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ABSTRACT

Elucidating population structure is important for understanding evolutionary features of an organ-

ism. In the freshwater microcrustacean Daphnia pulex, an emerging model system in evolutionary

genomics, previous studies using a small number of molecular markers indicated that genetic differ-

entiation among populations is high. However, the dispersal ability of D. pulex is potentially high,

and evolutionary forces shaping genetic differentiation among populations are not understood well.

In this study, we carried out genomic analyses using high-throughput sequencing to investigate the

population structure of D. pulex. We analyzed 10 temporary-pond populations widely distributed

across the midwestern United States, with each sample consisting of 71 to 93 sexually reproducing

individuals. The populations are generally in Hardy-Weinberg equilibrium and have relatively

large effective sizes. The genetic differentiation among the populations is moderate and positively

correlated with geographic distance. To find outlier regions showing significantly high or low ge-

netic differentiation, we carried out a sliding-window analysis of the differentiation estimates using

the bootstrap. Genes with significantly high genetic differentiation show striking enrichment of

gene ontology terms involved in food digestion, suggesting that differences in food quality and/or

quantity among populations play a primary role in driving local adaptation of D. pulex.
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Species generally consist of metapopulations of demes connected by some amounts of gene flow. As

individual populations may experience different ecologies, identifying population similarities and

differences shaped by geographic or ecological factors is important for understanding mechanisms

of evolution. In the freshwater microcrustacean Daphnia pulex, pond populations have well-defined

boundaries, providing excellent opportunities for studying their structure. Previous studies on the

population structure in Daphnia pulex used allozymes, microsatellites, or mitochondrial DNA as

molecular markers (Crease et al. 1990; Lynch and Crease 1990; Innes 1991; Lynch and Spitze

1994; Morgan et al. 2001; Allen et al. 2010). Most of these studies (Crease et al. 1990; Lynch

and Crease 1990; Lynch and Spitze 1994; Morgan et al. 2001; Allen et al. 2010) suggested that

the genetic differentiation among populations is high. On the other hand, one study (Innes 1991)

using six allozyme loci indicated moderate genetic differentiation among populations.

When stressed, Daphnia can produce resting eggs surrounded by protective membranes

(Hebert 1978). These ephippia are resistant to desiccation and digestion, have well-developed

spines along the dorsal margin, which facilitate their attachment to other animals and therefore

enable passive dispersal. Thus, although the dispersal ability of live Daphnia is limited, their

resting eggs can be transported to other areas by wind, flowing water, or animals such as birds

(Havel and Shurin 2004; Figuerola et al. 2005). Furthermore, resting eggs deposited in pond/lake

sediments can remain dormant for long periods (Brendonck and De Meester 2003), enabling Daph-

nia dispersal over time. Given the potentially high dispersal ability of Daphnia enabled by these

mechanisms, the high genetic differentiation found in previous population-genetic studies of D.

pulex is puzzling.
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Due to the lack of genomic data, population-genetic studies in D. pulex have been limited

until recently, and were based on a small number of molecular markers. When a small number

of molecular markers are used, the estimate of genetic differentiation among populations can vary

from study to study, and it is difficult to infer the evolutionary forces shaping the genetic differ-

entiation. The recent publications of genomic reference sequences of D. pulex (Colbourne et al.

2011; Ye et al. 2017) and high-throughput sequencing technologies have changed the situation,

enabling whole-genome population-genetic analyses of many individuals based on single nucleotide

polymorphisms (SNPs) (Lynch et al. 2017).

In this study, we carry out population-genomic analyses of 10 D. pulex populations to in-

vestigate the evolutionary forces shaping the genomic differentiation among the populations. The

populations are from temporary ponds, which dry up annually, and are widely distributed across

the midwestern United States. We sequenced 96 clones from each of the populations. By se-

quencing randomly across the entire genome, our study enables unbiased estimation of genetic

differentiation among the populations based on genomic SNPs.

Our poulation-genomic analyses have significant advantages over the previous population-

genetic analyses in D. pulex. SNPs provide the finest molecular analyses, and by analyzing huge

numbers of SNPs across the genome, we can find signatures of natural selection in much less bi-

ased ways than previous studies. As population-genomic studies identify putatively selected regions

without prior knowledge, they may identify functionally important genetic regions difficult to find

using other approaches. Finding targets of natural selection is important for studying population
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structure (Luikart et al. 2003). Most population-genetic models used for estimating parameters

of population demography/structure assume neutral evolution. By identifying putative targets

of selection and removing them beforehand, we can minimize the confounding effect of natural

selection on the inference of population demography/structure.

Our results indicate that genetic differentiation among D. pulex populations is moderate

and positively correlated with geographic distance. In addition, we identify intriguing signatures

of local adaptation likely shaped by nutritional differences among populations. Together with

comparisons of divergence/heterozygosity estimates at replacement and silent sites in protein-

coding sequences, our genomic analyses suggest the importance of nutrition in adaptations of

Daphnia species.

MATERIALS AND METHODS

Sample preparation and sequencing: We randomly collected Daphnia pulex individuals from

10 temporary ponds in the spring of 2013 or 2014 across the midwestern United States (TABLE

1). As in Lynch et al. (2017), to maximize the likelihood that each individual would originate from

a unique resting egg, we collected adult individuals soon after hatchlings were found and before

substantial reproduction had occurred. We clonally expanded the individual isolates, extracted

DNA, and sequenced DNA of 96 isolates per population, tagging each isolate by unique oligomer

barcodes, with paired-end short reads using Illumina technologies as previously described (Lynch

et al. 2017).
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Data preparation: From the FASTQ files of sequence reads, we prepared nucleotide-read quar-

tets (counts of A, C, G, and T) necessary for the population-genomic analyses, taking various

filtering steps to process high-quality data. First, we trimmed adapter sequences from the se-

quence reads by applying Trimmomatic (version 0.36) (Bolger et al. 2014) to the FASTQ files.

Then, we mapped the adapter-trimmed sequence reads to PA42 (version 3.0) (Ye et al. 2017),

using Novoalign (version 3.02.11) (http://www.novocraft.com/) with the ”-r None” option to

exclude reads mapping to more than one location. To reduce the computational time taken

for mapping, we split the FASTQ files using NGSUtils (version 0.5.9) (Breese and Liu 2013),

mapped them separately to PA42, and combined the resulting SAM files using Picard (version

2.8.1) (http://broadinstitute.github.io/picard/). We converted the SAM files of the mapped se-

quence reads to BAM files using Samtools (version 1.3.1) (Li et al. 2009). We marked dupli-

cates and locally realigned indels in the sequence reads stored in the BAM files using GATK

(version 3.4-0) (McKenna et al. 2010; DePristo et al. 2011; Van der Auwera et al. 2013) and

Picard. In addition, we clipped overlapping read pairs by applying BamUtil (version 1.0.13)

(http://genome.sph.umich.edu/wiki/BamUtil) to the BAM files. We made mpileup files from the

processed BAM files using Samtools. We then made a file of nucleotide-read quartets of all individ-

uals, called a pro file, in each of the populations using the proview command of MAPGD (version

0.4.26) (https://github.com/LynchLab/MAPGD).

We estimated the allele and genotype frequencies in each population by the maximum-

likelihood (ML) method of Maruki and Lynch (2015), using the allele command of MAPGD. To

minimize analyzing sites with mismapped reads, we eliminated sites that showed poor fit to the
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estimated parameters from subsequent analyses by the goodness-of-fit test (Ackerman et al. 2017),

setting the minimum number of individuals with poor fit to the data required for eliminating the

site at four. Poor fit of the estimated parameters to the observed data at a site can happen, for

example, when some sequence reads mapping to the site originate from paralogs not found in the

genome assembly.

To further refine the data, we removed clones with the mean coverage over sites less than

three from subsequent analyses. We also removed clones with the sum of the goodness-of-fit values

across the genome less than -0.4, which can happen, for example, when a clone is contaminated

with another clone or belongs to another species. In addition, to avoid including closely related

individuals, we estimated the pairwise relatedness of the clones using the relatedness command of

MAPGD (Ackerman et al. 2017) and kept only the clone with the highest coverage in each of the

clusters of clones with the relatedness estimates≥ 0.125. Furthermore, to avoid including obligately

asexual clones in the analyses, we examined the fractions of sites containing asexual-specific alleles

at the asexual markers (Tucker et al. 2013; Xu et al. 2015) in each of the clones, and excluded

those with the fraction ≥ 0.03. The resulting total number of analyzed clones in each population

is shown in TABLE 1. In the subsequent analyses, we removed sites involved in putatively repeti-

tive regions identified by RepeatMasker (version 4.0.5) (http://www.repeatmasker.org/) with the

RepeatMasker library (Jurka et al. 2005) made on August 7, 2015. Furthermore, we examined the

genomic distribution of the population coverage (sum of the depths of coverage over the clones),

and set the minimum and maximum population-coverage cut-offs to avoid analyzing problematic

sites (TABLE 1). Specifically, we chose the local minimum closest to the mode of the represen-

tative distribution and a value at the edge of the representative distribution to set the minimum
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and maximum population-coverage cut-offs, respectively. In addition, we removed sites with ML

error-rate estimates > 0.01.

In summary, our analyses are conservative with respect to both individuals and sites. We

removed individuals that are potentially contaminated in the laboratory, have close relatives in

the population sample, or are obligatory asexual. We removed sites that are potentially involved

in problems with paralogs or other mapping issues.

Estimation of the number of alleles: To estimate the number of alleles at each site, we applied

the high-coverage genotype caller (HGC) (Maruki and Lynch 2017) to the data in each population

before filtering sites by the goodness-of-fit test. We set the minimum coverage required for calling

genotypes at six to avoid the false-positive detection of alleles (Maruki and Lynch 2017). Because

most downstream analyses assume biallelic polymorphisms, we excluded multi-allelic sites in each

population from subsequent analyses, setting the significance of called genotypes at the 5% level.

We note that polymorphic sites can still contain three or four alleles at the metapopulation level

and we analyzed such sites.

Estimation of Wright’s fixation indices: We estimated Wright’s fixation indices (1951) from

the genotype-frequency estimates at SNP sites in each population, which were predetermined

by the genotype-frequency estimator (Maruki and Lynch 2015). To avoid analyzing false alleles

resulting from sequencing errors, we restricted these analyses to sites significantly polymorphic in

at least one of the populations at the 5% level. We estimated the fixation indices in the framework

of Weir and Cockerham (1984), where FIT (inbreeding coefficient in the total population), FST
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(measure of genetic differentiation), and FIS (mean inbreeding coefficient within populations) are

determined from the genotype frequency estimates (Weir 1996).

The method of Weir and Cockerham has been designed for estimating fixation indices

from accurate genotypes with no missing data. However, in data generated by high-throughput

sequencing, depths of coverage vary among sites, individuals, and chromosomes within diploid

individuals, due to random sequencing. Therefore, adjustments are needed to take the variability

of the sample size into account. We did so by estimating the effective number of sampled individuals

(Maruki and Lynch 2015) at each site in each deme. The effective number of sampled individuals

nei at a site in deme i is the expected number of individuals for which both chromosomes are

sequenced at least once, and is estimated as

nei =

ni∑
j=1

{1− (1/2)Xj}, (1)

where ni and Xj are the number of sampled individuals in deme i and depth of coverage in

individual j, respectively. We required that nei be at least 10 in each deme, estimating the fixa-

tion indices using data from demes with nei ≥ 10. Letting re denote the number of demes with

nei ≥ 10, we estimated the fixation indices by substituting nei and re for the number of sampled

individuals in deme i and number of demes, respectively, in the equations by Weir and Cockerham.

Analyses of pairwise FST estimates: To examine the relationship between geography and

genetic differentiation among the populations, we built a neighbor-joining tree (Saitou and Nei

1987) based on the mean pairwise FST estimates, using the R package ape (version 5.0) (Paradis

et al. 2004). We also made a scatter plot of the geographic distance and mean pairwise FST esti-
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mates between populations at silent and replacement sites in protein coding sequences, inferring

the former from the coordinates of the populations using the R package geosphere (version 1.5-7)

(Hijmans 2017).

Sliding-window analyses of the fixation index estimates: Because the fixation index esti-

mates measured at individual SNP sites are highly variable, we carried out sliding-window analyses

of the estimates to examine their spatial patterns along the scaffolds. Each of the windows con-

tained a fixed number of 101 SNPs. To enable finer description of the spatial patterns, we calculated

the weighted mean of the estimates in each of the windows with the weight given by exp{− (i−51)2
2·502 },

where i is a SNP index (i = 1, 2, · · · , 101), so that SNPs closer to the middle SNP contribute more

to the mean (Hohenlohe et al. 2010). 21 SNPs were overlapping between adjacent windows in our

analyses.

Statistical identification of fixation-index outliers: To statistically identify fixation-index

outliers, we carried out bootstrap analyses (Efron and Tibshirani 1993). Specifically, we determined

the top and bottom critical values for the mean fixation-index estimates at the 5% significance

level from their genome-wide distribution based on bootstrap replications. In each bootstrap repli-

cation, we randomly sampled 101 fixation-index estimates from genomic SNPs and calculated their

weighted means in the way described above. We carried out a total of 109 such bootstrap repli-

cations. To take the multiple-testing problem into account, we applied the Bonferroni method by

dividing the significance level by the total number of windows in the genome.

Estimation of XTX: Because we analyze multiple populations with different degrees of genetic
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differentiation among different population pairs, we also estimated XTX (Günther and Coop 2013)

at the SNP sites. This FST analog quantifies the genetic differentiation among populations taking

its heterogeneity among different population pairs into account. We used Bayenv2.0 (Günther and

Coop 2013) to estimate XTX. We prepared the input file of allele counts using the method of

Maruki and Lynch (2015). Because the software requires the allele-count data in all of the ana-

lyzed populations with two segregating alleles in the total population, we analyzed only sites with

such data. We estimated the covariance matrix of the allele-frequency estimates based on 100,000

Markov chain Monte Carlo (MCMC) iterations. We ran 10,000 MCMC iterations to estimate XTX

at each site, which we found to yield estimates very similar to those based on 100,000 iterations on

the largest scaffold (results not shown). We carried out sliding-window and bootstrap analyses to

examine the spatial pattern of the XTX estimates and identify the outliers, respectively, in ways

similar to those for the fixation-index estimates.

Enrichment analysis of gene ontology terms in the outlier genes: To infer the functions of

the FST outlier genes, we examined their gene ontology (GO) terms (Ashburner et al. 2000) using

Blast2GO (Conesa et al. 2005). Specifically, we applied BLAST (Altschul et al. 1990; Camacho

et al. 2009) and InterProScan (Jones et al. 2014) to the amino-acid sequences of the genes in the

PA42 reference genome (Ye et al. 2017), mapped them to the GO terms, and annotated them

applying the ANNEX augmentation (Myhre et al. 2006). To find GO terms enriched in each type

of the outlier genes, we carried out the enrichment analysis of the GO terms using Fisher’s exact

test accounting for the multiple-testing problem (Al-Shahrour et al. 2004) and applying Go-Slim

to the GO terms to reduce the redundancy among the terms.
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Comparison of the differentiation estimates at replacement and silent sites: To infer

functional differences underlying natural selection shaping the genetic differentiation among the

populations, we compared the mean differentiation estimates over zero-fold and four-fold redun-

dant sites in each gene. We used the two-tailed Z-test to identify genes showing an excess or a

deficit of amino-acid altering genetic differentiation. To account for the multiple-testing problem,

we calculated q values (Storey and Tibshirani 2003), which are expected fractions of false-positive

tests among significant tests, from the p values in the Z-tests using the R package qvalue.

dN/dS analysis: To identify putative targets of natural selection involved in functional differences

of proteins, we carried out a dN/dS analysis in each of the protein-coding sequences, where dN

and dS are the mean between-species divergence over populations per replacement and silent sites,

respectively. We used a draft genome assembly of D. obtusa based on hybrid data generated by

Illumina short-read and PacBio long-read sequencing to estimate the between-species genetic diver-

gence. Specifically, we aligned the obtusa genome sequence to the pulex genome sequence (PA42

version 3.0) using LAST (version 912) (Kielbasa et al. 2011). The obtusa genome sequence is

useful for the dN/dS analysis because of its moderate silent-site divergence from the pulex genome

sequence (the mean = 0.1090 with the standard error = 0.0005) (Lynch et al. 2017). We esti-

mated the divergence only at sites where the nucleotide identity (A, C, G, or T) of both species

is known without being involved in repetitive regions. In addition, we required the sites to meet

the population-coverage cut-off values and have the error rate estimate ≤ 0.01 in each population.

We estimated the divergence as the frequency of the pulex nucleotides in the population differing

from the obtusa nucleotide in each population. To minimize the ambiguity of the analysis, we cal-

culated the divergence estimates at replacement and silent sites as those at zero-fold and four-fold

13

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 16, 2019. ; https://doi.org/10.1101/807123doi: bioRxiv preprint 

https://doi.org/10.1101/807123
http://creativecommons.org/licenses/by-nc-nd/4.0/


redundant sites, respectively. We calculated the mean of the divergence estimates over zero-fold

and four-fold redundant sites, respectively, in each gene in each population. Then, for each gene,

we calculated the mean and variance of the mean divergence estimates per site over populations.

We estimated dN/dS as a ratio of the mean divergence estimates over populations per zero-fold

and four-fold redundant sites.

πN/πS analysis: To infer types of natural selection involved in functional differences of proteins,

we also carried out the πN/πS analysis, where πN and πS are the mean heterozygosity over popula-

tions per replacement and silent sites, respectively, in a way similar to that in the dN/dS analysis.

We also carried out an analogous analysis among the populations. Specifically, we calculated the

heterozygosity estimates among populations in the framework of Weir and Cockerham (1984) at

zero-fold and four-fold redundant sites. We call the mean heterozygosity estimates among popu-

lations over zero-fold and four-fold redundant sites φN and φS, respectively.

Identification of candidate genes under natural selection: To identify candidate genes

under natural selection, we calculated analogs of the neutrality index (NI) (Rand and Kann

1996) and direction of selection (DoS) (Stoletzhki and Eyre-Walker 2011) using the mean diver-

gence/heterozygosity estimates per site over populations in each gene. We calculated the variance

of the DoS and NI estimates using the delta method (APPENDIX). To examine the significance of

the dN estimate with respect to the dS estimate, we calculated a z score for the dN − dS estimate

from the mean and standard error of the dN and dS estimates. We calculated a z score from the

mean and standard error of the NI or DoS estimate. To identify candidate genes under natural

selection, accounting for simultaneous multiple tests, we calculated q values (Storey and Tibshirani
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2003) from p values in two-tailed z-tests using the R package qvalue. We identified candidate genes

under natural selection as those with q < 0.05 in at least two of the dN−dS, NI, and DoS estimates.

Inference of natural selection shaping the functional changes in the genome: To infer

dominant types of natural selection shaping the functional differences in the protein-coding se-

quences in the genome, we calculated the means of the dN/dS, φN/φS, πN/πS, neutrality index

(NI), and direction of selection (DoS) estimates over genes. Here, we factored out the confounding

effects of polymorphisms within and among populations on divergence estimates by subtracting

heterozygosity estimates per site within and among populations from divergence estimates per site

in each gene separately, and call the adjusted divergence estimates at replacement and silent sites

d′N and d′S, respectively. That is,

d′N = dN − πN − φN (2)

d′S = dS − πS − φS (3)

We calculated the means of the d′N/d
′
S, NI, and DoS estimates only over genes with non-negative

d′N and d′S estimates. Because these ratios take extreme values when the denominator is close to

zero, we excluded genes with estimates greater than five from the calculations of the means over

genes.

Data availability: The FASTQ files of the raw sequencing data are publicly available via NCBI

Sequence Read Archive (accession number SRP155055). The FASTA file of the draft genome as-

sembly of D. obtusa is available upon request. Figure S1 shows the relationship between the mean

heterozygosity within populations πS and FST estimates in protein-coding sequences. Figure S2
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shows the relationship between the heterozygosity in the total population πT and FST estimates

in protein-coding sequences. Table S1 is a list of top FIS outliers. Table S2 is a list of bottom FIS

outliers. Table S3 is a list of top FST outliers. Table S4 is a list of bottom FST outliers. Table

S5 shows gene ontology terms enriched in the FST outlier genes. Table S6 shows gene ontology

terms before applying Go-Slim enriched in the top FST outlier genes. Table S7 is a list of top

XTX outliers. Table S8 is a list of bottom XTX outliers. Table S9 shows gene ontology terms

enriched in the XTX outlier genes. Table S10 is a list of genes showing a significant excess of

amino-acid altering differentiation estimates among populations (q < 0.05). Table S11 is a list of

genes showing a significant deficit of amino-acid altering differentiation estimates among popula-

tions (q < 0.05). Table S12 is a list of candidate genes under positive selection (q < 0.05). Table

S13 shows gene ontology terms enriched in the candidate genes under positive selection. Table S14

is a list of candidate genes under purifying selection (q < 0.05). Table S15 shows gene ontology

terms enriched in the candidate genes under purifying selection.

RESULTS

To investigate patterns of polymorphisms in the Daphnia pulex populations, we first examined

within-population genetic variation. The majority (> 95%) of the analyzed sites are monomorphic

for the same allele in all of the populations (Figure 1). Among polymorphic sites, the majority

(> 97%) contain just two nucleotides per site. Tri- and tetra-alleleic sites are generally rare. The

mean heterozygosity estimate across genomic sites is similar among the populations (the mean =
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0.0078 with the standard error = 0.0004), although the CHQ population has a somewhat lower

estimate, suggesting a lower effective population size than in other populations (TABLE 2).

To infer the average effect of natural selection, we examined the mean heterozygosity es-

timate at sites in different functional categories (Figure 2). The heterozygosity estimate is the

highest at silent sites followed by restricted intron (internal positions 8 to 34 from both ends;

Lynch et al. 2017) sites. It is the lowest at amino-acid replacement sites. Intergenic and UTR

sites have intermediate estimates compared to these extremes. These observations are consistent

with our previous finding that heterozygosity estimates are lower at functionally more important

sites (Lynch et al. 2017), indicating that purifying selection decreases heterozygosity estimates.

Although the mean inbreeding-coefficient estimate is somewhat negative in the BUS popu-

lation, it is generally close to zero in the majority of the populations, indicating that they are in

Hardy-Weinberg equilibrium in accordance with earlier allozyme estimates (Lynch 1983; Lynch and

Spitze 1994) (TABLE 2). The negative mean inbreeding-coefficient estimate in BUS is consistent

with Allen et al.’s (2010) finding of a negative value (-0.18) in this population using microsatellites.

Using the mutation rate estimate u = 5.69× 10−9 per site per generation from Keith et al. (2016)

and the means of the heterozygosity estimates π at silent and restricted intron sites, which we

found to be essentially under neutral evolution in the analysis of one of the populations (Lynch et

al. 2017), we estimated the effective size Ne of each population by equating π with 4Neu (TABLE

2). The estimated effective population sizes of the analyzed populations are relatively large and

similar to each other (the mean = 640,000 with the standard error = 31,000). Although such

estimates assume stable Ne, as described in Lynch et al. (in preparation), historical Ne estimates
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in the study populations are relatively stable and their harmonic means agree reasonably well with

the Ne estimates here.

To investigate the genetic structure of the study populations, we estimated Wright’s (1951)

fixation indices. The mean of the FST estimates is 0.13, indicating moderate differentiation among

the populations (TABLE 3). The mean of the FIS estimates is essentially zero, supporting that

within-population polymorphisms are near Hardy-Weinberg equilibrium. Consistent with this, the

mean of the FIT estimates is very close to that of the FST estimates. The modes of the genomic

FIS and FST estimates are found around zero (Figures 3A and 3B). The median of the FIS esti-

mates (-0.01) is close to zero, and the median of FST estimates (0.08) indicates moderate genetic

differentiation among study populations. To infer the influence of natural selection on FST esti-

mates, we examined the FST estimates at sites in different functional categories (TABLE 4). FST

estimates are the highest at restricted intron and silent sites and lowest at replacement sites. They

are intermediate at intergenic and UTR sites compared to the extremes. The observation here is

consistent with previous studies reporting lower FST estimates at sites under stronger functional

constraints (Barreiro et al. 2008; Maruki et al. 2012).

To examine the relationship between the sampling location and genetic differentiation, we

built a neighbor-joining tree (Saitou and Nei 1987) of the mean pairwise FST estimates (Figure 4A).

Geographically close populations cluster together in the tree, indicating that gene flow among the

populations is limited by the geographic distance. To further examine this hypothesis, we made a

scatter plot of the geographic distance and mean pairwise FST estimates at replacement and silent

sites in protein-coding sequences (Figure 4B). The latter is positively correlated with the former
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(p < 0.05), supporting the hypothesis of distance-limited gene flow. FST estimates are lower at

replacement than silent sites, again likely because purifying selection decreases FST estimates.

Because fixation-index estimates measured at individual SNP sites are highly variable (Weir

and Hill 2002) and dependent on heterozygosity estimates (Nei 1973; Hedrick 1999; Maruki et al.

2012; Jakobbson et al. 2013; Alcala and Rosenberg 2017), we carried out sliding-window analyses

to examine their spatial patterns along the scaffolds and to identify signatures of natural selection.

Because FIS and FST estimates are useful for finding signatures of natural selection (Black et al.

2001), we statistically identified their top and bottom outlier windows using the bootstrap at the

5% significance level. This revealed interesting peaks and valleys of the FIS estimates (Figure 5A),

which may imply positive and balancing selection, respectively.

To infer biological mechanisms underlying the valleys of FIS estimates, we examined the

contribution of the non-male producing (NMP) marker positions (Reisser et al. 2017) to the bottom

FIS outlier regions at the 5% significance level. We recently identified 132 candidate NMP marker

positions in an about 1.1 Mb region on chromosome I (Ye et al. in prep.), where all NMP clones

are heterozygotes for a large number of markers, leading to an excess of heterozygotes compared

to the Hardy-Weinberg equilibrium expectation. The FIS estimates at the NMP marker positions

are highly negative (the mean = -0.189 with the standard error = 0.0025). However, only seven

of 3,593 bottom FIS outlier regions contain the NMP marker positions (Table S2), showing that

NMP marker positions are not the main cause of the bottom FIS outliers. In fact, the frequency of

the NMP clones is generally low in the study populations. Unidentified biological mechanisms or

balancing selection might be responsible for the other bottom FIS outliers, although care should
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be taken when invoking biological mechanisms underlying negative FIS values as they may result

from mismapping or some other cryptic data issues (Maruki and Lynch 2015).

We also found interesting peaks and valleys for the FST estimates (Figure 5B), which may

imply local adaptation and purifying selection, respectively. By combining overlapping outlier

windows, we made lists of top and bottom FIS and FST outlier regions at the 5% significance

level (Tables S1 to S4). Only seven of 2,491 top FST outlier regions show significantly low mean

heterozygosity within populations πS estimates (Table S3), indicating that the vast majority of

the top FST outlier regions result from high among-population genetic differentiation instead of

low πS. To further study the relationship between heterozygosity and FST estimates, we exam-

ined the relationship among πS, heterozygosity in the total population πT , and FST estimates at

replacement and silent sites in protein-coding sequences (Figures S1A, S1B, S2A, and S2B). FST

estimates generally increase with increased πS or πT estimates. This is mainly because the max-

imum possible value of FST estimates increases with increased minor-allele frequency estimates

in the total population at biallelic SNP sites (Maruki et al. 2012; Jakobbson et al. 2013; Alcala

and Rosenberg 2017). Furthermore, πS, πT , and among-population heterozygosity φ estimates are

significantly higher in top FST outlier genes than in non-outlier genes at both replacement and

silent sites (p < 0.05) (TABLE 5), which shows that the top FST outlier genes result from increased

among-population heterozygosity instead of decreased within-population heterozygosity.

To infer the potential biological causes underlying the top FST outlier genes, we carried out

an enrichment analysis of the gene ontology (GO) terms in the top FST outlier genes. Interestingly,

there is striking enrichment of GO terms involved in food digestion (Hasler 1935; Schwerin et al.
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2009; Schwarzenberger et al. 2012; Koussoroplis et al. 2017; Schwarzenberger and Flink 2018) in

the top FST outlier genes (TABLE 6 and Table S5), suggesting that environmental and/or nutri-

tional differences among different populations may play an important role in the local adaptation

of Daphnia pulex. In particular, we found strong enrichment of serine-type peptidases including

trypsins and chymotrypsins (Table S6), which are major digestive enzymes in Daphnia (Von Elert

et al. 2004; Schwerin et al. 2009; Schwarzenberger et al. 2012; Dölling et al. 2016). In stark

contrast to this pattern, a completely different set of GO terms involved in cell structure are en-

riched in the bottom FST outlier genes (TABLE 6 and Table S5), indicating genes maintaining cell

structure are under especially strong purifying selection.

To consider the confounding effect of the heterogeneity in the background genetic differ-

entiation among different population pairs on identification of FST outliers, we estimated XTX

(Günther and Coop 2013), which is an FST analog taking heterogeneity in the background differ-

entiation level into account, and carried out similar analyses. Although there are some differences,

XTX identified top and bottom outlier regions (Tables S7 and S8) similar to those identified using

FST . Supporting our results based on FST , there is striking enrichment of GO terms involved in

food digestion in the top XTX outlier genes (Table S9), whereas those enriched in the bottom

XTX outlier genes are involved in cell structure (Table S9). The same conclusions with XTX as

those with FST suggest that the heterogeneity in genetic differentiation among study populations

is not large enough to significantly affect the identification of outlier regions.

To infer functional genetic changes underlying natural selection shaping the genetic differ-

entiation among populations, we compared the mean FST estimates over replacement and silent
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sites in each gene. Interestingly, genes showing a significant excess of amino-acid altering differ-

entiation relative to silent-site differentiation (Table S10) include top FST outlier genes coding

proteins involved in food digestion. Also, many top FST outlier genes showing a significant excess

of amino-acid altering differentiation relative to silent-site differentiation do not have orthologs

in the NCBI non-redundant protein database, indicating genes specific to D. pulex or a larger

phylogenetic group of organisms encompassing D. pulex (e.g., crustaceans) may play an important

functional role in local adaptation. In contrast, the vast majority of genes showing a significant

deficit of amino-acid altering differentiation relative to silent-site differentiation (Table S11), indi-

cating purifying selection, have orthologs in the database.

To infer dominant selective forces shaping functional genomic changes of D. pulex, we calcu-

lated mean ratios of genetic changes over populations per replacement and silent sites over genes at

three levels (d′N/d
′
S between species, φN/φS among populations, and πN/πS within populations).

All of the mean ratios are significantly less than one (p < 0.05), and they decrease with higher

level of the genetic differences (πN/πS > φN/φS > d′N/d
′
S) (Figure 6), indicating that purifying

selection is the predominant average force in the long-term evolution of protein-coding sequences.

Consistent with this, the mean of the analog of the neutrality index (NI) (Rand and Kann 1996),

which is πN/πS divided by d′N/d
′
S, over genes is significantly greater than one (p < 0.05), and the

mean of the analog of the direction of selection (DoS) (Stoletzki and Eyre-Walker 2011), which is

d′N/(d
′
N + d′S)− πN/(πN + πS), over genes is significantly less than zero (p < 0.05).

To identify specific candidate genes under natural selection, we focused on genes that show

signatures of positive or purifying selection in at least two of dN − dS, neutrality index, and
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direction-of-selection estimates, finding 3,789 genes potentially under positive selection (Table

S12). Interestingly, gene ontology terms enriched in the candidate genes (TABLE 7 and Table

S13) are involved in food digestion, extending the importance of food for adaptations in Daphnia

over a longer time scale. We also found 3,586 genes potentially under purifying selection (Table

S14), where we found enrichment of gene ontology terms involved in cell structure and food diges-

tion (TABLE 8 and Table S15).

To further study the signatures of natural selection in protein-coding sequences, we ex-

amined the relationship among πN/πS, dN/dS, and φN/φS estimates (Figures 7A, 7B, and 7C).

Under neutral evolution, dN/dS and φN/φS are expected to be equal to πN/πS. The regression of

dN/dS on πN/πS estimates shows that dN/dS estimates are greater than πN/πS estimates when

πN/πS estimates are small, and πN/πS estimates are greater than dN/dS estimates when πN/πS

estimates are large (Figure 7A). dN/dS > πN/πS with small πN/πS indicates that positive direc-

tional selection tends to be strong and plays an important role in decreasing amino-acid altering

polymorphisms relative to silent polymorphisms in the genome (Bazykin and Kondrashov 2011).

πN/πS > dN/dS with large πN/πS indicates that purifying selection tends to be weak (Ohta 1973)

and does not efficiently eliminate amino-acid altering polymorphisms. Interestingly, the regres-

sion of φN/φS on πN/πS estimates shows an opposite pattern (Figure 7B). φN/φS < πN/πS with

small πN/πS indicates that purifying selection acting among populations tends to be strong and

efficiently eliminates amino-acid altering polymorphisms to prevent fixation of deleterious alleles.

φN/φS > πN/πS with large πN/πS indicates that local adaptations tend to be ongoing and increase

amino-acid altering polymorphisms. The slope of the regression of dN/dS on φN/φS estimates (Fig-

ure 7C) is lower than that in the regression of dN/dS on πN/πS estimates (Figure 7A), indicating
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that local adaptations significantly increase among-population amino-acid altering polymorphisms.

DISCUSSION

This study represents the first genome-wide study of inter-population genetic variation in Daphnia

pulex and one of the few to be performed in any species. The degree of genetic differentiation

among D. pulex populations is moderate (mean F̂ST = 0.13) and defined to a large extent by the

geographic distance between populations. It is somewhat higher than that in corresponding stud-

ies in humans (mean pairwise F̂ST between populations in different continents ranging from 0.052

to 0.083) (The 1000 Genomes Project Consortium 2010) and flies (mean pairwise F̂ST between

populations within Africa ranging from 0.008 to 0.214) (Pool et al. 2012). We found interesting

signatures of natural selection shaping the functional changes in the genome of D. pulex. In par-

ticular, the enrichment of genes involved in food digestion in the top FST outlier genes indicates

that environmental/nutritional differences among populations may play an important role in local

adaptation of D. pulex.

Compared to the FST estimates in most of the previous studies on genetic differentiation

among populations in D. pulex (Crease et al. 1990; Lynch and Crease 1990; Lynch and Spitze

1994; Morgan et al. 2001; Allen et al. 2010), our FST estimate is much lower. Because our

estimate is based on genomic SNP data consisting of a large number of individuals generated by

high-throughput sequencing, it is much less noisy compared to those in previous studies based on
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small numbers of molecular markers and individuals. Similar to our finding, a recent study on the

population structure in D. magna using restriction-site associated DNA (RAD) sequencing (Orsini

et al. 2013) reported a moderate amount of genetic differentiation among populations (mean FST

estimate of 0.12) based on SNP data. Our moderate FST estimate among populations is in line

with the potentially high dispersal capability of Daphnia (Havel and Shurin 2004; Figuerola et al.

2005). Assuming a simple island model (Wright 1931) and using the mean FST estimate over silent

and restricted intron SNP sites, a crude estimate of the product of the effective population size

(Ne) and migration rate (m) Nem is about 1.5. The relatively low genetic differentiation among

populations in D. pulex is encouraging for population-genomic analyses in this species because

top FST outliers can be confidently identified only when the background differentiation level is

low (Hoban et al. 2016). The positive correlation between the FST estimates and geographic dis-

tance between populations in this study indicates that geographic distance plays an important role

in limiting gene flow among populations, which is consistent with findings in some earlier studies

(Crease et al. 1990; Lynch and Spitze 1994). This finding is also consistent with empirical evidence

that historical dispersal of Daphnia has been rapid over short geographic distances and limited

over large geographic distances (Havel and Shurin 2004). Furthermore, a recent study using RAD

sequencing found the importance of geography in shaping the genetic structure of populations in

D. magna (Fields et al. 2015).

The striking enrichment of genes involved in food digestion among the top FST outlier genes

provides a novel insight into the evolution of D. pulex. Daphnia often compete for a limited food

supply, and reproduction is often limited by availability of food (Hebert 1978; Lynch 1989; Gliwicz

1990; Vanni and Lampert 1992; Tessier et al. 2000). The higher genetic differentiation among
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populations at replacement than that at silent sites in some of the top FST outlier genes involved

in food digestion (Table S9) suggests underlying adaptive changes, providing fuel for future hy-

pothesis testing. Using RAD sequencing and mapping the sequence reads to the TCO assembly

(Colbourne et al. 2011), Muñoz et al. (2016) also found that many of the genes showing signif-

icant genetic differentiation among five lake populations differing in trophic status are involved

in metabolic processes in the sister species D. pulicaria. They also found many top FST outlier

genes involved in regulatory processes. Their similar finding in the sister species supports the

importance of the nutritional differences among populations for local adaptation in D. pulex. In

contrast to Muñoz et al. (2016), who intentionally selected diverse ecological settings, our D. pulex

populations were sampled regardless of particular environmental variables, and yet still revealed

overwhelming enrichment of genes involved in food digestion among the top FST outlier genes.

Therefore, our results not only provide an unbiased estimate of the genetic differentiation among

populations, but affirm the importance of differences in food quality/quantity among populations

as drivers of the evolution of D. pulex in general. Although other large-scale population-genomic

studies in animals such as humans (The 1000 Genomes Project Consortium 2015) and flies (Lang-

ley et al. 2012; Pool et al. 2012) reported some genes involved in food digestion in top FST outlier

genes, the overwhelming enrichment of genes involved in food digestion among the top FST outlier

genes in D. pulex is notable.

Despite the existence of signatures of positive selection, the comparisons of the divergence

and heterozygosity estimates between replacement and silent sites in protein-coding sequences re-

vealed that purifying selection is the predominant force in the long-term evolution of protein-coding

sequences in the Daphnia species. This result is consistent with our previous study of a single D.
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pulex population (Lynch et al. 2017), where we found predominant signatures of purifying selec-

tion preventing fixations of deleterious alleles at replacement sites. Taking advantage of data in

multiple populations, we identified specific candidate genes under positive or purifying selection

in this study. Gene ontology terms involved in food digestion are also enriched in genes showing

signatures of positive selection in the long-term evolution, supporting the importance of food for

adaptations in Daphnia.

This is one of the largest population-genomic studies ever performed in any organism, and

establishes D. pulex as an excellent organism for carrying out population-genomic analyses to

investigate mechanisms of evolution. As silent and restricted intron sites are essentially under

neutral evolution (Lynch et al. 2017), they provide powerful means for inferring population de-

mography/structure. In particular, we can use silent sites as the neutral standard for identifying

signatures of natural selection in protein-coding sequences. The relatively large and historically

stable effective sizes (Lynch et al. in prep.) of the study populations further help in identifying sig-

natures of natural selection. Moreover, the homogeneous recombinational landscape (Lynch et al.

in prep.) minimizes the confounding effect of heterogeneous recombination rates on signatures of

selective sweeps (O’Reilly et al. 2008). Unlike isolates used in other large-scale population-genomic

studies in Drosophila (Langley et al. 2012; Mackay et al. 2012) and Arabidopsis (Alonso-Blanco et

al. 2016), our Daphnia isolates are not inbred. By analyzing the natural genotypes from the field,

we showed that the study populations are essentially in Hardy-Weinberg equilibrium, which is often

assumed in population-genetic analyses. As Daphnia can reproduce clonally, we can maintain the

original genotypes in the laboratory for future experimental investigations for hypothesis testing,

which is not possible in sexually reproducing organisms. These advantages and moderate genetic
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differentiation among study populations establish D. pulex as an excellent system for identifying

targets of natural selection and investigating genotype-phenotype relationships in natural contexts.
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APPENDIX

Variance of the neutrality index and direction of selection: Assuming the divergence and

heterozygosity estimates are uncorrelated and using the delta method (Lynch and Walsh 1998),
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the variance of the neutrality index (NI) is

σ2(NI) '
(
πN/πS
dN/dS

)2 [
σ2(πN/πS)

(πN/πS)2
+
σ2(dN/dS)

(dN/dS)2

]
,

where σ2(πN/πS) and σ2(dN/dS) are found using the delta method and assuming that estimates

at replacement and silent sites are uncorrelated as

σ2(πN/πS) =

(
πN
πS

)2(
σ2(πN)

π2
N

+
σ2(πS)

π2
S

)
,

σ2(dN/dS) =

(
dN
dS

)2(
σ2(dN)

d2N
+
σ2(dS)

d2S

)
,

respectively. Similarly, the variance of the direction of selection (DoS) is

σ2(DoS) '
(

dN
dN + dS

)2 [
σ2(dN)

d2N
− 2σ(dN , dN + dS)

dN(dN + dS)
+
σ2(dN + dS)

(dN + dS)2

]
+(

πN
πN + πS

)2 [
σ2(πN)

π2
N

− 2σ(πN , πN + πS)

πN(πN + πS)
+
σ2(πN + πS)

(πN + πS)2

]
'
(

dN
dN + dS

)2 [
σ2(dN)

d2N
− 2σ2(dN)

dN(dN + dS)
+
σ2(dN) + σ2(dS)

(dN + dS)2

]
+(

πN
πN + πS

)2 [
σ2(πN)

π2
N
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πN(πN + πS)
+
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(πN + πS)2

]
.
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Figure 1   Distribution of the number of nucleotides per site in each population.  Statistical significance of 

the called genotypes is set at the 5% level.  In general, tri- and tetra-allelic sites are rare.     
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Figure 2   Heterozygosity estimates at sites in different functional categories.  Intergenic sites are outside 

of untranslated regions (UTR), exons, and introns.  Silent, replacement, and intron sites are, respectively 

four-fold redundant, zero-fold redundant and restricted intron (internal positions 8 to 34 from both ends; 

Lynch et al. 2017) sites.  Tri- and tetra-allelic sites are excluded from the calculation.  The standard errors 

of the mean are generally small (6.2×10-6 to 4.7×10-5).        
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Figure 3   Genome-wide distribution of the FIS  and FST  estimates.  The distributions of the FIS (A) and FST 

(B) estimates are shown using bins of size 0.1.  The results are confined to sites with significant 

polymorphisms at the 5% level.  The medians of the FIS and FST  estimates are -0.01 and 0.08, respectively.      
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Figure 4   Pairwise FST estimates.  The neighbor-joining tree (A) and relationship with the geographic 

distance at replacement (red) and silent (blue) sites (B) are shown for the pairwise FST  estimates.  The 

letters in parentheses in A denote the population state abbreviation.  The scale bar in A is for the FST  

estimates.      
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Figure 5   Spatial patterns of the FIS (A) and FST (B) estimates on the largest scaffold.  The red and blue 

lines denote the top and bottom critical values at the 5% significance level with the Bonferroni correction for 

multiple testing. 
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Figure 6   Comparison of genetic changes at replacement and silent sites in protein-coding sequences.  

Means ratios of genetic changes per replacement and silent sites over genes at three levels (𝑑𝑁
′ /𝑑𝑆′ 

between species, 𝜑𝑁/𝜑𝑆 among populations, and 𝜋𝑁/𝜋𝑆 within populations) are shown.  Neutrality index 

(Rand and Kann 1996) and direction of selection (Stoletzki and Eyre-Walker 2011) estimates calculated 

from 𝑑𝑁′, 𝑑𝑆′, 𝜋𝑁, 𝜋𝑆 estimates are also shown. 
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Figure 7   The relationship among 𝜋𝑁/𝜋𝑆, 𝑑𝑁/𝑑𝑆, and 𝜑𝑁/𝜑𝑆 estimates in protein-coding sequences.  Each 

dot denotes a gene.  𝜋𝑁/𝜋𝑆,  𝑑𝑁/𝑑𝑆,and 𝜑𝑁/𝜑𝑆 are expected to be equal to one under neutrality (vertical 

and horizontal black lines).  They are also expected to be equal to each other under neutrality (black 

diagonal lines).  The 1) top left, 2) top right, 3) bottom right, and 4) bottom left quadrants in A indicate that 

the gene is under 1) positive directional selection, 2) positive directional selection (above the diagonal) or 

balancing selection (below the diagonal), 3) balancing selection, and 4) purifying selection (below the 

diagonal) or positive directional selection (above the diagonal), respectively.  The 1) top left, 2) top right, 3) 

bottom right, and 4) bottom left quadrants in B indicate that the gene is under 1) local adaptation, 2) local 
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adaptation (above the diagonal) or balancing selection (below the diagonal), 3) balancing selection, and 4) 

purifying selection (below the diagonal) or local adaptation (above the diagonal), respectively.  The red lines 

are regression lines.            
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Population                                    (Latitude, Longitude)             Sample Size        Population Coverage 

Busey Pond (BUS)                          (40.13, -88.21)                             89                [70, 1050], 350.9 

Chequamegon (CHQ)                     (46.66, -90.85)                             93                [500, 2200], 1323.2 

Eloise Butler Pond (EB)                  (44.98, -93.32)                             82               [225, 1050], 578.2 

Kickapond (KAP)                             (40.12, -87.74)                             81               [800, 2400], 1405.2 

Long Point Pond A (LPA)                (42.69, -80.42)                            88               [400, 2250], 1105.6 

Long Point Pond B (LPB)                (42.68, -80.45)                            84               [400, 1900], 1026.0  

North Flatley (NFL)                          (39.90 -84.92)                             89               [700, 2200], 1442.4 

Portland Arch (PA)                           (40.21, -87.33)                            75              [150, 1900], 670.8 

Pond of the Village Idiot (POV)       (42.75, -85.35)                            71             [500, 2250], 1093.2 

Textile Road (TEX)                          (42.20, -83.60)                            72             [250, 1800], 631.5 

Total                                                           NA                                    824            [3995, 19000], 9282.2 

TABLE 1   Information on the analyzed populations.  Sample size denotes the number of analyzed clones. 

Population coverage denotes the chosen range (in square brackets) and mean of the population-wide 

sum of the depth of coverage of the analyzed nucleotide reads over the clones.  
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Population      Mean (𝜋̂)    Number of Sites         Mean (𝑓)       SE (𝑓)   Number of SNPs                𝑁̂𝑒    

BUS                 0.0079           104,644,342           -0.0887        0.0002           2,379,001               617,000 

CHQ                0.0052              84,417,136           -0.0191        0.0001          1,716,628               427,000  

EB                   0.0093            102,029,955           -0.0246        0.0001          4,045,041               754,000 

KAP                 0.0087              98,571,437            0.0004        0.0001          4,635,427               744,000 

LPA                 0.0082              96,791,394            0.0135        0.0001          4,103,982                689,000 

LPB                 0.0070              86,819,534            0.0100        0.0001          2,777,315                573,000 

NFL                 0.0084              93,093,572            0.0163        0.0001          3,605,326                718,000 

PA                   0.0075            101,931,067           -0.0269        0.0001          2,629,288                605,000 

POV                0.0077            100,315,688           -0.0095        0.0001          3,806,203                652,000 

TEX                 0.0076              97,237,517           -0.0389        0.0001          3,520,170                618,000 

Mean               0.0078 ± 0.0004 (𝝅̂)                     -0.0168 ± 0.0100 (𝒇̂)                     640,000 ± 31,000 (𝑵̂𝒆) 

TABLE 2   Summary of within-population genetic variation.  Mean and standard error (SE) of the 

heterozygosity and inbreeding coefficient estimates, 𝜋̂ and 𝑓, are shown.  𝑓 is conditioned on significant 

polymorphisms at the 5% level.  Tri- and tetra-allelic sites are excluded from the calculations.  The 

standard error of the mean heterozygosity estimate 𝜋̂ is 0.000005 in all populations.  Effective population 

size estimate 𝑁̂𝑒, which was estimated using the mutation rate estimate from Keith et al. (2016) and mean 

heterozygosity estimates at silent and restricted intron (internal positions 8 to 34 from both ends; Lynch et 

al. 2017) sites, is also shown.  The grand mean and SE of 𝜋̂, 𝑓, and 𝑁̂𝑒 are also shown. 
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Estimate                 Mean                                      SE                               Number of SNPs                  

     𝐹̂𝐼𝑇                      0.1280                                0.00005                               11,731,566                    

     𝐹̂𝑆𝑇                      0.1259                               0.00004                                11,731,566                    

     𝐹̂𝐼𝑆                      0.0019                                0.00004                               11,730,849                    

TABLE 3   Wright’s (1951) fixation indices at genomic SNP sites.  The mean is calculated using only sites 

with significant polymorphisms at the 5% level in at least one of the populations.  SE denote the standard 

error of the mean.   
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Category                      Mean                                      SE                              Number of SNPs                  

Silent                           0.1458                                 0.00020                               526,078                        

Replacement              0.1082                                 0.00017                               660,423                        

Intron                          0.1473                                  0.00018                               692,037                              

5’-UTR                        0.1305                                  0.00031                              208,276                       

3’-UTR                        0.1270                                  0.00025                              310,799                       

Intergenic                   0.1213                                  0.00005                           7,128,373                      

TABLE 4   FST  estimates at sites in different functional categories.  The mean is calculated using sites with 

significant polymorphisms at the 5% level in at least one of the populations.  SE denotes the standard 

error of the mean.  Intergenic sites are outside of untranslated regions (UTR), exons, and introns.  Silent, 

replacement, and intron sites are, respectively four-fold redundant, zero-fold redundant and restricted 

intron (internal positions 8 to 34 from both ends; Lynch et al. 2017) sites. 
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Functional category       Outlier category        Mean 𝜋̂𝑆                    Mean 𝜋̂𝑇                  Mean 𝜑̂              

Replacement                             Top           0.0667 ± 0.0009         0.102 ± 0.0015       0.035 ± 0.0007  

Replacement                        Non-outlier    0.0499 ± 0.0003        0.064 ± 0.0004       0.014 ± 0.0001   

Silent                                          Top           0.0986 ± 0.0011        0.150 ± 0.0016       0.051 ± 0.0008   

Silent                                    Non-outlier     0.0818 ± 0.0004        0.107 ± 0.0005       0.025 ± 0.0002   

TABLE 5   Comparison of the heterozygosity estimates for top FST  outlier genes and non-outlier genes in 

the genome.  The mean and standard error of the mean heterozygosity within populations 𝜋𝑆, 

heterozygosity in the total population 𝜋𝑇, and among-population heterozygosity φ estimates at 

replacement and silent sites in top FST  outlier genes at the 5% significance level and non-outlier genes 

are shown.  The mean is calculated using only sites with significant polymorphisms at the 5% level in at 

least one of the populations.        
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GO Term                                                    Category           Outlier Type             FDR                                                                     

peptidase activity                                            MF                      Top                   < 0.001                                        

hydrolase activity                                            MF                      Top                   < 0.01                                  

transmembrane transporter activity               MF                      Top                   < 0.05                                   

catalytic activity                                               MF                      Top                   < 0.05 

cell junction organization                                BP                    Bottom                < 0.001 

protein folding                                                  BP                   Bottom                 < 0.01                      

TABLE 6   Gene ontology terms enriched in the FST outlier genes.  Gene ontology (GO) terms belonging 

to the biological process (BP) or molecular function (MF) category with false-discovery rates (FDRs) < 

0.05 are shown.  The enrichment here is on a particular GO term in the FST outlier genes at the 5% 

significance level compared to non-outlier genes.    
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GO Term                                                                                                       FDR                                                                     

transmembrane transporter activity                                                          < 0.001 

substrate-specific transmembrane transporter activity                           < 0.001 

transporter activity                                                                                     < 0.001 

catalytic activity                                                                                          < 0.01 

substrate-specific transporter activity                                                       < 0.01 

oxidoreductase activity                                                                              < 0.05      

TABLE 7   Gene ontology terms enriched in candidate genes under positive selection.  Gene ontology 

(GO) terms belonging to molecular function terms with false-discovery rates (FDRs) < 0.05 are shown.  

The enrichment here is on a particular GO term in the candidate genes under positive selection with FDRs 

< 0.05 compared to non-outliers. 
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GO Term                                                                                                              FDR                                                                     

binding                                                                                                                < 0.001 

ion binding                                                                                                          < 0.001 

RNA binding                                                                                                       < 0.001 

catalytic activity                                                                                                  < 0.001 

ligase activity                                                                                                      < 0.001 

nucleic acid binding                                                                                           < 0.001 

enzyme binding                                                                                                  < 0.001 

protein binding                                                                                                    < 0.001 

transferase activity                                                                                             < 0.001 

translation factor activity, RNA binding                                                              < 0.01 

kinase activity                                                                                                      < 0.01 

organic cyclic compound binding                                                                       < 0.01 

heterocyclic compound binding                                                                          < 0.01 

transferase activity, transferring phosphorus-containing groups                      < 0.01 

phosphatase activity                                                                                            < 0.05 

phosphoric ester hydrolase activity                                                                    < 0.05 

cytoskeletal protein binding                                                                                < 0.05 

transferase activity, transferring acyl groups                                                     < 0.05 
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TABLE 8   Gene ontology terms enriched in candidate genes under purifying selection.  Gene ontology 

(GO) terms belonging to molecular function terms with false-discovery rates (FDRs) < 0.05 are shown.  

The enrichment here is on a particular GO term in the candidate genes under purifying selection with 

FDRs < 0.05 compared to non-outliers.      
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