balancing and divergent selection within species as well as cases of parallel selection 

between species. Although our study lacks the power to identify what phenotypes 

may be associated with a given outlier locus, some loci bearing signatures of selection 

aligned to NCBI proteins with high confidence allowing for insight into the types of 

gene pathways potentially under selection. The next step in better understanding these 

genomic signals is to map each marker, and its corresponding FST value, to a well-

annotated genome in order to identify what additional genes are potentially driving 

these patterns of selection on the genomic scale. 
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Figure 1. Average SST for December 2013 along the California and northern Baja 
coastline from the NOAA CoastWatch Program data with sampling sites in Monterey 
Bay, California, USA (MBA) and Punta Banda, Baja, Mexico (PBA).  
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Figure 2. STRUCTURE plots for pairwise population comparisons between Monterey 
Bay, California, USA (MBA) and Punta Banda, Baja California, Mexico (PBA) in 
Embiotoca jacksoni, E. lateralis, Rhacochilus toxotes, and R. vacca (surfperch 
illustrations by Val Kells © 2016). 
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Figure 3. Balancing, divergent, and parallel selection observations in Embiotoca 
jacksoni, E. lateralis, Rhacochilus toxotes, and R. vacca (surfperch illustrations by 
Val Kells © 2016). 
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Figure S1. Average SST by month for 2013 along the California and northern Baja 
coastline from the NOAA CoastWatch Program data with sampling sites in Monterey 
Bay, California, USA (MBA) and Punta Banda, Baja California, Mexico (PBA). 
 

See supplemental material  
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Figure S2. Results from FDIST scans for selection using the complete RADseq data 
set for each species; Embiotoca jacksoni (EJA), E. lateralis (ELA), Rhacochilus 
toxotes (RTO), and R. vacca (RVA). Loci below the 1% quantile (bottom red dotted 
line) and above the 99% quantile (top red dotted line) were considered candidates for 
balancing and divergent selection respectively. 
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Table 1. RADseq loci counts for total loci, polymorphic loci, polymorphic loci 
identified through FDIST analyses as undergoing divergent selection and balancing 
selection for Embiotoca jacksoni, E. lateralis, Rhacochilus toxotes, and R. vacca. 
 

Species Total Polymorphic Divergent Balancing 
EJA 25318 8304 88 48 
ELA 34252 8728 136 89 
RTO 25711 4706 58 44 
RVA 19761 5702 59 420 
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Table 2. Pairwise FST comparisons between Monterey Bay and Punta Banda for 
Embiotoca jacksoni, E. lateralis, Rhacochilus toxotes, and R. vacca. All p values 
were highly significant (i.e., every value was 0). 
 

 E. jacksoni E. lateralis R. toxotes R. vacca 
FST 0.21699 0.11441 0.1318 0.02634 

 

  



61	
	

Table S1. Sample name, species, location, number of quality filtered reads 
(QF_reads), number of unique stacks (i.e., total loci count), and number of 
polymorphic loci for each sample used in the final analyses. 
 

See supplemental material  
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Table S2. Stacks sequence ID and 80 bp nucleotide sequence for all RADseq loci 
identified as under balancing or divergent selection, as well as the NCBI alignment 
score (E value), NCBI protein reference number, and NCBI gene description for each 
sequence that passed our NCBI alignment filter parameters (E value ≤1e-6) for 
Embiotoca jacksoni (EJA), E. lateralis (ELA), Rhacochilus toxotes (RTO), and R. 
vacca (RVA). 
 
 
See supplemental material 
	




