
Parallel adaptive evolution of geographically distant
herring populations on both sides of the North
Atlantic Ocean
Sangeet Lamichhaneya,1, Angela P. Fuentes-Pardob,1, Nima Rafatia, Nils Rymanc, Gregory R. McCrackenb,
Christina Bourned, Rabindra Singhe, Daniel E. Ruzzanteb, and Leif Anderssona,f,g,2

aScience for Life Laboratory, Department of Medical Biochemistry and Microbiology, Uppsala University, 752 36 Uppsala, Sweden; bDepartment of Biology,
Dalhousie University, Halifax, Nova Scotia B3H 4R2, Canada; cDepartment of Zoology, Stockholm University, 106 91 Stockholm, Sweden; dFisheries and
Oceans Canada, Northwest Atlantic Fisheries Centre, St John’s, Newfoundland A1C 5X1, Canada; eFisheries and Oceans Canada, St. Andrews Biological
Station, St. Andrews, New Brunswick E5B 2L9, Canada; fDepartment of Animal Breeding and Genetics, Swedish University of Agricultural Sciences, 750 07
Uppsala, Sweden; and gDepartment of Veterinary Integrative Biosciences, Texas A&M University, College Station, TX 77843

Contributed by Leif Andersson, February 24, 2017 (sent for review October 27, 2016; reviewed by Dorte Bekkevold and Craig R. Primmer)

Atlantic herring is an excellent species for studying the genetic basis
of adaptation in geographically distant populations because of its
characteristically large population sizes and low genetic drift. In this
study we compared whole-genome resequencing data of Atlantic
herring populations from both sides of the Atlantic Ocean. An
important finding was the very low degree of genetic differen-
tiation among geographically distant populations (fixation index =
0.026), suggesting lack of reproductive isolation across the ocean.
This feature of the Atlantic herring facilitates the detection of ge-
netic factors affecting adaptation because of the sharp contrast
between loci showing genetic differentiation resulting from
natural selection and the low background noise resulting from
genetic drift. We show that genetic factors associated with tim-
ing of reproduction are shared between genetically distinct
and geographically distant populations. The genes for thyroid-
stimulating hormone receptor (TSHR), the SOX11 transcription
factor (SOX11), calmodulin (CALM), and estrogen receptor 2
(ESR2A), all with a significant role in reproductive biology, were
among the loci that showed the most consistent association with
spawning time throughout the species range. In fact, the same
two SNPs located at the 5′ end of TSHR showed the most signif-
icant association with spawning time in both the east and west
Atlantic. We also identified unexpected haplotype sharing be-
tween spring-spawning oceanic herring and autumn-spawning
populations across the Atlantic Ocean and the Baltic Sea. The
genomic regions showing this pattern are unlikely to control
spawning time but may be involved in adaptation to ecological
factor(s) shared among these populations.
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Widely dispersed and abundant species generally exhibit
populations inhabiting divergent habitats. Such pop-

ulations need to adapt to local biotic and abiotic factors, a
process that results in higher fitness in the local environment and
leads to genetic and phenotypic differentiation among subpop-
ulations (1, 2). In addition to such local adaptation, if a trait
responds to similar forces of natural selection independently
across multiple populations or species, parallel evolution will
lead to similar adaptive changes among geographically distant
populations (3). Such parallel adaptation may be caused by
convergent evolution or by the sharing of similar (or identical)
genetic changes across populations (4–6). Identification of the
genetic basis for ecological adaptation is a fundamental goal in
evolutionary biology (7), and current technological advances in
population-scale high-throughput sequencing provide powerful
tools to explore these processes at a genomic scale (8). However,
many adaptive traits are expected to have a highly polygenic
background (9) in which genes of small effect are hard to detect

with traditional genome scans, and adaptive changes can often
be confounded with demographic history effects such as pop-
ulation structure and genetic drift (10), making the dissection of
such genetic differentiations challenging.
Our recent population-scale genomic study on Atlantic her-

ring has demonstrated that this species is an ideal model for the
detection of signatures of selection (11, 12). The large effective
population size (Atlantic herring is one of the most abundant fish
species on earth) probably combined with gene flow between
populations results in extremely low levels of genetic differenti-
ation at selectively neutral loci across populations exposed to
different ecological conditions. These factors allowed us to
identify about 500 independent loci associated with local adap-
tation as regards the colonization of the brackish Baltic Sea and
timing of reproduction in Northeast (NE) Atlantic herring
populations (11).
Atlantic herring is a schooling pelagic fish distributed throughout

the North Atlantic Ocean and adjacent waters, including the Baltic
Sea (Fig. 1). The population structure of Atlantic herring is con-
sidered to be one of the most complex of any marine fish, and there
is a long history of attempts to describe it (13). Traditionally, herring
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stocks have been described based on morphology and life history
traits such as spawning time and location (13–15). Populations are
known to spawn in different seasons, with some spawning in the
spring, others in the autumn, and still others at intermediate times.
In each case, spawning generally takes place over a protracted pe-
riod of a few weeks. The optimal spawning time is generally linked
to environmental conditions associated with plankton blooms (16).
Our recent study revealed highly significant genetic differentiation
between spring- and autumn-spawning herring in the NE Atlantic,
with some of the loci involved in this differentiation likely control-
ling the timing of reproduction (11).
Our previous genome-scale studies of Atlantic herring were

restricted to population samples from the NE Atlantic, but this
species is ecologically important throughout the North Atlantic.
In fact, herring support a commercially important fishery in the

Northwest (NW) Atlantic (17), where the species is recognized
for the complexity and plasticity of its stocks (13, 18). Similar to
the NE Atlantic populations, herring in the NW Atlantic un-
dergo north–south and inshore–offshore migrations for feeding
and reproduction (19), with spawning taking place mostly during
spring and autumn (20) from Cape Cod to northern New-
foundland (14). Previous genetic studies based on a small num-
ber of microsatellite markers reported weak but significant
genetic structuring between NW and NE Atlantic populations as
well as among spawning aggregations within the NW Atlantic
(21, 22).
The presence of spring- and autumn-spawning herring pop-

ulations on both sides of the North Atlantic provides an excep-
tional opportunity to explore whether the same or similar genetic
factors associated with spawning time are shared by geographically
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Fig. 1. Sampling sites. Geographic location of all
population samples. Abbreviations for localities are
given in Table 1. The relative locations of pop-
ulations sampled from the NW and NE Atlantic
Ocean are indicated in the inserted globe. Maps
were created using ArcGIS (Esri).
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distant populations. In this study, we present the results of whole-
genome resequencing of six NW Atlantic populations (three
spring and three autumn spawners) and compare their genetic
architecture with that of NE Atlantic populations. We dem-
onstrate that genetic factors associated with the timing of re-
production are shared to a large extent between herring
populations from the NW and NE Atlantic.

Results
Whole-Genome Resequencing. Whole-genome resequencing of
pooled DNA of 40–50 individuals per location was conducted for
six population samples from the NW Atlantic: two populations
from Newfoundland, three from the Gulf of St Lawrence, and
one from the Scotian Shelf (Fig. 1 and Table 1). Each library had
an ∼30–50× depth of coverage. These data were compared with
pooled sequence data from 19 populations of Baltic Sea/NE
Atlantic herring (Fig. 1) and one population of Pacific herring
from our previous study (11); the Pacific herring data were used
as an outgroup in the phylogenetic analysis and allowed us to
determine the ancestral state for candidate causal mutations. In
addition, 27 individual samples of spring- and autumn-spawning
herring from both sides of North Atlantic and six individual
samples of Pacific herring were sequenced to ∼10× depth of
coverage to characterize haplotypes showing genetic differenti-
ation. These sequences were aligned to the reference herring
genome (11), and SNP calling was conducted using an in-house
rigorous quality-filtering pipeline (Materials and Methods) to

identify 8.9 million SNPs that were polymorphic in at least one
population (including Pacific herring).

Phylogeny and Population Genetics. In agreement with the results
from our previous study (11), the neighbor-joining tree gener-
ated using 1.2 million high-quality SNPs (Materials and Methods)
revealed a large genetic distance between the Pacific and all 25
Atlantic herring populations (Fig. 2, Left). The Atlantic herring
populations in general clustered according to their geographic
origin (Fig. 2, Right). The populations formed three major
groupings: (i) Atlantic herring from NW Atlantic and NE Atlantic
(populations AB1 and AI); (ii) Atlantic herring from the North
Sea, Skagerrak, and Kattegat; and (iii) spring-spawning herring
from the Baltic Sea. Two populations of autumn-spawning herring
from the Baltic Sea (BÄH and BF) deviated from this pattern and
did not cluster with spring-spawning herring from the Baltic Sea.
Two populations (NS and WFB) stood out with relatively long
branch lengths; a careful examination of the data from these pop-
ulations did not indicate that these long branch lengths were caused
by technical issues. Among the six NW Atlantic populations, spring
and autumn spawners formed their own clusters, indicating that
populations spawning in different seasons are genetically distin-
guishable. NWAtlantic autumn-spawning herring were more closely
related to spring-spawning herring from the NW Atlantic than to
autumn-spawning herring from the NE Atlantic.
The average fixation index (FST) among the 25 populations of

Atlantic and Baltic herring was as low as 0.026, a value that drops

Table 1. Population samples of herring used in the study

Locality Sample n (n2) Position Salinity, ‰ Date Spawning season‡

Baltic Sea
Gulf of Bothnia (Kalix)* BK 47 N65°52′ E22°43′ 3 1980 June 29 Summer
Bothnian Sea (Hudiksvall)* BU 100 N61°45′ E17°30′ 6 2012 April 19 Spring
Bothnian Sea (Gävle)* BÄV 100 N60°43′ E17°18′ 6 2012 May 7 Spring
Bothnian Sea (Gävle)* BÄS 100 N60°43′ E17°18′ 6 2012 July 18 Summer
Bothnian Sea (Gävle)* BÄH 100 (3) N60°44′ E17°35′ 6 2012 September 4 Autumn
Bothnian Sea (Hästskär)* BH 50 (8) N60°35′ E17°48′ 6 2013 May 22 Spring
Central Baltic Sea (Vaxholm)* BV 50 N59°26′ E18°18′ 6 1979 August 27 Spring
Central Baltic Sea (Gamleby)* BG 49 N57°50′ E16°27′ 7 1979 August 20 Spring
Central Baltic Sea (Kalmar)* BR 100 N57°39′ E17°07′ 7 2012 May 09 Spring
Central Baltic Sea (Karlskrona)* BA 100 N56°10′ E15°33′ 7 2012 May 30 Spring
Central Baltic Sea* BC 100 N55°24′ E15°51′ 8 2011 October 18 Unknown
Southern Baltic Sea (Fehmarn)* BF 50 (3) N54°50′ E11°30′ 12 1979 September 23 Autumn

Kattegat, Skagerrak, North Sea, East Atlantic Ocean
Kattegat (Träslövs.läge)* KT 50 N57°03′ E12°11′ 20 1978 October 23 Unknown
Kattegat (Björköfjorden)* KB 100 N57°43′ E11°42′ 23 2012 March 12 Spring
Skagerrak (Brofjorden)* SB 100 N58°19′ E11°21′ 25 2012 March 20 Spring
Skagerrak (Hamburgsund)* SH 49 N58°30′ E11°13′ 25 1979 March 19 Spring
North Sea* NS 49 (3) N58°06′ E06°10′ 35 1979 August 05 Autumn
Atlantic Ocean (Bergen)* AB1 49 N64°52′ E10°15′ 35 1980 February 07 Spring
Atlantic Ocean (Bergen)* AB2 (8) N60°35′ E05°00′ 33 2013 May 22 Spring
Atlantic Ocean (Höfn)* AI 100 N65°49′ W12°58′ 35 2011 September 15 Spring

Pacific Ocean
Strait of Georgia (Vancouver)* PH 50 (6) — — 35 2012 November 24 —

West Atlantic Ocean
Bonavista Bay† WBoB 49 (2) N48°49′ W53°20′ 35 2014 June 25 Autumn
Fortune Bay† WFB 50 (2) N47°17′ W55°38′ 35 2014 May 26 Spring
Inner Baie Des Chaleurs† WInB 41 (2) N48°00′ W65°51′ 35 2014 May 8 Spring
Northumberland Strait† WNsS 49 (2) N46°19′ W64°09′ 35 2014 May 6 Spring
Northumberland Strait† WNsF 50 (2) N45°44′ W62°36′ 35 2014 September 16 Autumn
German Banks† WGeB 48 (2) N43°16′ W66°18′ 35 2014 August 28 Autumn

Places where the sample was landed (if known) are given in parentheses. n, number of fish; n2, number of fish used for individual
sequencing.
*Samples from our previous studies (11, 12).
†Samples sequenced in this study.
‡The spawning season for population samples has been predicted based on the stage of sexual maturation at the time of sampling.
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to 0.019 if we exclude the WFB population. This result is con-
sistent with the tight clustering of populations in the phyloge-
netic tree (Fig. 2). This minute level of genetic differentiation is
remarkable, given that our samples now include herring pop-
ulations from both sides of the Atlantic, from the North Sea,
Skagerrak, Kattegat, and the brackish Baltic Sea (Fig. 1). We
performed a computer simulation study to investigate if the ge-
netic differentiation among these 25 populations seemed to be
driven primarily by selection or drift. We used 50,000 randomly
sampled SNPs with 40–45 reads in each population and estimated
FST (23) among all 25 populations for each locus. We then used
simulation to generate a dataset reflecting the expected distribu-
tion of FST values for 50,000 selectively neutral loci based on
25 populations, each with an effective population size of Ne =
5,000 that were separated for t = 263 generations and have an
expected FST identical to the one observed (FST = 0.026; when the
WFB outlier population was excluded, the corresponding values
were FST = 0.019 and t = 192 generations). The observed data
deviated significantly from the simulated data because of a long
tail of FST values >0.10 (Fig. 3). We conclude that the observed
distribution deviates significantly from the one expected for se-
lectively neutral alleles under a drift model, and the most plausible
explanation is that this deviation is caused by natural selection.

Genetic Differentiation Between Spring- and Autumn-Spawning
Populations. We explored the genomic regions showing differ-
entiation between spring and autumn spawners from the NW
Atlantic by comparing allele frequencies between the two groups
SNP by SNP and identified 6,333 SNPs with significant differ-
ences in allele frequency (P < 1 × 10−10) (Fig. 4A, Left). These
SNPs are conservatively estimated to represent at least 182 in-
dependent genomic loci (11). We compared these results with
the loci that were associated with spawning time in the Baltic
Sea/NE Atlantic populations (Fig. 4A, Right) (11). About 25%
(1,747 of 6,333) of the associated SNPs in the NW Atlantic also
reached statistical significance in the Baltic Sea/NE Atlantic
comparison. The genetic signals associated with seasonal re-
production in the NE and NW Atlantic populations showed a
considerable overlap (Fig. 4B). Six of eight previously identified
genomic regions exhibiting the most consistent association with
spawning time in NE Atlantic and Baltic populations replicated
in the data from NW Atlantic (Dataset S1). At these six loci the

same haplotype group is associated with autumn or spring
spawning in all populations included in this study.
The results suggest that genetic factors affecting the timing of

reproduction in herring are shared to a large extent among
herring populations from both sides of the Atlantic. In contrast,
genome-wide data indicate a closer genetic relationship between
spring- and autumn-spawning herring from the same geographic
region than between either spring- or autumn-spawning pop-
ulations from different regions (Fig. 2, Right). Although many
loci associated with the onset of reproduction were shared be-
tween the NE and NW Atlantic herring populations, there were
certain genomic regions unique to each geographic region (Fig. 4
A and B). Apart from the timing of reproduction, spring- and
autumn-spawning populations need to adapt to a variety of other
ecological factors not considered in this study. The differentiated
loci between spring and autumn spawners not shared between
NE and NW Atlantic populations most likely reflect such local
adaptations. The list of loci showing differentiation between
spring and autumn spawners, the genes in their vicinity, and
additional annotations of these regions are in Dataset S2.

Evidence of Parallel Evolution at TSHR, a Major Locus Associated with
Timing of Reproduction. TSHR, encoding thyroid-stimulating
hormone receptor, has a key role in photoperiodic regulation
of reproduction in birds and mammals (24–26). The TSHR re-
gion showed the most significant difference in allele frequency
between spring and autumn spawners in both the NE and NW
Atlantic populations (Fig. 4A). The signatures of genetic differ-
entiation within the ∼120-kb block around TSHR were strikingly
similar in the NE and NW Atlantic populations (Fig. 4C). All
autumn- and spring-spawning populations clustered separately,
regardless of their geographic origin, in a neighbor-joining tree
based on allele frequency data on 940 SNPs from this ∼120-kb
region (Fig. 4D).
To reveal the haplotype structure at the TSHR locus, we used

our whole-genome resequencing data of individual fish
(16 spring-spawning and 9 autumn-spawning herring from NE
Atlantic populations, 6 spring-spawning and 6 autumn-spawning
herring from NW Atlantic populations, and 6 Pacific herring
individuals as an outgroup). These data were used to generate a
maximum likelihood tree for haplotypes at the 120-kb TSHR
region (Fig. S3). Consistent with the results from pooled DNA
sequencing (Fig. 4D), haplotypes from spring- and autumn-
spawning individuals clustered as two distinct groups, and there
was no clear substructuring related to geographic origin. The
short branch lengths for TSHR haplotypes in spring spawners
most likely reflect a recent selective sweep.
Two SNPs (upstream of TSHR) were found to be the most

differentiated in the spring vs. autumn spawning contrast in both
the NE and NW Atlantic herring populations (Fig. 4B). We
generated phylogenetic conservation scores around these sites by
comparing nine fish genomes, including Atlantic herring from
our previous study (11). One of these SNPs (Scaffold1420:
133,030 bp) overlapped a conserved region. These highly dif-
ferentiated TSHR SNPs are candidate mutations that may reg-
ulate TSHR expression in cells that are critical for the initiation
of reproduction.

Haplotype Sharing Between Spring-Spawning and Autumn-Spawning
Oceanic Herring Populations. We compared allele frequencies
across all populations of herring at the loci showing highly sig-
nificant differences in allele frequency between spring and
autumn spawners, partly to explore whether the same alleles
were associated with spawning time across the North Atlantic
Ocean. The heat maps summarizing these data show two distinct
patterns that we designate “A” and “B” (Fig. 5A). For loci be-
longing to pattern A, including the TSHR locus, differences in
allele frequency between spring- and autumn-spawning herring
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were remarkably consistent, independent of geographic origin.
In contrast, in pattern B, involving SNPs located on eight dif-
ferent genomic scaffolds, the two oceanic spring-spawning
herring populations sampled along the coasts of Norway
(AB1) and Iceland (AI) were fixed for the same alleles as the
autumn spawners from the NW and NE Atlantic, whereas the
alternative alleles dominated in the majority of spring-spawning
populations from both sides of the Atlantic (including the
Baltic Sea) (Fig. 5A). Six of these eight genomic scaffolds in-
clude members of the myosin heavy chain (MYHC) gene family.
Intermediate allele frequencies at the majority of these loci
were observed in the two samples from Skagerrak (SB and SH),
the transition area between the North Sea and the Baltic Sea
(Figs. 1 and 5A).
A comparison with Pacific herring indicated that autumn

spawners carried the ancestral allele at the great majority of
SNPs (70.1%) belonging to pattern A, whereas they were asso-
ciated with the derived allele at the majority of loci (69.9%)
belonging to pattern B (Fig. 5A). The difference in the pro-
portion of derived alleles associated with autumn spawning in
patterns A and B is highly significant (P = 2.0 × 10−18, Fisher’s
exact test) and is most likely explained by linkage drag when
alleles under selection have increased in frequency.
We further investigated individual haplotypes at the eight

scaffolds associated with pattern B (Fig. 5B) in 43 fish, including
spring and autumn spawners from both sides of the Atlantic and
six Pacific herring (Table 1). These eight loci showed very strong
linkage disequilibrium across populations even though they
are spread in several genomic regions. All autumn-spawning

herring were essentially fixed for the same allele associated
with spawning season, whereas more heterogeneity was detected
in spring-spawning populations (Fig. 5B). For example, consider-
able heterogeneity was observed in a spring-spawning population
from the Baltic Sea (BH). If this heterogeneity represented se-
quence polymorphisms in a randomly mating population, one
would expect that heterozygosity at these 189 SNPs from eight
different scaffolds would be distributed more or less randomly
among individuals, but in the BH population two individuals
were heterozygous at most positions, and five individuals were
essentially homozygous at all positions. Thus, a possible expla-
nation is that the heterozygous fish represent hybrids between
populations fixed for different alleles at these genomic regions.
Similarly, in a spring-spawning population from the NW Atlantic
(WFB) (Table 1), one fish was mostly homozygous for the
autumn-spawning alleles, and the other was heterozygous at
most diagnostic sites. The latter fish also was heterozygous at the
TSHR locus (Fig. S3). The four individuals from the other two
spring-spawning populations from the NW Atlantic (WInB and
WNsS) were all homozygous for spring-spawning alleles (Fig.
5B). The eight fish sampled in spring 2013 close to Bergen,
Norway (AB2) showed considerable heterogeneity at these eight
loci, in contrast to the homogeneity observed in the sample
AB1 collected in the same geographic area in February 1980
(Fig. 5A). Some fish were homozygous either for alleles associ-
ated with spring spawning or for alleles abundant in autumn-
spawning and oceanic herring, whereas others had mixed
haplotypes. It is possible that the AB2 sample represents a mix of
individuals coming from different spring-spawning populations
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Fig. 3. Comparison of genetic differentiation
among herring populations vs. the differentiation
expected under genetic drift. The observed distri-
bution is based on 50,000 randomly selected SNPs,
and the simulated data are based on the same
number of selectively neutral loci. Histograms show
FST values in the simulated and observed datasets
among all 25 Atlantic herring populations from both
sides of the Atlantic Ocean (A) and in 24 populations
excluding the WFB population (B). The right tail of
the distribution is highlighted in the insets.
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in Norway and their hybrids. Interestingly, data on somatic
growth patterns and morphometric measurements indicated that
interbreeding has occurred in the last 50 y between a resident,
coastal spring-spawning population and the migratory, oceanic
Norwegian spring-spawning herring (27); the sample AB1 in the
current study is expected to represent this latter stock (Fig. 5A).
This interbreeding likely took place after the collapse of the
oceanic Norwegian spring-spawning population caused by over-
fishing in the late 1960s.

Validation of Loci Associated with Spawning Season. The genome-
wide scans used for the detection of genetic differentiation
among herring populations were based on the comparison of
allele frequencies estimated from pooled DNA-sequencing data.
Such data can be prone to biases caused by various factors, such
as sequencing and mapping errors or differences in library or
sequencing protocols, that could lead to uneven read depth
distribution among loci and populations which could affect allele
frequency estimates (28). Hence, to validate the results from
pooled DNA sequencing, we genotyped a subset of highly dif-
ferentiated SNPs between spring- and autumn-spawning pop-
ulations in 377 individual fish (about 30 individuals from each of
13 populations). A total of 103 SNPs were selected using the
following criteria: (i) those showing a consistent association with
spawning time across the Atlantic and (ii) those unique to the
NE or NW Atlantic. The individual genotyping results were

consistent with the genetic signatures detected by pooled se-
quencing (Fig. S1).
For SNPs shared between the NE and NW Atlantic pop-

ulations, the spring spawners tended to carry one haplotype and
the autumn spawners tended to carry the alternative haplotype
regardless of geographical location (Fig. S1A). For SNPs
uniquely associated with spawning time in the NE Atlantic, there
were two clear patterns (Fig. S1B). In the first pattern, the
autumn spawners from the North Sea carried unique haplotypes
not seen in any other population. In the second pattern, spring
and summer spawners from the locations Gävle (BÄV and BÄS)
and Kalix (BK) in the Baltic Sea (Table 1) shared a unique
haplotype. For SNPs unique to the NW Atlantic, there was also a
set of SNPs showing consistent differences between spring- and
autumn-spawning populations only within the NW Atlantic (Fig.
S1C). Some individuals from the autumn-spawning North Sea
(NS) population segregated for some of these alleles present in
the autumn-spawning populations in the NW Atlantic, whereas
autumn-spawning herring from the Baltic Sea as well as all
spring-spawning herring from the NE and NWAtlantic tended to
be fixed for the alternative alleles.

Validation of Loci Associated with Adaptation to Low Salinity in the
Brackish Baltic Sea. In our previous study (11), we identified about
3,000 SNPs representing about 100 independent genomic regions
showing the most consistent correlation of allele frequencies
with salinity by comparing populations adapted to the brackish
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Baltic Sea and the marine NE Atlantic (Dataset S3). The loci
that are directly related to adaptations to low salinity are also
expected to show strong genetic differentiation between the
populations from the Baltic Sea and the NW Atlantic but not
between the NE and NW Atlantic, where salinity is the same
(35‰). To test this possibility, we calculated delta allele fre-
quencies (dAF) between pairwise comparisons of Baltic, NW
Atlantic, and NE Atlantic populations. The results showed that
as many as 94.4% of the loci that showed a dAF >0.2 between
the Baltic and NE Atlantic populations also showed a dAF >0.2 in
the comparison of the Baltic vs. NW Atlantic populations (Fig.
S2A). In contrast, few of these loci (12.7%) showed a dAF >0.2 in
the contrast between the NE and NW Atlantic populations (Fig.
S2B). Thus, the great majority of loci showing a consistent as-
sociation with differences in salinity reported in our previous
study were supported using the data from the NW Atlantic
populations. The statistical support for differences in allele fre-
quency in different pairwise comparisons among these groups is
given in Dataset S3.
We previously identified a copy number variation (CNV) over-

lapping the gene for high choriolytic enzyme (HCE) that correlated
with salinity. Populations from the brackish Baltic Sea (3–12‰)
had a high copy number, whereas populations from marine waters
in the NE Atlantic (20–35‰) had a relatively low copy number. As
expected, all six NW Atlantic populations (35‰) showed a low
copy number at this locus (Fig. S2C).

Discussion
Independent populations that are exposed to similar environ-
mental conditions often evolve similar phenotypic traits. There
are widespread examples of such parallel evolution in nature,
and in some cases the genetic basis is known to some extent (e.g.,
refs. 5, 8, and 29). The Atlantic herring provides an opportunity
to study the genetic basis of such repeated parallel evolution in
geographically distant populations. In this study, we have dem-
onstrated that genetic variants associated with adaptation to
different spawning times (spring and autumn) are shared to a
large extent among geographically distant populations of herring.
This finding resembles the reuse of standing genetic variation for
adaptation to marine and freshwater environments in the
threespine stickleback (5). Thus, even though autumn-spawning
herring from the Baltic Sea, the North Sea, and the NW Atlantic
show genetic differentiation related to other traits (e.g., salinity)
they share very similar haplotypes at loci that are strong candi-
dates for underlying the timing of reproduction. This haplotype
sharing implies that these variants were present in a common
ancestor of these subpopulations or that they have been spread
among populations via gene flow. The different populations are
too closely related to allow us to distinguish efficiently which of
these scenarios has been more important, but the very low levels
of genetic differentiation among the 25 population samples in-
cluded in this study (FST = 0.026) suggests a lack of reproductive
isolation throughout the species range. This result is in sharp
contrast to the situation for the Atlantic salmon, which shows
strong genetic differentiation between populations from differ-
ent continents (30, 31).
We identified a total of six independent loci that show a

consistent association with spawning time across populations
from the NW and NE Atlantic Ocean as well as in the brackish
Baltic Sea (Fig. 4A and Dataset S1). It is likely that these loci
contribute to how the timing of reproduction is determined,
because one of the main environmental cues for the timing of
reproduction, the change in day length, should be the same on
both sides of the Atlantic. In contrast, the loci that are associated
with spawning time only in one geographic region may reflect
local adaptation. However, at present, the allele substitution
effects at these six loci and the extent to which spawning time is
genetically determined are unknown.

The TSHR locus shows the most convincing association with
spawning time, because the two SNPs located upstream of this
gene exhibit the most significant difference in allele frequency on
the two sides of the Atlantic (Fig. 4B). We propose that one of
these, if not both, is a causative change. Another interesting
finding is the large haplotype block around TSHR, about 120 kb
in size (Fig. 4C), associated with spawning time in contrast to the
very rapid decay of linkage disequilibrium in parts of the herring
genome not associated with ecological adaptation (11). The large
haplotype block may be maintained by an inversion or, more
likely, by the presence of multiple causative mutations across the
associated region. In our previous study (11) we found no indi-
cations for the presence of an inversion at the TSHR locus, but
the ability to detect inversions using short insert, paired reads is
limited. The branch lengths in the phylogenetic tree for TSHR
haplotypes associated with spring spawning are much shorter
than the branch lengths for the haplotypes associated with
autumn spawning, implying a more recent coalescence time for
the former ones (Fig. S3). These data indicate that a relatively
recent selective sweep has occurred in this region and that spring
spawning may be a derived trait in the herring. There is, in fact, a
clear trend that spring-spawning haplotypes also carry the de-
rived allele at many of the SNPs (70.1%) showing the most
consistent association with spawning time (Fig. 5A, pattern A);
the derived state was deduced using the Pacific herring as an out-
group. Furthermore, phylogenetic trees generated from individual
haplotypes for other loci showing strong association with spawning
time also showed a general trend for a shorter coalescence time
for spring-spawning haplotypes (Fig. S3). Thus, we propose that
autumn spawning is the ancestral state in Atlantic herring.
Three of the loci showing the most consistent association with

spawning time in herring contain genes (TSHR, SOX11, and
CALM) with an established role in photoperiodic regulation of
reproduction in birds and mammals (24–26, 32, 33). Functional
studies are now required to confirm that these candidate loci also
contribute to photoperiodic regulation of reproduction in her-
ring. The robust associations reported here provide a unique
opportunity to dissect the underlying molecular mechanisms for
how increasing (spring) or decreasing (autumn) day length is
translated to the initiation of spawning in different populations.
The estrogen receptor beta 2 locus (ESR2A) has never been
implicated in photoperiodic regulation of reproduction but has
an established role in reproductive biology (34). Other loci that
also have very convincing associations with spawning season,
such as HERPUD2 (homocysteine-responsive endoplasmic
reticulum-resident ubiquitin-like domain member 2) and SYNE2
(spectrin repeat containing nuclear envelope protein 2), have no
known role in reproduction. Further studies on these associa-
tions provide an opportunity to establish new functional roles for
these genes. SYNE2 is, in fact, the neighboring gene to ESR2 in
all vertebrates sequenced to date, and the peaks of association in
the two genes are only about 100 kb apart but are clearly sepa-
rated by a region of weaker association (Fig. S4). It is an open
question whether the SYNE2 association is related to SYNE2
function or if the region harbors long-range regulatory elements
controlling ESR2 expression (or vice versa). An association study
such as this one reveals the location of causal mutations, but if
these mutations are regulatory, the target gene(s) showing al-
tered expression may be located outside the associated region.
One of the most interesting observations in this study was the

unexpected haplotype sharing between spring-spawning and
autumn-spawning oceanic populations. Members of the MYHC
gene family were overrepresented in these regions. There are
23 annotated MYHC genes in the current herring genome as-
sembly, and as many as six (26%) of these are located in these
regions that constitute only 0.04% of the assembly. MYHC genes
play a critical role for myogenesis (35). Previous studies have
indicated that herring populations spawning at various times of
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the year have a variable degree of developmental plasticity as
regards myogenesis (36) and that differences in water temperature
between spawning seasons are considered responsible for differen-
tial myogenesis in herring (37). Further research is required to re-
veal the ecological adaptation underlying the observed association.
This study has important practical implications for herring

fishery in the NW Atlantic because it provides genetic markers
that can distinguish spring- and autumn-spawning herring out-
side the breeding season. Such a diagnostic method could be
applied to develop a more sustainable fishery by optimizing the
intensity of fishing among stocks according to their abundance.

Materials and Methods
Sample Collection and DNA Extraction. Total genomic DNA was extracted from
muscle tissue of 287 maturing individuals or individuals in spawning condition
collected during the spawning season in 2014 at six localities on the east coast of
Canada (NW Atlantic), from Newfoundland to the Scotian Shelf (Fig. 1 and
Table 1). Tissue samples were stored in 95% ethanol at −20 °C until DNA iso-
lation was performed following a standard phenol:chloroform:isoamyl alcohol
protocol. DNA concentrations were measured as nanograms per microliter
using the Quant-iT PicoGreen dsDNA Assay (Thermo Fisher Scientific) in a Roche
LightCycler 480 Instrument. The integrity of DNA samples was verified with
agarose gel electrophoresis and a molecular ladder in which nondegraded
genomic DNA corresponds to a high-molecular-weight band around 23 kb.

Whole-Genome Resequencing and Variant Calling. Genomic DNA of 41–50 in-
dividuals per population were pooled in equimolar concentrations, resulting
in six DNA pools, one per population. An aliquot of each pool was used for
independent library preparations using the TruSeq Nano Illumina kit (Illu-
mina). Fragment size selection was performed, in accordance with the in-
structions of the manufacturer using AMPURE beads, for an insert size
between 450–550 bp. Each population library was paired-end sequenced at
126 cycles in one lane of a HiSeq-2500 sequencer to obtain a depth of cov-
erage of >30× per pool. The quality of the raw reads was evaluated using
FastQC v.10.1 (Brabraham Bioinformatics) (38), and low-quality reads were
trimmed using Trimmomatic v.0.33 (39). The trimming of reads followed a
sliding-window approach by which a read was cut at the 3′ end when the
average PHRED33 quality score fell below 20 within a 5-bp window.
Remaining Illumina adapter sequences were removed using the function
ILLUMINACLIP (settings 2:30:10) implemented in Trimmomatic. Only pairs in
which both reads were recovered after the quality-trimming step were used
for downstream analysis.

The high-quality trimmed reads were aligned to the reference herring
genome assembly (11) using default parameters of the algorithm BWA-MEM
(v.0.6.2) (40). The sequences of the six NW Atlantic populations, together
with the data of 19 Baltic Sea/NE Atlantic populations and one Pacific her-
ring population from our previous study (11) were used to call SNP variants
across all 26 populations. We followed the recommended workflows of the
GATK tool (41, 42) for variant discovery. The raw variant calls were filtered
using a stringent in-house filtering pipeline set up in our previous study (11).
Various standard quality scores generated by GATK, such as SNP quality,
mapping quality, base quality, mapping quality rank sum, read positions rank
sum, allele frequency, and minimum and maximum read depth, were used to
set up filtering parameters according to GATK best-practices recommenda-
tions (43). The cut-offs of these quality scores were chosen based on their
genome-wide distributions. In addition, because the sequence data of the NE
and NWAtlantic pools were generated at two different places (the NE Atlantic
pool in Uppsala and the NW Atlantic pools in Halifax, Canada), there was a
possibility of inflated genetic differentiation between the NE and NW Atlantic
because of sequencing platform-specific technical bias. Hence, we applied
more stringent hard filtering of these SNP quality scores, particularly while
analyzing data for phylogenetic and NE vs. NW comparisons. Because indi-
vidual sequencing for all NE and NW samples was done in Uppsala, we also
used these individual data to evaluate the SNP calls from pooled DNA to ex-
clude false calls that were specific to a sequencing platform.

To explore the haplotype structure at highly differentiated genomic re-
gions, we performed further whole-genome resequencing of 27 individuals
that included 12 samples from the NW Atlantic (two from each population
used for pooled sequencing) and nine autumn-spawning samples from theNE
Atlantic (Table 1). In addition, we also sequenced six individual Pacific her-
ring samples to be used as outgroup (Table 1). Sequencing libraries were
constructed with average fragment size of 400 bp, and 2 × 150-bp paired-end
reads were generated using the Illumina HiSeq 2500 sequencing platform.
Each library was sequenced to an ∼10× depth of coverage per individual. We

combined these data with the whole-genome resequencing data of 16 spring-
spawning NE populations (Table 1) from our previous study (11). The quality
trimming, sequence alignments, and variant calling were done using a pipeline
similar to that used for pooled sequencing described above.

Genome-Wide Screens for Genetic Differentiation. We separately combined
the read depth count per SNP from the pooled sequencing data of three
spring-spawning and three autumn-spawning NW Atlantic populations,
obtaining two separate superpools, one for spring and one for autumn. Then
we compared the allele frequency differences SNP by SNP between the
superpools using a 2 × 2 contingency χ2 test. We compared these results with
the similar comparisons of autumn vs. spring spawners from the NE Atlantic
populations of our previous study (11). In addition to the contingency χ2

tests, we also screened for genetic differentiation using commonly used
methods such as FST and pooled heterozygosity (44). The SNPs showing
highly significant differentiation were clustered into independent genomic
regions as described (11).

Simulations of Genetic Drift. The simulations aimed at assessing the expected
distribution of FST under selective neutrality were conducted as in our pre-
vious paper on divergence among herring populations in the NE Atlantic
(12). In brief, we used a slightly modified version of the Powsim software
(45) that mimics sampling from populations at a predefined level of
expected divergence through random number simulations under a classical
Wright–Fisher model without migration or mutation. An infinitely large
base population segregating for a specified number of independent, selec-
tively neutral loci is divided into s subpopulations of equal effective size (Ne)
through random sampling of 2Ne genes. Each of the subpopulations is
allowed to drift for t generations, and the expected degree of divergence in
generation t is then FST = 1 −(1 − 1/2Ne)

t (46). The populations are sampled
when the expected degree of differentiation has been reached; then FST (23)
is calculated for each locus, and the distribution of simulated FST values is
compared with the observed one.

To reduce statistical noise in the observed distribution, we restricted the
analysis to SNPs that had 40–45 reads in all populations and calculated the FST
for a random sample of 50,000 of these SNPs. The corresponding simulation
was run with effective sizes of Ne = 5,000, the number of loci (SNPs) was
50,000, and the time of divergence (t) was set to result in an expected FST
identical to the average of that found in the observed distribution.

Phylogenetic Analysis. Genetic divergence between populations was calcu-
lated using PLINK (47), and phylogenetic trees based on allele frequencies
estimated from pooled sequencing data were generated using PHYLIP (48).
Genetic distances were calculated using an identity by state (IBS) similarity
matrix (Dataset S4). The bootstrapping of the phylogenetic tree was done
using the Phylip Seqboot package (48). The phased haplotypes were gen-
erated from the genomic regions showing high differentiation among
populations using BEAGLE (49), and maximum likelihood haplotype trees
were built generated using FastTree (50).

CNV Analysis of the HCE Locus. We used GATK:DepthOfCoverage to extract
the read depth coverage of all populations. All reads with mapping quality
below 20 were filtered out. We then generated 1-kb nonoverlapping win-
dows and normalized them against the AB1 pool that had the highest se-
quence coverage among all samples in our previous study (11). We scanned
the genome to identify CNV between autumn and spring spawners from
both side of Atlantic by selecting the following populations:

i) Autumn spawners: WBoB, WGeB, WNsF, BF, BAH, and NS
ii) Spring spawners: WFB, WInB, WNsS, BAV, BH, and AB1

After filtering windows with low depth, we compared both groups in
715,093 windows by ANOVA.

Genotyping Individual Fish in a Subset of SNPs. To validate the candidate loci,
we genotyped 384 individuals (192 from the NW Atlantic and 192 from the
NE Atlantic populations), using a Sequenom SNP panel. To do so, we chose
105 SNPs with the following three criteria: (i) 35 SNPs showing highly sig-
nificant differences in allele frequency between autumn- and spring-
spawning populations that are shared in herring from the NW and NE Atlantic
populations; (ii) 35 SNPs that are unique to herring from the NE Atlantic and
show highly significant differences in allele frequency between autumn- and
spring-spawning populations; and (iii) 35 SNPs that are unique to herring from
the NW Atlantic and show highly significant differences in allele frequency be-
tween autumn- and spring-spawning populations.
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The genotype data were analyzed for standard quality control using PLINK
(47). SNPs with missing genotypes in >10% of the individuals were excluded.
Similarly, individuals that had missing genotypes in >10% of SNPs were
excluded. One hundred three SNPs genotyped in 377 individuals passed
these thresholds and were used for the subsequent downstream analysis.
The allele frequency estimates from individual genotyping were compared
with the estimates from pooled whole-genome sequencing. The genotyping
results were consistent with the results based on pooled sequencing. The
correlation coefficients of allele frequency estimates from individual and
pooled sequencing were in the range r = 0.95–0.97 in respective pop-
ulations. The haplotype structures of the candidate loci based on Sequenom
genotyping of individual fish resembled those generated by pooled se-
quencing (Fig. 4 and Fig. S2).
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