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Abstract

The Atlantic herring (Clupea harengus) is a model organism for exploring the genetic basis of
ecological adaptation on account of its large effective population size which greatly restrains
the disturbance of genetic drift. In this project, I conducted an evolutionary conservation
analysis of the Atlantic herring genome using conservation scores generated by phastCon,
phyloP and GERP++ in order to study the sequence variants related to salinity or spawning-
time adaptation in Atlantic herring. Results of conservation score comparisons between SNPs
and randomly selected bases showed that SNPs strongly related to ecological adaptation in
Atlantic herring did not tend to have high conservation scores, suggesting that sequences
showing high sequence conservation among species may contribute relatively little to
ecological adaptation in herring. SNPs associated with ecological adaptation in Atlantic herring
might be located in fast-evolving genomic regions involved in recurring adaptive evolution in
Clupeiformes. Results of the enrichment analysis indicated that nonsynonymous coding
variants was the most overrepresented variant group among those associated with ecological
adaptation in Atlantic herring, followed by synonymous coding variants, Skb-upstream and
Skb-downstream variants. Taken all the results together, the conclusion is that coding SNPs
under positive selection were the most strongly enriched variant group underlying ecological
adaptation in Atlantic herring, while non-coding SNPs, mostly neutral or under negative
selection, did not show a similar enrichment.

Introduction

The Atlantic herring (Clupea harengus), one of the most abundant fish species on Earth, not
only plays an important role in the marine food chain but also has been a major component of
commercial fishery in the North Atlantic and in the Baltic Sea for centuries (Lamichhaney et
al. 2012, Boyce et al. 2021). Its wide distribution including North Atlantic Ocean and
neighboring water bodies suggests a great number of subpopulations colonizing different
geographic regions with diverse environmental conditions, among which populations in the
Gulf of Bothnia and Central Baltic sea are taxonomically classified as Baltic herring (Clupea
harengus membras), a subspecies of Atlantic herring (Lamichhaney ef al. 2012). In the past few
decades, several genetic studies were carried out on Atlantic herring to reveal its population
structure and local adaptation mechanism. Before the application of next-generation sequencing
techniques, results from these studies consistently showed a lack of genetic differentiation
among different populations of Atlantic herring (Ryman et al. 1984, Larsson et al. 2007,
Larsson et al. 2010). This can be explained by the combined effect of the huge effective
population size and gene flow among herring populations, leading to very low genetic drift.
(Masel 2011)

However, with effort devoted on whole genome sequencing of Atlantic herring, hundreds of
loci showing significant genetic differentiation were finally revealed to stand out from the clean
background, and were suggested to be under selection (Martinez Barrio et al. 2016,
Lamichhaney et al. 2017, Pettersson et al. 2019). The data cannot be explained by genetic drift
because genetic drift should affect the entire genome more or less equally. Many of these
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differentiated regions show strong association with salinity or spawning time. In the most recent
study with a great amount of sequencing data from 53 populations across most of the
distribution of this species, researchers found up to 115 loci (physical positions of genes or
specific DNA segments within a genome) to be associated with the adaptation to brackish water
and as many as 31 loci to be related to the photoperiodic (daily or seasonal changes in duration
of light and darkness) regulation of spawning time (Han ef al. 2020). Some of the strongest
associated missense mutations (a DNA change that results in different amino acids being
encoded at a particular position in the resulting protein) have revealed several candidate genes
underlying these ecologically adaptive traits, such as the rhodopsin (rho) gene contributing to
adaptation from marine to brackish water (Hill et al. 2019) and the thyroid stimulating hormone
receptor (tshr) gene contributing to the regulation of seasonal reproduction in herring (Chen et
al. 2021). However, a large number of significant SNPs (single nucleotide polymorphisms, a
variation at a single position in a DNA sequence among individuals) fall outside of exons of
any known gene but in the non-coding sequences, within or between genes. Although the
statistical support for the importance of these hundreds of loci is overwhelming, it is not known
which sequence variants are functionally important because each locus often includes hundreds
of sequence variants showing a similar strong association to ecological adaptation.

Better insight into which sequence variants may contribute to function can be gained by a
comprehensive evolutionary conservation analysis of the Atlantic herring genome using so-
called conservation scores. Sequences with important functions may not tolerate deleterious
change and natural selection will act to remove mutations from such sequences from the
population. Consequently, these sequences are less variable and share more similarity among
species. These patterns are regarded as evolutionary conservation, which can be revealed by
multiple sequence alignment and evaluated by tools like phastCon (Siepel et al. 2005), phyloP
(Pollard et al. 2010) and GERP++ (Davydov et al. 2010). Conservation scores are very useful
to understand genome biology and they have been thoroughly implemented in the Zoonomia
project to discover shared and species-specific patterns of genome evolution in mammals
(Christmas et al. 2023, Xue et al. 2023). Using the evolutionary-conserved inferences generated
by a whole-genome alignment of 240 mammalian species, researchers found millions of
significantly conserved bases without known function, illustrating the great potential for
discovery of functional elements using evolutionary conservation analysis (Christmas et al.
2023). Although using conservation scores to discover novel functional elements is a well-
established method, overlaying delta allele frequencies (dAFs, the difference of the frequencies
of the allele in the two populations) with conservation scores to study which SNPs might be
functionally important in ecological adaptation is still not a common approach in population
genomic research. Therefore, this project might provide new insights into the application of
conservation scores in ecological adaptation studies.

The three different conservation scores used in this project differed in algorithms applied and
resolution of measuring evolutionary conservation. The phastCon score measures the
probability of a specific base being in a conserved element with the given neutral model (Siepel
et al. 2005), so bases belonging to the same conserved element share the same value of
phastCon score. The possible value of phastCon score for each base is ranging from 0 to 1. The
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greater the value, the more conserved the element to which the base belongs. The phyloP score
measures not only conservation but also acceleration of evolution at individual alignment sites
and thus have higher resolution of evolutionary measure. Conservation is indicated by a positive
score ranging from 0 to 1 while acceleration is indicated by a negative score. The absolute value
of phyloP score is the (—log p) value under a null hypothesis of neutral evolution so a greater
absolute value shows stronger evidence that the evolutionary rate of this base violates the
neutral evolution hypothesis (Pollard et al. 2010). The GERP++ score also have high resolution
at each individual alignment position like phyloP, but is calculated via a different algorithm,
which measures conservation by comparing the number of substitutions expected under
neutrality and the number of substitutions observed at the position. In other words, a positive
GERP++ score represents a deficit in substitutions, suggesting an evolutionarily conserved base,
while a negative GERP-++ score suggests an accelerated evolution or neutral evolution
(Davydov et al. 2010).

Aims

Using genome-wide estimates of phastCon, phyloP and GERP++ scores per base, I aimed to:

1. Investigate whether bases with high conservation scores (which may have important
functions) are overrepresented among those loci strongly associated with ecological
adaptation in herring

2. Explore the selective forces acting on SNPs related to the ecological adaptation in herring

3. Explore which category of SNPs (exons, introns, etc.) are most strongly overrepresented
among those associated with ecological adaptation in herring.

Materials and methods

Alignment and SNP data

The main dataset of this project was made up of the chromosome-level genome assembly of
Atlantic herring (Clupea harengus) (accession no. GCA_900700415.2) (Pettersson et al. 2019)
and 8 other fish genomes also from Clupeiformes, which are Alosa alosa (accession no.
GCF _017589495.1), Alosa sapidissima (accession no. GCF_018492685.1), Coilia nasus
(accession no. GCA 007927625.1), Denticeps clupeoides (accession no. GCA_900700375.2),
Limnothrissa miodon (accession no. GCA 017657215.1), Sardina pilchardus (accession no.
GCA _003604335.1), Sprattus sprattus (not published), Tenualosa ilisha (accession no.
GCA _015244755.2) . First of all, a multiple sequence alignment with the Atlantic herring
assembly as the co-ordinate backbone was built by Sabine Felkel (Leif Andersson’s research
group) using progressiveCactus (Paten et al. 2011) and was converted into a PHAST-readable
multiple alignment format (MAF) via hal2maf (Hickey et al. 2013). Secondly, the MAF file
was filtered according to the following criteria: (i) any alignment block with less than three
genomes aligned to should be removed; (ii) any alignment column with more than three gaps
(missing data) should be removed from the specific block. To visualize the composition of this
final Clupeiformes alignment which was used for all the downstream analyses, I measured the
overlaps between the alignment and different annotation types using bedtools and generated bar
plots using the matplotlib module in python.



The SNP data used in this project was from a previous study on the ecological adaptation in
Atlantic herring (Han et al. 2020), including: (i) two lists of SNPs strongly related to salinity
adaptation and spawning-time adaptation, respectively; (ii) the absolute allele frequency
difference (delta allele frequency, dAF) for each SNP calculated from the two replicates of
salinity contrast (Atlantic spring spawners vs Baltic spring spawners, Atlantic autumn spawners
vs Baltic autumn spawners) and the two replicates of spawning-time contrast (Atlantic spring
spawners vs Atlantic autumn spawners, Baltic spring spawners vs Baltic autumn spawners).

Estimate conservation scores

Conservation scores for each base were estimated by Sabine Felkel using phastCon (Siepel et
al. 2005), phyloP (Pollard et al. 2010) and GERP++ (Davydov et al. 2010). The first two tools
are implemented in PHAST package (Hubisz et al. 2011, Ramani et al. 2019). In order to
eliminate an observed GC-bias in high phyloP scores, I used the MinMaxScaler function from
the scikit-learns module in python to rescale all positive phyloP scores into the new range 0-1
for each nucleotide separately. Therefore, the phyloP scores used in the enrichment analyses
consists of the original non-positive phyloP scores and the rescaled positive phyloP scores.

Conservation score comparisons and statistical tests

To investigate whether bases with high conservation scores are overrepresented among those
SNPs strongly associated with ecological adaptation in herring, I calculated the mean values of
conservation scores of (i) 1150 SNPs related to salinity, (ii) 522 SNPs related to spawning-time
and (iii) 10,000 randomly selected bases using the numpy module in python and illustrated them
by generating bar plots using the matplotlib module in python. I also generated histograms to
compare the distribution of conservation scores using the seaborn module and matplotlib
module in python. To test the significance of observed differences, I conducted a series of
statistical tests using the stats package from the scipy module in python. First of all, I used the
normality test and Levene test to find out if the datasets satisfy the required assumptions of
parametric tests. Then, I performed the two-sample Kolmogorov-Smirnov test (KS test) and the
two-sample Wilcoxon Rank Sum Test (also called Mann-Whitney U Test) in order to compare
the underlying distributions of conservation scores of SNPs strongly associated with ecological
adaptation and that of bases not associated with ecological adaptation.

Enrichment analysis of different SNP categories

SNPs were already functionally annotated using SnpEff (v.3.4) (Cingolani et al. 2012). 1
classified them into nine categories namely non-synonymous coding, synonymous coding,
UTR, Skb-upstream, Skb-downstream, intronic, intergenic, splice-related and ORF-related (the
gain or loss of start or stop codon). The last two categories were not shown in the final plots
because sometimes these had zero counts, which would skew the plot. The first seven categories
could be further grouped into three categories (non-synonymous coding, synonymous coding
and non-coding) or two categories (coding and non-coding). The dAFs were sorted into seven
bins (0-0.05, 0.05-0.10, 0.10-0.15, 0.15-0.20, 0.20-0.30, 0.30-0.50, 0.50-1.0). To measure the
SNP enrichment, I calculated the M-value as the log2 fold change of the observed SNP count
for each SNP category in each bin compared to the expected SNP count (calculated as the
proportion of a specific SNP category in the entire genome times the total number of SNPs in
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a given bin) using python. For example, if we have twice the expected number of SNPs the M-
value we get would be 1, and if we have only half the expected number of SNPs the M-value
we get would be -1. Therefore, using logarithms allows a more intuitive interpretation of M-
value that a positive M-value means overrepresentation while a negative M-value means
underrepresentation. All the plots were generated by the matplotlib module in python.

Results

Overview of the alignment

The Clupeiformes alignment used for conservation scores estimation spans 406,121 kb,
corresponding to about 50% of the herring genome. The composition of this alignment by
various annotation groups is highly similar to the composition of the Atlantic herring genome
itself (Figure 1 A). Nearly half (45.6%) of the Clupeiformes alignment belongs to intronic region,
which is also the largest group in the genome of Atlantic herring. The second largest group is
intergenic region (excluding every 5kb region upstream or downstream of gene), which takes
up a slightly smaller fraction (26.4%) compared with its percentage (29.4%) in the Atlantic
herring genome. The most functionally important group, exons make up 13.2% of the alignment,
which is 1.5 times higher than its percentage in the whole genome. The 5’ and 3’ untranslated
regions of mMRNAs (UTR), well-known for their regulatory roles in gene expression, whose
ratio (3.2%) ranks the lowest among all six annotation groups, but is the other of the only two
groups showing notable increase in percentage (1.3-fold) compared with that of herring genome.
Furthermore, given the fact that the 406 Mb Clupeiformes alignment covers 56.0% of the whole
genome assembly of Atlantic herring, it actually covers remarkably large portions of exons and
UTRs, which are 82.8% and 75.2% respectively (Figure 1B). These observed coverages are
significantly higher than the expected value if aligned regions are randomly distributed across
the herring genome, suggesting that the exons and UTRs were relatively well-aligned and
therefore more conserved among species compared with noncoding regions. These results are
in line with the fact that exons code for proteins and UTRs regulate translation process both of
which play important functional roles in maintaining life. Meanwhile the underrepresented
intergenic regions were more variable and harder to align.
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Figure 1. The composition of the Clupeiformes alignment measured in percentages
(A) Proportions of Clupeiformes alignment belonging to different annotation groups (open bars) in comparison to
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proportions of whole genome of Atlantic herring belonging to the different annotation groups (hatched bars). The
sum of all the percentage is greater than 100% due to overlaps between the Skb upstream and 5kb downstream
regions. (B) Proportions of various annotation groups covered by the Clupeiformes alignment. The dashed gray
line indicates the expected coverage which is the percentage of Atlantic herring genome covered by the alignment.
Bars are sorted from highest to lowest. The exact percentage for each annotation group is shown on the top of the
corresponding bar.

Conservation scores comparisons and statistical tests

To study if SNPs related to ecological adaptation in Atlantic herring have a tendency to fall into
conserved regions, I compared the mean value and the distribution of conservation scores of
SNPs related to salinity, SNPs related to spawning-time and randomly selected bases. The result
of mean value comparison indicated that randomly selected bases had higher mean values of
phastCon scores, phyloP scores as well as GERP++ scores compared with those of SNPs related
to salinity or spawning-time adaptation (Supplementary Figure 1).

In the distribution comparison of phastCon scores (Figure 2A), all three histograms showed
highly similar patterns that mostly phastCon scores fell in bin 0-0.05 and only a minority of
scores fell in bins with high phastCon scores. However, there were still some small but
perceptible differences among these three histograms, which were that SNPs related to
ecological adaptation had higher probability to fall in bins with low phastCon scores and had
lower probability to fall in bins with high phastCon scores compared with randomly selected
bases. Different from the homogenous distributions of phastCon scores, the distributions of
phyloP scores showed two different patterns (Figure 2B). The distributions of phyloP scores of
SNPs related to salinity or spawning-time adaptation were similar with each other and both had
a highest peak located at bins with negative phyloP scores ranging from -0.2 to -0.6. On the
contrary, the phyloP scores of randomly selected bases had a different distribution pattern with
a highest peak of probability located in bin with positive scores ranging from 0.4 to 0.6. Besides,
SNPs related to ecological adaptation had lower probability to reach high phyloP scores (see
the magnified subplots of Figure 2B) than that of randomly selected bases. These two findings
both supported that SNPs related to ecological adaptation had lower phyloP scores in
comparison to randomly selected bases. In the distribution comparison of GERP++ scores
(Figure 2C), the highest peak was located near zero (bin 0-0.1) for SNPs related to salinity or
spawning-time, while the highest peak in randomly selected bases was located in bin with
higher positive GERP++ scores (bin 0.4-0.5). Like the patterns observed in bins with high
phastCon and phyloP scores, the SNPs related to ecological adaptation had lower probability to
get high GERP++ scores than randomly selected bases (see the magnified subplots of Figure
2C). Taken together the results of comparisons of mean values as well as distributions of
conservation scores, I could conclude that SNPs related to salinity or spawning-time adaptation
had lower phastCon scores, phyloP scores and GERP++ scores compared with randomly
selected bases.

To examine if the differences between conservation scores of SNPs related to ecological
adaptation and randomly selected bases were significant or not, I conducted several statistical
tests using six generated sets of bases: (A) 1150 SNPs strongly related to salinity adaptation
with conservation scores, (B) 406,120 kb bases which did not belong to set A from the
Clupeiformes alignment, (C) 522 SNPs strongly related to spawning time adaptation with
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conservation scores, (D) 406,120 kb bases which did not belong to set C from the Clupeiformes
alignment, (E) 1507 SNPs strongly related to salinity or spawning time adaptation with
conservation scores, (F) 406,120 kb bases which did not belong to set E from the Clupeiformes
alignment. For each extremely large complement sets (B/D/F), I used random sampling to
generate equal size of samples of phastCon, phyloP and GERP++ scores according to the size
of set A/C/E so as to avoid unbalanced sample sizes in the following statistical tests. In addition,
the sampling procedure was repeated ten times for each pair of datasets for comparison in order
to perform ten independent replicate tests for reproducibility of the test results.
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Figure 2. Distribution of conservation scores of SNPs related to ecological adaptation and randomly selected
bases

Histograms illustrated the distribution of phastCon scores (A), phyloP scores (B) and GERP++ scores (C) of 1150
SNPs related to salinity (1st row), 522 SNPs related to spawning-time (2nd row) and 10,000 randomly selected
bases (3rd row) measured in probability. Bins with high conservation scores (close to 1) were magnified using
inserted subplots with dashed linking lines. The three histograms of the same type of conservation score shared
the same setting of x-axis as well as y-axis. Conservation scores of SNPs related to ecological adaptation were
colored in blue while conservation scores of randomly selected bases were colored in grey.

To decide which statistical test could be taken, I conducted normality test on all of the samples
in the first place. The results showed that all samples did not conform to normal distribution
with very significant P-values (P < 0.001) (Supplementary Table 1), which indicated that
parametric tests like t-test could not be performed on these samples due to unsatisfied basic
assumption of normal distribution. Common statistical transformations as well as the powerful
Box-Cox transformation have been taken to try to convert current non-normal samples into
normal distributions but failed. Moreover, according to the results of Levene Test, the phastCon
(and phyloP) scores of most pairs of samples do not have equal variance, which violated another
important assumption of variance equality in many statistical tests (Supplementary Table 1).

Therefore, when comparing different samples of conservation score, I could only choose
nonparametric tests which did not rely on any underlying statistical distribution in the data. To
begin with, I used two-sample KS Test to compare the Cumulative Distribution Functions
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(CDFs) of each pair of samples. Each comparison has three parallel KS tests to be done since
there are three different null hypotheses (Ho) that could be tested. The results from parallel tests
were very consistent with each other, indicating that for all three types of conservation scores,
the CDF of sample from adaptation-related SNPs was greater than the CDF of sample from its
complement (Table 1). In other words, SNPs related to ecological adaptation tend to have lower
conservation scores than other bases since the sample with greater CDF has lower values.
Moreover, I also conducted Wilcoxon Rank Sum Test on each pair of samples to further
compare their underlying distributions, and the results were in great agreement with the results
from KS Test, supporting that the distribution of conservation scores of SNPs related to
ecological adaptation was less than that of other bases (Table 1). Thus, the results of statistical
tests suggested that the differences between conservation scores of SNPs related to ecological
adaptation and randomly selected bases were significant and these SNPs showed in general

lower conservation scores than randomly selected bases.

Table 1. Nonparametric tests on conservation scores from different sample of SNPs

Sample Score KS Test Wilcoxon Rank Sum Test
Dataset .
size type Ho Result Ho Result
CDF, = CDF, reject, *** a=b reject, ***
phastCon  CDF, < CDF, reject, *** a>b reject, ***
Salinity- CDF,>CDF, cannotreject, NS a<b cannotreject, NS
related (A) 1. =ny = CDF, = CDF, reject, ¥** a=b reject, ***
Vs 1150 phyloP CDF, < CDF, reject, *** a>b reject, ***
CDF,> CDF, cannotreject, NS a<b cannot reject, NS
Others (B) ; )
CDF, = CDFy reject, *** a=b reject, ***
GERP++  CDF, < CDF, reject, *** a>b reject, ***
CDF,>CDF, cannotreject, NS a<b cannotreject, NS
CDF. = CDFq4 reject, ** c=d reject, **
phastCon  CDF. < CDFq4 reject, ** c>d reject, **
Spawning- CDF. > CDFy; cannotreject, NS c¢<d cannot reject, NS
related (C) n.=ng= CDF. = CDFq rel:ect, ook c=d relzect, ook
phyloP CDF. < CDF4 reject, *** c>d reject, ***
Vs 522 CDF.> CDFy cannotreject, NS c¢<d cannot reject, NS
Others (D) CDF. = CDFq4 reject, ¥** c=d reject, ***
GERP++  CDF. < CDFq reject, *** c>d reject, ***
CDF. > CDFy cannotreject, NS c¢<d cannot reject, NS
CDF. = CDF¢ reject, *** e=f reject, ***
Salinity phastCon  CDF. < CDF; reject, *** e>f reject, ***
/Spawning- CDF. > CDF; _ cannotreject, NS e <f cannotreject, NS
related (E)  ne=ne= CDF. = CDF¢ reject, ¥** e="f reject, ***
Vs 1507 phyloP  CDF. < CDF¢ reject, *** e>f reject, ***
Others (F) CDF.>CDF; cannotreject, NS e<f cannotreject, NS
CDF. = CDF; reject, ¥** e=f reject, *¥**
GERP++  CDF. < CDF reject, *** e>f reiect, ***
CDF. > CDF; _ cannot reject, NS e <f  cannot reject, NS

NS, P>0.1; *, 0.05>P=0.01; **, 0.01>P=0.001; *** P< 0.001.
A, B, C, D, E and F represent the populations of six sets of bases while a, b, ¢, d, e and f represent the samples
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from the corresponding population, except for A=a, C=c and E=e.

The results with the highest number of occurrences out of ten replicate tests were displayed in the table.

CDF means the Cumulative Distribution Function, which describes the probabilities of a random variable having
values less than or equal to x, so greater CDF means a negative shift in distribution compared with the other.

To sum up, the results of comparisons and statistical tests demonstrated that SNPs strongly
related to ecological adaptation in Atlantic herring did not have a tendency to fall into conserved
regions and in fact, they seemed to be less conserved among the Clupeiformes compared with
other bases.

Enrichment analysis of different SNP categories

I carried out several enrichment analyses to explore which categories of SNPs were most
overrepresented among those associated with ecological adaptation in herring. In the initial
analysis no information on conservation scores were taken into account. In this analysis, the
contrast between spring- and autumn-spawning herring in the Atlantic (Figure 3C) clearly
showed a very different outcome compared to the other contrasts, so I disregarded it when
summarizing common patterns. Non-synonymous coding variants was the most
overrepresented group at dAF > 0.5 bin in the two replicates of salinity contrast and the Baltic
replicate of spawning-time contrast (Figure 3ABD). Synonymous coding variants were also of
great enrichment among SNPs with high dAF, especially in the spring-spawning replicate of
salinity contrast and the Baltic replicate of spawning-time contrast (Figure 3AD). Skb-upstream
and Skb-downstream variants with dAF > 0.5 mostly had small positive M-values, which
indicated more observed counts than expected values, therefore suggesting that regulatory
changes played a considerable role in the ecological adaptation in herring as well.

A Atlantic_Spring_spawner_vs_Baltic_Spring_spawner B Atlantic_Autumn_spawner_vs_Baltic_Autumn_spawner
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Figure 3. Genomic distribution of different categories of SNPs at different delta allele frequency (dAF)

The dAFs were calculated from the salinity contrast (marine vs brackish water) in spring spawners (A) and autumn
spawners (B), and from the spawning-time contrast (spring-spawning vs autumn-spawning) in Atlantic populations
(C) and Baltic populations (D) respectively. Each colored line represents the M values (see Methods) of a specific
category of SNPs using a consistent color scheme throughout the text. The total number of SNPs falling in each
bin of dAF is shown by the black line and grey text. All the SNPs with dAF > 0 are included in the analysis.



Additionally, with annotations of conservation scores, I carried out a similar enrichment
analysis using only the conserved SNPs. The results confirmed the above pattern of non-
synonymous coding variants with even steeper increase in the enrichment among conserved
SNPs with high dAFs, reaching higher M values (Figure 4). Moreover, at the bin of dAF > 0.5,
synonymous coding variants were still overrepresented among conserved SNPs, leaving
conserved non-coding SNPs as the only underrepresented category of SNPs.
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Figure 4. Distribution of different categories of conserved SNPs at different delta allele frequency (dAF)
The dAFs were calculated from the salinity contrast (marine vs brackish water) in spring spawners (A) and autumn
spawners (B), and from the spawning-time contrast (spring-spawning vs autumn-spawning) in Atlantic populations
(C) and Baltic populations (D) respectively. Each colored line represents the M values (see Methods) of a specific
category SNPs. The total number of SNPs falling in each bin of dAF is shown by the black line and grey text. Only
the SNPs with all three types of conservation scores in the top 10% are included in the analysis.

In order to further study the relative importance of different categories of SNPs in terms of
conservation and whether they occurred in coding or non-coding regions, all the SNPs were
classified into four new categories based on conserved or non-conserved and coding or non-
coding. Although the ranking orders were not consistent with each other in these four analyses,
some common patterns were worth pointing out. One is that either of the two groups of coding
SNPs was always the most overrepresented group at dAF > 0.5 and for 3 out of 4, it was the
Conserved Coding SNPs category (Figure SACD). The other common pattern was that
Conserved Non-coding SNPs was always underrepresented at dAF > 0.5 except for the spring
spawner replicate of salinity contrast, which showed a significantly different trajectory
compared with the flat lines of Non-conserved Non-coding SNPs across all the bins (Figure
5BCD). All of these patterns implied that a considerable fraction of coding SNPs were under
positive selection while non-coding SNPs were mostly neutral or under negative selection.
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The dAFs were calculated from the salinity contrast (marine vs brackish water) in spring spawners (A) and autumn
spawners (B), and from the spawning-time contrast (spring-spawning vs autumn-spawning) in Atlantic populations
(C) and Baltic populations (D) respectively. Each colored line represents the M values (see Methods) of a specific
category SNPs. The total number of SNPs falling in each bin of dAF is shown by the black line and grey text.
Conserved SNPs are those with all three types of conservation scores in the top 10% and the rest of SNPs are all
defined as non-conserved SNPs. All the SNPs with dAF > 0 are included in the analysis.
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Discussion

Identifying the biologically causal sequence variant(s) for any trait has always been a great
challenge in the genetic research (Altshuler ez al. 2008). Even though with the help of whole-
genome sequencing, it is still hard to distinguish the casual variant(s) from other sequence
variants showing similarly strong association with the phenotype of interest due to linkage
disequilibrium and other reasons (Hormozdiari et al. 2014, Mountjoy et al. 2021). In the past
decade, with the genome assembly of higher integrity and more resequencing data from
different herring populations, researchers found more and more loci showing significant genetic
differentiation in the contrast of different ecotypes or geographically distinct ecoregions
(Martinez Barrio et al. 2016, Lamichhaney et al. 2017, Pettersson et al. 2019, Han et al. 2020).
As in human and many other organisms, finding genetic evidence of functional importance of
these hundreds of sequence variants has become the most challenging question in the research
on local adaptation of Atlantic herring. Therefore, the main purpose of this project was to use
the genomic annotations of conservation scores to better characterize the sequence variants
contributing to ecological adaptation in Atlantic herring so as to find out which sequence
variants are functionally important and controlling adaptation.

One important task is to investigate whether bases with high conservation scores are
overrepresented among those loci strongly associated with ecological adaptation in herring.
Based on the results of conservation scores comparisons (Supplementary Figure 1, Figure 2)

and statistical tests (Table 1), I can conclude that SNPs strongly related to ecological adaptation
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in Atlantic herring did not in general had high conservation scores but showed indication of
accelerated evolution among species, suggesting that sequences showing high sequence
conservation among species contribute relatively little to ecological adaptation in herring. A
possible interpretation could be that the SNPs associated with ecological adaptation were
located in genomic regions that were undergoing continuous changes not only in herring but
also in many other species to keep up with the changing environment. In other words, there is
recurring adaptive evolution in these parts of the genome, like the reported recurrent missense
mutation in rhodopsin (Phe261Tyr) contributing to adaptation from marine to brackish
environment with red-shifted light (Hill ez a/. 2019). With different species using the same set
of genes for ecological adaptation, these genomic regions became highly variable among
species, resulting in the low conservation scores observed in this project. Therefore, this result
demonstrated that not only highly conserved bases could be evidence of functionally important
elements but fast-evolving bases may also shape adaptative traits in some species to support
their survival facing environmental changes and be regarded as functionally important regions.
Additionally, to further explore the relationship between delta allele frequency (dAF) and
conservation score, I also tried plotting the three types of conservation scores against dAFs
separately and none of them showed strong correlation.

A second main goal was to explore which category of SNPs are most overrepresented among
those associated with ecological adaptation in Atlantic herring. Nonsynonymous coding
variants ranked first at dAF > 0.5 in most cases, usually followed by synonymous coding
variants, Skb-upstream and Skb-downstream variants (Figure 2). This pattern is in line with a
similar analysis of dAF for different categories of SNPs in a previous study of Atlantic herring
based on a smaller but partially overlapping dataset (Martinez Barrio et al. 2016). Therefore,
although coding and regulatory regions both contributed, the coding changes played more
important roles in the ecological adaptation in herring, which is not the cases in stickleback,
where researchers concluded that regulatory changes accounting for a much larger proportion
of the overall set of loci repeatedly selected during marine—freshwater divergence (Jones et al.
2012). The great enrichment of non-synonymous coding changes also suggested that the genetic
architecture underlying ecological adaptation in herring deviates from the classical infinitesimal
model for complex traits (Fisher 1919) and might be more consistent with a few mutations of
large effects. Moreover, the overrepresentation of UTR in Martinez Barrio et al.’s study did not
reappear in my results. One possible reason is that this project included a lot more SNPs and
populations. Some of them were underrepresented in the dataset of the previous study, namely
the spring-spawning populations and Atlantic populations.

Exploring the selective forces acting on SNPs related to the ecological adaptation in herring
was also one of the major objectives of this study. Reading directly from the conservation scores,
especially the sign of the phyloP or GERP++ score was the planned method. However, the three
types of conservation scores were in disagreement with each other for some of the SNPs,
making it risky to interpret the direction of evolution base by base. In spite of that, the
enrichment analysis of different SNP categories gave some answers to this question: (i) the
overrepresentation of coding SNPs at dAF > 0.5 suggested that positive selection was acting on
the protein sequence of genes associated with ecological adaptation in Atlantic herring, (i) the
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underrepresentation of conserved non-coding SNPs at dAF > 0.5 suggested negative selection
was acting on these regions, which implied the conserved non-coding regions were probably
not the major contributor to the ecological adaptation of Atlantic herring. Therefore, using
conservation scores to reveal the role of those unannotated non-coding sequences variants
associated with ecological adaptation was not fruitful.

There is a lot of room for improvement in this project. Firstly, it seems imprecise to regard all
the SNPs which could not be safely defined as conserved SNPs (did not have top conservation
scores) as non-conserved SNPs. Moreover, as described in the methods, the process of building
and filtering this Clupeiformes alignment excluded many non-coding bases (about 44% of the
herring genome) because there was no significant alignment across Clupeiformes species. This
effect is documented in the bar plot (Figure 1B): the exons constitute the annotation group most
disproportionately overrepresented in the Clupeiformes alignment, followed by UTRs, which
is the same pattern as found in a research on evolutionarily conserved elements in vertebrate
and many other genomes (Siepel et al. 2005). This appeared as a sound basis for this project
but also brought out a question: would it be better to mark all bases without conservation scores
as non-conserved instead of removing them completely from the dataset for downstream
analyses as what I did in this project? According to calculation, I have lost almost 50% of SNPs
due to the exclusion of bases outside the Clupeiformes alignment. These missing SNPs fall in
highly variable genomic regions and are unlikely to have high conservation scores, so losing
them might make the comparisons and statistical test between conservation scores of SNPs
related to ecological adaptation and randomly selected bases conservative. To sum up, the
classification of conserved and non-conserved SNPs might require more consideration and
would probably have affected the results.
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Appendix
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Supplementary Figure 1. Mean values of conservation scores of SNPs related to ecological adaptation and
randomly selected bases

Bar plots illustrated the mean values of phastCon scores (A), phyloP scores (B) and GERP++ scores (C) of 1150
SNPs related to salinity (left), 522 SNPs related to spawning-time (middle) and 10,000 randomly selected bases
(right). Error bars showed standard error of the mean. Conservation scores of SNPs related to ecological adaptation
were colored in blue while conservation scores of randomly selected bases were colored in grey.

Supplementary Table 1. Normality test and Levene test on conservation scores from different sample of
SNPs

Sample Score Normality Test Levene Test
Dataset )
size type Ho Result Ho Result
1 skskok 1 skokk
Salinity- phastCon reject, reject,
lated (A) a,bhasa
relate Ny =Ny, = . .
! 158 phyloP normal reject, ***  Var, = Var, reject, ***
s
Oth v B distribution
thers (B) GERP++ reject, *** cannot reject, NS
. phastCon reject, *** cannot reject, NS
Spawning-
lated (C) c,dhasa
relate N =ng= . .
522d phyloP normal reject, ***  Var, = Vary reject, ***
s
Oth v D distribution
ers (D) GERP++ reject, *** cannot reject, NS
Salinity/ phastCon reject, *** reject, ***
Spawning- e,fhasa
Ne =ng= . .
related (E) 150; phyloP normal reject, ¥***  Var, = Vary reject, ***
Vs distribution
Others (F) GERP++ reject, *** cannot reject, NS

NS, P>0.1; *, 0.05>P=0.01; **, 0.01>P=0.001; ***, P< 0.001.

A, B, C, D, E and F represent the populations of six sets of bases while a, b, c, d, e and f represent the samples
from the corresponding population, except for A=a, C=c and E=e.

The results with the highest number of occurrences out of ten replicate tests were displayed in the table.

Var means variance.
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