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Figure 2. Genome-wide values of A) XP-EHH and B) iHH12 for each introduced population. Yellow
points indicate unique outlier windows among the populations, pink points show overlapping outlier
windows in two of the four populations, and orange points indicate windows overlapping in three of the
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four comparisons, there was no overlap among all four comparisons. Outliers are defined as windows
with XP-EHH values > 2.5 and iHH12 values > 5.

Allele frequencies changed in parallel fashion in the introduced populations in a few
candidate loci

Our multivariate approach revealed that the four populations exhibited parallel
changes in allele frequency in both previously identified candidate loci and new loci.
We identified 31 outlier windows spread over 12 of the 23 chromosomes on the first
eigenvector, using the 99.9% confidence interval cut-off from the randomised allele
frequency matrices (figure 3a, table S16). Eight of these windows occurred in the
candidate region of convergent evolution on chromosome 15 (5,066,474 bp to
5,456,741 bp). Another cluster of eight outlier windows was on chromosome 8,
covering the region between 24,649,741 bp and 25,029,959 bp (figure S3), which
was not identified previously. The remaining outlier windows are distributed across
the genome. In all 31 outlier windows, all populations had eigenvector loadings of the
same sign and similar size (table S16), suggesting all four populations experienced
parallel allele frequency changes along the same axis and in the same direction.

On eigenvector 2, we identified 30 additional outlier windows, also spread across
12 chromosomes (figure 3b, table S17). Seven of these windows occurred in our
chromosome 15 candidate region (4,981,720 - 5,396,171 bp). For the outlier
windows on eigenvector 2, the eigenvalues on eigenvector 1 were not significant on
their own, but the sum of the eigenvalues of eigenvector 1 and 2 together was
greater than expected for the sum of null eigenvalues 1 and 2. This suggests there is
some residual variance that cannot be explained by the first axis alone. This
provides evidence that the whole region is experiencing parallel shifts away from the
GHP source genotype towards a new optimum LP genotype (eigenvector 1), but that
within this newly adapted genotype there are multiple fit optima (the residual
variance on eigenvector 2). This could be attributable to the presence of multiple
sub-haplotypes within the parallel LP haplotype of eigenvector 1. In the convergent
region on chromosome 15, we found that IUL consistently captured some residual
variance; this suggests it is experiencing different allele frequency changes at a
subset of sites compared to the other three populations (table S17).
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Figure 3. Outlier windows on (A) eigenvector 1 and (B) eigenvector 2. Red lines indicate the 99.9%
confidence interval.
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There were convergent signals of selection in all four populations in a candidate
region on chromosome 15

Closer examination of allele frequency change between the GHP source and
introduction populations confirmed parallel evolution at our candidate loci. The allele
frequency changes of SNPs in outlier windows on chromosome 15 were broadly
located along the diagonal when comparing allele frequency change for all pairwise
comparisons (especially for the iHH12 regions), and they were more strongly
correlated to each other than an equal sized random sample of SNPs were
(p<0.0001 for all comparisons, co-correlation analysis (Diedenhofen and Musch
2015)). This is also true for pairwise comparisons with IUL, for which we found no
outlier regions on chromosome 15 (figure 4a&b), confirming that all four populations
are evolving along the same axis in this region.

This region harbours possible candidate genes involved in adaptation to the LP
environment. Overlapping the outliers of eigenvector 1 and XP-EHH on chromosome
15 highlighted a region from 5,066,474 to 5,456,741 bp (figure 4c&d), and
intersecting the eigenvector 1 outliers with iHH12 outlier windows revealed a similar
overlapping region from 5,091,482 bp to 5,456,741 bp (figure 4d). The entire region
contains eleven candidate genes (table S18). Among these are two genes encoding
cadherin proteins (cadherin-1 and B-cadherin). Genes in this family have been
implicated in regulating pigment cell migration, and are involved in cell-cell adhesion
interactions (Fukuzawa and Obika 1995; Nishimura et al. 1999). Another candidate
gene in this region is solute carrier 18 member A2 (slc18a2, figure 4c&d), which is
involved in various growth and body-size phenotypes in mice, including head
morphology (Bult et al. 2019; Stelzer et al. 2016). Guppies from HP and LP
environments have previously been shown to have different head morphologies,
where LP guppies had shorter and rounder heads than HP guppies (Torres-Dowdall
et al. 2012). Taking all the evidence together, this region on chromosome 15 shows
strong evidence for selection in at least three of the four populations and
experienced parallel allele frequency changes among all four populations.

12


https://doi.org/10.1101/2021.02.10.430609
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.10.430609; this version posted February 11, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

perpetuity. It is made available under aCC-BY-NC 4.0 International license.

Rapid genomic convergent evolution in guppies

A XP-EHH outlier windows B iHH12 outlier windows
w Y [ P
S o5 . 08 5 o5 '
g 0.0 & 0‘4 5 0.01 3 0.6
5 Y 0'2 5 Y 0.4
=} g =) 0.2
051" 0.0 05 ° 0.0
-0.50.0 0.5 -0.50.0 0.5
ILL/GHP AAF ILLGHP AAF
X outlier X outlier
w w
S 05 3 0.5 @ random 3 0.5 < 0.5- @ random
o o o o
& 0.0 g 00 & 0.0 G 0.0
o ; o S] O 5
-0.5 -0.5 : -0.5. %% -0.51
-0.50.0 0.5 -0.50.0 0.5 -0.50.0 05 -0.50.0 0.5
ILL/GHP AAF IUL/GHP AAF ILL/GHP AAF IUL/GHP AAF
w w w w w w
< 05 < 05 < 0.5/ < 05/ B < 0.5/ o
o o o o o o
5 0.01 % 5 0.0 - 5 0.04 4 5 0.0 5 é 0.01
E E E E = E
-0.5 -0.5 s —0.51 78 -0.51 -0.5. 7% -0.
-0.50.0 0.5 -0.50.0 05 -0.50.0 05 -0.50.0 05 -0.50.0 0.5 -0.50.0 05
ILL/GHP AAF IUL/GHP AAF IC/IGHP AAF ILLGHP AAF IUL/GHP AAF IC/GHP AAF
C Eigenvector 1
4
i e B 1] e s B e e S R e S
=
82
]
1
| |
o ‘
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Chr Position (Mb)
D 4 2 2,92 8 g 2 3,32 8
€ 09 ° GND S ~@ Ec 00 ~ ~ O SNGS5.3
85 al:\%ulag 2 N 3 55'53'0%&’%?_ ST AT A8 2 o3 YT50T2L33
8 ] = 8 o =
Mﬁil}i ic ifyl&lw\’h Mﬁiii ic if]l&iﬁ
8 25
61 20
* o™\ A .F =
o e gol ™ 10 Na [
sl 5! e 2R o NP e
0
8 — 25 -
6 20
41 M. S 5 c
21 2 - 10 =
% 0 ~ 5 A Nee e Ve
i .0
I 8 L 25
&6 =20 o 8%,
41 — 15 s - _
ova M (@] 10 ., * [ (@)
2| ~ o
0 B )
L 0
8 25
6! 20
41 — 15 -
2ymé N Aorent o e S = 10 :\N\”‘ ‘\\, -
1 M .
0 ! 5 [ [N
4.95 5.15 5.35 5.55 D95 5.15 5.35 5.55
Position(Mb) Position(Mb)

Figure 4. Allele frequency changes in the outlier windows on chromosome 15 for XP-EHH (A) and
iHH12 (B). Crosses are allele frequency changes of SNPs in the region’s outlier windows, closed
circles are allele frequency changes of a randomly drawn set of SNPs of equal size. Eigenvalues for
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eigenvector 1 on chromosome 15 (C), yellow points indicate windows above the 99.9% quantile. (D)
Per SNP values of XP-EHH and iHH12 for the region on chromosome 15 from 4,950,000 to 5,555,000
bp (red box in C), red points indicate SNPs above the outlier cut-off values for XP-EHH and iHH12,
respectively. Position and names of genes are located at the top of the plot.

DISCUSSION

Our four rapidly evolving, experimental populations of guppies reveal only small
genome-wide differentiation from to their HP ancestors. Despite these small
genome-wide changes, we uncovered strong local signals of selection in all four
populations at individual loci. Using a combination of haplotype genome scans and a
newly developed multivariate approach, we found evidence from the ancestor and
parallel change among the four descendants at candidate loci. Our multivariate
approach revealed more subtle parallel changes in allele frequency compared to the
genome scans. Combining the evidence, we found a region under strong selection
on chromosome 15 in three of the four populations and the multivariate approach
showed all four populations are evolving in parallel in this region.

We also found little evidence for bottlenecks and inbreeding in three of the four
populations (ILL, IUL and IC), whereas one population (IT) exhibited patterns
consistent with inbreeding and bottlenecks in the recent past. This is in agreement
with past census data from these populations and the population crash seen in IT
during the first year of the introduction (Reznick et al. 2019).

A region on chromosome 15 (positioned at 5Mb), in which we identified several
overlapping outliers and parallel change among all populations, is a strong candidate
for convergent evolution. This region has previously been identified as a candidate
for convergent evolution in natural populations and long-term experimental
populations, in a RADSeq study (specifically in the Oropuche, Arima, and
introduction Aripo HP-LP pairs) (Fraser et al. 2015). Further, using whole-genome
sequencing, this same region was found to be a candidate of selection in the
Tacarigua and Oropuche population pairs and a region slightly upstream in the Aripo
and Tacarigua pairs (Whiting et al. 2020). Finally, the cadherin signaling pathway
was enriched for signatures of selection in all paired comparisons of HP and LP
populations studied (Whiting et al. 2020). Cadherin family genes are known to be
involved in pigment cell migration and other cell-cell adhesion processes (Fukuzawa
and Obika 1995; Nishimura et al. 1999), and could thus be involved in the colour
differences between HP and LP males. Further studies, such as gene knockout
experiments, could help identify the exact role of the cadherin genes in this process.

Rapid convergent genomic adaptation, specifically at quantitative traits, is often
predicted to occur through small shifts in allele frequency (Barrett and Schluter
2008), which are difficult to detect using most available methods. The novel
multivariate allele frequency change analysis described here can identify parallel
shifts in allele frequency rather than absolute changes in allele frequency at
individual loci. Using this method, we found 31 windows experiencing parallel
changes in allele frequency among the four populations.

Most of these 31 windows lacked a strong haplotype signal in the genome scan
measures, which can be explained in several ways. First, it is possible the variance
on this axis was constrained for reasons other than positive selection. For example,
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background selection (BGS) could cause correlated differentiation landscapes
among the populations, which results in a constrained axis of allele frequency
changes (Burri 2017). However, it is unlikely that BGS would produce the fully
parallel signals we observed here. Using simulations, others (Matthey-Doret and
Whitlock 2019; Stankowski et al. 2019) have shown that when divergence times are
short, BGS is unlikely to generate correlated differentiation landscapes. Other
processes, such as positive selection, are the more likely cause of these patterns.
Second, the strength of selection may have been relatively weak, causing time of
fixation for a beneficial allele to be considerably longer. These weakly selected
alleles would not have had time to generate extreme frequency differences in the
introduced populations (Coop et al. 2009). However, because we detected parallel
allele frequency change in all four populations, its actual variance relative to the rest
of the genome is less important. Finally, many of the phenotypic traits under
selection in LP are likely to have polygenic control. If this is the case, then
simultaneous selection on standing genetic variation at many loci would cause subtle
shifts of allele frequencies at individual loci (Pritchard et al. 2010). These factors
would result in small parallel shifts in allele frequencies rather than complete sweeps
at single loci.

It is widely appreciated that demographic changes in population size can create
patterns that resemble the consequences of selection. To explore the genomic
signatures of these events, we used genome-wide patterns of variation and
haplotype statistics. Compared to the other introduced populations, IT had the lowest
levels of expected heterozygosity and nucleotide diversity, the greatest increase in
Tajima’s D, and more and longer ROH, all indicators of a recent bottleneck (Smith
and Haigh 2007; Tajima 1989). Reznick et al. (2019) observed a severe crash in the
population density of IT during the first year, and two other studies (Dowdall et al.
2012; Fitzpatrick et al. 2014) found IT had a higher mortality rate than IC in the first
year, which they attributed to stronger influence of seasonal changes and indicators
of disease in IT. Together, these results suggest that the bottleneck we detected in
IT probably occurred in the first year after the introduction, as opposed to a founding
bottleneck followed by population growth. It is satisfying that we were able to detect
this bottleneck in the genome-wide data by combining site frequency tests with
haplotype homozygosity tests. Our ability to detect the consequences of a known
bottleneck highlights the validity of these methods in recently established
populations, and that it can be a useful approach even for studies without available
census data.

It could be expected that as a result of the bottleneck, IT might have experienced
a different selection pressure compared to the other populations (e.g. less effective
because of chance loss of alleles), or selection on a different set of variants (e.g.
strong immune responses to overcome the increased incidence of disease reported).
However, we find no evidence for this. Average allele frequency changes were
similar across the four populations. Further, in our overlapping outlier analysis,
comparisons including IT consistently had high numbers of overlapping outlier
windows, suggesting IT was not experiencing a different selection pressure than the
other introductions.

Rather, comparisons with IUL had the lowest overlapping windows in the outlier
analysis and increased levels of genome-wide heterozygosity. This population was
one of the sites initiated with low density (IUL and ILL) and also had a thinned
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canopy. As a result, I[UL had the largest population sizes by far during the dry
season, but also had the strongest population declines (Reznick et al. 2019).
Combined, this could result in chance allele frequency changes associated with the
period of population growth and could reduce our ability to detect signatures of
selection, i.e. reduced diversity.

The onset of selection coincided with the populations’ attaining peak densities
(Reznick et al. 2019), the timing of which differed between the pairs of populations
because of their different initial densities. Populations with low initial densities (ILL
and IUL) took three years to attain peak density, whereas the high initial densities (IC
and IT) took only two years to attain peak density and hence started to evolve after
just two years. We find evidence of these differences in population growth and
contraction at the genomic scale. The lower density populations, ILL and IUL, saw a
slight increase in expected heterozygosity and nucleotide diversity and a reduced
Tajima’s D, which is indicative of a population that experienced rapid population
expansion (Ortego et al. 2007; Zenger et al. 2003). In the higher density populations,
IC and IT, we instead found reduced expected heterozygosity and nucleotide
diversity, and increased Tajima’s D. Both are signals of reduced population growth.
Additionally, we show that differences in initial population density also led to IC and
IT having more SNPs with unchanged allele frequencies, likely because there was
less time for SNPs to randomly drift away from GHP allele frequencies. We further
find that IC and IT have more fixed SNPs that were the minor allele in GHP, as well
as having more overlapping outlier windows in the genome scans, suggesting
selection had a stronger effect in the high-density populations compared to the low-
density populations.

In conclusion, we found strong signals of selection in all four populations, and a
region on chromosome 15 contained overlapping windows with strong signals of
selection in three of the four populations. Our novel multivariate analysis of allele
frequencies revealed evidence of subtle parallel changes in allele frequency in this
region. This suggests this method has the potential to detect convergent evolution in
rapidly evolving populations, as well as identifying signatures of polygenic selection
with small changes at many loci simultaneously.
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SUPPLEMENTARY METHODS:
Genome sequencing and SNP calling

Fish were stored in 95% ethanol at -20C prior to DNA extraction. Genomic DNA was
extracted from caudal peduncle tissue using the Qiagen DNeasy Blood and tissue kit
(QIAGEN; Hilden, Germany). Whole genome sequencing libraries were prepared
following the lllumina TruSeq DNA sample preparation guide with approximately 250bp
insert size. Eighty-six samples were sequenced by multiplexing 6-10 individuals per
lane on an lllumina HiSeq 2000 and 3000.The remaining eight samples were
sequenced using the lllumina HiSeq 4000 with a 150bp paired-end read metric.

Quality of paired-end reads was assessed with FastQC (Andrews 2010) and
adapters and low-quality bases removed with TrimGalore! (Krueger 2012). Reads were
aligned to the long-read, updated guppy reference genome (Fraser et al. 2020) using
BWA-mem (v0.7.17)(Li and Durbin 2009). Read groups were added and duplicate reads
were removed before merging to produce final bams using picard v 2.06. Read quality
was recalibrated using variants generated from high-coverage, PCR-free sequencing
data (Fraser et al. 2020). GVCFs were obtained using GATK'’s (v4.0.5.1)
HaplotypeCaller and combined with GenomicsDBImport before genotyping with
GenotypeGVCFs. Resulting variants were filtered on the basis of QD<2.0, FS>60.0,
MQ<40.0, HaplotypeScore>13.0 and MappingQualityRankSum < -12.5 according to
GATK best practices, and only bi-allelic sites were retained. SNPs were removed if they
had a depth <5x and if missing in 50% of individuals. Finally, the population files were
merged again and filtered for a minor allele frequency of >0.01. The final VCF file
contained 6,510,265 SNPs.

For the haplotype analyses, we followed the double-phasing protocol as described in
(Malinsky et al. 2018): population VCF files were first phased per chromosome using
Beagle (v5.0) (Browning and Browning 2007), followed by a second round of phasing
with Shapeit2 (v2.r904) (Delaneau et al. 2011). Shapeit2 has an increased accuracy
compared to beagle (Delaneau et al. 2011), but does not accept missing data.
Therefore, we use beagle, which does accept missing data but has a high switch rate
error (Delaneau et al. 2011), to create pre-phased VCF files that can be used as input
for shapeit2.

Runs of homozygosity

Runs of homozygosity (ROH) were calculated for each individual with a sliding
window approach with 50 SNPs per window using Plink. To minimize the detection of
ROH that could occur by chance, the minimum number of SNPs needed to constitute a
ROH (1) was estimated using the method proposed by (Lencz et al. 2007). Additionally,
each run had to be at least 500 kb long to exclude short, common ROH present in all
individuals and populations. Finally, at most 1 heterozygous site per window was
allowed. Runs of homozygosity were estimated for each individual separately, and
resulting ROH were binned into four categories: 0.5-0.75 Mb, 0.75-1.0 Mb, 1.0-1.5 Mb,

and >1.5 Mb. To calculate the genomic inbreeding coefficient Fron, we used:
F — ZLROH
ROH L
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Where Lron is the total length of all of an individual's ROH above a specified length
threshold and Lauo is the length of the autosomal genome.

Genome scans

Both XP-EHH and iHH12 were calculated using Selscan (v1.2.0a) (Szpiech and
Hernandez 2014), using the default settings, except for a MAF filter of 0.01. The results
were then normalised over all chromosomes using the script provided by Selscan. XP-
EHH outliers were identified by a value of XP-EHH > 2.5, and iHH12 outliers were
identified as those windows with an absolute value of iHH12 > 5 in the introduced
populations and an absolute value of <5 in the GHP source.

The number of overlapping outliers among populations per measure was calculated
using the R package SuperExactTest (Wang et al. 2015). This package also calculates
the expected number of overlapping windows for each set based on a hypergeometric
distribution.

To assess the extent of parallel allele frequency changes in the outlier region, we
extracted allele frequency changes per SNP (AAF) among the SNPs in the XP-EHH and
iHH12 outlier windows and made pairwise plots of AAF. We compared these values to
values of AAF to a pool of equal size drawn randomly across the genome. Finally, we
obtained gene annotations for the outlier region by aligning the region to the previously
published female genome (Kunstner et al. 2016) and extracting guppy genes using
Ensembl’'s BioMart (release 102) (Howe et al. 2021).

Multivariate analysis of parallel allele frequency changes
Briefly, we divided each chromosome into non-overlapping windows of 200 SNPs,
and calculated a matrix of normalised allele frequency changes per window:

AAF,, .. AAF,,
X — E ", E
AAFy,. .. DAE,,.

Where n is the number of SNPs in a window and m the number of populations. For each
of these matrices we then computed the correlation matrix describing correlations of
normalised allele frequencies among the vectors of each HP-LP pair, by multiplying
matrix X with its transpose:
C =XxXxT

Eigen decomposition of each C matrix produces a distribution of eigenvalues;
distributions with excessive variance explained by the first eigenvector suggest a shared
direction of allele frequency changes among all population pairs through multivariate
space. This direction of change could be parallel (along the same axis in the same
direction) or anti-parallel (along the same axis in different directions). We created a null-
distribution to determine which windows show extreme eigenvalues. We randomly
sampled windows of an equal number of SNPs (N=200) along the genome, and allowed
for a random start position for windows. For each null permutation, individual IDs were
shuffled and allele frequency vectors re-calculated between random pairs. We applied
the same transformations described above to each window and ran 1000 permutations.
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Windows were identified as outliers if they had an eigenvalue above the genome-wide
99.9% quantile of the null-distribution.

Finally, we investigated where the allele frequency changes are parallel and where
they are anti-parallel by examining the loading of each population on the first
eigenvector. Lineages with the same sign loading can be interpreted as evolving in the
same direction, and lineages with opposite signs are evolving anti-parallel.
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Figure S1: PC3 and PC4 with populations coloured according to river.
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Figure S2. Principal component analysis with natural populations described in (Whiting
et al., 2020) illustrating the lack of population structure between GHP and the

introduced populations.
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