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Abstract

Background: Deciphering the mechanisms governing population genetic divergence and local adaptation across
heterogeneous environments is a central theme in marine ecology and conservation. While population divergence
and ecological adaptive potential are classically viewed at the genetic level, it has recently been argued that their
microbiomes may also contribute to population genetic divergence. We explored whether this might be plausible
along the well-described environmental gradient of the Baltic Sea in two species of sand lance (Ammodytes
tobianus and Hyperoplus lanceolatus). Specifically, we assessed both their population genetic and gut microbial
composition variation and investigated not only which environmental parameters correlate with the observed
variation, but whether host genome also correlates with microbiome variation.

Results: We found a clear genetic structure separating the high-salinity North Sea from the low-salinity Baltic Sea
sand lances. The observed genetic divergence was not simply a function of isolation by distance, but correlated
with environmental parameters, such as salinity, sea surface temperature, and, in the case of A. tobianus, possibly
water microbiota. Furthermore, we detected two distinct genetic groups in Baltic A. tobianus that might represent
sympatric spawning types. Investigation of possible drivers of gut microbiome composition variation revealed that
host species identity was significantly correlated with the microbial community composition of the gut. A potential
influence of host genetic factors on gut microbiome composition was further confirmed by the results of a
constrained analysis of principal coordinates. The host genetic component was among the parameters that best
explain observed variation in gut microbiome composition.

Conclusions: Our findings have relevance for the population structure of two commercial species but also provide
insights into potentially relevant genomic and microbial factors with regards to sand lance adaptation across the
North Sea–Baltic Sea environmental gradient. Furthermore, our findings support the hypothesis that host genetics
may play a role in regulating the gut microbiome at both the interspecific and intraspecific levels. As sequencing
costs continue to drop, we anticipate that future studies that include full genome and microbiome sequencing will
be able to explore the full relationship and its potential adaptive implications for these species.
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Background
A major current focus within marine ecology and con-
servation is to improve our understanding of the mecha-
nisms governing population genetic divergence and local
adaptation across heterogeneous environments. Al-
though gene flow may hamper local adaptation, genetic
outlier loci across environmental gradients in several
marine fishes imply possible local adaptation despite low
overall levels of population genetic divergence [1�3]. In
a time during which the planet�s oceans are expected to
undergo considerable changes in oxygen, temperature,
and salinity levels [4], leading to extensive changes in
the conditions of available habitats, an organism�s ability
to adapt swiftly to these changes will be vital for its sur-
vival. It is therefore particularly important to understand
which processes drive the genetic divergence that may
be at the basis of ecological adaptation, yet our under-
standing of these mechanisms is rudimentary. Studying
the genetic basis of ecological adaptation in natural pop-
ulations is particularly difficult when population sizes
are limited, because in such cases, random effects dom-
inate over deterministic effects and will prevent the pos-
sibility of selection to act. In the marine realm, however,
there are many species whose populations have high
abundances and span different ecological conditions so
that natural selection is expected to dominate over ran-
dom effects [5, 6]. Accordingly, a number of studies have
begun to study adaptive genetic variation across environ-
mental gradients. However, while this growing body of
research correlates outlier loci signatures with key envir-
onmental parameters, such as salinity and water
temperature [2, 3, 6, 7], very few studies have gone be-
yond standard environmental parameters.

Although the debate about adaptation to different envi-
ronments is classically viewed at the genetic level, it has re-
cently been argued that an organism�s associated
microbiome might also play a role [8]. This argument is
nested within the holobiome concept, which views an or-
ganism as an entity encompassing not only its own but also
its microbial symbionts� genetic information [9, 10]. Specif-
ically regarding adaptation, Alberdi et al. argued that, given
(i) gut microbiome communities can have significant and
rapid phenotypic effects on their hosts and (ii) the relatively
short time frame of many environmental changes, micro-
biome community changes may provide an important
mechanism for adaptation. While challenging to study
directly, the first steps in this direction can come from
assessing the variation in host species� microbial communi-
ties against the host species genomic divergence and
environmental gradients. Although some studies are
considering host genomic-microbial relationships, and even
environmental-microbial relationships, few studies so far
have attempted to take a full hologenomic approach (both
genomic and microbial) across environmental variation.

We explored the potential of a host genomic-microbial
approach by assessing both the population genetic and
gut microbial variation in two sand lance species along
the well-described environmental gradient in the Baltic
Sea. The Baltic Sea is a semi-enclosed brackish water
basin in Northern Europe, which changes from a nearly
limnetic to an almost fully marine environment. Fish
species, such as herring [1, 3, 11], cod [2, 12], and three-
spined stickleback [13], which have low levels of gen-
omic divergence at neutral genetic markers, have been
shown to exhibit substantial levels of divergence at some
loci (single nucleotide polymorphisms (SNPs)), which
accordingly were inferred to be linked with genomic re-
gions under selection. The divergence at outlying SNPs
is likely the result of adaptations in marine species to
the brackish conditions in the Baltic Sea after its forma-
tion as a marine habitat ca. 8000 years before present
[14�16], although other causes, such as a secondary con-
tact zone, cannot be ruled out [17].

Five species of sand lances (fishes of the family
Ammodytidae) occur at high abundances in the North-
east Atlantic and adjacent waters. Sand lances are known
to be closely associated with specific soft substrates [18]
and characterized by high levels of residency and short
dispersal ranges [19�21], which likely restrict long-
distance gene flow in the absence of physical barriers.
Sand lances are keystone organisms as a prey for a large
number of marine birds, mammals, and other fish spe-
cies [22�24]. Sand lances are also targeted by commer-
cial fisheries and thus represent a considerable economic
resource [25]. Although these characteristics render
them both relevant to the study in the context of marine
management and as an interesting potential model or-
ganism for studying local adaptation, previous research
has principally focused on defining sand lance species
and populations using few genetic markers [26�30].

We generated genome-wide SNP data and gut micro-
biome taxonomic composition data for two ecologically
and economically important sand lance species, Ammo-
dytes tobianus and Hyperoplus lanceolatus, along the
North Sea�Baltic Sea environmental gradient. We used
the data to firstly estimate the levels of population differ-
entiation across this gradient. Secondly, we tested if the
observed population genetic structure correlated with
environmental factors, including salinity and sea surface
temperature (SST), as well as the relative bacterial com-
position in the water at sampling sites. Thirdly, we char-
acterized each species� gut microbiome, its inter-specific
variation, and its relationship with both environmental
parameters as well as host genomic divergence. Lastly,
in light of our findings, we discuss the future potential
of how a hologenomic approach may add significantly to
our understanding of marine species� ecological adaptive
potential.
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Methods
Sample collection
Sand lances were collected at multiple sites across the
environmental gradient from the brackish Inner Baltic
Sea to the marine North Sea. Samples from A. tobianus
and H. lanceolatus were collected during May through
September 2015 from 12 and 15 different sites, respect-
ively (Fig. 1, Table 1). Individual fishes were collected
during commercial and research trawls or caught with
near-shore seine nets. Individual muscle tissue samples
were collected upon capture (seine nets) or 1�6 h (com-
mercial trawls) post-mortem. If no direct sampling was
feasible, individuals were stored in 96% ethanol upon
capture and stored at � 20 C° until sub-sampling. Guts
were collected under sterile conditions upon capture
from a subset of individuals. The samples collected for

the gut microbiome analysis were collected from the
frontal gut located directly behind the stomach and
ending in a tight loop in the gut (hereafter referred to as
gut). The external part of the gut was cleaned with
sterile equipment to remove any tissue, and the gut wall
including contents was used as a sample. Gut samples
were stored in 96% ethanol at � 20 C° until further
processing.

Environmental data
We collected data on salinity, SST, and sea water
bacterial taxonomic composition to assess the correl-
ation between genetic data and environmental variables
(Additional file 1: Table S1). Salinity and SST data were
retrieved from www.smhi.se and www.ices.dk as the an-
nual average salinity during the period 2010 to 2014, as
well as the annual, minimum, and maximum average
SST during the same period. Data of the relative abun-
dance of six major bacterial taxa in the water column
near our sampling sites were obtained from Hu et al.
[31]. Although these data were collected in 2013, the
long residence time of water in the Baltic basin (3�
30 years [32]) and identical sampling season imply that
these data likely are broadly representative of the water
at our sampling sites.

Genotyping-by-sequencing (GBS)
DNA extraction and sequencing library preparation
Whole-cell genomic DNA was extracted using the
KingFisher™ Duo Prime Purification System (Thermo
Fisher Scientific Inc., Waltham, USA) following the manu-
facturer�s protocol for the KingFisher™ Cell and Tissue
DNA purification kit (Thermo Fisher Scientific Inc., Wal-
tham, USA). The DNA concentration was estimated using
a Qubit™ 2.0 fluorometer (Thermo Fisher Scientific Inc.,
Waltham, USA). The fragment size range of DNA extrac-
tions was estimated for a subset of DNA extractions using
an Agilent 4200 TapeStation™ (Agilent Inc.). DNA extrac-
tions were subsequently cleaned using the ZR-96 Gen-
omic DNA Clean & Concentrator™ (Zymo Research Inc.,
Orange, CA, USA) following the manufacturer�s protocol.
Population genomic data were generated from the DNA
extracts following the GBS approach originally developed
by Elshire et al. [33] at the Institute of Biotechnology com-
mercial service (Cornell University, NY, USA) following
their standard pipeline [33]. The genomic DNA extracts
were digested with the DNA restriction endonuclease
EcoT221, which has a six-base pair (bp) recognition se-
quence, and fragments in the size range from 200 to
380 bps were used as the basis for the GBS libraries.

GBS sequencing and SNP calling
GBS libraries were sequenced at the Institute of Biotech-
nology commercial service as single-end 64 bp using an

Fig. 1 Sampling sites for A. tobianus (above) and H. lanceolatus
(below). Pie charts represent genetic ancestry proportions per
sampling site as estimated in ADMIXTURE v.1.3.0 for K = 3 (A. tobianus)
and K = 2 (H. lanceolatus). Pie charts encircled in blue indicate sites
from which we included 16S data in addition to GBS data. Sampling
sites for H. lanceolatus for which we had < 8 individuals are
indicated as hollow circles. TE Texel, SA W-Sylt A, SB W-Sylt B, SHB
SW-Hanstholm B, DB Doggerbanke, TB Tannisbugt, HR Horns Rev,
SHA SW-Hanstholm A, NWH NW-Hanstholm, LA Læsø, EB Ebeltoft,
HB Hornbæk, HØ Helsingør, HK Halsskov, MB Musholm Bugt, KB
Køge Bugt, FB Faxe Bugt, BH Bornholm, ÅL Åland, B� Bönan
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Illumina HiSeq2000™ (Illumina Inc., San Diego, US).
Subsequent analytical steps were conducted separately
for each sand lance species. Details of data quality filter-
ing and SNP calling are described in Additional file 1.

Population genomic analyses
We employed the AMOVA [34] implemented in GEN-

ODIVE v.2.0 to estimate overall and pairwise levels of
genetic divergence as FST. We assumed an infinite alleles
model [35] and employed 999 permutations to estimate
the probability of homogeneity. In order to further as-
sess population genetic structure, we conducted a princi-
pal component analysis (PCA) using the SMARTPCA
program in the EIGENSOFT package [36]. The datasets
were reduced to ten eigenvectors, and the principal
components 1 and 2 as well as 1 and 3 were plotted
using the Perl script PLOTEIG (EIGENSOFT package). In
order to infer ancestry among sand lances in various
areas, we used the model-based approach implemented
in the software ADMIXTURE v.1.3.0 [37]. ADMIXTURE esti-
mations were performed for values of K ranging from 2
to 14. Convergence was assumed when the log-
likelihood difference among iterations was < 10�4. We
employed the fivefold cross-validation approach to select
the most probable estimate of K [38]. The ADMIXTURE

analysis was undertaken both with and without remov-
ing loci that deviated significantly from the expected
Hardy-Weinberg genotype frequencies (HWE) under
random mating.

Detection of outlier loci
We applied three different Bayesian approaches to detect
SNPs deviating from neutral expectations and to assess
the degree of correlations with environmental parame-
ters. We employed the FST-based approach implemented
in BAYESCAN v.2.1 [39] to identify outlier loci. In order
to test for associations between population genetic diver-
gence and environmental parameters, we also employed
two approaches implemented in BAYESCENV v.1.1 [40]
and BAYENV V.2 [41]. Details of the estimations are listed
in Additional file 1. In addition, allele frequencies were
plotted for outlier loci in order to assess the spatial
cline.

Microbial 16S profiling
DNA extraction and purification
Total-cell DNA was extracted from the gut samples
using the MoBio Power Soil kit™ (MoBio Laboratories
Inc., Carlsbad, USA) following the manufacturer�s in-
structions. DNA concentrations were quantified using a
Qubit™ 2.0 Fluorometer (Thermo Fisher Scientific Inc.,
Waltham, USA) and normalized to a final DNA concen-
tration at 10 ng/�L.

Library preparation and amplicon sequencing
We employed a two-step PCR amplification approach
for microbial 16S library preparation. The V3-V4-
regions of the bacterial 16S rRNA gene were amplified
by PCR using the primers 341F (5�-CCTAYGGGRBG-
CASCAG-3) and 806R (5�-GGACTACNNGGGTATC-
TAAT-3) [42]. A subsequent PCR amplification was
performed with the Nextera™ XT index primers (Illu-
mina Inc., San Diego, US) in order to attach Illumina
MiSeq™ sequence adapters and barcodes to each DNA
extract. Full details of 16S library preparation and se-
quencing are listed in Additional file 1. In the following,
the term microbiome refers to the data obtained from
the 16S-based libraries.

Data filtration and operational taxonomic unit (OTU)
clustering
We performed data filtration and clustering in USEARCH

v.8.1.1861 [43]. Details of data filtration and SNP calling
can be found in Additional file 1.

Gut microbiome taxonomic composition
We employed the QIIME (Quantitative Insights into Mi-
crobial Ecology v.1.8.0 [44]) bioinformatic pipeline to es-
timate the � diversity within the sampling sites as well
as the Shannon-Wiener [45] and Chao1 indices [46].
The differences in OTU frequencies among sampling
sites were assessed using an ANOVA and corrected for
multiple simultaneous comparisons using a step-down
resampling algorithm described by Westfall and Young
[47]. We report all bacteria with P < 0.05 at the lowest
possible taxonomic level (genus being the lowest level).
We further estimated � diversity among sampling sites
by quantifying the degree of dissimilarities in micro-
biome composition among sites by a principal coordin-
ate analysis (PCoA) in which we employed a weighted
UniFrac distance matrix to account for OTU abundance
and phylogenetic ancestry [48]. We tested for significant
differences in microbiome composition among sampling
sites at the family level using a non-parametric Kruskal-
Wallis H test [49] and applied the Benjamini-Hochberg
False Discovery Rate (FDR) correction to adjust for mul-
tiple simultaneous tests [50].

Predictors of gut microbiome composition
In order to determine which factors correlate with
changes in gut microbiome composition, we imple-
mented various approaches in the R packages vegan [51]
and phyloseq [52]. In the case of A. tobianus, we also in-
cluded the relative abundances of major bacterial taxa
found in the Baltic water as independent parameters in
addition to salinity and SST.

We employed a permutational multivariate analysis of
variance (Permanova) in the R package vegan [51] using

Fietz et al. Microbiome  (2018) 6:82 Page 5 of 16



a distance matrix based on Bray-Curtis dissimilarity to
identify each variable that has a significant influence on
our dataset variation. Results were then plotted by non-
metric multidimensional scaling (NMDS) analysis. A
biologically plausible combination of significant environ-
mental parameters based on knowledge of the system
was fitted onto our unconstrained NMDS ordination.

We then used a constrained analysis of principal coor-
dinates (CAP) ordination implemented in the R package
phyloseq [52] to assess which combination of independ-
ent variables explained the largest proportion of the vari-
ance in gut microbiome composition. To this end, we
included those environmental parameters that proved
significant in the Permanova described above. Variables
were added to the model in order of explanatory
variance. In both the NMDS and CAP ordination, collin-
earity among variables was accounted for by excluding
variables varying in a linear manner with variables
already added to the model.

Assessing the impact of environment versus host genetics
upon the gut microbiome composition
We employed an interspecific dataset including the gut
microbiome data collected from A. tobianus and H. lan-
ceolatus, as well as from a number of Baltic fish species
sampled in Køge Bugt during 2016 (listed in Add-
itional file 1: Figure S5). The inclusion of additional fish
species served as a reference to contrast the influence of
environmental factors with the influence of host genotype
on gut microbiome composition. We tested influence of
the host species identity with a Permanova and a subse-
quent CAP ordination with the R package phyloseq [52].

We used microbial composition data collected along a
2000-km transect in the Baltic Sea during 2013 reported
by [31] to estimate the degree of correlation between the
sand lance gut microbiome and the microbial composition
in the water column. We focused our analysis on the rela-
tive abundances per sample of non-normalized reads ob-
tained from six bacterial taxa at the phylum and class
level, namely, Alphaproteobacteria, Verrucomicrobia, Bac-
teroidetes, Betaproteobacteria, Actinobacteria, and Gam-
maproteobacteria. We used a �2 test of homogeneity
implemented in R [53] to assess the statistical significance
of the observed differences in relative bacterial abundance
among sampling sites.

Results
Genotyping-by-sequencing (GBS)
For A. tobianus, no individuals were genotyped at more
than 20% of the overall identified loci, while no H.
lanceolatus were genotyped at more than 30% of loci
(Additional file 1: Figure S1). We excluded all individuals
that had more than 90% missing data in either species to
keep filtering criteria consistent and to include the

maximum possible number of individuals in analyses.
Following data filtration, we were left with a final dataset
consisting of 4039 SNPs and an overall genotyping rate
of 0.976 for A. tobianus (n = 286) and with 4328 SNPs
and an overall genotyping rate of 0.980 for H. lanceola-
tus (n = 163). All analyses were conducted for both spe-
cies, unless otherwise indicated.

Population genomic divergence
The global FST was estimated at 0.012 (95% CI 0.011�0.
013) in the case of A. tobianus, and at 0.017 (95% CI 0.
015�0.018) in the case of H. lanceolatus. Pairwise FST
estimates among samples of A. tobianus ranged from 0.
001 to 0.041; the highest estimate was observed between
the most brackish and the marine sampling sites. The
degree of genetic divergence between the geographically
intermediate sampling sites and between the brackish
and marine sampling sites, respectively, ranged from 0.
011 to 0.030 (Additional file 1: Table S2a). The overall
pattern of genetic divergence was similar for H. lanceo-
latus, with pairwise FST estimates ranging from 0.002 to
0.039. The highest degree of genetic divergence was ob-
served between the Inner Baltic Sea and the North Sea
sampling sites (Additional file 1: Table S2b).

The most probable number of genetic clusters was es-
timated at three and two for A. tobianus and H. lanceo-
latus, respectively (Figs. 1 and 2, Additional file 1: Table
S3). The outcome was identical with or without removal
of SNPs deviating from HWE (to keep consistent with
other studies that used the UNEAK pipeline, we con-
tinue with data that included the HWE filtering step).
The clustering based upon the PCA yielded the same
outcome (Additional file 1: Figure S2).

Overall, we found that the clustering in the case of ei-
ther sand lance species corresponded well with environ-
mental �regimes.� Ammodytes tobianus from marine
sampling sites belonged to a different genetic cluster
than individuals from Baltic Sea sampling sites (K = 3 in
Fig. 2). In the Inner Baltic Sea, A. tobianus consisted of
two genetically distinct clusters. Hyperoplus lanceolatus
shows a similar pattern: individuals in the North Sea
sampling sites had pure marine ancestry, while individ-
uals at the two Inner Baltic sites had pure Baltic Sea an-
cestry (K = 2 in Fig. 2). In the following, we will refer to
the different clusters as �populations.�

Loci under putative local adaptation
Our analyses aimed at detecting outlier loci identified
numerous SNPs where the spatial change in allele
frequencies among sampling sites correlated with the
gradient in the environmental parameters included in
our analysis. A total of 43 and 72 SNPs were identified
as outlier loci in all three of the approaches we applied
in A. tobianus and H. lanceolatus, respectively (Fig. 3a,
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Additional file 1: Table S4). Of these, the allele frequen-
cies at 22 and 29 SNPs in A. tobianus and H. lanceola-
tus, respectively, also changed along the environmental
gradient, adding further support to the hypothesis that
these loci might be subject to selection by factors co-
varying with the environment (Fig. 3b, Additional file 1:
Figure S3). Although we acknowledge that a clinal pat-
tern such as this could also be expected for a number of
neutral loci, we propose that the allele frequency plots
presented here represent additional evidence in support
of the findings of the outlier analyses. Most of these 22
outlier SNPs in A. tobianus were correlated with the
relative proportions of three major bacterial taxa found
in the water (Actinobacteria, Alphaproteobacteria, and
Gammaproteobacteria) as well as with the minimum
and maximum SST (Additional file 1: Table S4a). The
allele frequencies at ten outlier SNPs correlated with
the change in salinity, while the allele frequency
change in seven SNPs correlated significantly with the
change in nearly all environmental parameters. In H.
lanceolatus, 12 of the 29 SNPs were correlated with
all tested environmental parameters (salinity and SST)
(Additional file 1: Table S4b).

Microbial 16S profiling
The final microbial dataset consisted of 31 A. tobianus
gut microbiome samples from four sampling sites among
which a total of 210 OTUs were detected. We identified
107 different OTUs among 19 H. lanceolatus gut micro-
biome samples from two sampling sites (Table 1). The
read depths per sample ranged between 1051 and 25,352

in A. tobianus and between 1348 and 12,492 in H. lan-
ceolatus (Additional file 1: Table S5). Both extraction
and PCR negative control samples resulted in very low
read coverage (� 315) suggesting that contamination was
negligible and were hence excluded from the final
dataset.

Sand lance gut microbiome composition
At phylum level, the gut microbiome composition of A.
tobianus and H. lanceolatus was similar and varied only
slightly between H. lanceolatus and A. tobianus (Fig. 4a).
Proteobacteria was the only phylum present in all indi-
viduals of both species. The phyla Tenericutes, Cyano-
bacteria, Firmicutes, Actinobacteria, Bacteroidetes, and
Spirochaetes were present in a large percentage of
individuals in both species. The largest difference was
observed in Verrucomicrobia, which was only present in
5% of H. lanceolatus individuals but in 45% of the A.
tobianus individuals.

Alpha gut-microbiome diversity was higher overall in
A. tobianus (Chao1 = 8�101; Shannon = 2.89�5.63) com-
pared to H. lanceolatus (Chao1 = 5�35.6; Shannon = 2.
21�4.96). Both the Shannon-Wiener and the Chao1 indi-
ces were higher in A. tobianus gut samples collected at
brackish sampling sites compared to marine sites. No
such difference between brackish and marine sites was
detected between H. lanceolatus gut samples (Fig. 4b).
The relative abundance of four bacterial genera was sig-
nificantly different among A. tobianus sampling sites. In
comparison, the relative abundance of seven bacterial
genera was significantly different between the two H.

Fig. 2 Plots of ancestral fractions from the ADMIXTURE cluster analysis for both sand lance species. Each vertical bar represents one individual, while
the colors indicate the likelihood of this individual belonging to a particular ancestral population. K refers to the number of ancestral populations
that were assumed to be present in the dataset. K = * indicates the most likely K. The asterisk in the head of H. lanceolatus indicates fish from
sampling sites with < 8 individuals that were removed for population-level analyses. Samples are sorted from the North Sea (left) to the Baltic Sea
(right) sampling sites
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lanceolatus sampling sites (P < 0.05) (Fig. 4c). Two of
these genera belonged to the obligate phototrophic
Synechococcus. It is worth noting that only two of these
genera (Synechococcus and Shewanella) overlapped be-
tween sand lance species.

In the PCoA, the first principal coordinate axis
explained 35.9% of variation in gut microbial com-
munities between sampling sites for A. tobianus,
while for H. lanceolatus, the first axis explained 30.
5% of variation (Fig. 5). In A. tobianus, the level of
variation among gut samples from the same sam-
pling site was smaller than that among sites with the
exception of Faxe Bugt where three data points
group with individuals from other sites. In H. lan-
ceolatus, the level of variation within and between
the two sites was similar.

Predictors of gut microbiome composition
We tested a range of environmental and host genetic
factors to assess how well they explained the observed
variance in sand lance gut microbiome composition. The
absence of microbial data from the water column at the
Halsskov sampling site necessitated the exclusion of this
site from the Permanova. We defined the ancestry frac-
tion Q of the North Sea group as identified by ADMIX-

TURE for the most likely K as the host genetic
component for either species. We included this host
genetic component as an �environmental parameter� in
our analyses. The Permanova identified ten and three
environmental variables correlating significantly with the
gut microbiome composition in A. tobianus and H. lan-
ceolatus, respectively (P < 0.001) (Additional file 1: Table
S6). The data was visualized in a two-dimensional

Fig. 3 a Venn diagram displaying outlier SNPs identified with different outlier detection software (A. tobianus = left, H. lanceolatus = right). b Allele
frequency plots for a subset of four candidate SNPs for divergent selection, as well as sampling-site-specific values for annual average salinity and SST
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NMDS ordination to assess possible multivariate inter-
action of the gut microbiome composition with the en-
vironmental parameters (Additional file 1: Figure S4).
The main axis among which A. tobianus sampling sites
were separated was characterized by differences in salin-
ity, SST, and the relative abundances of four water

bacterial taxa. In H. lanceolatus, the gut microbiome
among sampling sites was not as clearly differentiated,
the main axis being characterized by differences in SST,
distance, and date, describing the same variation in op-
posite directions (Additional file 1: Figure S4, Table S6).

We used CAP ordination to test for statistical signifi-
cance in the multivariate interactions among environ-
mental parameters and gut microbiome composition. In
A. tobianus, the combination of variables accounting for
a significant proportion of the variance in the gut micro-
biome composition included SST, geographic distance
from the westernmost sampling site, and the host gen-
etic component Q (CAP1 = 26.7%) (Fig. 6). The one-
dimensional ordination in H. lanceolatus explained 19.
8% of the variance (results not shown).

Impact of environment versus host genetics on the gut
microbiome composition
We conducted a CAP ordination on a multi-specific
dataset in order to extend our understanding of the po-
tential influence of host species factors on gut micro-
biome composition. This revealed that the host species
identity was a key explanatory variable for gut micro-
biome composition (Permanova P < 0.001; PC1 = 6.5%,
PC2 = 5.5%) (Additional file 1: Figure S5). We then dis-
played the gut microbiome composition of multiple spe-
cies from three adjacent sampling sites to illustrate the
different scales of similarity in gut microbiome compos-
ition among species and sampling sites (Additional file 1:
Figure S6). We therefore chose A. tobianus samples
from two sites 131 km apart and samples from an out-
group of fishes (sand goby (Pomatoschistus minutus),
flounder (Platichthys flesus), stickleback (Gasterosteus
aculeatus)) from a geographically intermediate sampling
site (Køge Bugt). Our hypothesis was that gut micro-
biome composition would be more similar within than
between host species, even if individuals of the same
species were sampled at different sites. With the excep-
tion of a single individual (ZMUC P611035, from Faxe
Bugt), the gut microbiome composition was visibly less
variable among A. tobianus across sites than it was
among A. tobianus and other fish species from sites that
are geographically closer to each other.

Correlations between gut microbiome composition
and relative abundance trends of bacterial taxa in the
environment revealed significant changes in the relative
abundances of some of the major bacterial taxa along
the North Sea�Baltic Sea environmental gradient (Fig. 7,
Additional file 1: Table S7). While some bacterial taxa
demonstrated identical abundance trends in gut and en-
vironment, others showed opposing relative abundance
trends. Specifically, trends were identical in Gammapro-
teobacteria which became proportionately less dominant
in both environmental (water) and gut samples as

Fig. 4 Composition, diversity, and differentiation of A. tobianus and
H. lanceolatus gut microbial communities. a Bar plot depicting the
percentage of individuals with the occurrence of the bacterial phyla
found in A. tobianus and H. lanceolatus guts. b Alpha diversity
(Chao1 Index left, Shannon-Wiener Index right) increased significantly
with decreasing salinity level (indicated as an arrow) in A. tobianus,
while no clear trend is observed in H. lanceolatus. c Heat map of OTUs
that changed significantly in relative abundance (%) as a function of
sampling site at genus level (A. tobianus and H. lanceolatus combined)
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