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A major goal of evolutionary biology is to identify the genome-level targets of natural and sexual selection. With the advent

of next-generation sequencing, whole-genome selection components analysis provides a promising avenue in the search for

loci affected by selection in nature. Here, we implement a genome-wide selection components analysis in the sex role reversed

Gulf pipefish, Syngnathus scovelli. Our approach involves a double-digest restriction-site associated DNA sequencing (ddRAD-

seq) technique, applied to adult females, nonpregnant males, pregnant males, and their offspring. An FST comparison of allele

frequencies among these groups reveals 47 genomic regions putatively experiencing sexual selection, as well as 468 regions

showing a signature of differential viability selection between males and females. A complementary likelihood ratio test identifies

similar patterns in the data as the FST analysis. Sexual selection and viability selection both tend to favor the rare alleles in the

population. Ultimately, we conclude that genome-wide selection components analysis can be a useful tool to complement other

approaches in the effort to pinpoint genome-level targets of selection in the wild.
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A major goal in evolutionary biology is to understand the effects

of selection on the genome (Nielsen 2005). The proliferation of

next-generation sequencing has made this topic an even more ac-

tive target of research, as population genomics approaches are

becoming increasingly feasible in nonmodel systems. One com-

mon approach to study the effects of selection in wild populations

is to compare allele frequencies among populations and identify

genomic regions that show too much or too little divergence to

be explained by genetic drift alone (reviewed in Hohenlohe et al.

2010). However, among-population studies have limitations, be-

cause they require samples from multiple populations, perform

well under only certain patterns of migration, and cannot di-

agnose the type of selection contributing to divergence unless

specific traits under selection are known (Leinonen et al. 2006).

Selection in nature can be divided into multiple episodes,

including viability selection, sexual selection, and possibly other

forms of selection, such as meiotic drive. Episodes of selection

can provide valuable insights into important aspects of a species’

biology, such as mating systems (Emlen and Oring 1977), ecology

(Loehle and Pechmann 1988), and conservation-related attributes

(Stockwell et al. 2003). In the context of how selection affects the

genome, it would be useful to link empirical work to quantitative

genetics theory. Quantitative genetics theory often isolates or

focuses on individual episodes of selection (Arnold and Wade

1984b; Arnold and Wade 1984a), so using a tool to identify the ge-

nomic signature of selection at different episodes would be ideal.

Genome-wide selection components analysis partitions the

genomic effects of selection episodes (Flanagan and Jones 2015;

Monnahan et al. 2015) and so could be part of the solution

to linking empirical genomics work and quantitative genetics

theory.

Selection components analysis is conceptually simple in

that it compares allele frequencies among individuals at various

stages in the life cycle to infer the components of total selection

that are causing allele frequency changes across the lifecycle. The

original implementation of selection components analysis used a

maximum-likelihood approach to test sequential hypotheses re-

garding gametic selection, sexual selection, and viability selection
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Table 1. The comparisons that allow signatures of gametic, sexual, and viability selection to be inferred from genetic data.

Group 1 Group 2
Type of
Selection

Mode of
Comparison

Overlapping
Groups

Heterozygosity in parents and
offspring (mated pipefish males)

Offspring Chooser gametic None N/A

Parent-offspring combination
(inferred pipefish female allele)

Adult courters (adult pipefish
females)

Sexual selection FST No

Mated choosers (mated pipefish
males)

Nonmated choosers (nonmated
pipefish males)

Sexual selection None N/A

Adults (all collected pipefish males
and females)

Adult courters (adult pipefish
females)

Sexual selection Likelihood ratio
test

Yes

Adult males (all collected pipefish
males)

Adult females (all collected
pipefish females)

Sex-biased
viability

FST, likelihood
ratio test

No

Adults (all collected pipefish males
and females)

Offspring (one offspring per
pregnant male pouch)

Viability (if no
other types)

None N/A

In parentheses are the groups as they apply to the population of pipefish we investigated here.

(Christiansen and Frydenberg 1973). To conduct a selection

components analysis, many individuals from a single population

must be sampled, and the sample must contain adults and

very young offspring. The method works best when one of the

parents (either the mother or the father) can be collected with its

offspring, so that each parent can be compared to its offspring

to infer the allele contributed by the unknown parent (Table 1).

Such a dataset allows sexual selection on the competing sex to

be evaluated and facilitates all of the other comparisons to infer

selection listed in Table 1.

Recently, selection components analysis has been revisited

with next-generation sequencing data. A maximum-likelihood ap-

proach has been developed to apply selection components analysis

to genomic datasets (Monnahan et al. 2015), and an FST outlier

based approach has also been proposed to detect components of

selection across the genome (Flanagan and Jones 2015). These

two approaches are distinct and it is unknown whether they will

detect similar signatures of selection.

An ideal species in which to evaluate the signature of selec-

tion on the genome using selection components analysis has two

main characteristics: (1) the offspring can be collected with one

parent and (2) at least one component of selection is known to

be strong. The second point is important because current meth-

ods are not effective when selection is weak (Flanagan and Jones

2015), and knowledge of which component of selection is likely

to be important in the system allows the researcher to approach

the study with a priori hypotheses. The Gulf pipefish (S. scovelli)

satisfies both of these criteria. Gulf pipefish exhibit male preg-

nancy, and males that have mated carry their offspring in a translu-

cent pouch, permitting pregnant males to be collected with their

offspring. In addition, female pipefish have been shown to be un-

der strong sexual selection (Jones et al. 2001), with sexual selec-

tion acting on iridescent banding patterns that run dorsoventrally

on their torso (Flanagan et al. 2014).

In this study, we used double-digest restriction-site associ-

ated DNA sequencing (ddRAD-seq) to generate genome-wide

single nucleotide polymorphism (SNP) data for a single popula-

tion of Gulf pipefish and implemented a genome-wide selection

components analysis (Table 1). We used the FST-outlier genome-

wide selection components analysis approach to characterize the

signature of sexual selection by comparing allele frequencies in

females and the inferred maternal allele deduced from the father–

offspring pairs. We also compared allele frequencies in males

and females to establish whether viability selection acts differ-

ently on the sexes. To identify whether different implementations

of genome-wide selection components analysis return similar re-

sults, parallel tests were conducted using the maximum-likelihood

approach. We demonstrate that genome-wide selection compo-

nents analysis can identify signatures of multiple forms of selec-

tion within a wild population of pipefish, and that those signatures

span the entire genome.

Materials and Methods
SAMPLE COLLECTION

Gulf pipefish were collected from a single continuous seagrass

bed approximately 30 m long and 5 m wide located in shallow

marine waters of the Gulf of Mexico near Corpus Christi, Texas

(27°41’33”N, 97°10’54”W), in September 2011. By pulling a

seine net through seagrass beds, we captured 57 females, 160

pregnant males, and 11 nonpregnant males. Each individual was

euthanized with MS-222, photographed, and stored in ethanol at

−20°C. Embryos were removed from the pouches of pregnant

males.
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RAD-seq LIBRARY PREPARATION

DNA was extracted from adult head tissue and from entire em-

bryos using the PureGene DNA extraction kit (Qiagen, Hilden,

Germany). Genomic DNA quality was evaluated by visualizing

each sample on an agarose gel and each sample was quantified us-

ing a Qubit Fluorometer 2.0 (Thermo Fisher Scientific, Waltham,

MA, USA).

Double-digest restriction-site associated DNA sequencing

was completed following the methods of Peterson et al. (2012)

with several modifications. Briefly, we used 100 units of PstI-

HF (New England Biolabs Ipswich, MA, USA) and 25 units of

MboI (New England Biolabs) to digest 1 μg of genomic DNA

per individual in a 37°C incubation lasting 3 hours. Following pu-

rification by AMPure XP beads (Agilent Technologies, La Jolla,

CA, USA), T4 ligase (Epicentre, Madison, WI, USA) was used to

ligate 250 ng of each DNA sample to a unique adapter containing

a 6-bp barcode and the Illumina sequencing primers to the DNA

fragments in a 23°C incubation lasting 30 min followed by a 10-

min 65°C heat shock. These adapters were identical to those used

in single-digest RAD protocols (Miller et al. 2007; Baird et al.

2008). Ninety-six unique barcodes were used so that ligated DNA

fragments from 96 individuals could be pooled following an AM-

Pure XP bead (Agilent) purification to form a single ddRAD-seq

library. Fragments in the range of 300–700 bp were extracted from

a 1% agarose gel stained with SafeView (ABMGood, Richmond,

Canada) and amplified by 12 rounds of PCR (cycle conditions:

98°C for 30 sec; 12 cycles of 98°C for 10 sec, 60°C for 30 sec,

72°C for 10 sec; 72°C for 5 min) using Phusion polymerase (New

England Biolabs). Four separate 20 μL PCR reactions on the size-

selected library were pooled and cleaned with AMPure XP beads

(Agilent). Library quality was evaluated by visualizing DNA on

a gel and quantifying it with a Qubit Fluorometer 2.0 (Thermo

Fisher Scientific).

In total, four libraries were sent to the University of Ore-

gon Genomics Core Facility for single-end Illumina HiSeq 2000

sequencing. Across these four libraries, we genotyped a total of

57 females, 159 pregnant males, and one offspring from each

pregnant male with a brood sufficiently developed for genotyp-

ing, which resulted in 130 genotyped offspring from 130 different

pregnant males.

PROCESSING OF RAW READS AND GENOTYPING

Raw reads were filtered for quality and grouped by barcode using

the Stacks version 1.29 function process_radtags (Catchen et al.

2011; Catchen et al. 2013). Bowtie 2.0 (Langmead and Salzberg

2012) was used to map the filtered reads to a draft S. scovelli

genome assembly (Small et al. 2016), using the default “sensi-

tive” parameters (––sensitive). A catalog of RAD loci was created

and individuals were genotyped using the ref_map.pl program in

Stacks version 1.37 (Catchen et al. 2011; Catchen et al. 2013).

A minimum of three reads was required to report a stack in the

catalog-building process, and two mismatches were allowed be-

tween loci when assembling the catalog. To assign genotypes to

individuals, Stacks uses a multinomial-based likelihood model,

which incorporates a bounded sequencing error rate and calcu-

lates the likelihood of each possible genotype given the two most

frequently observed nucleotides at each SNP location. The two

most likely genotypes, given the observed read counts, are com-

pared with a likelihood ratio test with 1 degree of freedom (df)

(Hohenlohe et al. 2012; Catchen et al. 2013). A nonsignificant

test results in the locus being called a homozygote for the most

commonly observed nucleotide (Catchen et al. 2011). The popu-

lations module in Stacks (Catchen et al. 2013) was run to generate

variant call format files containing loci found in at least 50% of

the individuals in each group (adult males, adult females, and

offspring) and with a minor allele frequency of at least 0.05. We

further pruned the dataset by retaining only those loci with aver-

age per-locus, per-individual coverage greater than five and less

than or equal to 20. The genotypes reported from Stacks are not

associated with genotype likelihoods, thus the genotypes were

treated as hard calls.

INFERRING MATERNAL ALLELES

Christiansen and Frydenberg (1973) used mother–offspring geno-

type combinations to estimate the probability of a given allele

being contributed to the offspring. This probability of an allele

given the mother’s genotype and the offspring’s genotype is multi-

nomially distributed with parameters summarizing the genotypic

composition of the sampled pregnant females and the expected

combination frequencies (Østergaard and Christiansen 1981). As

an extension of this idea, we used the combination of pregnant

male genotypes and their offspring’s genotypes to estimate the

allele frequency in the successfully mated females (i.e., in the

mothers). This procedure accurately estimates the frequency of

maternal alleles unless the rate of erroneous homozygote geno-

type calls is 30% or higher (Supporting Information 1).

To implement this analysis, the genotypes of pregnant males

and their offspring were compared at each SNP locus and the ma-

ternal allele was inferred based on exclusion using a custom C++
program (available on github: https://zenodo.org/record/200439).

For example, if the father’s genotype was TT and the offspring

had CT, the mother’s allele was inferred to be C. If both the father

and the offspring were heterozygous for the same genotype, then

no maternal allele could be inferred. Custom R scripts were used

to reformat and merge files for further analysis.

GENOME-WIDE SELECTION COMPONENTS ANALYSIS

USING FST

To implement a genome-wide selection components analysis,

we compared allele frequencies to identify regions of the
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genome potentially experiencing sexual and viability selection. A

custom C++ program (available on github: https://zenodo.org/

record/200439) calculated summary statistics (allele frequencies,

observed and expected heterozygosity) for each group within

the population and for the population as a whole. Expected

heterozygosity was calculated from allele frequencies, p, as

1 − ∑a
i = 1 p2

i for each locus with a alleles. Pairwise FST was

calculated between the following groups: collected females

and inferred maternal alleles (females–mothers) and males and

females (males–females). Because very few nonpregnant males

were collected, we did not include a pregnant male versus

nonpregnant male analysis. FST was calculated as:

FST = 1 −
∑k

i = 1 Hw i

k Hb

where k is the number of groups being compared, Hw is the

expected heterozygosity within each group, and Hb is the overall

expected heterozygosity calculated among all groups lumped

into a single population (Nei 1986). Using custom R scripts,

we pruned loci to retain SNPs in Hardy–Weinberg equilibrium,

SNPs with a major allele frequency between 0.05 and 0.95, and

SNPs genotyped in at least 75% of all individuals and in at least

50% of the individuals in their group. The quantity of 2NFST(k

− 1) has a χ2 distribution with (k – 1)(s – 1) df (Workman and

Niswander 1970; Waples 1987), where N is the total number of

individuals, k is the number of alleles (for biallelic SNPs, k = 2),

and s is the number of populations (for each comparison, s = 2).

Using this value, we tested each FST value for significance using

the χ2 distribution. Note that this test incorporates the sample

size, whereas raw FST does not. To identify significant loci, we

corrected for multiple testing using a Benjamini and Hochberg

(1995) false discovery rate with α = 0.05.

GENOME-WIDE SELECTION COMPONENTS ANALYSIS

USING LIKELIHOOD RATIO TESTS

Another selection components analysis method is the maximum

likelihood approach implemented by Monnahan et al. (2015). We

used their method to test two hypotheses similar to those tested in

the FST analyses: (1) that adult males had different genotype fre-

quencies than adult females and (2) successfully mating females

had different allele frequencies than wild males and females. We

used all biallelic SNPs in the analyses but discarded loci with rare

alleles (minimum allele frequency less than 0.05). The Monnahan

et al. (2015) method was originally designed to work with geno-

type likelihood ratios instead of hard genotype calls. We gave the

called genotype a value of 1 and the other two genotypes a value

of 0.000001. To identify whether one of the selection models or

the null model best fit each SNP, a likelihood ratio test was used to

compare each selection model to the null model. The likelihood

ratio statistic was calculated as 2(Lselection − Lnull). The null model

used three parameters (the true allele frequency in zygotes and

adults, the fecundity mean, and the fecundity standard deviation)

to estimate a likelihood, whereas models (1) and (2) each used

four parameters (1: male allele frequency, female allele frequency,

fecundity mean, and fecundity standard deviation; 2: allele fre-

quency in collected adults, allele frequency in successful females,

fecundity mean, and fecundity standard deviation). Therefore P-

values were calculated by comparing each statistic to a χ2 distri-

bution with 1 df in R (R Core Team 2016) for both likelihood ratio

tests. We applied a false discovery rate of 0.05 (Benjamini and

Hochberg 1995) to all of the P-values for each model test. The

outliers identified by these likelihood ratio tests were compared

to those identified by the FST comparisons of males and females

and inferred maternal alleles and wild-caught females.

ANNOTATION OF OUTLIERS

Outliers were compared among our various pairwise FST tests to

identify SNPs that were outliers in multiple comparisons. Thus,

we obtained two sets of outliers for each FST comparison: unique

outliers and shared outliers. Although the goal of selection com-

ponents analysis is to identify regions unique to each episode of

selection, SNPs that have extreme FST values in every comparison

are probably the most likely candidates to be affected by sexual

and natural selection. Additionally, the likelihood ratio tests had

two sets of outlier SNPs: male–female differences and the test for

sexual selection.

To annotate regions of the genome containing outliers, the

2500 bp in either direction of outlier SNPs were extracted from

the draft genome assembly. These 5 kb regions were compared

to the nonredundant nucleotide database using blastx (Camacho

et al. 2008). Gene ontologies were assigned to blastx hits using

Blast2Go (Conesa et al. 2005; Conesa and Gotz 2008; Gotz et

al. 2008; Gotz et al. 2011) and the level 2 biological function

annotations for each analysis were exported for comparison.

Results
The four ddRAD-seq libraries resulted in 827,690,623 raw reads,

445,488,822 of which were retained after the filtering steps im-

plemented by process_radtags. Each individual had an average of

1,119,858 reads. Individuals were genotyped by Stacks and had

an average coverage of 12.46X. The populations module of Stacks

returned 69,109 SNPs with minor allele frequencies greater than

0.05 and that were found in at least 50% of the individuals. Of

those, 62,226 passed the per-individual and per-SNP coverage

thresholds.

GENOME-WIDE SELECTION COMPONENTS ANALYSIS

USING FST

Maternal alleles were inferred from 130 pairs of pregnant males

and one offspring per male (i.e., 130 offspring). Following
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Figure 1. Outlier plots for the three FST comparisons. The top panel shows the FST values comparing inferred maternal allele frequencies

and allele frequencies in collected females, which represents sexual selection. The bottom panel shows the FST values comparing allele

frequencies in males and females, which depicts differential viability selection in the sexes. The shaded areas in the background delineate

the 22 linkage groups and remaining scaffolds in the draft genome. The colored points are those that are significantly different from

zero. Two SNPs were significant in both FST comparisons and the males–females likelihood ratio test and are highlighted in light blue

diamonds. Purple diamonds highlight SNPs significant in both the males–females FST and likelihood ratio tests. The SNPs marked with

blue asterisks show SNPs that were significant in both of the FST analyses.

pruning for Hardy–Weinberg Equilibrium and coverage in the

subsets, 34,086 SNPs were retained for the females–mothers FST

comparison, which characterizes sexual selection. These SNPs

had a mean FST of 0.005341 ± 0.00004 (SEM; Fig. 1) between

sampled females (i.e., those we actually collected in the field)

and successful mothers (whose genotypes were inferred from

the progeny). The females–mothers FST comparison had 47 sig-

nificant RAD loci (containing a total of 55 significant SNPs),

distributed on 19 chromosomes and three scaffolds. The SNPs

with FST values significantly different from zero had significantly

lower major allele frequencies in the population of inferred mater-

nal alleles compared to the entire population of sampled individu-

als (Paired Wilcoxon signed-rank test, V = 521, P = 0.01867). The

5 kb regions surrounding 28 the 47 significant RAD loci showed

recognizable similarity to known genes, and 21 of these genes had

level two biological gene ontology annotations (Fig. 3; Table S2).

The FST comparison identifying differential viability selec-

tion between males and females used 48,126 SNPs, which had a

mean FST of 0.00497 ± 0.00004 for this comparison. Of these

loci, 473 were significant in the FST analysis (with 611 signif-

icant SNPs), and they were spread across all 22 chromosomes

and 36 scaffolds. The frequency of the reference allele present

in the genome assembly was significantly lower in males than

the population-level allele frequency (one-sided paired Wilcoxon

test, V = 70438, P = 9.628 × 10−9) and higher in females (one-

sided paired Wilcoxon test, V = 114,910, P = 4.924 × 10−6) at

the loci with significant FST values. The 5 kb regions surrounding

363 of these 473 significant RAD loci had matches to the nonre-

dundant database, and 247 of the identified loci had associated

level 2 biological gene ontology terms (Fig. 3; Table S2).

FST values were higher in the comparison of females

and inferred maternal alleles (two-sided Wilcoxon test, W =

1 1 0 0 EVOLUTION APRIL 2017
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Figure 2. Outlier plots for the likelihood ratio tests. The top panel shows the P-values (negative-log transformed) from the log ratio

test for sexual selection, to test for different allele frequencies in successful females and the overall adult population. No SNPs were

significant in this analysis. The bottom panel shows the negative-log transformed P-values from the log ratio test for different allele

frequencies in males and females. Significant SNPs are highlighted in light purple. SNPs found to be significant in both FST analyses and

the likelihood ratio tests are identified by diamonds surrounding the points. As in Fig. 1, the dark and white rectangles in the background

delineate the 22 linkage groups and the unmapped scaffolds in the draft genome.

854,290,000, P < 2.2 × 10−16). Eighteen RAD loci (23 SNPs)

were significant in both the male–female and the mothers–females

FST comparisons. These loci were distributed on 16 of the chro-

mosomes and two scaffolds. These shared loci included ten loci

with blastx hits and 8 with level 2 biological gene ontology cate-

gories (Fig. 3; Table S2).

GENOME-WIDE SELECTION COMPONENTS ANALYSIS

USING LIKELIHOOD RATIO TESTS

A total of 67,919 SNPs did not contain rare alleles, and 60,671

were retained for the likelihood ratio test analysis after pruning

for per-individual per-SNP coverage. After the Benjamini and

Hochberg (1995) correction for false discovery rate at 5%, none

of the SNPs were significant in the comparison of successful

females to all adults. However, 55 SNPs were significant in the

comparison of adult males and adult females. Of the 55 significant

SNPs, 48 of the 5 kb genomic regions surrounding them had blastx

hits, of which 34 regions surrounding the RAD loci matched

level 2 biological gene ontology annotations (Tables S1 and S2;

Fig. 3).

COMPARISON OF THE TWO APPROACHES

The results of the two different genome-wide selection compo-

nents analyses were compared to identify loci and regions that

showed similar patterns in the two types of analyses. We could

only compare the results from the comparisons of males and fe-

males. Fifteen SNPs on 14 RAD loci were significant in both the

FST comparison of allele frequencies in males and females and

the likelihood ratio test comparing males and females (Figs. 2

and 3). Some of the loci that were significant in both tests fell

into gene ontology categories not shared by any other analysis

(Fig. 3). Two of the significant loci were significant in all three

analyses (the mother–offspring FST analysis, the male–female FST

analysis, and the male–female likelihood ratio test), and had sig-

nificant blastx hits to the genes nuclear transport factor 2-like and

provirus ancestral envelope polyprotein, partial. Together, these

results suggest that differential selection on males and females

EVOLUTION APRIL 2017 1 1 0 1
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Shared males − females FST and LRT (14)

Shared males − females and mothers − females FST (18)

Shared in all 3 (2)

Figure 3. Gene ontologies describing the level 2 biological functions for the 5 kb regions surrounding RAD loci with significant SNPs

unique to the two FST comparisons and the males–females likelihood ratio test, the RAD loci containing significant SNPs shared in both

males–females comparisons, loci significant in both the males–females and mother–offspring FST comparisons, and the two significant

loci in all three analyses. The proportions of RAD loci associated with each gene ontology category are displayed in the bar chart and the

total number of gene ontology hits for each comparison are reported in parentheses in the legend. Note that a single locus may belong

to multiple gene ontology categories.
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may target regions containing genes serving functions distinct

from those of genes near targets of sexual selection, but this con-

clusion is provisional given the correlative nature of selection

components analysis.

Discussion
In this study, we used two approaches to genome-wide selection

components analysis to identify loci putatively under sexual se-

lection in a sex role reversed pipefish. We identified 55 SNPs

showing a signature of sexual selection, 611 SNPs implicated in

differential viability selection between males and females, and

18 RAD loci that were significant in both FST comparisons.

We used two complementary genome-wide selection compo-

nents analyses to identify these putative SNPs, and the techniques

yielded similar patterns. A total of 31 RAD loci showed a signa-

ture of selection in multiple tests. Altogether, we have identified

several hundred genomic regions putatively experiencing sexual

selection and viability selection, demonstrating that genome-wide

selection components analysis is a useful approach for discerning

signatures of selection in an empirical study.

The only other empirical study that has implemented

genome-wide selection components analysis used the likelihood

ratio test approach to examine viability selection in the plant

Mimulus guttatus. The authors identified 367 SNPs exhibiting

a signature of viability selection (Monnahan et al. 2015). Their

study was able to pinpoint viability selection in a way that was

impossible in our study system, but our study was better poised

to identify signatures of sexual selection. In the present study,

we detected similar patterns in the likelihood ratio test approach

and the FST approach. In both analyses, more outliers were iden-

tified in the males–females comparison than in the analysis of

sexual selection, and many of the loci putatively involved in dif-

ferential selection on males and females mapped to regions of

the genome with gene ontology categories not identified in other

analyses. The broad range of potential applications for selection

components analysis and the convergence in results from multi-

ple approaches show that selection components analysis is flexible

and can be adapted to very different study systems experiencing

different modes of selection.

The results of this study suggest that both sexual and via-

bility selection affect allele frequencies in the Gulf pipefish. We

expected to find a signature of selection because Gulf pipefish

females are known to be under strong sexual selection (Jones

et al. 2001; Rose et al. 2013; Flanagan et al. 2014), and we

did find higher FST values in the mothers–females comparison

than between males and females. However, we identified a much

larger number of significant RAD loci in the males–females com-

parison than in the comparison of inferred maternal alleles and

females. We also identified several gene ontology categories only

associated with regions near significant loci in all of the tests,

namely biological adhesion, cell aggregation, and negative regu-

lation of biological process. These results suggest that differential

selection on males and females may be having a pervasive effect

throughout the genome. Pipefish do not have heteromorphic sex

chromosomes (Vitturi et al. 1998), and sex determination is un-

known in S. scovelli. Therefore, our males–females comparison

could be picking up regions of the genome that are involved in

sex determination. Additionally, strong sexual selection is often

associated with viability trade-offs at other traits. For instance,

testosterone increases the expression of male sexually selected

traits but also decreases immunocompetence in lizards (Salvador

et al. 1996). Since sexual selection is known to act on females and

not males in S. scovelli (Rose et al. 2013), a trade-off between

traits could explain genome-wide allele frequency differences be-

tween the sexes.

In the present study, 18 RAD loci contained significant SNPs

in both FST comparisons. Genomic regions that were significant

in multiple analyses could be a result of several factors. Signifi-

cance in multiple comparisons could suggest that those loci might

be experiencing multiple forms of selection. If trade-offs between

sexual and viability selection occur for the same trait (e.g., Delph

and Herlihy 2012; Sentinella et al. 2013; Kim and Velando 2016)

or genomic region, the same loci could show signatures of both

types of selection. Similarly, both episodes of selection could

act concordantly (Andersson 1986; Kokko et al. 2002), at least

within one sex (Martin et al. 2014). An important considera-

tion is whether some characteristic of RAD-seq data might cause

overlapping outliers, perhaps if shared regions have polymorphic

restriction sites or if those sequences have more sequencing errors

than other regions, thus inflating FST values in any analysis.

We observed some consistent patterns in the shifting allele

frequencies underlying the significant FST results. At the loci with

FST values significantly different from zero in the comparison

between males and females, males tended to possess the minor

allele and females had the major allele (i.e., frequency of the

population major allele decreased relative to population levels in

males and increased in females). Similarly, in the comparison of

inferred maternal alleles and females, sexual selection appeared

to favor the minor alleles. This pattern was maintained at loci

shared among viability and sexual selection analyses.

Several caveats surround our interpretations due to limita-

tions of current sequencing technologies and the reduced repre-

sentation sequencing approach. RAD-seq studies are known to

suffer from specific issues (reviewed in Andrews et al. 2016),

some of which can result in false homozygous genotypes (e.g.,

polymorphic restriction sites, Davey et al. 2013, Gautier et al.

2013, Andrews and Luikart 2014, Arnold et al. 2013; PCR dupli-

cates, Arnold et al. 2013, Henning et al. 2014, Puritz et al. 2014,

Monnahan et al. 2015). Genome-wide selection components
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analysis relies on comparing genotypes to infer parental alleles

to assess sexual selection. The problem of erroneous genotyping

calls resulting from issues specific to RAD-seq is therefore par-

ticularly relevant to selection components analysis, because the

effect of errors could be amplified in the inferred allele frequencies

(inferred mothers in this study), inflating FST values (Arnold et al.

2013) and resulting in an excess of false positives. Due to these

methodological caveats, the best the analysis can do is pinpoint

putative genomic regions experiencing selection, but these regions

will require further validation through experimentation or com-

plementary population genomics analyses, since we do not expect

that all of the statistically significant loci are truly under selection.

Despite these limitations, genome-wide selection compo-

nents analysis has the potential to be an exciting approach for iden-

tifying candidate genomic regions involved in different types of

selection. Here, we found that some genomic regions might be ex-

periencing both viability and sexual selection. These findings sug-

gest that trade-offs or concordant selection may be contributing

to total selection in Gulf pipefish, a result that would not be easily

discerned from a similar population genomics study. The ability

to partition selection episodes at the genomic level will allow us to

link genotypic and phenotypic changes in a quantitative genetics

framework (Arnold and Wade 1984a; Arnold and Wade 1984b)

in future studies. Further analyses will be required to differenti-

ate spurious and real results, but such is the case with all next-

generation sequencing data analysis. It is becoming obvious that

understanding evolution at the genomic level will require investi-

gations from multiple avenues, and selection components analysis

is poised to be a useful tool in combination with other approaches.
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