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The Atlantic herring (Clupea harengus), one of the most abundant
marine fishes in the world, has historically been a critical food
source in Northern Europe. It is one of the few marine species that
can reproduce throughout the brackish salinity gradient of the Baltic
Sea. Previous studies based on few genetic markers have revealed
a conspicuous lack of genetic differentiation between geographic
regions, consistent with huge population sizes and minute genetic
drift. Here, we present a cost-effective genome-wide study in a spe-
cies that lacks a genome sequence. We first assembled a muscle tran-
scriptome and then aligned genomic reads to the transcripts, creating
an "exome assembly,” capturing both exons and flanking sequences.
We then resequenced pools of fish from a wide geographic range,
including the Northeast Atlantic, as well as different regions in the
Baltic Sea, aligned the reads to the exome assembly, and identified
440,817 SNPs. The great majority of SNPs showed no appreciable
differences in allele frequency among populations; however, several
thousand SNPs showed striking differences, some approaching fixa-
tion for different alleles. The contrast between low genetic differen-
tiation at most loci and striking differences at others implies that the
latter category primarily reflects natural selection. A simulation study
confirmed that the distribution of the fixation index Fsr deviated
significantly from expectation for selectively neutral loci. This study
provides insights concerning the population structure of an impor-
tant marine fish and establishes the Atlantic herring as a model for
population genetic studies of adaptation and natural selection.
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he Atlantic herring is a pelagic fish that constitutes an

enormous biomass in the North Atlantic waters. The number
of fish in a school of Atlantic herring may exceed 1 billion. It has
a key role in the North Atlantic ecosystem and constitutes the
major prey for many marine mammals, birds, squid, and other
fishes. Herring has been a critical food resource in Northern
Europe, and its major utility at present is for producing fish feed
for the aquaculture industry, in addition to direct human con-
sumption. It is one of the few marine species that is able to re-
produce in both the saline Atlantic and throughout the brackish
Baltic Sea (Fig. 14). It, thus, shows adaptation to a well-defined
environmental variable (salinity) that must have taken place
within the last 16,000 y, subsequent to the last glaciation (Fig.
1B). Since medieval times, the herring in the Gulf of Bothnia and
Central Baltic Sea has been named “Baltic herring” (in Swedish
“stromming”), based on its distinct phenotype (e.g., smaller size
and lower fat content compared with the herring in the Atlantic).
Linnaeus (1) classified the Baltic herring as a subspecies, Clupea
harengus membras (L.), of the Atlantic herring (Clupea harengus,
L.). Genetic adaptation in the herring may also occur because of
differences in spawning time, temperature (2), light conditions
(3), feed resources, predators, or other variables. For instance,
the Atlantic herring is an important prey for whales in the At-
lantic Ocean, predators that are not present in the Baltic Sea.

www.pnas.org/cgi/doi/10.1073/pnas.1216128109

An accurate description of the population structure of the
Atlantic herring is crucial for sustainable utilization of this impor-
tant species. However, the degree of genetic differentiation among
stocks is largely unknown. Early studies based on a dozen isozyme
loci revealed conspicuously low levels of genetic differentiation
between geographically distant and morphologically distinct forms
(4, 5). More recent studies using microsatellites and a limited
number of SNPs confirmed this pattern, but one microsatellite and
16 SNPs showed significant genetic differentiation between regions
consistent with selection acting at a subset of loci (2, 6-8). Here, we
expand these analyses by analyzing patterns of genetic differen-
tiation on a genome-wide scale and identifying genetic markers
likely to be under selection that control phenotypic variation.

Ideally, a genome-wide analysis requires access to a high-
quality draft genome; however, the construction of such an as-
sembly for a large genome like the herring, on the order of 900
Mbp (9), is still a major undertaking. Whereas it is easy to gen-
erate sufficient sequence coverage of the genome through high-
throughput technologies, constructing the long jumping libraries
required to bridge highly repetitive regions, and to correctly order
contigs along the chromosome, remains a technical challenge.
Here, we applied a strategy that does not require a high-quality
draft genome: combining a transcriptome assembly with whole-
genome shotgun sequencing allows for constructing an “exome
assembly” (i.e., exons obtained from assembled mRNA tran-
scripts with flanking sequences derived from genomic reads) and
then perform a genome-wide screen for genetic polymorphisms.
This approach enabled a comprehensive analysis that allowed us
to make a major advance with regard to the genetic character-
ization of the Atlantic herring. We identified over 440,000 SNPs
and found strong genetic differentiation at a small fraction of these
(about 2-3%), which can only be explained by natural selection.

Results

Transcriptome Analysis and Exome Assembly. Skeletal muscle
mRNA was isolated from a single Baltic herring caught in the
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Description of sample collection and experimental design. (A) Map with sample localities and the gradient of salinity, from 3%o in the inner Gulf of

Bothnia to >30%o in the Atlantic Ocean. The abbreviations of sample localities are given in Table 1. (B) The development of the Baltic Sea is usually divided in
four different periods. The earliest is the Baltic Ice Lake (16,000-11,600 B.P.), a freshwater basin, followed by the Yoldia Sea (11,600-10,700 B.P.) that includes
a brackish phase. Subsequently, the freshwater Ancylus Lake (10,700-8,500 B.P.) occurred, followed by the Littorina Sea (8,500 B.P. to present) when the Baltic
Sea turns brackish again (20). High-resolution strontium isotope analyses of mollusc shells indicate that the salinity in the first phase of the Littorina Sea
(7,130-2,775 B.P.) was around 12%. compared with ~7%. today (21). (C) Construction of the exome assembly and SNP calling. First, RNA seq reads were
assembled into transcript contigs using Trinity (10). Second, genomic reads from one population were aligned to the transcript contigs to generate exome
contigs. Third, SNP calling was performed after aligning genomic reads from pooled samples to the exome assembly.

archipelago of Stockholm (Sweden). We generated a total of
116 million reads of 101 bp in size and de novo assembled
these data into a transcriptome using Trinity (10). We then
aligned genomic reads from one of the samples described

below (Gulf of Bothnia) to the transcripts, thus extending the
transcriptome into an exome assembly. This strategy allows
for identifying intron/exon boundaries (Fig. S1) and also
provides better alignability of genomic reads at exon/intron

Table 1. Information about samples of Atlantic and Baltic herring collected during the period 1978-1980
Position
Date
Locality* Sample N E Salinity (%0) (yy/mm/dd) Spawning season P’ H*
Baltic herring
Gulf of Bothnia (Kalix) BHK 65°52" 22°43' 3 800629 Spring 848 22.6
Central Baltic Sea (Vaxholm) BHV 59°26’ 18°18’ 6 790827 Spring 83.3 227
Central Baltic Sea (Gamleby) BHG 57°50° 16°27’ 7 790820 Spring 85.5 23.1
Atlantic herring
Southern Baltic Sea (Fehmarn) AHB 54°50" 11°30’ 12 790923 Autumn 89.0 23.2
Kattegat (Traslovslage) AHK 57°03" 12°171 20 781023 Spring 84.1 229
Skagerrak (Hamburgsund) AHS 58°30" 11°13’ 25 790319 Spring 86.6 23.0
North Sea AHN 58°06" 06°10’ 35 790805 Autumn 87.0 229
Atlantic Ocean AHA 64°52"  10°15’ 35 800207 Winter-spring 86.6 22.8

AHA, Atlantic herring Atlantic Ocean; AHB, Atlantic herring Southern Baltic Sea; AHK, Atlantic herring Kattegat; AHN, Atlantic
herring North Sea; AHS, Atlantic herring Skagerrak; BHG, Baltic herring Gamleby; BHK, Baltic herring Kalix; BHV, Baltic herring

Vaxholm.

*Places where the sample was landed (if known) are given in parenthesis.
"Proportion of the total SNPs that have read support for both alleles in each sample.
*Average heterozygosity = sum of [2:p-(1 — p)] for all SNPs + total number of SNPs, where p is the frequency of the most common allele.
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Fig. 2. Analysis of genetic relationships and simulation analysis of the Fsr distribution. (A) Examples of SNPs showing no significant (C14186P631) and highly
significant (C3617P160) genetic differentiation among localities. (B and C) Phylogenetic tree analysis based on all markers (B) and based on those showing
highly significant genetic differentiation (C). (D) Cumulative distribution of observed and simulated (assuming neutrality) Fst values. (E and F) Histogram of
Fst values in the simulated (E) and observed (F) dataset (note the truncated y axis). (G) Clustering of individual herring using fineSTRUCTURE (11) based on
individual SNP genotype data for 1,583 loci. The number of individual herring of each category placed in the same cluster is given in parenthesis. The size of
the bars reflects the number of individuals in each cluster as indicated by the scale bar. Abbreviations for name of localities are given in Table 1.

borders in the SNP pipeline (Fig. 1C). The statistics of the  Whole-Genome Sequencing of Pooled Samples. We sequenced eight

transcriptome and exome assembly are summarized in  pools of 50 fish each from different geographic locations that
Table S1. were sampled during 1979-1980 (5) (Fig. 14), and each pool was
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sequenced to about 30-fold genome coverage. We aligned the
reads to the exome assembly and estimated allele frequencies for
a total of 440,817 SNPs identified by our SNP calling pipeline
(Fig. 1C). The proportion of polymorphic loci and the expected
heterozygosities were very similar across populations (Table 1),
consistent with low genetic dlfferentlatlon between regions. For
the great majority of loci, contingency y” tests did not reveal any
significant allele frequency differences among samples (Fig. 24).
A phylogenetic tree based on all SNPs indicated a star-like
phylogeny, consistent with low genetic differentiation (Fig. 2B),
although there was a weak phylogenetic signal in the tree with
the three samples of Baltic herring clustered on one side of the
tree and the Atlantic Ocean and North Sea samples at the other
side. A small set of SNPs (n = 3 847) showed highly significant
genetic differentiation (P < 107'"; Table S2 and Fig. 24), and
a phylogenetic tree built from these SNPs shows clear separation
of populations (Fig. 2C). We refer to these SNPs as “outlier”
SNPs and those that did not show a significant genetic differen-
tiation as “neutral”; the latter does not strictly mean that they are
selectively neutral, only that they were associated with genomic
regions that did not show genetic differentiation in this study.

Comparison of the Observed and a Simulated Distribution of Fsy
Values. To investigate whether the observed genetic differentia-
tion is primarily driven by drift or selection, we performed a
simulation study to explore whether the distribution of the fixa-
tion index Fsr in our data are consistent with the expectation for
selectively neutral loci. To reduce the sampling variance in Fgr
values, we restricted this analysis to those 36,794 SNPs repre-
sented by at least 40 reads in each population. We then per-
formed a simulation study based on eight subpopulations, each
with an effective population size of 10,000 individuals that had
been separated for 451 generations, resulting in an average Fgsr
identical to the one observed (Fsy = 0.022). There was, in
general, good agreement between the observed and simulated
data (Fig. 2D). About 90% of the loci, both in the simulated and
observed data, had low Fgt values in the range 0-0.05. However,

there was a highly significant excess (P = 0) of loci with extreme
Fgr values in the real data compared with the simulation (Fig. 2
E and F), indicating that selection is the dominant force causing
genetic differentiation. For example, 200 loci in the observed
data had Fst > 0.1883, whereas none was found in the simulated
data. Furthermore, 3.7% of the loci in the observed data (n =
1,350) had Fst > 0.0849, whereas the corresponding value in the
simulated data were 1% (n = 368). We conclude that 2-3% of the
loci in our genome-wide screen show more genetic differentiation
than is expected under a selectively neutral genetic drift model.

SNP Genotyping of Individual Fish. We validated the sequence-
based allele frequency estimates by individual genotyping of the
same fish as used for pooled sequencing. A total of 1,244 neutral
and 1,583 outlier SNPs were successfully genotyped in the ma-
jority of the 400 individuals (Table S3). There was a strong
correlation between the two types of allele frequency estimates
(Fig. S2). A cluster analysis based on individual SNP data did not
reveal any clustering at all for the neutral SNPs, whereas we
observed striking clustering using the outlier SNPs, albeit not in
perfect agreement with the tree based on allele frequency esti-
mates from sequencing pooled DNA samples as expected (Fig.
S3). We also used fineSTRUCTURE (11) for an unbiased search
of genetic similarities among the 400 individuals included in
this study. This software did not reveal any significant clustering
of individuals when we used the 1,244 neutral SNPs. In sharp
contrast, the outlier SNPs revealed a remarkable clustering of
fish by proximity of location (Fig. 2G). All fish classified as Baltic
herring formed one major group that clustered with Atlantic
herring sampled from Kattegat, close to the straight in which
saltwater from the Atlantic mixes with brackish water coming out
of the Baltic Sea (Fig. 14), whereas all other samples of Atlantic
herring formed the other major group. A unique genetic status of
the Atlantic herring population in the North Sea/Baltic Sea
transition zone was recently noted also by Limborg et al. (2).
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Pattern of Genetic Differentiation Among Herring Populations.
Having established that a small percentage of the loci detected
in this study show more genetic differentiation than expected from
genetic drift, we set out to explore the %enome-wide distribution
of the most significant loci (P < 107'%); these included 3,847
SNPs with Fgr values in the range of 0.09-0.91. To investigate
possible genomic colocation of the SNPs in the absence of
a genome assembly for the herring, we gained a preliminary
view by first extracting the transcripts associated with outlier
SNPs and then mapping the transcripts onto the orthologs in the
stickleback (Gasterosteus aculeatus) genome (12) (Fig. 34), tak-
ing advantage of the high degree of conserved synteny among
teleost fish (13). Loci under selection in the herring are spread
across the stickleback genome but with some clustering. Three
prominent clusters included 64 SNPs in a block containing 20
genes on stickleback chromosome VIII, 51 SNPs in 10 genes on
stickleback chromosome XIII, and 98 SNPs in 14 genes on stick-
leback chromosome XIV. In particular, the loci in the chromo-
some XIV cluster showed a remarkable pattern of variation in
which the allele frequencies were very similar across loci within
populations. This pattern is even more striking when plotting
the allele frequencies for SNPs that have been genotyped in in-
dividual fish (Fig. 3B). An examination of individual genotypes
showed that the region is divided into three blocks in which the
linkage disequilibrium (LD) among loci approaches 100% (Fig.
S4A), explaining the similarity in allele frequencies across loci.
The samples from Southern Baltic Sea (autumn-spawning At-
lantic herring), North Sea, and the Atlantic Ocean were close to
fixation for the same alleles at these loci, whereas these alleles
constituted the minor allele at most loci in the three samples of
Baltic herring and in the Kattegat (the straight between the At-
lantic and the Baltic) sample. By contrast, the sample from Ska-
gerrak, the region in the Atlantic adjacent to Kattegat (Fig. 1), had
intermediate allele frequencies at all loci, consistent with its
geographic location in between the other populations that show
more marked differences. The allele frequency distributions in
this cluster of 98 SNPs are in perfect agreement with the overall
picture revealed by fineSTRUCTURE, with most Atlantic herring
from the Kattegat sample clustering with the Baltic herring (Fig.
2G). Furthermore, the homozygosity across the region in the
samples from the Atlantic Ocean, North Sea, and Southern Baltic
Sea implies strong positive selection for one favored haplotype
(Fig. S44). The two clusters on chromosomes VIII and XIII were
also composed of haplotype blocks with strong LD (Fig. S4 B and
C). The data imply that several clusters of loci, most likely main-
tained by suppressed recombination, have contributed to genetic
differentiation in the herring. The presence of inversions is one
plausible mechanism for suppression of recombination.

Because salinity in the Kattegat, the entrance to the Baltic
Sea, can change dramatically with saltwater flowing in from
the Atlantic and brackish water flowing out from the Baltic Sea,
we next examined our data for loci distinguishing the Kattegat
sample (AHK), from Baltic herring (BHK) despite their simi-
larity in allele frequencies at most loci. Twenty-two loci in 11
genes stood out in this contrast (P < 107'%)." The allele fre-
quencies at many of these loci correlated well with salinity at the
geographic locations of the samples (compare Figs. 14 and 3C).
Indeed, one of the genes showing this pattern was ATP6VIE]
(ATPase, H" transporting, lysosomal 31kDa, V1 subunit E1), which
encodes a subunit of a vacuolar H*-ATPase proton pump in-
volved in osmoregulation (14). This locus could, therefore, be
important for fine-scale adaptation to local levels of salinity.

In terms of spawning season, 72 loci showed marked allele
frequency differences between autumn-spawning Atlantic her-
ring caught in the Southern Baltic (AHB) and winter-spawning
herring from Atlantic Ocean (AHA) (Fig. 3D), despite similar
allele frequency estimates at most other SNPs, including the ones
that are significantly different between Atlantic and Baltic her-
ring. We can divide these differentiated loci into three types: (i)
the major allele in Southern Baltic was the minor allele in all
other samples; (ii) the Southern Baltic fish clustered with other

Lamichhaney et al.

samples from the brackish Baltic Sea; and (iii) Southern Baltic
and North Sea shared similar allele frequency estimates but
differed from all other populations. Interestingly, Southern
Baltic and North Sea represent the only autumn-spawning her-
rings included in this study, whereas all other populations are
winter- or spring-spawners, suggesting that one or more of these
loci may influence reproduction. Finally, we searched our data
for loci where the major allele in an individual sample was the
minor allele in all other samples (Fig. 3E). This showed that all
populations had “private” SNP alleles fulfilling this criteria and
the number of such SNPs were in the range of 27-110, with the
Atlantic herring samples from Kattegat and North Sea having
the largest number of private alleles.

Discussion

Overall, this study has confirmed low levels of genetic differen-
tiation at neutral loci in the herring, a finding consistent with
earlier reports based on few loci. It is a breakthrough with regard
to describing the population structure of the Atlantic herring
and provides compelling evidence for the existence of a number
of genetically differentiated populations of herring in the North
Atlantic. The results support Linnaeus (1) classification of the
Baltic herring as a subspecies. The genetic differences among the
three samples of Baltic herring are small compared with the al-
lele frequency differences between Baltic and Atlantic herring,
except for one sample of Atlantic herring that was caught at the
border between Kattegat and the Baltic Sea (Fig. 14). This
sample is surprisingly similar to Baltic herring populations at
many, but not all, loci showing genetic differentiation between
Baltic herrings and other populations of Atlantic herring. This
may indicate that this sample either represents a population
that is more closely related to an ancestor of the Baltic herring
populations or represents a population that breeds in the brackish
Baltic Sea but migrates into Kattegat for feeding. The Kattegat
sample was classified as a spring-spawning herring collected
outside the spawning season (Table 1). The autumn-spawning
herring from the Southern Baltic Sea were more similar to At-
lantic herring from Skagerrak, the North Sea, and the Atlantic
Ocean than to Baltic herring samples, consistent with its classi-
fication as an Atlantic herring.

The number of adult herring in the Baltic Sea alone is on the
order of 20 billion individuals. Furthermore, a single female can
produce 20,000-60,000 eggs (15), and the herring spawns in huge
shoals where eggs and sperm are mixed. Thus, herring pop-
ulations are expected to have enormous effective population
sizes. The low genetic differentiation at most loci is in agreement
with large effective population sizes and minute genetic drift.
Furthermore, there may also be some gene flow between sub-
populations that contribute to the lack of genetic differentiation
at selectively neutral loci. The large effective population sizes
imply that natural selection is the dominating force that deter-
mines the frequency of nonneutral alleles. The results of this
study, revealing low genetic differentiation at the majority of loci
contrasted by marked genetic differentiation at a small percent-
age of the loci, is consistent with this view. If genetic differenti-
ation is primarily determined by natural selection, the pattern of
genetic similarities among populations will vary from locus to
locus as illustrated in Fig. 3 C-E.

The herring is distributed in a salinity gradient from the inner
parts of the Baltic Sea to the open Atlantic Ocean (Fig. 14).
Interestingly, a number of loci previously associated with re-
sponse to salinity and osmoregulation in other species showed
strong genetic differentiation that correlated with salinity. These
include ATP6VIE] (see above) as well as another subunit of the
same pump, ATP6VOEI (ATPase, H* transporting, lysosomal 9kDa,
VO subunit EI). Significant SNPs were identified in TMED?2
(transmembrane emp24 domain trafficking protein 2), also known
as P24A, which encodes a protein that controls the transport of
a calcium sensing receptor whose expression is salinity de-
pendent in tilapia (Oreochromis mossambicus) (16, 17). We also
found strong genetic differentiation at the hemoglobin o (HBA)
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and p (HBB) loci; hemoglobin § has been shown to be up-reg-
ulated in tilapia after exposure to saltwater (18). Interestingly,
the allele frequency of a synonymous SNP in HBA was recently
reported to be significantly correlated with salinity in Atlantic
and Baltic herring (2).

This study opens up a plethora of possibilities for follow-up
studies. For instance, how stable are allele frequencies at se-
lected loci over time? The samples included in this study were
collected during 1978-1980, and since then, there has been
a clear trend with milder winters involving reduced extension and
duration of ice cover in the Baltic Sea, changing the abiotic
environment for herring. Furthermore, the average size of adult
Baltic herring has halved in the last 30 y (19), probably because
of the increased population size of sprat (Sprattus sprattus) that
effectively compete with the herring for zooplankton as food
source, but intense commercial fishing may also have contributed
to this trend. Have these changes in abiotic and biotic conditions
affected the Baltic herring population composition or allele
frequencies at selected loci within just a few decades? Another
interesting change that has occurred since the 1970s is that au-
tumn-spawning herring have nearly disappeared in the Central
Baltic Sea. Is this because previously autumn-spawning herring
have changed their reproductive behavior or because they have
been eradicated by overfishing? Our results have important
implications for sustainable fishery management of the herring.
We have revealed thousands of genetic markers that can be used
for efficient monitoring of herring populations. The cost-effec-
tive approach developed in this study can easily be applied to any
fish species exploited by commercial fishing, as well as to any
organism for which there is a need for genome-wide analysis.

The present study is a major advance toward the genetic
characterization of the Atlantic herring. However, the study has
its limitations because it is based on an exome assembly built on
a transcriptome representing a single tissue (skeletal muscle).
The interesting results of this study justify further work, including
a more comprehensive transcriptome study (more tissues), as
well as the development of a high-quality draft genome assembly.
The latter would allow us to define the number of independent
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loci that show genetic differentiation. In the present study, we
were able to get some initial insight into this pattern by aligning
our transcript contigs to the stickleback genome. This indicated
that loci under selection show a genome-wide distribution but
with some striking clustering. The presence of inversions is one
possible explanation for the observation of such cluster of loci
showing very strong linkage disequilibrium. Inversions were
identified to have an important role for maintaining contrasting
ecotypes of the three-spine stickleback adapted to marine and
freshwater environments (12). The present study suggests that
a similar mechanism may be operating in the Atlantic and Baltic
herring with regard to its adaptation to different environmental
conditions.

This study establishes the herring as a model organism for
evolutionary genetics because of the potential to study the effects
of natural selection in populations in which drift plays a sub-
ordinate role. Distinguishing drift from selection is a major
challenge in population genetic studies, and there is much debate
over the proportion of loci under selection, proportion of sub-
stitutions fixed by positive selection, the prevalence of hard vs.
soft sweeps, and the distribution of fitness effects of new muta-
tions. Many of these points of debate could be addressed by
analyzing a model organism in which the effects of genetic drift
can be excluded from the analysis.

Materials and Methods

The Materials and Methods are described in detail in S/ Materials and Methods,
which includes the following subjects: transcriptome analysis, whole-genome
sequencing, exome assembly, SNP detection, statistical analysis, SNP geno-
typing, phylogeny analysis, and identifying patterns of strong selection.
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