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General Introduction 

‘Science, for me, gives a partial explanation for life. In so far 
as it goes, it is based on fact, experience and experiment.’ 

Rosalind Franklin, 
Chemist, X-ray chrystallographer,  

discoverer of the DNA double helix 
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 General Introduction 

The genomic basis of adaptation 

The primordial and prevailing goal of evolutionary biology is to elucidate how 
biological diversity emerges from the interaction of organisms and 
environments (Darwin, 1859). Nowadays, we have the technology and 
analytical power to ask the same question at a much deeper scope and aim 
to identify the genomic processes underlying the adaptation of species to 
spatially and temporally changing environments. This has recently led to the 
emergence of a new research field – evolutionary genomics, which focuses 
on understanding the genetic basis of adaptive evolutionary change and 
ultimately establish the molecular links between phenotype, genome, 
development and ecology. This broad quest can be broken into more 
precise underlying questions, such as: What is the genetic basis of 
ecologically relevant phenotypes? How fast and at which geographical 
scale can adaptation occur? During adaptation, does selection tend to 
target many genetic variables of small additive effect or single variables of 
big effect? 1,2. The study of these questions demands integrative approaches 
that establish causal links between genetic variation and ecologically 
relevant trait variation 3. Thus, combining ecological and population field 
data, marker-based genome-wide screens, experimental evolution, and 
development experiments, is extremely interesting 4. Population genomic 
investigations embedded in strong ecological frameworks are still sparse but 
arguably represent the only way to approach a set of conceptual and 
theoretical issues in evolutionary biology empirically 5. The combination of the 
above-mentioned lines of evidence will thus result in a general understanding 
of the tempo and mode of evolution, and perhaps also allow us to predict, to 
a certain extent, the response of organisms to rapidly changing 
environmental conditions. The goal of my PhD is to contribute to this 
understanding, through an evolutionary genomic investigation in threespine 
stickleback. 
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 The threespine stickleback of the Constance basin 

Threespine stickleback (Gasterosteus aculeatus) ecology is highly shaped by 
repeated post-glacial colonization of freshwater habitats by migratory marine 
ancestors 6. This resulted in an outstanding diversity of adaptive phenotypes. 
Furthermore, following the widespread fresh-water colonization many 
populations have evolved similar morphological and skeletal traits (Bell & 
Foster, 1994). Thus, this species is a particularly interesting one to characterize 
molecular mechanisms underlying repeated evolution of adaptive 
phenotypic traits in nature. More than an interesting ecology, stickleback has 
a well-assembled and annotated reference genome 7 and a great 
availability of genetic manipulation tools and data resources (e.g. Indjeian et 
al., 2016). This allows comprehensive and detailed comparative analysis 
incorporating ecology, evolution and development, making it a model 
organism for ecological genomics studies.  

Figure 1 Study system. Left Lake Constance in central Europe depicting locations of 
lake and stream populations featured in this thesis (black circles), and experimental 
stream of release experiment described on Chapter I; Right Typical morphology of 
lake (top) and stream (bottom) individuals depicting differences in body size, nuptial 
coloration and body armor (μ-CT scan images to the right with lateral bony plates 
highlighted in magenta). 

One axis of diversification in threespine sticklebacks is observed between 
adjacent lake and stream populations. Lake individuals are typically pelagic, 
feeding on open-water plankton, while stream individuals are benthic, 
feeding on bottom invertebrates. This results in morphologic differences 
arising from divergent natural selection on several traits, such as feeding 
apparatus and lateral plate armor. Indeed, one of the most striking and 
ubiquitous phenotypic changes seen in stickleback populations is the 
repeated numerical alteration of the plates that constitute the lateral armor 
of the fish, which provides protection against predators 9–11(Fig.1 Right).	 The 
Constance basin threespine stickleback is one of the systems in which such 

 General Introduction 
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 General Introduction 

divergence can be observed, and the focus of the work developed in this 
thesis. Previous work in Constance has shown that when comparing adjacent 
stream and lake individuals, there is divergence at the genotype 12 and 
phenotype levels, as well as in several life-history traits 13. 

Figure 2 Fitness differences between adjacent lake and stream stickleback revealed 
by a field transplant; Number of lake (lower line; green), stream (top line; blue) and 
hybrid (middle line; black) stickleback surviving in the stream habitat; circles represent 
raw survivor counts in each replicate, vertical bars connect the minima and maxima; 
adapted from Moser at al., 2016 

Marker-based genome-wide screens identified several genomic regions 
showing signatures of natural selection in the form of high population 
differentiation 12. Furthermore, natural selection was experimentally shown to 
act as a driver of local adaptation, within a single generation, in these lake 
and stream populations: in a replicated field transplant experiment using lake, 
stream and hybrid fish, the local stream-resident individuals always survived 
much better than foreign lake individuals, with hybrid individuals showing 
intermediate survival 14 (Fig. 2). 
The demonstration of adaptive ecological divergence between lake and 
stream stickleback in Lake Constance basin threespine stickleback has raised 
several questions. How fast can adaptive divergence arise? Can we identify 
the genetic factors that underlie local adaptation in lake and stream fish? If 
so, where in the genome are these factors located, and what traits do they 
encode? Combining genomic surveys with experimental tests is of great and 
growing importance 15.  

Thus, in Chapter I, I contribute to answer such questions and to better 
understand the link between ecology and genome-wide variation, through 
an innovative experiment demonstrating how natural selection drives allele 
frequency shifts in real time. 
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 General Introduction 

Additionally, mapping the genetic basis of easily scored adaptive traits 
provides a powerful tool to identify the number and genomic location of loci 
controlling adaptive phenotypic evolution. Thus, in Chapter II, I apply 
unforeseen high-resolution population genomics on the long-standing 
question of the genetic basis of bony lateral plate evolution.  
Marine and other pelagic stickleback populations generally display a 
continuous series of bony lateral plates that constitute part of the fish amour 
(Fig. 1). Recurrent and independent adaptation events to fresh-water and 
benthic lifestyles resulted in parallel plate loss 16. 
For fifty years we’ve been wondering how natural selection shapes this trait 
and despite our knowledge of a gene – ectodysplasin-a (EDA) - with 
considerable functional effect on plate number variation 16–18, the complete 
landscape of allelic changes underlying variation in armor coverage in 
threespined stickleback adapting to divergence environments is yet to 
uncover. 
To understand what other genes promote this phenotypic diversity, I 
performed a whole-genome scan between phenotype classes - complete, 
low and partial morphs - within a polymorphic stream population, controlling 
for the EDA locus. 

Upon phenotypic inspection of the individuals used for mapping plate 
number variation described above - Chapter II - I noticed that, within 
completely plated individuals, some appeared to have shorter plates with 
small inter-plate gaps. This led me to hypothesize that - upon colonization of 
habitats with divergent predator-pressure - selection might act not only on 
plate number, but on plate size to optimize armor coverage. I tested this 
hypothesis on Chapter III, which explores the natural patterns and genetic 
basis of an alternative strategy to armor coverage variation.  
We first characterize the natural phenotypic variation in plate size within and 
between populations adapted to lake and stream environments. I compared 
the natural plate size variation with that recorded under common garden 
conditions, for the same populations. Then, I perform a within-stream pooled-
whole-genome scan for plate height, to map loci associated with plate size 
reduction.  

Since comprehending the inherent proprieties of the genome is essential for 
genomics experimental design, in Chapter IV, to gain insights into broad-scale 
heterogeneity in crossover rate across taxa, we synthesize genetic and 
physical maps from 62 animal, plant, and fungal species. This question is 
relevant because heterogeneity in crossover rate leads to variation in the 
strength to which chromosome regions are affected by natural selection, 
which can confound the identification of loci under selection or the inference 
of parallel evolution at the genomic level. 
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 General Introduction 

During the development of this thesis, several opportunities arose to 
collaborate with other researchers which are developed on Chapters V to 
VIII, which focus on side projects developed either independently (IV and VII) 
or in collaboration with other threespined stickleback researchers (V and VI). 
For the latter, all of my contributions are explicitly described in the ‘author 
contributions’ sections of each manuscript.  

Finally, It is widely recognized that there is imperative need of communication 
between researchers and the public19,20, which benefits both parties 21. With 
this in mind, I developed several scientific communication and outreach 
projects along with my research. This work is presented in Chapters IX to XII, in 
which Several communication media are explored, such as blog posts, comic 
books and multisensory exhibitions, aiming to promote science literacy and 
accessibility.  
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Main Projects 

‘Neither species nor environment are static entities. They’re 
dynamic and they are constantly changing.’ 

Rosemary Grant, 
Biologist, observer of evolution in real-time 
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Chapter I 

Genomic release-recapture experiment 
in the wild reveals within-generation 

polygenic selection in stickleback fish 

Nature Communications (2020) 11, 1928 

Telma G. Laurentino, Dario Moser, Marius Roesti, Matthias 
Ammann, Anja Frey, Fabrizia Ronco, Benjamin Kueng, 

Daniel Berner 
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ARTICLE

Genomic release-recapture experiment in the wild
reveals within-generation polygenic selection
in stickleback !sh
Telma G. Laurentino1!, Dario Moser1, Marius Roesti 2, Matthias Ammann1, Anja Frey1, Fabrizia Ronco 1,
Benjamin Kueng1 & Daniel Berner1!

How rapidly natural selection sorts genome-wide standing genetic variation during adaptation

remains largely unstudied experimentally. Here, we present a genomic release-recapture

experiment using paired threespine stickleback !sh populations adapted to selectively dif-

ferent lake and stream habitats. First, we use pooled whole-genome sequence data from the

original populations to identify hundreds of candidate genome regions likely under divergent

selection between these habitats. Next, we generate F2 hybrids from the same lake-stream

population pair in the laboratory and release thousands of juveniles into a natural stream

habitat. Comparing the individuals surviving one year of stream selection to a reference

sample of F2 hybrids allows us to detect frequency shifts across the candidate regions toward

the genetic variants typical of the stream population—an experimental outcome consistent

with polygenic directional selection. Our study reveals that adaptation in nature can be

detected as a genome-wide signal over just a single generation.

https://doi.org/10.1038/s41467-020-15657-3 OPEN
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Adaptation to novel environments can occur rapidly1–4,
with evolution in ecologically relevant phenotypes arising
within a few generations5–8. Such rapid phenotypic evo-

lution has sometimes been linked to changes in allele frequencies
at underlying genetic loci9–12, although this generally concerns a
small number of loci harboring genetic variants of large pheno-
typic effect13. However, adaptation commonly involves a great
number of loci spread across the genome14,15, and how rapidly
natural selection in!uences ecologically important loci genome-
wide remains largely unexplored empirically outside prokaryotic
organisms16–18. To address this gap, we here investigate a rapid
genome-wide response to selection under natural experimental
conditions in threespine stickleback "sh (Gasterosteus aculeatus).
In this organism, the postglacial colonization of freshwater by

marine ancestors has led to the evolution of distinct ecotypes
residing in adjacent, selectively different lake and stream habi-
tats19–23. Such divergent lake-stream adaptation has occurred in
stickleback within the Lake Constance basin in Central
Europe22,24–26. In this system, the ecotype inhabiting Lake
Constance exploits the pelagic (open-water) foraging niche,
whereas multiple tributary streams harbor ecotypes with a
benthic (bottom-feeding) lifestyle22,27. This ecological diversi"-
cation is mirrored by divergence between the lake and stream
ecotypes in traits, such as foraging and predator defense mor-
phology, and life history22,24,27–29.
The lake and stream ecotypes within the Lake Constance basin

are undoubtedly products of adaptive evolution: transplant
experiments in natural streams have revealed that stream indi-
viduals consistently outperform lake individuals (and F1 lake-
stream hybrids) within a single generation, and that this "tness
difference has a strong genetic basis30. At the molecular level,
marker-based genomic investigations of natural populations from
the Lake Constance basin have found signatures of divergent
selection25,26, for instance in the form of exceptionally strong
lake-stream difference in the frequency of genetic variants in
some genome regions, and indicated that this selection is highly
polygenic (that is, involves a great number of genetic loci across
the genome).
What is now needed to understand the mode and speed of

adaptation at the genomic level is a manipulative experiment
connecting rapid ecological adaptation to genome-wide changes
in the frequency of genetic variants. We performed such an
experiment in nature, involving (i) identifying genome-wide
candidate target loci for divergent lake-stream adaptation using
whole-genome sequencing in a natural lake-stream population
pair; (ii) exposing a laboratory-bred, genetically mixed F2 hybrid
population derived from this lake-stream pair to a natural stream
habitat for one year; and (iii) assessing variant frequency shifts at
the target loci in the survivors. Finding genome-wide evidence of
directional polygenic selection in our "eld experiment, we "nally
use individual-based simulations to explore the underlying
selection.

Results
Lake-stream stickleback under polygenic divergent selection. A
key assumption underlying our study was that if natural selection
drives allele frequency shifts in an experimental population
within a single generation, these shifts are likely subtle and hence
dif"cult to detect by just comparing the experimental population
before and after selection. Our strategy was therefore to de"ne
genomic regions likely to be targeted by selection during the
experiment a priori. To discover such regions, we focused on a
single lake-stream stickleback pair22,24,25,30 residing within the
Lake Constance basin (Fig. 1). From each population, we col-
lected a large sample of individuals (N= 240 and 229) in the wild.

These natural population samples were then subjected to pooled
whole-genome sequencing at high read depth (210!), and the
sequences were aligned to the 447 megabase (Mb) threespine
stickleback genome and screened for single-nucleotide poly-
morphisms (SNPs). For each of the 977,723 autosomal SNPs
discovered, we then quanti"ed the magnitude of differentiation
between the lake and stream population by the absolute allele
frequency difference (AFD)31.

This revealed a modest magnitude of differentiation between
the natural populations (median AFD= 0.139, mean = 0.165).
Numerous genomic regions, however, stood out clearly from this
background level of differentiation, reaching maximal values up
to 0.934 (Fig. 2; Supplementary Fig. 1). Nevertheless, no single
SNP with "xed differences between the habitats was observed,
which may re!ect dispersal and gene !ow between lake and
stream stickleback within the Lake Constance basin25,26, or that
adaptation does not require the complete "xation of locally
favorable alleles14,32,33. Patterns of differentiation along chromo-
somes were qualitatively similar to those recovered in a previous
lower-resolution genome scan for the same population pair based
on reduced-representation (RAD) sequencing (compare Supple-
mentary Fig. 1 to the ‘Lake vs. NID’ panel in Supplementary Fig. 7
from ref. 25). For instance, the SNP with the highest differentia-
tion in the latter analysis (Fig. 4a in ref. 25) also showed extreme
differentiation in the present lake-stream comparison (AFD=
0.6), and an inversion on chromosome 1 emerged as highly
differentiated in both studies (Supplementary Fig. 1; Fig. 6b in
ref. 25). Our comparison of the natural populations performed
with whole-genome resolution clearly con"rms the view that
adaptive divergence between lake and stream stickleback involves
differentiation in hundreds of genomic regions25, and hence
quali"es as polygenic.

From the most strongly differentiated of these regions—
considered most likely to respond to selection during the
release–recapture experiment, we then selected a single repre-
sentative SNP (Fig. 2). These 126 total target SNPs displayed AFD
values ranging from 0.477 to 0.934 (median = 0.589, mean =
0.602).

Predicted targets of selection evolve in a single generation. To
obtain an experimental population for studying selection in
action, we derived a large F2 hybrid population from our focal
natural lake and stream stickleback population pair in the
laboratory. Owing to random assortment and recombination,
these F2 hybrids represented a genomic mixture of lake and
stream ancestry (Fig. 1). From the F2 hybrid population, 3000
juvenile individuals were released into the wild at a natural
stream site suitable to, but not currently inhabited by, stickle-
back (Fig. 1). At the same time, we took a reference sample of
510 individuals from the laboratory hybrid population to obtain
a baseline of the genomic composition of the F2 hybrid
population before the release. One year after the release, the F2
hybrids were recaptured in the "eld, recovering 37 total "sh
hereafter called survivors. To study evolution during the
exposure to natural "eld conditions, both the reference sample
and the survivors were subjected to whole-genome sequencing
at high read depth (127 and 115!). After stringent quality "l-
tering, these data allowed us to assess through a resampling
approach whether the target SNPs predicted to be under
divergent lake-stream selection showed elevated allele fre-
quency shifts from the reference sample to the survivors com-
pared to genome-wide neutral SNPs.
Our sequence data showed that in the reference sample

characterizing the F2 hybrid population before the "eld release,
the frequency of the stream allele (i.e., the allele showing a higher
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relative frequency in the natural stream than the lake sample) at
the 126 target SNPs was almost perfectly intermediate between
the frequencies of the natural lake and stream population samples
(Fig. 3a). Our laboratory breeding protocol thus mixed lake and
stream genomes in the F2 hybrids reliably. Note, however, that
our target SNPs were generally relatively far from the "xation for
alternative alleles in the lake and stream populations, and that the
F2 hybrids were derived from ten independent F1 hybrid families.
Hence, most of the haplotype-level diversity exposed to selection
in the F2 hybrids was not generated by recombination when
intercrossing the F1 hybrid generation, but pre-existed in the
natural populations. During the experimental period, the majority
of the target SNPs (77 out of 126; 61%) exhibited an allele
frequency shift in favor of the stream allele (Fig. 3a, b), a
numerical imbalance unlikely to arise by chance (two-tailed
binomial probability: 0.016). The median allele frequency shift
across the target SNPs was 2.5% (mean 2.3%). Resampling 126

genome-wide neutral SNPs at random 9999 times and re-
calculating the median shift for each iteration indicated that
observing an overall shift of 2.5% or greater in any direction was
unlikely (two-tailed probability: 0.0173; based on the mean:
0.006) (Fig. 4). All these "ndings remained robust to changing
analytical detail (robustness checks described in the Methods and
summarized in Supplementary Fig. 2).
In genome regions inferred to be under divergent lake-stream

selection based on the natural population samples, our genetically
mixed lake-stream F2 hybrid "sh exposed to natural stream
conditions thus exhibited exceptionally large allele frequency
shifts in the expected direction. This pattern is consistent with a
slight response to polygenic directional selection within a single
generation. Conversely, our experiment also con"rms that the
regions of high differentiation between the natural lake and
stream populations detected in our genome scan are indeed under
divergent selection.
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Lake Constance

Rhine inlet

Stream

Pure-bred laboratory
populations

F1 hybrid laboratory
population
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sampleF2 hybrid laboratory
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Release
sample
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196 510
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Fig. 1 Design and sampling locations for the release–recapture experiment. The study focuses on a natural lake and stream population pair sampled at
the sites indicated by the blue (lake) and green (stream) dots in the map of the Lake Constance basin, Central Europe (map created by the authors based
on data from Google Earth, Landsat/Copernicus). Representative females and males from these populations are depicted at the same scale in the top and
bottom row (Photo credit: D.B.). The breeding scheme describes how F2 hybrids were derived from the pure-bred populations under laboratory conditions,
with numbers specifying how many replicate families founded the subsequent laboratory population. The F2 hybrids represented a mix of lake and stream
genomic ancestry, as visualized by the color-coded bars symbolizing diploid genotypes for a single chromosome. For the !eld experiment, a sample of
3000 juvenile F2 hybrid individuals was released into a natural stream (photo from summer 2017, credit: T.G.L.), and the survivors recaptured one year
later. An additional sample of 510 individuals served as a reference to quantify allele frequencies at the time point of the release.
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Insights from simulated selection. To develop a sense for the
strength of selection at individual loci required to produce a
frequency shift in the order of the one observed experimentally
across the target SNPs, we tailored individual-based simulations
of polygenic directional viability selection over one generation to
our experiment. Because the link between multilocus genotype
and !tness is unknown, we considered both multiplicative and
additive contributions of individual loci to overall !tness.

These simulations revealed that with multiplicative !tness,
median allele frequency shifts of the magnitude observed became
likely with per-locus selection coef!cients above ~0.06 (Fig. 5a).
With additive !tness, however, weaker selection in the order of 0.01
already suf!ced to produce frequency shifts compatible with our
empirical observation (with 200 simulated loci, even weaker
selection was suf!cient; Supplementary Fig. 3b). The latter
coincided with the domain in which we observed directional
selection to become truncational (at s= 0.009). Strong truncation
selection associated with even higher selection coef!cients under
additive !tness produced frequency shifts well beyond the one
observed experimentally. Overall, our simulations of selection over a
single generation indicate that the allele frequency shifts observed in
the !eld experiment are plausible under directional selection on
many loci; at least under some form of additive !tness, the required
per-locus selection coef!cients may be relatively low.
We next extended our simulations to multiple generations to

explore how rapidly locally favored alleles increase in frequency
when a genetically variable population is exposed to polygenic
directional selection in a novel environment. This indicated that
irrespective of the !tness scheme (multiplicative, additive),
evolution across the selected loci was initially very rapid (Fig. 5b);
allele frequency changes well beyond the empirically observed
baseline lake-stream differentiation across all genome-wide SNPs
(AFD= 0.14) were achieved within a few dozen generations.
Assuming analogous evolution in a hypothetical population
exposed to selection in the opposite direction (i.e., lake habitat),

population differentiation at the selected loci would reach 0.6—
the median AFD observed empirically between the natural lake
and stream population sample across the 126 target SNPs—
within a few dozen generations too.
The simulations of evolution over multiple generations made

several assumptions that may or may not be satis!ed in a natural
context (e.g., the distribution of the initial frequencies of the
locally favored alleles, or that selection coef!cients remain
constant during the course of evolution). Nevertheless, the speed
of evolution observed in these simulations is fully compatible with
the rapid phenotypic evolution (and frequency changes at the few
known underlying loci) observed in stickleback in the wild4,5,34,35,
thus adding plausibility to the results from the single-generation
simulations.

Discussion
Allele frequency changes observed in our stickleback
release–recapture experiment suggest a polygenic response to
directional selection within a single generation. Strong inde-
pendent support for this interpretation derives from a previous
experiment transplanting juvenile Lake Constance and tribu-
tary stream stickleback and their F1 hybrids into multiple,
ecologically different streams, consistently and unambiguously
demonstrating directional viability selection within a single
generation30. The experimental !sh in that study were derived
from laboratory lines; hence ecotype-dependent survival was
largely genetically determined. In this light, there can be little
doubt that the survivors recaptured in the present experiment
represent a genetically non-random subset of the F2 hybrid
population initially released. Also, selective shifts in the order of
magnitude observed are not only plausible, but actually
required to explain allele frequency shifts at candidate adap-
tation loci arising during phenotypic evolution from standing
genetic variation over dozens of generations in wild stickleback
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exposed to novel habitats4,5,34,35. Indeed, our simulations of
polygenic selection over multiple generations con"rm that
selection coef"cients appearing plausible in our single-
generation experiment are compatible with the rapid allele
frequency shifts observed in naturally evolving stickleback. Our
genomic experiment thus suggests that adaptive allele fre-
quency shifts can be detected over a single generation when
focusing on a collective signal across many loci predicted a
priori to be targets of natural selection.
Given the absence of downstream dispersal barriers in our

experimental stream, a possibility worth considering is that the
observed allele frequency shifts may to some extent re!ect

genotype-dependent dispersal. That is, experimental individuals
in poor phenotypic condition due to relatively unfavorable
combinations of alleles across the ecologically relevant loci may
have dispersed, thus altering the genomic composition of the
remaining population36–40. This mechanism represents a (parti-
cularly effective) form of, rather than an alternative to, natural
selection, because genetically based "tness differences among
genotypes are a prerequisite; habitat preference mechanisms
unrelated to individual "tness, whether learned or genetically
determined, are not expected to systematically shift allele fre-
quencies in genetically mixed F2 hybrids generated under
laboratory conditions. Phenotype-related habitat preference has
indeed been suggested in lake-stream stickleback41, although
further evidence, including on a potential genetic basis, is needed.
Such information would help understand whether genome-wide
responses to selection are facilitated by dispersal behavior.
A further insight, emerging from our simulations, is that a

substantial within-generation polygenic response to directional
selection may be plausible despite weak selection at the level of
individual loci. This holds in particular when assuming that the
loci affect "tness additively, as suggested by another stickleback
experiment42. In this case, the fate of a given allele is highly
contingent on the allelic makeup at other loci within an indivi-
dual. Speci"cally, selection can here become very effective when
unfavorable alleles across all loci together drive the whole
population toward an absolute mean "tness near zero. In this
domain, many individuals actually do have zero "tness and
selection is truncational. Individuals by chance carrying particu-
larly favorable multilocus genotypes will then display an excep-
tionally high "tness relative to the population mean. Our
simulation "nding of a substantial response to selection despite
weak per-locus selection under additive "tness supports the
notion that polygenic truncation selection—including departures
from strict truncation in which individuals are simply ranked by
multilocus genotype, allows for strong responses to selection by
eliminating unfavorable alleles jointly43,44. While we believe that
truncation selection is plausible in our stickleback system, because
of very high juvenile mortality measured under natural condi-
tions30, we emphasize the urgent need for more re"ned experi-
mental information on the connection between multilocus
genotype and "tness in this and other organisms. As long as this

0.04

0.02

0.00

0.06

Selection coefficient

M
ed

ia
n 

fr
eq

ue
nc

y 
sh

ift
of

 fa
vo

ur
ed

 a
lle

le
s

a

0.00 0.02 0.04 0.06 0.08 0.10 0 100 200 300 400 500

0.5

0.7

0.9

1.0

0.8

0.6M
ed

ia
n 

fr
eq

ue
nc

y
of

 fa
vo

ur
ed

 a
lle

le
s

Generations of evolution

b

Additive fitness

Additive fitness

Multiplicative fitness

Multiplicative fitness

Fig. 5 Allele frequency shifts in simulations of polygenic directional selection. a Response to viability selection on 100 loci over a single generation for a
range of per-locus selection coef!cients and two different !tness schemes. For each of the 10,000 replicate simulations, the median shift of the selectively
favored allele across the loci was recorded. The blue curves represent the median of these values across the replicates, and the blue bands give the
associated 95 percentiles. The dashed red line indicates the median frequency shift of the stream alleles observed across the 126 target SNPs in the
!eld experiment. b Response to selection on 100 loci over multiple generations, for the same two !tness schemes as in a. For each !tness scheme, a
single selection coef!cient compatible with the experimentally observed median allele frequency shift was chosen (see a; 0.1 and 0.01 for multiplicative and
additive !tness). The blue bands display the full range across the 40 replicate simulations of the median frequency of the favorable allele across all selected
loci. The black lines indicate the grand median allele frequency of the focal allele across 20 neutral loci and replicate simulations (the lines are not labeled
because they largely overlap between the two !tness schemes). In both a and b, the initial frequencies of the favorable alleles at the selected loci were
drawn at random from the distribution observed empirically at the target SNPs.

400 0.0007 0.025

N
um

be
r 

of
 r

es
am

pl
in

g 
ite

ra
tio

ns

300

200

100

Median frequency shift of stream alleles

0

–0.04 –0.02 0.0 0.02 0.04

Fig. 4 Observed allele frequency shift at the target SNPs compared to
neutral SNPs. Distribution of the median reference-survivors frequency
shift of the stream allele across 126 neutral SNPs, based on 9999 replicate
resampling iterations. The neutral SNPs were required to lie within an AFD
range of 0–0.1 in the comparison of the lake and stream population, and
were further constrained to a minor allele frequency (MAF) spectrum
matching the one observed across the target SNPs by applying a MAF
threshold of 0.35 in the reference sample. The dashed blue line indicates
the grand median random shift. The dashed red line gives the median
reference-survivors shift of the stream allele observed across the 126 target
SNPs during the !eld experiment.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-15657-3 ARTICLE

NATURE COMMUNICATIONS | ��������(2020)�11:1928� | https://doi.org/10.1038/s41467-020-15657-3 | www.nature.com/naturecommunications 18

www.nature.com/naturecommunications
www.nature.com/naturecommunications


relationship is not better understood, it remains possible that
estimates of the strength of selection at single ecologically
important loci based on allele frequency changes observed over
generations are in!ated when numerous loci across the genome
are under selection simultaneously.

Methods
Study system and experimental !eld site. Our investigation focuses on a single
lake-stream stickleback pair (the ROM lake and the NID stream populations22,24,25,30)
residing within the Lake Constance basin (Fig. 1). For our "eld experiment, we
required a natural stream site suitable to, but not currently inhabited by, stickleback.
Such a site was identi"ed in the headwater of the stream inhabited by the NID
population. Our experimental stream was formerly piped, but opened and restored
one year before the experiment. To increase water volume of this small stream, and
thus carrying capacity, we constructed two successive shallow dams (Supplementary
Fig. 4c). These hindered upstream dispersal and produced a total stream section of c.
50m suitable to stickleback. Rapids downstream of the experimental site made the
natural colonization of this headwater stream by stickleback highly unlikely.
Accordingly, extensive minnow trapping before dam construction (April 2015) and
immediately before the experimental release (September 2015) recovered no stickle-
back, although two other "sh species (known to be ef"cient colonizers; Phoxinus
phoxinus and Barbatula barbatula) were present. At the time of the release, the
experimental stream exhibited the vegetation and invertebrate fauna typical of other
stream sites within the study region, and natural predators were observed during later
inspections (e.g., dragon!ies and gray heron, Ardea cinerea; photographs of the site
and further detail are presented in Supplementary Fig. 4).

Experimental populations and release–recapture protocol. For the identi"ca-
tion of regions putatively under divergent selection, a sample of individuals from
the lake and the stream population was needed. These samples, hereafter referred
to as natural population samples, included 240 individuals from the lake and 229
individuals from the stream, captured as adults during the breeding season in 2016
for a different experiment45. The sex ratio was balanced in both samples.

For the release–recapture experiment, we derived from laboratory lines a
large F2 hybrid population that, due to random assortment and recombination,
represented a genomic mixture of lake and stream ancestry (Fig. 1). In brief, 20
lake and 20 stream individuals caught in the wild in May 2013 were crossed
arti"cially to obtain ten unique pure-bred lake and ten stream families, from
which ten F1 lake-stream hybrid families were derived in the spring of 2014 (see
refs. 28,30 for details on the parental and F1 hybrid lines, and on husbandry
protocols). In May 2015, 196 F2 hybrid crosses were generated based on 92 F1
hybrid females (crossed for a maximum of three times) and 58 males (siring a
maximum of 6 clutches) combined haphazardly across the F1 families. The
resulting F2 families were pooled haphazardly into 30 total aquaria of 55–160 L
volume (5 to 15 families per aquarium). Although no effort was made to control
pedigrees, our crossing protocol ensured that a reasonably high proportion of
the genetic diversity of the lake and stream founder individuals was represented
in the F2 hybrid population28,30. Laboratory mortality was negligible. All
laboratory work was approved by the Veterinary Of"ce of the Canton of
Basel City.

To initiate the "eld experiment, all F2 hybrids were pooled in a single large
oxygenated tank on 16 September 2015. From this pool, we randomly sampled
3000 individuals for the "eld release (Fig. 1). An additional sample of 510
individuals—our reference sample providing a baseline of the genomic
composition of the F2 hybrid population before the release—was immediately
killed and preserved in absolute ethanol. The following day, the release individuals
were transported without mortality to the experimental site, and 1500 individuals
were released above each dam (Supplementary Fig. 4). At this point, the F2 hybrids
were approximately 4 months old juveniles exhibiting an average standard length
of 21.9 mm (SD= 1.8; fresh body mass: 0.11 g, SD= 0.04), as measured from an
additional sample (N= 30).

Recapture of the survivor F2 hybrids occurred approximately one year after the
release (30 and 31 August 2016) by deploying 39 minnow traps along the full
experimental stream section, including a short section immediately downstream of
the lower dam. On both days, capture was performed in two rounds, each lasting c.
4 h. After each round, all stickleback captured were recorded, a small part of their
anal "n was clipped and preserved individually in 100% ethanol as tissue sample,
and the "sh were released back into the stream. The number of new (unclipped)
stickleback captured during the four rounds was 22, 12, 2 and 0; we are thus
con"dent that sampling was (nearly) exhaustive.

DNA library preparation and sequencing. All our samples (natural populations,
reference, and survivors) were subjected to whole-genome sequencing. For the
natural populations, we generated pooled DNA libraries by "rst combining tissue
from 10 individuals into sub-pools (24 for the lake and 23 for the stream popu-
lation). To ensure a relatively similar representation among all individuals assigned
to a given sub-pool, we punched a disk of 2 mm diameter from the spread caudal
"n of each individual by using a biopsy plunger (KAI Medical, Chiba, Japan), and

combined these tissue samples for DNA extraction with the Qiagen DNeasy Blood
& Tissue kit. We followed the manufacturer’s protocol, with the modi"cations that
the lysate resulting from proteinase digest was centrifuged and DNA was extracted
from the supernatant; for the "nal elution, we used 60 !L of buffer for 30 min. We
also included an RNAse treatment (4 !L, 100 mg/mL, for 5 min). DNA con-
centration was assessed with a Qubit !uorometer using the Broad Range kit
(Invitrogen, Thermo Fisher Scienti"c, Wilmington, DE, USA), and the sub-pools
were combined in equimolar proportion to two DNA libraries, one for the lake and
one for the stream population. Library preparation for the F2 hybrid reference
sample was performed analogously, except that we combined more individuals (15)
in each of the 34 sub-pools. The latter were pooled in equimolar proportion to a
single library. For the survivors, we also followed the above protocol, but to allow
for greater analytical !exibility, DNA extraction was performed individually for
each "n tissue sample, thus resulting in 37 separate libraries.

All DNA libraries were barcoded individually and paired-end sequenced without
PCR ampli"cation to 151 base pairs (bp) on an Illumina HiSeq2500 instrument. The
two natural populations were sequenced on two lanes each, yielding an approximate
read depth per base of 210! in each population, thus allowing estimating allele
frequencies with high accuracy31,46,47. The reference library, and all survivor
libraries together, were sequenced on one lane each, resulting in a mean read depth
of 127x for the reference sample and 115! for all survivors combined (mean
individual survivor read depth was 3.1!, range 2.6–4.4!).

Identifying targets of selection. We expected that if natural selection drives allele
frequency shifts within a single generation, these shifts are likely small in magni-
tude. Hence, a plain genome-wide differentiation scan comparing the reference
sample (i.e., before selection) to the survivors (after selection) was deemed unlikely
to allow separating potential signatures of selection from background stochasticity.
We thus considered it crucial to identify genomic regions a priori in which allele
frequency shifts during our "eld experiment were most likely. For this, we "rst
performed a genomic comparison of the natural populations, considering excep-
tionally strongly differentiated genome regions as putative targets of relatively long-
term divergent natural selection between the lake and stream ecotype. Then we
assessed if the reference-survivors differentiation in these regions was greater than
expected by chance, which would offer evidence of selection on the released F2
hybrids.

We started by parsing all sequence output according to barcodes, followed by
alignment to the third generation assembly48 of the stickleback reference genome12
with Novoalign 3.03.00 (Novocraft Technologies Sdn Bhd) (options: -F STDFQ -t
540 -g 40 -x 12 -r N -e 200 -i PE 200,250). Using Rsamtools49, the resulting SAM
alignments were converted to BAM format, and nucleotide counts were performed
for every genomic position by applying the pileup function. Next, we determined
the magnitude of genetic differentiation (quanti"ed as absolute allele frequency
difference AFD31) between the lake and stream natural populations across all
genome-wide SNPs. These SNPs were required to exhibit a read depth within
100–360! in each population (thus excluding poorly sequenced and repeated
regions), and a minor allele frequency (MAF) of at least 0.25 across the pool of the
two populations (to ensure adequate information content50). This strategy yielded
1,009,247 SNPs across the 447 megabase (Mb) stickleback genome, thus resulting
in one SNP per 440 bp on average.

To de"ne candidate regions under selection, we then identi"ed all high-
differentiation SNPs in the top 0.1 percentile of the AFD distribution. This was
done chromosome-speci"cally (autosomes only), thus taking into account variation
in baseline differentiation among chromosomes due to differences in crossover rate
and hence total selection density51–53 (applying the 0.1 percentile threshold
genome-wide identi"ed a very similar set of SNPs, not presented). When high-
differentiation SNPs thus identi"ed were located within 50 kb from each other, they
were treated as belonging to the same genomic region. From each independent
candidate region, we "nally selected the SNP exhibiting the highest differentiation
plus satisfying a read depth of at least 70! and a MAF of at least 0.25 in the
reference sample. In addition, this SNP was required to be sequenced in at least 35
out of the 37 survivors, thus imposing a highly stringent individual representation
threshold. This yielded a panel of 126 independent high-differentiation target SNPs
ascertained in the natural population comparison, at which we predicted
directional selection during the experiment.

Quantifying selection during the experiment. To explore selection during the
"eld experiment, we calculated for each target SNP the allele frequency shift from
the reference sample to the survivors. Nucleotide counts from the individually
sequenced survivors were here combined directly to a single pool, thus avoiding
diploid genotype calling at low sequencing depth. The quanti"cation of allele
frequency shifts explicitly considered directionality by always expressing shifts with
reference to the stream allele, that is, the allele showing a higher relative frequency
in the natural stream than the lake sample.

To evaluate whether the experimental allele frequency shifts across the target
SNPs were exceptional as a whole, we generated a baseline distribution for shifts at
‘neutral’ SNPs based on resampling. For this, we "rst identi"ed all genome-wide
(autosomal) SNPs falling within the AFD range of 0 to 0.1 in the natural
population comparison (38% of all SNPs), assuming that these SNPs were not or
little in!uenced by divergent selection between the lake and stream habitat. This
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subset was then further restricted by retaining only those SNPs exhibiting a MAF of
at least 0.35 in the reference sample. The rationale for this highly stringent MAF
"ltering was that the magnitude of genetic differentiation between samples is
contingent on the MAF across their pool50: markers displaying strong
differentiation necessarily also show a high MAF, whereas low differentiation is
possible across a broader MAF range. Accordingly, our target SNPs—representing
high-differentiation markers—showed relatively high MAFs in the reference
sample (median: 0.429; Supplementary Fig. 5). With a threshold of 0.35, the MAF
spectrum of our neutral SNPs closely approximated the MAF distribution observed
across the target SNPs (median: 0.426; Supplementary Fig. 6). Stringent MAF
"ltering thus precluded that a difference in the magnitude of experimental shifts at
the target versus neutral SNPs was an artifact caused by different levels of genetic
diversity between these SNP classes.

From the MAF-"ltered neutral SNPs, we then drew (with replacement) 9999
random samples of SNPs equal in size to the number of target SNPs (126). We here
applied exactly the same standards as for the target SNPs: a physical spacing of at
least 50 kb between SNPs, a minimum read depth of 70! in both the reference and
survivor sample, and nucleotide counts from at least 35 survivors. Characterizing
the SNP-speci"c reference-survivor allele frequency shifts for each of these samples
"nally allowed us to evaluate if the median shift observed across the target SNPs
was uncommon relative to the distribution of median shifts across the neutral SNPs
(throughout our study, we consider the median the most appropriate statistic of
location, but additionally report the mean for key results). We emphasize that this
strategy investigated a global signature of selection across the genome only; given
the low expected signal-to-noise ratio, we made no attempt to infer selection on
individual SNPs or genome regions.

Robustness checks. To assess the validity of the above statistical protocol to
investigate selection during our "eld experiment, we implemented several alter-
native analyses. First, while a MAF threshold of 0.35 in the reference sample was
applied to the neutral SNPs to match their MAF spectrum to the one of the target
SNPs, we additionally considered MAF thresholds of 0.25 (as in the comparison of
the natural populations; Supplementary Fig. 2a) and 0.4 (Supplementary Fig. 2b).
The latter is extremely stringent; it raised the MAF spectrum of the neutral SNPs
substantially beyond that of the target SNPs. Next, we replaced the neutral SNP
panel (AFD range of 0–0.1 in the natural population comparison) by those auto-
somal markers deviating by no more than 25% from the genome-wide median
differentiation. This corresponded to an AFD range of 0.1–0.17 (21% of all SNPs),
thus producing a completely independent SNP panel for characterizing the baseline
distribution of experimental allele frequency shifts (Supplementary Fig. 2c). In yet
another implementation, this baseline distribution was evaluated based on SNPs
drawn at random without any restriction on the magnitude of lake-stream dif-
ferentiation. This latter approach was also executed with different MAF "lters
applied to the reference sample (0.25, Supplementary Fig. 2d; 0.35, Supplementary
Fig. 2e). In all these analyses, physical spacing, read depth and survivor repre-
sentation thresholds as well as the number of resampling iterations were main-
tained as described above. Despite the broad methodological variety covered by
these robustness checks, the results remained quantitatively similar and supported
identical conclusions.

Simulations—single generation. To develop a sense for the selection strength at
individual loci required to produce a frequency shift in the order of the one
observed experimentally across the target SNPs, we used individual-based forward
simulations of polygenic directional viability selection over a single generation. Our
base model involved a population of 1000 diploid individuals under selection at 100
independent (unlinked), biallelic, codominant loci. We chose a population size
lower than the number of individuals actually released, thus taking into account the
possibility that a substantial fraction of individuals may have left the experimental
site in the beginning of the experiment (as there was no downstream dispersal
barrier). Initial frequencies of the favorable alleles were drawn at random from the
frequencies of the stream allele observed at the 126 target SNPs in the reference
sample, and individual diploid multilocus genotypes were constructed according to
these frequencies. Viability selection was modeled in analogy to our empirical
experiment by drawing 40 individuals as survivors, the survival probability being a
stochastic function of an individual’s relative multilocus genotypic "tness.

Because the true link between multilocus genotype and "tness is not known for
this stickleback system (or any other organism), we explored two distinct "tness
functions. The "rst was standard multiplicative "tness, de"ned as (1! s)n, where s
is the selection coef"cient and n is the total number of unfavored alleles across all
loci within an individual (e.g. refs. 54,55). Key features of this "tness function are
that the effect of a given allele on an individual’s "tness is independent from its
multilocus genetic background, and that "tness always remains positive as long as
s <1. The selection coef"cients considered included a range of values from 0.0005 to
0.1, and were assumed to be uniform across all loci for a chosen value. The second
"tness function used was additive, 1! s*n, with each unfavored allele reducing an
individual’s "tness by s53,56. With this latter "tness function, the effect of a given
allele is contingent on the genetic background, thus allowing for interactions
among loci. Moreover, individual "tness can here be negative. When this occurred,
an individual’s "tness was set to zero, thus resulting in truncation selection43. For
additive "tness, we considered selection coef"cients from 0.0005 to 0.012; with

stronger selection, the population went extinct. After viability selection, we
calculated the median shift in allele frequencies in the survivors relative to the
initial frequencies across all 100 loci, analogously to our empirical experiment. For
each selection coef"cient and "tness function, this was repeated 10,000 times,
allowing plotting the grand median shift across replications against selection
intensity, along with the 95% percentile band.

To check robustness, the base simulation model described above was modi"ed
by increasing the number of individuals in the beginning of the simulations from
1000 to the full release size of 3000. We also considered a higher number of loci
(200) under selection, and relaxed the assumption of a uniform selection coef"cient
of s across all loci by drawing coef"cients at random from an exponential
distribution with rate 1/s. All these modi"cations produced results similar to the
base model (Supplementary Fig. 2a–c).

Simulations—multiple generations. The above simulations served to explore
adaptive allele frequency shifts over a single generation. An additional simulation
analysis was performed to explore how rapidly locally favored alleles increase in
frequency when a genetically variable population (here a genetically mixed F2
hybrid population) is exposed to polygenic directional selection associated with a
novel environment (here the experimental stream habitat). As in the single-
generation simulations, we assumed selection on 100 unlinked biallelic loci and
considered both a multiplicative and an additive "tness scheme (simulations with
200 selected loci produced very similar results leading to the same insights; not
presented). For each "tness scheme, we chose a selection coef"cient s plausible in
the light of the single-generation simulations (Fig. 5a). That is, for multiplicative
"tness, we modeled s= 0.1 at all loci, while s= 0.01 was assumed under additive
"tness. For simplicity, we modeled a population of a constant size of K= 5000
diploid individuals (K= 20,000 produced very similar results, not presented). The
initial allele frequencies of the locally favored alleles at all loci were speci"ed
according to the frequencies observed empirically at the 126 target SNPs in the
reference population. In addition to the 100 loci under selection, we included 20
unlinked biallelic neutral loci as a control, at which initial allele frequencies were
drawn from a uniform distribution bounded between 0.2 and 0.8 to ensure ade-
quate information content.

Evolution occurred by making the probability of an individual to reproduce
dependent on its multilocus genotype at the selected loci53. Speci"cally, each
generation involved K/2 matings that produced two offspring (higher offspring
numbers were modeled but produced qualitatively similar results, not
presented), and individuals were recruited for mating with probabilities
dependent on their relative "tness, which in turn was a direct function of the
number of unfavorable alleles across their genome. Individuals were
hermaphrodites and were allowed to be drawn for mating multiple times, thus
causing variation among individuals in reproductive success. The transmission
of alleles from parents to offspring occurred in a standard Mendelian way. With
additive "tness (s= 0.01), a small proportion (~5%) of the population initially
displayed negative "tness (which was set to zero), hence selection was
truncational in the beginning.

Evolution was allowed for 500 generations. In each generation, we recorded
the median frequency of the locally favored allele across all selected loci (for
simplicity, we made no effort to additionally characterize statistics of dispersion
in allele frequencies across loci). Allele frequency changes at the neutral loci were
tracked analogously by initially de"ning one of the two alleles as the focal one.
For each "tness scheme (and locus number), we performed 40 replicate
simulations. All analyses, simulations and data visualization were performed in
R version 3.6.057.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
All raw whole-genome sequence data are available from the NCBI sequence read archive
(SRA) under the accession numbers listed in the Supplementary Data 1. All input "les
allowing full replication of the study are provided as Supplementary Data 2 to 6.

Code availability
All analytical code underlying this work is provided as Supplementary Software.
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Abstract  
Variation in lateral plating in stickleback fish represents a classical example of 
rapid and parallel adaptation in morphology. The underlying genetic 
architecture involves polymorphism at the ectodysplasin-A (EDA) gene. 
However, lateral plate number is influenced by additional loci that remain 
poorly characterized. Here we search for such loci by performing genome-
wide differentiation mapping based on pooled whole-genome sequence 
data from a European population variable in the extent of lateral plating, 
while tightly controlling for the phenotypic effect of EDA. This suggests a new 
candidate locus, the EDA receptor (EDAR) gene, for which additional support 
is obtained by individual-level targeted Sanger sequencing and by 
comparing allele frequencies among natural populations. Overall, our study 
illustrates the power of pooled whole-genome sequencing for searching 
phenotypically relevant loci and opens opportunities for exploring the 
population genetics and ecological significance of a new candidate locus 
for stickleback armor evolution. 
 
Keywords 
Gasterosteus aculeatus; Genetic architecture; Genome scan; Lateral plates; 
Pooled sequencing; Population genomics 
 
Introduction 
Adaptive diversification among populations is ubiquitous (Mousseau et al. 
2000; Schluter 2000; Leimu and Fischer 2008; Hereford 2009), but much 
remains to be learned about its genomic basis. The latter is important 
because information on the genetic architecture of adaptation helps 
understand how selection shapes genome-wide genetic variation within and 
among populations (Flaxman et al. 2014; Yeaman 2015; Berner and Roesti 
2017; Villoutreix et al. 2021), to what extent genetic variation is used 
repeatedly for adaptation in independent populations (parallel evolution; 
Arendth and Reznick 2008; Ralph and Coop 2010; Martin and Orgogozo 2013; 
Thompson et al. 2019), or where adaptive genetic variation originates and 
how it is maintained (Barrett and Schluter 2008; Messer and Petrov 2013; 
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Galloway et al. 2019; Haenel et al. 2021a). Information on the genetic 
architecture of adaptive diversification further provides a crucial resource for 
elucidating the developmental basis of evolution. 

An organismal system in which progress in uncovering the genetic 
architecture of phenotypic diversification has been made is the threespine 
stickleback (Gasterosteus aculeatus) (e.g., Miller et al. 2007; Chan et al. 2010; 
Howes et al. 2017; Cleves et al. 2018), a fish exhibiting extensive population 
diversification when adapting from its ancestral marine habitat to novel 
freshwater habitats (Bell and Foster 1994). One classical trait evolving rapidly 
and repeatedly in stickleback upon freshwater colonization is the number of 
lateral plates (Bell et al. 2004; Kristjansson 2005; Le Rouzic et al. 2011;  Lescak 
et al. 2015), which represent a component of the fish’s bony armor protecting 
against predators (Reimchen 1992; Reimchen 2000; Leinonen et al. 2011). 
While pelagic (i.e., open water) populations in marine environments are 
generally completely plated, with their flanks covered from the head to the 
tail fin by lateral plates (hereafter ‘Complete morph’), freshwater stickleback 
typically lack the plates posterior to the pelvic girdle altogether (‘Low 
morph’), or at least partially (‘Partial morph’) (fig. 1A). This plate reduction has 
evolved numerous times independently by parallel selection of standing 
genetic variation at ectodysplasin-A (EDA) (Colosimo et al. 2004, 2005; Cresko 
et al. 2004; Jones et al. 2012; Berner et al. 2014; Roesti et al. 2014, 2015; 
Terekhanova et al. 2014; Lescak et al. 2015; Nelson and Cresko 2018), a gene 
widely implicated in the development of vertebrate ectodermal tissues such 
as teeth (Mikkola and Thesleff 2003; Cui and Schlessinger 2006; 
Wucherpfennig et al. 2019) and scales (Harris et al. 2008; Iida et al. 2014). In 
laboratory crosses between completely and low plated stickleback, allelic 
polymorphism at the EDA locus explains approximately 75% of the phenotypic 
variation (Colosimo et al. 2004; Cresko et al. 2004; Berner et al. 2014). Lateral 
plate evolution in stickleback is thus often strongly driven by EDA. 
Nevertheless, the presence of other factors influencing variation in lateral 
plating in natural populations has been suggested (Colosimo et al. 2004; 
Knecht et al. 2007; Lucek et al. 2012a; Indjejan et al. 2016; Yamasaki et al. 
2019). 

The objective of the present study is to search for genetic factors 
beyond EDA influencing lateral plate variation in a natural population of 
threespine stickleback. We focus on fish from the Lake Constance basin in 
Central Europe, a system including a large lake population adapted to a 
pelagic life style, and several neighboring populations residing in (generally 
small) tributary streams and exhibiting a benthic life style (Berner et al. 2010; 
Lucek et al. 2012b; Moser et al. 2012; Roesti et al. 2015; Marques et al. 2016). 
The lake fish are almost consistently completely plated like marine fish, 
whereas the stream populations generally tend toward reduced plating, thus 
showing substantial proportions of partial and low morphs (Moser et al. 2012; 
Roesti et al. 2015). Marker-based signatures at the EDA locus indicate that 
selection favors extensive plating in the pelagic lake population presumably 

25



highly exposed to predators (Roesti et al. 2015). By contrast, shelter from 
predators likely renders plating costly in the benthic stream populations 
(Reimchen 1992; Bergstrom 2002; Leinonen et al. 2011). 

In this study, we take advantage of the variation in lateral plating in 
one of these stream populations. Combined with the power of pooled whole-
genome sequencing, we perform differentiation mapping to search for loci 
contributing to lateral plate variation while controlling for the effect of EDA. 
The evidence of a novel candidate locus discovered in this way is then 
strengthened by targeted Sanger sequencing and the comparison of allele 
frequencies among multiple natural populations from different environments. 
 
Materials and Methods 
Study population, lateral plate phenotyping, and EDA genotyping 
Our study focuses on a stream population in which the partial plate morph 
occurs at a relatively high frequency (the NID population in Berner et al. 2010, 
also referred to as ‘COW stream’ in Moser et al. 2012). To characterize 
variation in lateral plating within this population, we phenotyped 297 adult 
individuals (102 males, 195 females) captured for a different experiment 
(Berner et al. 2017). All lateral plates posterior to the pelvic girdle (including 
the plates forming the caudal keel) were counted by the same person (TGL) 
under a dissecting microscope on both sides of the fish, and every gap in 
plating, and its position, was recorded. Based on this information, a subset of 
186 individuals was assigned to one of three different lateral plate morphs for 
subsequent genomic analysis (fig. 1A): low plated individuals exhibited no 
more than three plates posterior to the pelvic girdle and no keel plates on the 
caudal peduncle; partially plated individuals exhibited a continuous gap of 
at least three plates in the mid-body region (typically between plate 11 and 
21) on both sides of their body, and a keel on the caudal peduncle; 
completely plated individuals displayed a continuous series of plates from the 
pelvic girdle to the tip of caudal peduncle on both sides of their body, thus 
also including a keel. The remaining 111 individuals among the total 297 
phenotyped exhibited minor and sometimes asymmetric plate reduction 
relative to the complete morph; to obtain clear-cut phenotypic categories 
for pooled sequencing and genetic mapping, these individuals were ignored. 

Fin tissue samples from the 186 individuals assigned to plate morphs 
were next subjected to genomic DNA extraction with the Zymo Quick-DNA 
Miniprep Plus kit. We followed the manufacturer's protocol, with the 
modification that the lysate resulting from protease digest was centrifuged, 
and DNA was extracted from the supernatant only. We also included an 
RNAse treatment (4µl, 100 mg/mL, for 5 minutes). Because our aim was to 
discover loci other than EDA that potentially influence lateral plating, our 
differentiation mapping approach required precise knowledge of EDA 
genotypes. Each individual was therefore genotyped for an indel (insertion-
deletion) polymorphism within intron 1 of EDA amplified by the marker Stn382 
(Colosimo et al. 2005). The two fragment length alleles at this polymorphism 
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are generally assumed to co-segregate reliably with the two EDA alleles (i.e., 
complete and low), allowing us to classify each individual as homozygote for 
the low (LL) or complete (CC) allele, or as heterozygote (CL). Throughout our 
paper, we indicate EDA genotypes by superscripts. 

 
Pooled whole-genome sequencing, alignment, and nucleotide pileup 
Combining lateral plate morph with EDA genotype, each individual was 
assigned to one of four categories for subsequent pooled whole-genome 
sequencing (poolSeq) (fig. 1A): LowLL (n = 23); CompleteCC (n = 74); 
CompleteCL (n = 42); and PartialCL (n = 47). The latter two categories thus 
represent stickleback with the same genotype at EDA, but assigned to distinct 
lateral plate morphs. After measuring individual DNA concentrations with a 
Qubit fluorometer using the Broad Range kit (Invitrogen, Thermo Fisher 
Scientific, Wilmington, DE, USA), DNA from all individuals within each of the 
four categories was combined in equimolar proportion into a single library. 
The four resulting DNA libraries were then barcoded individually and paired-
end sequenced without PCR amplification to 151 base pairs on an Illumina 
HiSeq2500 instrument. Each library was sequenced on two lanes, yielding a 
median read depth per base of 65x (CompleteCC), 71x (LowLL), 118x 
(CompleteCL), and 100x (PartialCL). This combination of read depth and 
number of individuals is expected to allow estimating allele frequencies within 
groups with relatively high precision (Ferretti et al. 2013; Gautier et al. 2013; 
Berner 2019). 
 Raw sequence data were parsed by experimental group according to 
barcode, and aligned to the third-generation assembly of the threespine 
stickleback reference genome (Glazer et al. 2015) with Novoalign 3.03.00 
(http://www.novocraft.com/products/novoalign) (options: -F STDFQ -t 540 -g 
40 -x 12 -r N -e 200 -i PE 200,250). Using the Rsamtools R package (Morgan et 
al. 2017), the alignments were converted to BAM format, and nucleotide 
counts were performed for every genomic position by using the pileup 
function. 
 
Genome-wide differentiation mapping 
Our main approach to searching for loci beyond EDA influencing lateral 
plating was a genomic comparison between the CompleteCL and the 
PartialCL groups (fig. 1A). The underlying rationale was that if additional loci 
with a substantial influence on plating occur in our study population, they 
should exhibit exceptionally strong allele frequency differentiation between 
these two groups differing in plate phenotype while being genotypically 
identical at the EDA locus. 
 In an initial step, however, we performed a genomic comparison of 
the CompleteCC vs. LowLL groups to confirm the reliability of our EDA 
genotyping. For this, we determined the magnitude of genetic differentiation 
between these two groups across all genome-wide SNPs (throughout our 
study, genetic differentiation is quantified by the absolute allele frequency 
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difference AFD; Berner 2019). The SNPs for this analysis were required to exhibit 
a read depth between 40 - 130x within each group to exclude poorly 
sequenced and repeated regions, and a minor allele frequency (MAF) of at 
least 0.2 across the two groups pooled to ensure adequate information 
content (Roesti et al. 2012). This strategy yielded 1,127,066 SNPs across the 447 
megabase (Mb) stickleback genome. In addition to evaluating differentiation 
at the individual SNPs, we smoothed the data by averaging AFD across sliding 
windows of 40 kb width with 20 kb overlap, requiring a minimum of six SNPs 
per window. Averaging with a higher resolution (20 kb or 10 kb windows) 
produced similar results supporting the same conclusions. 
 For the actual CompleteCL vs. PartialCL comparison, we proceeded 
analogously, except that SNPs were here required to exhibit a read depth 
within 40 - 200x within each group, yielding 1,247,920 total markers. As a 
robustness check, the CompleteCL vs. PartialCL comparison was repeated as 
described, except that the sequence reads were aligned to an independent, 
scaffold-level genome assembly (Berner et al. 2019) derived from an 
individual from the same population (NID, Lake Constance basin) from which 
the experimental individuals were sampled. We here raised the minimum 
read depth threshold to 60x within each group to increase analytical 
stringency, thus obtaining 1,052,453 total markers. 
 
Identification of candidate loci and gene annotation  
For the group comparison CompleteCL vs. PartialCL – the main focus of this 
paper, we defined candidate loci potentially influencing lateral plating by 
identifying the ten SNPs showing the highest between-group AFD values 
genome-wide.  Each of these loci was annotated by extracting from the 
reference genome annotation all genes located within a 180 kb window 
centered at the candidate SNP (or SNP cluster). For each resulting transcript 
ID, we retrieved gene name, gene ontology information, strand, and 
transcript start and end positions from the ensemble bioMART stickleback 
database (www.ensembl.org/biomart). Every gene was then evaluated for a 
role in bone or ectodermal development in humans and/or zebrafish by using 
the gene cards (www.genecards.org) and Zfin (www.zfin.org) databases. 
Genes were further subjected to literature search for whether they were 
connected to the Tumor Necrosis Factor (TNF) pathway (which includes EDA), 
or the Wnt/beta-catenin pathway (which interacts with the EDA pathway 
(O’Brown et al. 2015).  
 
Strengthening the evidence of a candidate locus by individual Sanger 
sequencing 
The above candidate gene search based on differentiation mapping with 
poolSeq data suggested a role for a polymorphism near the EDA receptor 
(EDAR) in lateral plate variation. To strengthen the evidence for this 
candidate locus, we performed targeted Sanger sequencing around the SNP 
showing the highest AFD between the CompleteCL and PartialCL groups at this 
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locus. For this, we used a ‘validation panel’ of 46 independent individuals 
collected for previous studies and not included in the poolSeq-based 
mapping. 
 The validation panel included individuals chosen to display the partially 
plated phenotype based on the same criteria as applied in our original 
screen, and hence to be heterozygous at the EDA locus (see below). These 
individuals originated from Lake Constance (n = 15), from NID stream (n = 12), 
or were F2 hybrids derived from these populations for the experiment 
reported in Laurentino et al. (2020) (n = 19). We predicted that if the target 
polymorphism at the EDAR locus was associated with plate reduction, our 
validation panel should be enriched for the allele identified to be associated 
with reduced plating (hereafter the ‘partial allele’) relative to the expectation 
based on the natural population frequency. Combining individuals from the 
lake and stream with their F2 hybrids was adequate because the natural lake 
and stream populations were found to exhibit an almost identical frequency 
of the partial allele (lake 0.581; stream 0.587). DNA from the individuals of the 
validation panel was extracted as described above, and PCR was performed 
using the primers and conditions specified in Analysis S1 (Supplementary 
Information). PCR products were sequenced on an ABI3130xl instrument 
(Applied Biosystems) and genotyped in FinchTV 
(https://digitalworldbiology.com/FinchTV). 

To evaluate the compatibility of the validation panel’s allele frequency 
with the  random expectation, we first predicted Hardy-Weinberg proportions 
for all three diploid genotype classes by assuming a population frequency of 
the partial plating allele of 0.583 (i.e., the average of the natural lake and 
stream frequencies). Then we calculated the observed deviance from this 
expectation as the sum of the squared differences between the observed 
and predicted genotype frequencies across the genotype classes. The 
magnitude of this statistic was then evaluated against a random distribution 
obtained by generating random panels of 46 diploid individuals 9999 times 
according to the population allele frequency, and calculating the deviance 
for each of these iterations (this evaluation was two-tailed). 
 
Evidence from allele frequencies in natural populations 
Beside evidence for our new candidate locus from differentiation mapping 
and known gene functions, we sought to obtain additional support from the 
tendency of specific alleles to be associated with specific ecological 
environments among populations. To investigate such allele-environment 
relationships, we inspected the frequency of both the EDA low allele and the 
partial allele at the new EDAR candidate locus in natural marine and 
freshwater populations. We predicted that the alleles reducing lateral plating 
should tend to be rare in the ancestral marine habitat where stickleback are 
selected for complete lateral plating, but display higher frequencies in 
freshwater – a pattern generally observed for EDA (e.g., Colosimo et al. 2005). 
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 To examine this prediction, we complemented our data from the NID 
stream population by published pooled whole-genome sequence data from 
the ROM Lake Constance population located in the same watershed 
(Bissegger et al. 2020; Laurentino et al. 2020), from three additional freshwater 
samples (Misty Lake, Vancouver Island, Canada, Haenel et al. 2021b; plus two 
samples from North Uist, Outer Hebrides, Scotland, Haenel et al. 2021a), and 
from six Atlantic marine stickleback samples (Germany, Ireland, Scotland, 
Iceland, Canada and the Netherlands, Haenel et al. 2021a). These pools 
combined DNA from 21-240 individuals and were sequenced to 66-260x read 
depth. 

For each of these pools, we determined and plotted the frequency of 
the SNP alleles associated with reduced plating identified in the above 
genome scans. For EDA, we here considered all SNPs (n = 409) proving fixed 
between the CompleteCC and LowLL groups. For the EDAR candidate locus, 
we considered the top-AFD SNP from the CompleteCL vs. PartialCL comparison, 
plus and all flanking markers exhibiting differentiation of at least 0.35 (i.e., 5.5 
times genome-wide median AFD; n = 16 SNPs). 

 

 
FIG. 1. Experimental groups and distribution of lateral plate number in the natural 

population. (A) Computed tomography scans of a representative specimen from 

each of the three lateral plate morphs, with the plates colored purple. The 

experimental groups underlying the genome scans combined phenotypic lateral 

plate morph with the genotype at the EDA locus. The two focal group comparisons 

are indicated by gray braces. (B) Distribution of total lateral plate count (all plates 

beyond the pelvic girdle on both body sides) among 186 stickleback from the natural 

population (upper panel). The plate morphs are separated by different gray shades 

(the bars are stacked, no overlap). The lower panel shows separate histograms for the 

three EDA genotype classes, revealing the broad range of plate counts in EDA 

heterozygotes (CL). 
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Results and Discussion 

Phenotypic variation in lateral plating and associated EDA genotypes 
Our phenotypic analysis confirmed high variability in lateral plating in our 
focal stream stickleback population (fig. 1B) (Berner et al. 2010; Moser et al. 
2012; Roesti et al. 2015). The majority (116, 62%) of the 186 individuals that 
could be assigned unambiguously to a plate morph according to our criteria 
proved completely plated, 47 (25%) partially plated, and 23 (13%) low plated. 
Median total plate count for these morphs was 47, 39, and 2. We observed no 
individuals with less than ten plates but exhibiting a keel, a phenotype 
reported from Icelandic freshwater stickleback (Lucek et al. 2012a). 
 Genotyping the same 186 individuals at the EDA locus revealed that 
low plated fish were always homozygous for the low allele, and partially 
plated individuals were always heterozygous. Completely plated fish, in turn, 
were either heterozygous (45%), or homozygous for the EDA complete allele 
(55%). Combining the phenotypic data with EDA genotypes thus revealed 
that individuals heterozygous at the EDA locus covered a wide range of plate 
phenotypes, as expected if genetic factors beyond EDA influence lateral 
plating in the NID population. 
 
Genome-wide differentiation mapping 
To validate our strategy of searching for genomic regions involved in lateral 
plating based on poolSeq for combinations of plate morph by EDA genotype, 
we first mapped differentiation between the CompleteCC and the LowLL 
groups across the stickleback genome. This genome scan identified the 
neighborhood of the EDA gene as the only differentiated genome region, 
with hundreds of SNPs across c. 200 kb showing complete differentiation in 
allele frequencies (i.e., AFD = 1) between the groups (median AFD across all 
genome-wide SNPs: 0.086) (fig. 2A; differentiation profiles across all 
chromosomes are presented in fig. S1). This finding confirmed that our 
genotyping of individuals for EDA alleles of major phenotypic effect based on 
an indel within this gene was highly reliable. 

Mapping genetic differentiation between the CompleteCL and PartialCL 
categories in the same way identified SNPs reaching differentiation up to 
0.541 (genome-wide median AFD: 0.064; differentiation profiles across all 
chromosomes are show in fig. S2). The ten most strongly differentiated SNPs 
genome-wide (AFD >= 0.486) were selected for the exploration of candidate 
genes. These SNPs included a single marker on the chromosomes II, III, XVI and 
XVIII, a cluster of four markers on chromosome XX, and two SNPs on a scaffold 
unanchored to chromosomes. This genome scan also made clear that 
variation in plating between CompleteCL and PartialCL stickleback is not 
influenced by additional genetic variation in the EDA region (fig. 2B). 
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FIG. 2. (A) Genetic differentiation, quantified by the absolute allele frequency 
difference AFD, between the CompleteCC and LowLL groups. The dots represent 
individual SNPs and the black horizontal lines indicate genome-wide median 
differentiation in this comparison. In the upper panel, differentiation is shown along 
the entire chromosome IV. The purple profile shows differentiation smoothed across 
40 kb sliding windows with 20 kb overlap. The lower panel is a close-up into the 400 kb 
segment centered at the EDA locus. The purple profile here reflects smoothing using 
20 kb sliding windows with 10 kb overlap. The black dot denotes a SNP in immediate 
proximity to the fragment length polymorphism used for EDA genotyping, and the 
black horizontal bar indicates the average differentiation across the 40 kb window 
exhibiting the greatest genome-wide differentiation between the groups. The 
location of the EDA gene is given as blue arrow. In (B), genetic differentiation is 
visualized analogously across the same 400 kb segment, but based on the 
CompleteCL versus PartialCL genome scan. 
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The EDA receptor (EDAR) is a candidate gene for variation in lateral plating 
Annotating the regions containing the ten most divergent SNPs in the 
CompleteCL vs. PartialCL genome scan yielded a highly suggestive candidate 
gene for lateral plate variation. Specifically, one of these markers, together 
with numerous flanking SNPs, formed a distinct peak of high differentiation on 
chromosome XVI (fig. 3). The marker showing the strongest differentiation in 
this region (AFD = 0.497) was located in a non-coding segment 86.5 kb away 
from the EDA receptor gene (EDAR), the only annotated gene ontology for 
‘bone development’ within the chromosome segments screened for 
candidate genes. We hereafter refer to this region as the EDAR locus. 
Repeating our differentiation mapping based on an independent genome 
assembly derived from a specimen from the NID population confirmed the 
methodological robustness of the identification of the EDAR locus: in this 
alternative genome scan performed with higher statistical stringency, the SNP 
exhibiting the second highest differentiation value genome-wide (AFD = 
0.478) was located on a scaffold segment homologous to the EDAR locus in 
the original genome scan, and coincided exactly with the original top-
differentiation SNP at the EDAR locus (fig. S3). Irrespective of the assembly 
used for read alignment, the EDAR locus harbored the sliding window 
showing the strongest average differentiation between CompleteCL and 
PartialCL stickleback genome-wide (figs 3, S3). 
 EDAR is the cell-surface receptor to which the EDA protein binds for 
triggering ectodermal development (Knecht et al. 2007). This gene is widely 
implicated in the formation of fish ectodermal structures such as scales (Harris 
et al. 2008; Iida et al. 2014; Kondo et al. 2001) and other dermal bony tissues 
derived from scales (Cheng et al. 2015; Shono et al. 2019). Furthermore, 
polymorphism at EDAR was associated with subtle variation in lateral plate 
number (range: 2 plates) in an artificial cross in stickleback, albeit only in low 
plated individuals homozygous for the EDA low allele (corresponding to LowLL 
fish in our study) (Knecht et al. 2007). Interestingly, after EDA, EDAR has the 
highest number of putative regulatory regions among all members of the EDA 
signaling pathway, thus potentially promoting the modulation of EDA 
signaling specific to developmental times and tissues (Knecht et al. 2007). 
Collectively, this functional evidence supports EDAR as a strong candidate 
gene for lateral plate variation in our stickleback population. 

Apart from the EDAR locus, our examination of the nine other high-
differentiation SNPs produced no convincing candidate gene. These SNPs 
either showed minimal read depth just passing our lower threshold so that 
their high AFD value likely represents sampling stochasticity (e.g., the four SNPs 
on ChrXX were not supported by the genome scan performed with higher 
stringency); lacked support in the form of elevated differentiation at multiple 
markers flanking the top-differentiation SNPs; and/or showed no genes 
relevant to our search criteria in their physical neighborhood. Nevertheless, 
we present the full gene annotations around the high-differentiation SNPs in 
fig. S4 and acknowledge that we may overlook additional weaker genotype-
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phenotype associations present in our data, or that such associations may 
have emerged with higher statistical precision (i.e., more individuals per 
group). 

 
FIG. 3. Genetic differentiation (AFD) in the CompleteCL vs. PartialCL group comparison, 
shown for the entire chromosome XVI (top), and for a 400 kb segment containing the 
EDAR gene (bottom). In the latter, the black dot represents one of the ten high-
differentiation SNPs selected for candidate gene search, and the black horizontal bar 
gives the average differentiation across the 40 kb sliding window exhibiting the 
greatest genome-wide differentiation in this group comparison. All other graphing 
conventions follow fig. 2. 
 
Support for the EDAR candidate locus from Sanger sequencing 
All 46 partially plated individuals from the validation panel produced robust 
PCR products and diploid genotypes for the top-differentiation SNP at the 
EDAR locus. In agreement with our expectation, these individuals proved 
enriched for the EDAR partial allele (genotype data given in Analysis S1). 
Specifically, we observed a deficit of individuals homozygous for the 
complete allele, and an excess of heterozygotes (fig. 4). The observed 
genotype counts were relatively poorly compatible with random sampling 
from the natural populations (two-tailed p = 0.09; the observed deviance 
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corresponded to the 91 percentile of the random distribution). Although our 
validation panel included too few individuals to offer definitive evidence, our 
targeted sequencing experiment supports the idea that this polymorphism 
upstream of the EDAR coding region is associated with the extent of lateral 
plating. 

Our Sanger sequence data further revealed that the target SNP at the 
EDAR locus was in perfect physical linkage with a 2 bp indel polymorphism just 
4 bp downstream of this marker (details given in Analysis S1). Given that the 
haplotype harboring the deletion is the one associated with reduced plating, 
it is tempting to speculate that this deletion disrupts a regulatory element 
enhancing the expression of the EDAR gene. However, the sliding window 
showing the strongest differentiation in the CompleteCL vs. PartialCL genome 
scan mapped much closer to the EDAR gene sequence. Hence, our top-
differentiation SNP in the EDAR region may not be causally related to lateral 
plate variation. 

 
FIG. 4. Exploring EDAR genotypes by targeted sequencing of the validation panel. 
Shown are counts of the three genotype classes (P = partial allele, C = complete 
allele) at the top-differentiation SNP upstream of the EDAR gene (black dot in fig. 3, 
bottom) among 46 partially plated individuals not included in the genome scans. The 
blue bars show the empirically observed counts while the black rectangles indicate 
the counts expected from the natural population allele frequencies at this 
polymorphism. 
 
Frequency of alleles associated with reduced plating in natural populations 
For the EDA and EDAR loci, we explored allele frequencies in natural 
populations, predicting that alleles reducing plating should be rare or absent 
in marine stickleback under selection for complete armor, but more frequent 
in freshwater populations that typically evolve reduced plating. This 
prediction was supported for the EDA locus (fig. 5A): apart from the Lake 
Constance population (ROM) known to display a pelagic life style and to be 
selected for complete armor like marine stickleback (Lucek et al. 2012b; 
Moser et al. 2012; Roesti et al. 2015), freshwater populations tended to exhibit 
a higher frequency of alleles associated with the EDA low morph than the 
marine samples. Nevertheless, at least in some marine populations, the EDA 
low alleles occurred in appreciable frequencies, confirming that the variant 
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favorable in freshwater is generally available as standing genetic variation 
(e.g., Colosimo et al. 2005; Terekhanova et al. 2014). 
  At the EDAR locus too, marine stickleback consistently displayed a 
relatively low frequency of the partial allele at the top-differentiation SNP and 
most of the surrounding high-differentiation SNPs (fig. 5B). However, the same 
also held for all inspected freshwater populations from outside the Lake 
Constance basin. Assuming that a polymorphism at the EDAR locus is truly a 
driver of lateral plating in stickleback, the occurrence of the EDAR partial 
allele at relatively low frequency in most of the inspected freshwater 
populations may be explained by dominance at the major plate locus EDA. 
Selection for reduced plating in freshwater is strong and generally results in 
the rapid fixation of the EDA low allele (Bell et al. 2004; Terekhanova 2014; 
Lescak et al. 2015), hence freshwater individuals are generally homozygous 
for the EDA low allele (see fig. 5A). However, our study suggests that EDAR 
polymorphism has an effect on lateral plating in individuals heterozygous at 
EDA only. As this EDA genotype rapidly becomes rare during freshwater 
adaptation, the opportunity for selection of the EDAR partial allele in 
freshwater may often be quite limited. By contrast, in marine populations in 
which EDA heterozygotes may be more common (fig. 5A), selection against 
the EDAR partial allele might be more effective. Nevertheless, our marine 
allele frequency data indicate that EDAR polymorphism is still widespread as 
standing genetic variation within the ancestral habitat. 

FIG. 5. Frequency of the EDA low (top) 
and EDAR partial (bottom) alleles in 
the experimental groups, and in 
natural freshwater and marine 
populations. These alleles are 
associated with reduced lateral 
plating. In (A), the dots represent, in 
each sample, the 409 SNPs around the 
EDA gene showing maximal 
differentiation (AFD = 1) in the 
CompleteCC vs. LowLL group 
comparison (see fig. 2A, bottom). One 
of these SNPs, located in immediate 
proximity to the Stn382 marker used for 
EDA genotyping, is highlighted as 
larger black dot. In (B), the dots 
represent the 16 SNPs showing the 
strongest differentiation near the EDAR 
gene in the CompleteCL vs. PartialCL 
genome scan, and the larger black 
dot indicates the top-AFD SNP in this 
region (fig. 3, bottom). The colored 
shapes (‘violins’) show the smoothed 
kernel density of the data. The allele 
frequency estimates from all samples 
are based on pooled whole-genome 
sequence data. 
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Conclusions 
Our study indicates polymorphism at the EDAR locus, a member of the 
ectodysplasin signalling pathway, as a new candidate factor influencing 
lateral plating in a European stickleback population. Future work in this 
system, and in other populations also showing a wide range of plate 
phenotypes, is now needed for a definitive evaluation of the proposed 
phenotypic effect of EDAR. If a causative role of EDAR is confirmed, 
estimating this locus’ effect size using individual-level sequence data, and 
elucidating in which genetic backgrounds and under which ecological 
conditions this polymorphism is selectively relevant, are avenues for future 
research. Combined with the genome scan data from the EDA locus, our 
study also highlights the physical mapping resolution achieved when 
exploiting historical recombination via pooled whole-genome sequencing of 
targeted experimental groups derived from natural population samples. 
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Analysis S1 
  
Exploration of an association between EDAR-associated alleles and the partial lateral plate 
morph using individual Sanger sequencing 
 
Our sequencing considered a ‘validation panel’ of 46 individuals from the Lake Constance basin 
not used for the main genome scans. The individuals and their genotypes are described in the 
table below. PCR was conducted using the forward primer GTTTCTCGGACATGGCTTTTATG and 
the reverse primer GTCACTACACACAGCACACA (both at 10 uM), producing a 247 (or 245) bp 
amplicon. The PCR used RedTaq and the following amplification conditions: Initialization 94°C for 
3 minutes; cycling (35x) 94°C for 20 seconds, 56°C for 20 seconds and 72°C for 20 seconds; final 
elongation 42°C for 4 minutes. The product was sequenced on an ABI3130xl sequencer (Applied 
Biosystems). 
 The sequence below shows the primer binding sites (forward shaded blue, reverse 
shaded yellow) and the position of the top-AFD SNP near the EDAR gene (shaded gray) and an 
associated 2-bp indel (purple). The two haplotypes associated with partial and complete plating 
are also visualized. Across our validation panel, the SNP and indel alleles showed perfect linkage. 
 
5’_GTTTCTCGGACATGGCTTTTATGTATTGAAATCAATATTCTTAGAAGGTAACTGTGAAATCTGGATTGTT
TGATTGTTGACACAAACTGTGGTGCTCGGGTGTACTTTCTGAGCGTGCTGTGGTCTTATCTGGGCGTC
CCTCTAAAGTTAGCTGTTGGGAGCGGATCGCTACCCTACAAACGCCTCCCGTCCCTCCTGAAAG
CAGTCAGAAACTTTCCCATGCTCTCTGTGTGCTGTGTGTAGTGAC_3’ 
 
Partial plating haplotype:  GTCCTTCT--AGTTA 
Complete plating haplotype:  GTCCCTCTAAAGTTA 
 

Specimen ID Population Genotype (P=partial allele, C=complete allele) 
Ga1112 Lake Constance PP 
Ga1114 Lake Constance CP 
Ga1130 Lake Constance PP 
Ga1920 NID stream PP 
Ga1941 NID stream CP 
Ga1961 NID stream CC 
Ga1977 NID stream CP 
Ga2008 NID stream PP 
Ga2028 NID stream CP 
Ga2031 NID stream PP 
Ga2034 NID stream CP 
Ga2036 NID stream PP 
Ga2037 NID stream CP 
Ga2049 NID stream CP 
Ga2065 NID stream CP 
Ga3168 F2hybrids CP 
Ga3182 F2hybrids PP 
Ga3184 F2hybrids CP 
Ga3189 F2hybrids PP 
Ga3232 F2hybrids CP 
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Ga3259 F2hybrids CP 
Ga3282 F2hybrids CP 
Ga3284 F2hybrids CP 
Ga3364 F2hybrids PP 
Ga3370 F2hybrids CP 
Ga3371 F2hybrids CP 
Ga3428 F2hybrids CP 
Ga3431 F2hybrids PP 
Ga3432 F2hybrids CP 
Ga3435 F2hybrids CP 
Ga3466 F2hybrids CP 
Ga3475 F2hybrids PP 
Ga3506 F2hybrids PP 
Ga3549 F2hybrids CP 
Ga4054 Lake Constance PP 
Ga4055 Lake Constance CP 
Ga4056 Lake Constance PP 
Ga4057 Lake Constance CP 
Ga4058 Lake Constance PP 
Ga4059 Lake Constance CP 
Ga4060 Lake Constance CC 
Ga4061 Lake Constance PP 
Ga4062 Lake Constance CP 
Ga4063 Lake Constance CP 
Ga4064 Lake Constance CP 
Ga4065 Lake Constance CP 
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Figure S1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S1. Genetic differentiation, quantified by the absolute allele frequency difference AFD, 
between the CompleteCC and LowLL groups across all chromosomes. The graphing conventions 
follow the top panels in figs 2 and 3. 
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Figure S2 
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Figure S2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S2. Genetic differentiation between the CompleteCL and PartialCL groups across all 
chromosomes. The graphing conventions follow the top panels in figs 2 and 3. 
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Figure S3 
 

 
Fig. S3. The DNA segment homologous to the EDAR locus within a de novo stickleback genome 
assembly based on an individual from the NID population exhibits extremely high differentiation 
between the CompleteCL and PartialCL groups. The top panel is the 400 kb region also shown in 
fig. 3, centered on the top-AFD SNP near the EDAR gene, and based on read mapping to the 
third-generation stickleback genome assembly (Glazer et al. 2015). The bottom panel is the 
homologous segment on scaffold 48 from the Berner et al. (2019) assembly. Here the black dot 
represents the SNP with the second highest AFD value genome-wide, and as in the upper panel, 
the black horizontal bar indicates the magnitude of genetic differentiation for the 40 kb sliding 
window with the strongest differentiation genome-wide. Note that the bottom panel is based on 
higher analytical stringency (a minimum of 60x read coverage per base position for SNP calling, 
as opposed to 40x).  
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Figure S4 
 

 
Fig. S4. Gene annotation for the 180 kb regions around the SNPs showing the strongest 
differentiation between the CompleteCL and PartialCL groups (black dots). Genes are shown as 
light blue arrows, with their direction indicating the chromosome strand, and purple borders 
highlighting potential functional relevance (i.e., known to be involved in bone or ectodermal 
development, or in the TNF or Wnt/beta-catenin pathways). Otherwise, the graphing 
conventions follow figs 2 and 3. Two of the ten total high-differentiation SNPs located on scaffolds 
not anchored to chromosomes (i.e., located on ChrUn) are not presented. The cluster of four 
SNPs on ChrXX (bottom right) emerged in the main genome scan (using a relatively liberal 
minimum read depth threshold) only, and inspection of the nucleotide pileup confirmed read 
depth just passing this threshold. Hence, although the annotation for this chromosome region is 
presented, the strong differentiation at these SNPs likely represents sampling stochasticity. Note 
that only the EDAR locus (top-left) shows substantial differentiation across a broader region 
around the high-AFD SNP (see also figs 3 and S2). For this locus, methodological artifacts and 
sampling stochasticity can be ruled as causes of the strong differentiation between CompleteCL 
and PartialCL stickleback. 
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Exploring the genetic architecture of an alternative strategy 

for adaptive lateral plate reduction in stickleback fish  

Alicia Welti1, Daniel Berner1, Telma G. Laurentino1* 
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* Corresponding author: telma.laurentino@unibas.ch

Abstract  

Organisms can cope with environmental demands by evolving distinct phenotypic 

changes that have functional convergence. Uncovering the genetic architecture of 

alternative adaptive phenotypes is essential to understand the link between ecology 

and molecular evolution. In stickleback fish, marine and other pelagic populations 

generally display a continuous series of bony lateral plates that constitute part of the 

fish amour. Recurrent and independent adaptation to fresh-water and benthic 

lifestyles resulted in parallel plate loss connected with regulatory changes at the 

Ectodysplasin A (EDA) gene. Some populations, however, seem to have alternatively 

adapted through plate size reduction, a phenotype for which the genetic architecture 

is unknown. We here explore the genomic basis of lateral plate height in threespine 

stickleback fish from Central Europe. We first characterize the phenotypic variation in 

plate size within and between natural populations adapted to lake and stream 

environments presumably differing in predator exposure, and then perform a pooled 

whole-genome scan for plate height within one population to map loci potentially 

associated with plate size reduction. We find that plate size reduction is not 

controlled by the same locus controlling plate number variation and there is no 

evidence of shared genetic basis between populations evolving similar phenotypes. 

This study illustrates the genomic complexity of quantitative phenotypes.  

Keywords 

Armor evolution; Gasterosteus aculeatus; Population genomics; Plate height 
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Introduction 

Multiple colonization of similar habitats by a single species can result in the repeated 

evolution of convergent phenotypes, which in turn can share underlying genetic 

architecture (Martin and Orgogozo 2013; Rosenblum, Parent, and Brandt 2014). 

However, natural selection can act on diverse pathways that result in the evolution of 

the phenotype that maximizes an individuals’ fitness and thus, functional 

convergence can be achieved through different morphological changes, which has 

been shown to occur in several natural populations e.g. (Langerhans and DeWitt 

2004; Leinonen et al. 2012; Noriyuki 2017; Stayton 2006).  

A remarkable phenotypic change observed in threespined stickleback populations 

repeatedly colonizing freshwater habitats is the adaptive reduction of their bony 

armor (Bell, Aguirre, and Buck 2004). This reduction is often achieved by a fast 

reduction in the number of the lateral plates that cover the fish’s flank, promoted by 

selection acting on standing regulatory variants of the ectodysplasin-a (EDA) gene 

(Barrett, Rogers, and Schluter 2008; Colosimo et al. 2005; Cresko et al. 2004).  

However, there is growing evidence that plate size, more specifically plate height, is 

another level of morphologic variation that selection can act upon to alter armor 

coverage (Campbell 1985; Higuchi, Sakai, and Goto 2014; Wiig et al. 2016), and 

individuals with dramatically shorter plates have been shown to dominate freshwater 

populations of completely-plated stickleback (Leinonen et al. 2012).  

Several mapping approaches have uncovered candidate regions associated with 

plate size (Berner et al. 2014; Colosimo et al. 2004; Indjeian et al. 2016) and a 

transgenic experiment showed that regulatory changes  resulting in increased 

expression of a gene from the Bone morphogenetic protein family (GDF6) lead to 

reduction in armor-plate height, but also number, in freshwater stickleback (Indjeian 

et al. 2016). However, there is lack of a comprehensive analysis targeting the 

genomic basis of this putatively adaptive phenotypic change.   
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Within the Lake Constance basin, lake fish are largely completely plated, while 

parapatric stream populations tend to be polymorphic with higher frequencies of 

reduced plating morphs (Berner et al. 2010; Lucek, Haesler, and Sivasundar 2012; 

Roesti et al. 2015). It is hypothesized that selection might favor the complete morph 

at the lake (Roesti et al. 2015), where the pelagic stickleback are far more exposed 

to predators than in the stream, where the fish are benthic, finding plenty of refuge at 

the bottom. This can putatively render plating unnecessary in the stream 

environment (Bergstrom 2002; Leinonen et al. 2011; Reimchen 1992).  

We here quantify in detail the phenotypic variation in plate size between stream and 

lake populations of threespined stickleback and compare the natural variation with 

the one found under common garden conditions. We then take advantage of the 

phenotypic variation found within a stream population to conduct a whole-genome 

scan between short- and long-plated individuals to search for candidate loci 

underlying plate size variation.  

Methodology 

Natural population and common garden samples  

Differences in plate size are hypothesized to arise when plate number is not variable 

enough for selection to act upon (Leinonen et al. 2012), thus, plate height phenotype 

was assessed exclusively in adult completely plated stickleback, which is the 

dominant morph throughout the Lake Constance basin (Laurentino et al., in prep; 

(Roesti et al. 2015). To characterize the morphological variation within completely 

plated fish in natural populations, within Lake Constance’s basin, we measured plate 

height of a total of 309 individuals from three stream populations: Niederrach (N= 

210; NID), Bohlingen (N=14; BOH) and Hohenems (N=34; HOH); and the lake 

population, sampled at Romanshorn (N=51, ROM).  

To assess if there was a plastic component to the measured trait, we further scored 

laboratory-raised individuals from a common garden experiment (Moser, Kueng, and 
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Berner 2015) for the same populations: We scored 130 individuals in total, but 

because individuals from the same cross are siblings, we took family means as data 

points (NID,  N= 46 from 9 families; BOH, N= 13 from 5 families; HOH, N= 12 from 4 

families; ROM, N= 59 from 9 families).  

Individual scoring of plate size 

To facilitate plate visualization, each individual was stained with Alizarin red with an 

abbreviated version – shorter fixation and coloration times - of the classic protocol 

(Bell, 1979). Each individual was then photographed on both sides of the body with a 

Nikon D5000 camera. The photos were randomized, plugged into the ImageJ 

software (version 1.52a) and ten plates were measured from each side of the fish, 

starting from the second plate posterior to the ascending process. Each plate was 

measured dorso-ventraly, from the highest to the lowest point. Plate size was 

standardized correcting for body size, dividing plate eight by Body depth, which was 

measured as the line connecting the anterior insertion point of the first dorsal spine to 

the posterior tip of the ectocoracoid.  

To assess if the variation in plate size was allometric, plate width was also measured 

for a subset of 60 individuals of the Niederrach population (30 with the longest- and 

30 with the shortest relative plate height measurements). Plates 5 to 10, on the left 

side of the body were measured. It is important to note that plate ossification begins 

from the neuromast at the center of the plate posteriorly developing toward the dorsal 

and ventral edges (Mills, Greenwood, and Peichel 2014).  

Thus, to capture plate shape and width variation along it’s dorso-ventral axis, we 

measured every plate at three different landmarks by overlaying a 5cm segment on 

each plate. Measures were then recorded at the 0 cm mark of the scale, at the 2.5 

cm mark and at the 5 cm mark. The mean plate width was calculated by averaging 

the three measurements for the five plates measured. To correct for body size, mean 

plate width was divided by body depth. Gaps between successive plates were also 
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recorded, as they might be synonymous with narrower plates. All individual photos 

were randomized and scored by the same experimenter (AW).  

Whole-genome sequencing of plate height pools 

To map the genomic basis of plate height, we performed bulk segregant analysis 

focused on the Niederrach population for which we had the biggest available sample 

size and, consequently, the biggest within-population trait variation, which allowed us 

to establish a class of stickleback with short plates whose allelic frequencies were 

compared genome-wide with a class of long plated stickleback.  To establish the two 

phenotypic classes of standardized plate height, we applied a standard regression-

based approach (Reist 2009; Berner 2011) to calculate the individual residuals of the 

regression of the mean plate length against body depth (Fig. 3a). Based on the 

distribution of the residuals, we selected the 60 most extreme individuals: 30 

individuals with the shortest plates and 30 individuals with the highest plates (Fig. 

3b).   

Tailfin tissue was collected from each individual and genomic DNA was extracted 

with Zymo Quick-DNA Miniprep Plus kit. We followed the manufacturer's protocol, 

with the modification that the lysate resulting from proteinase digest was centrifuged 

and DNA was extracted from the supernatant only. We also included RNAse 

treatment (4µl, 100 mg/mL, for 5 minutes).  

Each individual’s DNA concentration was assessed with a Qubit fluorometer using 

the Broad Range kit (Invitrogen, Thermo Fisher Scientific, Wilmington, DE, USA) and 

their DNA was combined into two libraries - short and high plated - in equimolar 

proportion. The DNA libraries were barcoded individually using the PCR-free KAPA 

hyperPrep Kit (Roche) and paired-end sequenced to 101 base pairs on an Illumina 

HiSeq2500 instrument on two lanes each, yielding a median read depth per base of 

90x (short) and 118x (high).  
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The NID individuals that constitute the plate size pools in our scan have previously 

been genotyped for the EDA locus (Laurentino et al., in prep). This allowed us to test 

if there is correlation between plate height and plate number, or any obvious effect of 

the EDA genotype. Since all individuals measured for plate size are completely-

plated fish, they can be heterozygotes or homozygotes for the EDA Complete-allele. 

Differentiation scan between short and high plated morphs 

We performed a genome-wide scan for single nucleotide polymorphism (SNPs) of 

elevated differentiation between short and high plated pools.  

We started by parsing all sequence output according to barcodes, followed by 

alignment to the fourth generation assembly (Peichel et al. 2017) of the stickleback 

reference genome (Jones et al. 2012) with Novoalign 3.03.00 (Novocraft 

Technologies Sdn Bhd) (options: -F STDFQ -t 540 -g 40 -x 12 -r N -e 200 -i PE 

200,250). Resulting SAM alignment files were further cleaned for repeated 

sequences using SAMtools (version 1.9) by setting the minimum mapping quality 

(MAPQ score) to 69, thus removing all reads mapping to multiple locations. Then, 

using Rsamtools (Morgan M, Pagès H, Obenchain V 2017), the SAM alignments 

were converted to BAM format, and nucleotide counts were performed for every 

genomic position by applying the pileup function.  

Next, we determined the magnitude of genetic differentiation (quantified as absolute 

allele frequency difference: AFD (Berner 2019)) between plate height categories 

across all genome-wide SNPs. These SNPs were required to exhibit a read depth 

within 40 - 250x in each category (thus excluding poorly sequenced and repeated 

regions), and a minor allele frequency (MAF) of at least 0.2 (to ensure adequate 

information content (Roesti, Salzburger, and Berner 2012). This strategy yielded 

1’180’937 SNPs across the 447megabase (Mb) stickleback genome. 

We then applied a threshold selecting the 0.001% most divergent positions, which 

resulted in 12 top SNPs spread across five different chromosomes. Each of the top 
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SNPs was annotated by scanning the reference genome annotation for all genes 

located within a 180 kb window, centered at each of the loci. For each resulting 

transcript ID, we retrieve the gene name, gene ontology information, strand, and 

transcript start and end positions: Information retrieved from ensemble bioMART 

stickleback database (www.ensembl.org/biomart). Additionally, every gene was 

manually researched on gene cards (www.genecards.org) and Zfin (www.zfin.org) 

databases for associated phenotype and expression information in humans and 

zebrafish, respectively. When a gene had associations to the EDA pathway or bone 

phenotypes in fish or other organisms, an extra step of literature search was 

performed.  

Individual validation of top SNPs 

To validate five of the top divergence SNPs found in the genome scan, we 

individually sequenced the 10 individuals with shortest and the 10 with the highest 

plates for the region containing the highly divergent variants. If these genomic 

regions are under selection for their functional effects on adaptive phenotypes, then 

we expect parallelism in populations adapting to similar environments within the 

watershed, as putatively adaptive genetic variation is widely shared within the Lake 

Constance watershed (Roesti et al. 2015). Thus, our individual sequencing approach 

was performed both for the population used in the pool genome-scan (Niederrach; 

NID) and for an additional stream population (Hohenems; HOH).  

For each population we sequenced 10 individuals with the lowest relative plate height 

and 10 others with the highest. For Hohenems 5 additional individuals with 

intermediate plate height were sequenced – selection criteria were residual-based as 

indicated previously.   

We designed primers for the five regions containing highly differentiated SNPs in 

Primer3 (v0.4.0). In some cases (chromosomes VIII, XII and XXI) it was not possible 

to design primers flanking the peaks of higher divergence containing top SNPs due 
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to the presence of large indels in both SNP flanking regions, which would inhibit 

proper primer annealing. For such cases, we opted by amplifying the next higher and 

well-defined  - not single but a set of SNPs forming a divergence peak - peak at the 

target chromosome (Fig. S4 and S6). We first extracted the sequence - 100bp 

upstream and downstream of the target SNP - from the aligned BAM file with 

SAMtools (v1.7.20). The target sequences were then aligned to the genome 

assembly derived from an individual from the NID population (Berner et al. 2019) with 

Geneious (v11.1.3), to uncover the local genome’s scaffold containing our SNPs of 

interest. Primers were then designed based on the local genome to maximize 

sequence homology. We then amplified every individual with the five primer pairs 

and Sanger sequenced each PCR product in a ABI3130xl instrument (Applied 

Biosystems).  Results from Sanger sequencing were analyzed on CodonCode 

Aligner (V 8.0.2) and the base at the positions of interest was recorded for every 

individual (See Supplementary material for: primer sequences, PCR protocol and 

Sanger sequencing protocol). We inspected every individual for the number of short 

plated alleles.  

Results 

Lateral plate height varies within natural populations and lake fish have overall 

higher plate coverage 

Our first aim was to quantify the phenotypic variation within completely plated fish 

from the Lake Constance basin, so we measured plate height and body depth for the 

lake and three stream populations. These data revealed, as expected, a strong 

positive correlation between body depth and the plate height across all populations 

(Pearson correlation test; BOH r= 0.904, HOH r=0.907, r= 0.79, ROM r= 0.874; Fig. 

1a). Thus, for comparative analysis we use the relative plate height, which is 

standardized for body size. Comparing relative plate height across populations 

showed that Lake (ROM) individuals have the highest plates (mean= 0.51, sd= 
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0.038), while the NID stream shows the individuals with lower relative plate height 

(mean =0.379, sd= 0.0454; Fig.1 a and b), with the remaining stream population 

showing intermediate values (BOH, mean=0.455, sd=0.038; HOH mean=0.407, 

sd=0.05). There were no differences in relative plate height between males and 

females across populations (Fig. S1). The decrease in plate height is proportional 

along the flank, with every plate becoming incrementally shorter towards the tail, 

accompanying body shape (Fig. S2). Thus, there is no evidence of higher variability 

in the mid-flank plates, which have later developmental onset.  

Figure 1 Lateral plate height variation in natural stream and lake populations. (A) 

Relation between plate height and body depth and (B) variation within and between natural 

populations of Strams (grentones) and lake (dark blue). Dashed lines mark the habitat 

medians of relative plate height (0.51 for the lake, 0.38 for the streams).  

The data from individuals raised under common laboratory conditions shows the 

same trend observed in nature: higher plates in lake than NID (Fig. 2). The BOH 

stream site showed a relatively large difference between fish sampled in the wild vs 

grown in the laboratory, although the latter was likely estimated with low precision 

due to small sample size. Comparing field to laboratory samples thus confirmed that 

phenotypic variation in plate height has a genetic basis. 

A B 
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Figure 2 Relative lateral plate height variation between stream and lake populations in 

the wild (green) and in common garden conditions (grey). In the wild dataset every point 

is an individual but in the common garden dataset every point is the average of all siblings 

from a cross. See Methods for exact sample sizes.    

Considerable phenotypic variability in plate size within the NID stream 

population 

To be able to select individuals with extremely high and extremely short plates to 

compare at the whole-genome level, we looked for deviations to the expected body 

depth/plate height ratio within the NID stream population. Several individuals showed 

clear deviations to the expected ratio (Fig.3 a and b) expressed through high residual 

values, which are positive for fish with plates higher than expected for their body 

depth and negative for fish with plates shorted than expected for their body height. 

The distribution of residuals (Fig. 3b) indicates that lateral plate height within this 

population is a continuous trait, contrasting with plate number, which is characterized 

by more clearly distinct classes (Laurentino et al., in prep).  
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A 

B 

Figure 3 Stream individual distribution of plate height and selection strategy for 

genomic mapping. (A) Relation between individual mean plate height and body depth with 

the residuals showing that for the same body size some individuals present extremely high 

plates (above the correlation line) and other show extremely shorter plates (under the 

correlation line). The same is visualized in the (B) residual distribution histogram. The 30 

individuals at the distribution tails (marked in green in both plots) were selected to conduct the 

whole-genome divergence scan.  

We found a strong correlation between relative plate height and width (Pearson 

correlation test r= 0.825) meaning that changes in plate size are allometric: short-

plated fish also have narrower plates, which results in small inter-plate gaps (Fig. 4).  
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There is a negative correlation between relative plate width and the number of inter-

plate gaps (Pearson correlation test r= -0.755), and the same holds for relative plate 

height (Pearson correlation test r= -0.797). These gaps render the armor vulnerable 

by eliminating the typical plate overlapping that prevents weak points against 

penetrative forces (Song et al. 2010). By measuring each plate at three different 

points, we also show clearly that plate width varies more towards the dorso-ventral 

plate tips (Fig. S3). This result is consistent with the pattern of plate growth in which 

the last areas of growth and mineralization are the plate tips (Jamniczky et al. 2018; 

Mills et al. 2014; Song et al. 2010).  

It is thus evident that fish with shorter plates have an overall reduced bony armor, 

and fish with higher plates are more effectively armored, which can bear fitness 

consequences (Reimchen 1992, 2000).  

Figure 4 Relation between plate height and width and gap incident among the 

individuals with higher and shorter plates.  Individuals with the shortest (circles) and 

higher (triangles) residuals. A value of 10 gaps means that the individual has a gap between 

every plate. Grey lines visualize the linear model of relative plate height versus relative plate 

width (R-squared = 0.6) and band marks the 95% confidence interval.  
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Genomic mapping of plate height suggests a polygenic architecture and 

identifies candidate regions  

The pooled whole-genome comparison of 30 short-plated individuals and 30 high-

plated individuals showed several genomic regions of elevated allele frequency 

differentiation (Fig. S4, Fig. 5). We selected the 0.001% of high AFD to uncover 

candidate loci of higher differentiation genome wide (threshold of AFD > 0.616; Fig. 

S5). This resulted in 12 SNPs spread across five chromosomes (Fig. S4), with 

chromosomes XII, XVIII and XXI harboring multiple of the top SNPs (Fig. 5).  

Several genes neighboring the SNPs of high differentiation between the short and 

high-plated individuals are noteworthy: On chromosome XVIII, there are two genes 

connected to the EDA pathway (Fig. 5). TNFRSF21 is a receptor of the Tumor 

necrosis factor superfamily involved human bone disease (Williams et al. 2016). The 

second gene, PTCHD4, has Sonic hedgehog (SHH) receptor activity, a gene known 

to be a downstream target of EDA pathway (Cui and Schlessinger 2006) and with 

known functions in the correct growth and morphogenesis of teeth through the 

activation of PTCH receptors (Dassule et al. 2000). Teeth are one of the structures 

affected by EDA mutations (Lefebvre and Mikkola 2014) and there is similarity in the 

mineral composition of lateral plates and mammal teeth, since plates are composed 

of enamel. Another gene connected with tooth loss in humans is CHDH (Mostowska 

et al. 2011), which is located upstream in the neighborhood of one of the top SNPs 

on chromosome XII (Fig. 5). Close to CHDH lies the coding region for Calcium 

Voltage-Gated Channel Subunit Alpha1 D (CACNA1d), the second candidate gene in 

this region, which is expressed in neuromasts in zebrafish and essential for the 

signal transduction of these cells (Lv et al. 2016; Sheets et al. 2011). The gene 

becomes a candidate due to the established connection between the lateral line 

neuromast pattern and the lateral plate morph (Mills et al. 2014; Wark et al. 2012; 

Wark and Peichel 2010).  
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Figure 5 Loci of higher divergence and coding regions of neighboring genes. Two 

example chromosomes; Each grey dot marks a SNP; Purple triangles mark the SNPs in the 

top 0.001% of AFD; green dots mark regions that were individually validated by Sanger 

sequencing; Genes outlined in purple are strong candidates; black lines mark the 

chromosome-spacific median AFD; on Whole-chromosome plots smoother 40 Kb, on zoomed 

regions 10 Kb 
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We validated some of the divergent peaks by individual sequencing. On 

chromosome XII, we amplified a region around 2.2 Mb (Fig. 5, lower left panel), 

which is in the neighborhood of the gene OVGP1, another gene associated with the 

development of the lateral line, expressed in Neuromast mantle cells in zebrafish 

(Lush et al. 2019).  

A second region that was amplified despite not crossing the 0.001% threshold of 

genome-wide differentiation was on chromosome XXI, around 5.6 Mb (Fig. S6). This 

region is exceptionally rich in candidates, as it is in the neighborhood of the genes 

Prostaglandin D2 synthase b (PTGDSB), involved in the development of axial 

skeleton in fish (Kessels et al. 2014); and the PIP4K2a gene, which upregulates 

chondrocyte hypertrophy: a critical step in mammal bone elongation and preparation 

of the cartilage matrix for invasion by ossification cells (Ayodele et al. 2017; Mirams 

et al. 2016). 

Inspection of previously uncovered candidates - EDA, EDAR and GDF6 – 

suggests a possible influence of the EDAR gene  

Several previous studies have identified genes with functional implications for plate 

development and we inspected the divergence patterns for those loci in our dataset.  

We first looked at a well-known major gene involved in widespread and repeated 

variation in lateral plate number: Ectodysplasin A (EDA) (Colosimo et al. 2004; 

Wucherpfennig, Miller, and Kingsley 2019). The distribution of EDA genotypes 

across plate size and number makes clear that this locus has no influence on relative 

or mean plate height (Fig. 6A; Welch Two Sample t-test for relative height: t = 

0.73327, df = 150.99, p-value = 0.4645; Welch Two Sample t-test for mean plate 

height: t = 0.76472, df= 175.9, p-value = 0.4455; multiple linear regression for EDA 

genotype*Relative plate height*Plate number: R2= 0.014, F= 0.823, p-value= 0.482). 

This is congruent with the lack of enhanced divergence observed in the genome 

scan at the EDA region on chromosome IV (Fig.6 B). The chromosome-specific 
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median divergence (AFD = 0.098), barely contrasts with the median of seven SNPs 

known to be fixed between complete and low plated stickleback homozygotes for 

EDA (AFD = 0.123; Fig.6 B).  

Figure 6 Candidate genes with known functional effects on lateral plate development 

(top left) Plate height variation is independent of plate number – within completely-plated fish 

- and of EDa genotype and (top right) there is no evidence of elevated differentiation at

EDAin our genome scan. The (bottom left) GDF6 gene and the QTLs for plate size flanking it

also do not show evidence of differentiation between short- and high-plated stream

stickleback. The purple  and orange dashed lines mark the region of higher LOD score for the

Height and Width QTLs described in Indjeian et al., 2016. The (bottom right) EDAR gene

however, is downstream of a considerable differentiation peak and might thus be involved in

plate height. All divergence graphs follow the plotting setting detailed on Figure 5.

Another gene in the EDA pathway, the Ectodysplasin A receptor (EDAR), has been 

implied in the development of dermal skeleton in several fish species (Cheng et al. 

2015; Harris et al. 2008; Iida et al. 2014; Shono et al. 2019), including stickleback 
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(Laurentino et al., in prep), with specific expression at the distal developing ends of 

scales (Harris et al. 2008) and fin rays (Iida et al. 2014). Thus, knowing the relatively 

smaller effect of EDAR on plate number and its association with growing peripheries 

of fish dermal skeleton, we inspected the region 86Kb upstream of EDAR, previously 

shown to diverge between completely- and partially-plated stickleback (Laurentino et 

al., in prep). While this region does not display extreme levels of divergence in our 

scan, there is a divergence peak signature very similar to the one previously 

mentioned, this time 67.96 Kb upstream of the EDAR coding region (Fig. 6 D). The 

top SNP at this divergence peak (AFD= 0.52) shows an allele frequency 

differentiation more than six times superior to the chromosome-wide differentiation 

(AFD= 0.08), closely reaching to the 0.01% of SNPs with higher genome-wide 

differentiation (threshold at AFD = 0.529).  

Finally, we inspected the GDF6 genomic region, a gene on chromosome XX 

implicated in plate size reduction in stickleback (Indjeian et al. 2016). However, we 

did not find general evidence of divergence along chromosome XX (Fig. S4), nor at 

the regions containing known QTLs for plate height and width and GDF6 (Colosimo 

et al. 2004; Indjeian et al. 2016) (Fig. 6C).  

No evidence of parallel genetic basis underlying plate size across streams  

We sequenced individual fish for six regions of high divergence uncovered by the 

whole-genome scan between short- and high-plated pools if individuals from the NID 

population. Based on these individual sequences, it was not clear that plate size is 

inherited in a dominant mendelian way. In all inspected loci, heterozygote individuals 

express all scored plate height phenotypes, without clear evidence of dominance 

(Fig. 7 top, and S7). However, for the SNP on chromosome XII (Fig. 7, top) and the 

SNP on chromosome VIII (Fig. S7), the short-plated individuals show considerably 

higher frequency of homozygotes for the short-allele.  
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We tested the cumulative effect of short-plated alleles and while it is true that short-

plated fish have an overall higher number of short-alleles at high divergent loci in the 

NID population, the same was not verified for the HOH population (Fig. 7, bottom).  

However, it is important to notice that, overall, the individual sequencing validation 

adds confidence to our genome scan since the results showed that the allele 

frequency divergence between the short- and high-plated phenotypic pools for the 

NID population at the inspected loci were supported by individual genotypes (Figures 

7 and S7). Thus, even if there is noise in our genome scan caused by the relatively 

small sample size of the phenotypic pools (Gautier et al. 2013), the allele frequency 

estimates are relatively reliable and may suggest phenotypic convergence without 

underlying parallel genetic basis between stream populations.  
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Figure 7 Individual genotypes do not support parallel genomic basis of short-plated 

morph. Top plot Shows an example of the individual sequencing results of one of the 

targeted higher differentiation regions for two stream populations (NID and HOH), and 

Bottom plot visualizes the overall results showing that in HOH population the number of 

short-plated alleles does not correlate with the phenotype. Short-High divergence at those loci 

is captured only by the NID population.  

Discussion 

We here quantified the natural phenotypic variation in plate height on 

threespine stickleback form the Constance lake basin, compared it with the variation 

exhibited under common garden conditions, and then conducted a within-stream 

whole-genome mapping approach to explore the genetic architecture underlying 

plate height variation. 

Our data show that the lake population has higher plates than the stream fish, 

and that this difference has a quantitative polygenic basis. When plates become 

smaller, resulting in inter-plate gaps, the characteristic ‘sandwich’ overlap between 

adjacent plates that eliminates any weak point along the fish flank (Song et al., 2010) 

is lost. Thus, stickleback with reduced plate size are more vulnerable to predation (T 

E Reimchen, 2000; Thomas E. Reimchen, 1992; Song et al., 2010). Thus, the 

population difference we found in plate size is likely adaptive, as the lake population 

is more exposed to predators due to the typical pelagic life style.  

Leinonen et al. (2012) hypothesized that small-plated stickleback would arise 

exclusively in populations with a critically low frequency of the recessive low-plate 

EDA allele. We here show that in populations where the low and partial plated 

morphs are present, there is still continuous variation in plate size. Our genome scan 

did not find any major locus but there were several regions of elevated differentiation 

between short- and high-plated stream stickleback several of which with clear 

connections to the EDA-signaling pathway. There is growing evidence from genomic 

research in model and non-model organisms that variation at adaptive traits is 

controlled by multiple loci spread across the genome (Boyle, Li, and Pritchard 2017) 
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therefore, selection acting additively on such traits could lead to multiple relatively 

small shifts in allele frequencies, putatively acting across several components of the 

EDA-signaling pathway which modulate different aspects of lateral plate 

development. However our candidates demand additional steps of validation, since 

our data might be affected by an under-optimal number of individuals composing our 

phenotypic pools (Gautier et al. 2013). 

For genes of large effect, it is common to find shared haplotypes across 

populations showing convergent phenotypes (Colosimo et al. 2005). Nonetheless, in 

a highly polygenic background convergent phenotypes can potentially arise by 

different genotype combinations. Phenotypic convergence without parallel genetic 

basis is indeed a frequent phenomenon (Härer, Meyer, and Torres-Dowdall 2018; 

Wittkopp et al. 2003), even with cases of phenotypic convergence arising through 

selection on different variants of the same signaling pathway (Rosenblum et al. 

2010). Thus, the incongruence between the stream populations genotypes for the 

small number of divergence peaks that we inspected cannot be seen as a complete 

diagnose of lack of robustness of our candidates.    

Our dataset opens the possibility of performing several interesting follow-up 

analysis that should enlighten the genomic architecture of plate size: I) The structural 

variation that hindered primer design for certain target regions might actually be 

indicative of indels (Chan et al. 2010).  Thus, a coverage scan between the two 

morphs is an interesting approach. Another valuable future analysis consists in II) 

inspecting the frequencies of the short allele in marine ancestral-like populations, 

where selection is known to favor heavily armored individuals. If the frequency of the 

short allele turns out to be low at our candidate loci, then they become sound 

candidates for functional validation.  

Our study adds to those clearly illustrating the complexity of the genomic 

architecture of adaptive phenotypes. 
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Figure S1. Relative plate 
height by sex and 
population. There are no 
considerable sex-specific 
differences in plate height 
distribution. Sample sizes are 
depicted in the respective 
boxplot.  
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Figure S2. Pattern of plate 
height reduction along the 
flank per population Mid-
flank plates do not show 
stronger decrease in height, 
which could happen due to 
their late-onset 
development. Instead plate 
height decrease simply 
accompanies body shape. 
ROM is the lake population,
all others are stream 
populations.  

Figure S3. Variation in 
plate width between 
individuals with high 
and short plates, per 
measurement landmark. 
As expected, the middle 
measurement of the plate 
is less variable as this is 
the starting point of 
ossification as opposed to 
the the dorsal and ventral 
tips where the difference 
is accentuated as these 
are the periphery of plate 
development. 
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Figure S4. Genomic differentiation between high and short plated 
individuals Profiles of the absolute allele frequency difference (AFD) are shown 
for all chromosomes, with the gray dots representing individual single-nucleotide 
polymorphisms (SNPs), black lines indicating chromosome-specific median values 
and purple dashed lines indicating chromosome-specific 99.999 percentile of AFD 
values. The green curves show differentiation smoothed by averaging AFD across 
SNPs for 40 kb sliding windows with 20 kb overlap.  
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Figure S5. Distribution of genomic differentiation between high and short plated 
individuals.  Dashed black line marks the genome-wide median differentiation (AFD=0.087) 
and purple dashed line marks the differentiation threshold (AFD=0.62) applied across 
chromosomes to select the top differentiated SNPs (N=12).  
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Figure S6. All top SNPs and individual amplification targets with respective annotation 
Plotting settings follow those described in detail on Figures 5 and S4. 86
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Figure S7. Individual genotypes for targeted SNPs highly divergent between short- 
and high-plated stickleback, assessed by Sanger sequencing of stream populations 
NID and HOH. Plotting settings follow those described in detail on Figure 7. See Figures 5 
and S6 for genomic location and divergence levels of the genotyped SNPs.  
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Abstract

Understanding the distribution of crossovers along chromosomes is crucial to evolu-

tionary genomics because the crossover rate determines how strongly a genome

region is influenced by natural selection on linked sites. Nevertheless, generalities in

the chromosome-scale distribution of crossovers have not been investigated for-

mally. We fill this gap by synthesizing joint information on genetic and physical

maps across 62 animal, plant and fungal species. Our quantitative analysis reveals a

strong and taxonomically widespread reduction of the crossover rate in the centre

of chromosomes relative to their peripheries. We demonstrate that this pattern is

poorly explained by the position of the centromere, but find that the magnitude of

the relative reduction in the crossover rate in chromosome centres increases with

chromosome length. That is, long chromosomes often display a dramatically low

crossover rate in their centre, whereas short chromosomes exhibit a relatively

homogeneous crossover rate. This observation is compatible with a model in which

crossover is initiated from the chromosome tips, an idea with preliminary support

from mechanistic investigations of meiotic recombination. Consequently, we show

that organisms achieve a higher genome-wide crossover rate by evolving smaller

chromosomes. Summarizing theory and providing empirical examples, we finally

highlight that taxonomically widespread and systematic heterogeneity in crossover

rate along chromosomes generates predictable broad-scale trends in genetic diver-

sity and population differentiation by modifying the impact of natural selection

among regions within a genome. We conclude by emphasizing that chromosome-

scale heterogeneity in crossover rate should urgently be incorporated into analytical

tools in evolutionary genomics, and in the interpretation of resulting patterns.

K E YWORD S

centromere, chromosome length, gene density, linked selection, meiosis, recombination

1 | INTRODUCTION

Meiosis is a specialized cell division widely conserved among sexu-

ally reproducing eukaryotes, involving one round of DNA replication

followed by two rounds of chromosome division, thus producing

haploid cells (gametes, spores) from diploid progenitors. During the

first meiotic division, homologous chromosomes pair and undergo

recombination. This involves numerous programmed DNA double-

strand breaks and the invasion of short single-stranded DNA seg-

ments into the homologous chromosome. A small fraction of the

DNA breaks are then repaired as crossovers (CO), the reciprocal

exchange of DNA segments between the homologous chromosomes

(Hunter, 2007; CO is thus only one aspect of recombination, and

hence, these two terms are not used interchangeably in this study).

CO is an intriguing biological process because of its dual mechanistic

and evolutionary implications. On the one hand, the segregation of*Quiterie Haenel and Telma G. Laurentino share first authorship, alphabetical order.
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chromosomes during the first meiotic division requires that homolo-

gous chromosomes associate physically to align together on the mei-

otic spindle in the cell’s equator, which is facilitated by CO (or

chiasma, the cytological manifestation of CO). CO is thus important

for proper chromosome disjunction. Although exceptions exist (e.g.,

the absence of CO in some dipteran males or lepidopteran females;

Gerton & Hawley, 2005; Wolf, 1994), one obligate CO per chromo-

some pair is generally considered a requirement for accurate chro-

mosome segregation and hence the production of genetically

balanced offspring (Hassold & Hunt, 2001; Hunter, 2007; Mather,

1938; Smith & Nicolas, 1998).

On the other hand, CO also has crucial evolutionary conse-

quences: by breaking and interchanging DNA segments from two

homologous chromosomes, CO generates novel combinations of alle-

les. A possible benefit of this genetic reshuffling is that favourable

alleles initially occurring on different copies of a given chromosome

can be unified into a single chromosome. This chromosome combines

the selective benefit of all the alleles it carries, and hence represents

a genotype of higher fitness than what would be possible in the

absence of CO. CO thus increases genetic variance among individuals,

therefore making natural selection in finite populations more efficient

(Burt, 2000; Felsenstein, 1974; Fisher, 1930; Hartfield & Otto, 2011;

Hill & Robertson, 1966; Kondrashov, 1982; Muller, 1932; Otto & Bar-

ton, 1997, 2001)—an effect providing a general explanation for the

evolutionary benefit of sexual over asexual reproduction. However,

the increase in genetic variation due to CO can also entail a reduction

in the mean fitness of a population, for instance when favourable epi-

static interactions among loci are broken down (Barton, 1995; Fisher,

1930), or when populations adapted to selectively different habitats

hybridize and locally favourable and unfavourable alleles become

associated (Barton & Bengtsson, 1986; Berner & Roesti, 2017; Kirk-

patrick & Barton, 2006; Ortiz-Barrientos, Reiland, Hey, & Noor,

2002).

The evolutionary consequences of CO depend strongly on the

distribution of CO along chromosomes. At a fine scale, the CO rate

is often dramatically elevated in localized “hotspots” (Baudat, Imai, &

de Massy, 2013; Choi & Henderson, 2015; Lichten & Goldman,

1995). While the distribution of hotspots and their molecular control

are under intensive investigation, less attention has been paid to the

distribution of CO along chromosomes at a broad scale. In several

organisms, it has long been noticed that the CO rate differs greatly

among broad chromosome regions (Akhunov et al., 2003; Croft &

Jones, 1989; International Human Genome Sequencing Consortium

2001; Nachman & Churchill, 1996; Rahn & Solari, 1986; Rees &

Dale, 1974), but so far, no attempt has been made to formally exam-

ine the distribution of CO at a large chromosomal scale across taxa.

The objective of this study is to fill this gap by exploiting the

recent proliferation of well-characterized CO landscapes in higher

eukaryotes (animals, plants, fungi) driven by progress in genome

sequencing and marker generation techniques. Using a meta-analyti-

cal approach, we document a widespread trend of CO to occur at a

relatively elevated rate in the chromosome peripheries. We address

the mechanisms potentially causing this pattern and highlight why

appreciating this nonrandom distribution of CO across the genome is

important to evolutionary population genomics.

2 | METHODS

2.1 | Data acquisition

To initiate our meta-analysis, we conducted a literature search for

studies characterizing the distribution of CO across the genome. We

considered two types of data sets: first, studies reporting the genetic

map position of genetic markers along with their physical base pair

position along chromosomes, that is, centimorgan (cM) vs. megabase

(Mb) data (>80% of the data sets eventually used). Second, we also

considered studies directly reporting CO rates along chromosomes

quantified as genetic map distance divided by physical map distance

for marker intervals (i.e., cM/Mb vs. Mb data). Our focus was on

organisms with an assembled genome (in a few cases, this genome

was from a close congeneric species) and with CO rates estimated

from crosses or pedigrees. Studies estimating CO rates from linkage

disequilibrium in population samples, presenting information from a

single chromosome only, or performed with low marker resolution

(fewer than ~20 markers per chromosome on average) were ignored.

In a single case (Nunes et al., 2017), we considered a marker-dense

data set presenting genetic map position against marker order (in-

stead of Mb position in a physical assembly). Visually comparing pat-

terns of cM vs. Mb to cM vs. marker order in another organism in

which both data types were available (Dohm et al., 2012, 2014) con-

firmed that the latter data type also reliably captures broad-scale CO

patterns (see also Nachman & Churchill, 1996). All species were

assigned to the categories “wild” or “domesticated”, the latter sub-

suming all systems at least potentially having experienced selection

by humans (i.e., domesticated, cultivated or classical laboratory model

organisms). For species in which suitable CO data were available from

multiple independent investigations, we prioritized the study with the

most reliable genome assembly and/or the highest marker resolution.

In some studies, the relevant raw data were presented directly in

tabulated form. Otherwise, we extracted information from graphics

using webplotdigitizer (http://arohatgi.info/WebPlotDigitizer). In

graphics permitting the identification of individual raw data points,

the latter were digitized directly. When marker resolution was rela-

tively sparse, we considered all available data points (ignoring obvi-

ous outliers caused by genome misassembly). In high-resolution

studies with heavily overlapping data points, we digitized only a sub-

set of points per chromosome sufficient to capture broad-scale CO

patterns accurately (a few such data sets digitized independently by

multiple researchers confirmed that this subsampling produced highly

reproducible CO rate data). In cases where the data were presented

as line graphics (e.g., smoothed profiles along chromosomes), and

hence, the raw data were not accessible, we superposed a grid of

equidistant lines orthogonal to the Mb axis on the plot of each chro-

mosome and digitized the intersections between grid and data lines.

This grid was adjusted to span the entire chromosome and included

either 26 lines for cM vs. Mb plots, or 25 lines for cM/Mb vs. Mb
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plots, eventually yielding CO rate estimates for a minimum of 25

windows along each chromosome across all studies. In studies pro-

viding CO information separately for both sexes or for multiple

crosses, data were extracted separately for each category and then

averaged for analysis (note that in Drosophila, CO occurs only in

females; we nevertheless considered this species for analysis,

although excluding it did not influence any conclusion). To avoid bias

by unusual patterns of CO in sex chromosomes, we restricted data

acquisition to autosomes in those studies identifying a sex chromo-

some. In a few studies, a subset of chromosomes had to be ignored

because they showed massive macro-assembly problems (large mar-

ker gaps, or genetic map position failing to increase monotonically

over large chromosome regions). All raw data sets are available on

the Dryad repository (https://doi.org/10.5061/dryad.p1j7n43).

2.2 | Characterizing the broad-scale distribution of
CO across taxa

A first goal was to visualize the broad-scale distribution of CO along

chromosomes across all species within each of the three organismal

kingdoms (animals, plants, fungi). For studies providing cM vs. Mb

data, this initially required calculating the CO rate (cM/Mb) for inter-

vals of adjacent markers. To achieve comparability, physical mid-

point positions of marker intervals were then scaled according to a

standard chromosome length of one, and CO rates were divided by

their respective chromosome average rate (i.e., mean-standardized,

Houle, 1992; qualitatively similar results leading to the same conclu-

sions were obtained by standardizing CO rates by the chromosome-

specific standard deviation, or by performing no standardization at

all). These adjustments made variation in CO rate within chromo-

somes independent from differences in physical length and in abso-

lute CO rate among chromosomes and organisms. Within each

species, we next combined standardized CO rates from all chromo-

somes according to their relative chromosome position. For this, we

assigned CO rate data points from all chromosomes (scaled to unit

length) to one of 25 adjacent windows and computed for each win-

dow the median CO rate across chromosomes (using the mean to

combine the data points within an organism produced similar result).

Finally, the species-specific CO rates thus summarized were aver-

aged across species within each kingdom for each of the 25 chromo-

some windows for visualization (data available as Appendix S2). We

also calculated 95% confidence intervals (CIs) around the window-

specific means by bootstrap resampling among the species 10,000

times (Manly, 2007; throughout the study, CIs around point esti-

mates were calculated analogously). For selected species, we also

visualized the standardized CO rate along an exemplary chromosome

at the original marker resolution and physical chromosome scale.

2.3 | Influence of the centromere on the broad-
scale distribution of CO

The above analysis revealed a general broad-scale reduction in CO

rate across the centres of chromosomes (see Section 3). To gain

insights into potential underlying causes, we explored to what

extent this heterogeneity in CO rate is related to the position of the

centromere, a chromosome region essential for proper chromosome

segregation and exhibiting a reduced CO rate (Talbert & Henikoff,

2010). This analysis focused on the subset of species for which cen-

tromere positions were available. These positions had to be inferred

from DNA sequence motifs or other physical markers, not from the

distribution of CO. We further ignored species with short chromo-

somes (less than ~20 Mb on average), because we found that pro-

nounced broad-scale heterogeneity in CO rate was often lacking on

short chromosomes (see Section 3), thus precluding a meaningful

analysis of the centromere’s role in driving such heterogeneity. In

the 17 total species satisfying these criteria (Table 1; references to

the studies characterizing centromere position in these species are

given in Table S1), we assigned all chromosomes to one of six total

morphological categories. These included metacentric, submetacen-

tric, subtelocentric, acrocentric and telocentric chromosomes, as

defined by a decreasing ratio of the short to the long chromosome

arm (Levan, Fredga, & Sandberg, 1964). These five categories thus

provide a crude description of how central or peripheral the cen-

tromere is located within a chromosome. The sixth category was the

holocentric chromosomes lacking a single well-defined centromere.

Here the spindle fibres guiding chromosome segregation can attach

along the entire chromosome (Dernburg, 2001; Melters, Paliulis,

Korf, & Chan, 2012). To assess whether the broad-scale reduction in

CO rate across chromosome centres is determined by centromere

position, we took two qualitative, visual approaches (quantitative

analysis was precluded by heterogeneity in the quality of cen-

tromere position information across studies): first, we focused on

species with the same morphology across all chromosomes. For

these species, we graphed the median standardized CO rate for

each of the 25 chromosome windows as described above and then

compared the distribution of the CO rate between species differing

in chromosome morphology. The second approach focused on dif-

ferent chromosome morphologies occurring within species. We here

again plotted window-specific standardized CO rates, but this time

separately for each chromosome morphology category within a spe-

cies (at least three chromosomes per morphological category were

required). In both analyses, our prediction was that if the cen-

tromere position determines the broad-scale CO landscape, chromo-

somes exhibiting peripheral centromeres should lack a systematic

reduction in CO rate around chromosome centres.

2.4 | Relationship between CO rate and
chromosome length

Observations during data acquisition raised the possibility that the

strength of the reduction in CO rate within chromosome centres

relative to peripheries (see Section 3) could be related to chromo-

some length. This idea was investigated both among and within

species. For the former, we reused the standardized CO rates cal-

culated for each chromosome in each species as described above.

For each chromosome, we calculated the mean CO rate across all
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TABLE 1 Species of higher eukaryotes included in our meta-analysis of crossover rate, sorted by organismal kingdom and class (animals) or
family (plants)

Kingdom Class/Family Species Common name Author

Animals Actinopterygii Colossoma macropomum Tambaqui Nunes et al. (2017)

Animals Actinopterygii Cyprinus carpio Carp Xu et al. (2014)

Animals Actinopterygii Danio rerio Zebrafish Bradley et al. (2011)

Animals Actinopterygii Gasterosteus aculeatusw,c Threespine stickleback Roesti et al. (2013)

Animals Actinopterygii Ictalurus punctatus Catfish Liu et al. (2016)

Animals Actinopterygii Lates calcariferw Asian seabass Wang et al. (2017)

Animals Aves Ficedula albicollisw Collared flycatcher Kawakami et al. (2014)

Animals Aves Gallus gallus Chicken Groenen et al. (2009)

Animals Aves Taeniopygia guttata Zebra finch Backstr!om et al. (2010)

Animals Branchiopoda Daphnia magnaw Daphnia Duki"c, Berner, Roesti, Haag, and Ebert (2016)

Animals Chromadorea Caenorhabditis briggsaec Nematode Ross et al. (2011)

Animals Chromadorea Caenorhabditis elegansc Nematode Rockman and Kruglyak (2009)

Animals Insecta Aedes aegyptiw,c Yellow fever mosquito Juneja et al. (2014)

Animals Insecta Apis mellifera Honeybee Solignac et al. (2007)

Animals Insecta Bactrocera cucurbitae Melon fly Sim and Geib (2017)

Animals Insecta Bombus terrestrisw Bumblebee Liu et al. (2017)

Animals Insecta Drosophila melanogaster Fruit fly Comeron, Ratnappan, and Bailin (2012)

Animals Insecta Heliconius melpomenew,c Postman butterfly Davey et al. (2016)

Animals Insecta Laupala kohalensis x paranigraw Cricket Blankers, Oh, Bombarely, and Shaw (2017)

Animals Insecta Nasonia vitripennisw,c Wasp Niehuis et al. (2010)

Animals Mammalia Bos taurusc Cattle Arias, Keehan, Fisher, Coppieters, and Spelman (2009)

Animals Mammalia Canis lupus familiarisc Dog Wong et al. (2010)

Animals Mammalia Cervus elaphusw,c Red deer Johnston et al. (2017)

Animals Mammalia Felis catusc Cat Li et al. (2016)

Animals Mammalia Homo sapiensw,c Human Jensen-Seaman et al. (2004)

Animals Mammalia Mus musculusc Mouse Jensen-Seaman et al. (2004)

Animals Mammalia Ovis ariesc Sheep Johnston et al. (2016)

Animals Mammalia Pan troglodytes verusw,c Chimpanzee Auton et al. (2012)

Animals Mammalia Rattus norvegicusc Rat Jensen-Seaman et al. (2004)

Animals Mammalia Sus scrofa Pig Tortereau et al. (2012)

Fungi Dothideomycetes Zymoseptoria triticiw Croll, Lendenmann, Stewart, and McDonald (2015)

Fungi Saccharomycetes Saccharomycetes cerevisiae Baker’s yeast Cherry et al. (2012)

Fungi Sordariomycetes Fusarium graminearumw Laurent et al. (2017)

Plants Amaranthaceae Beta vulgarisc Sugar beet Dohm et al. (2014)

Plants Asteraceae Helianthus annuus Sunflower Renaut et al. (2013)

Plants Brassicaceae Arabidopsis thaliana Thale cress Giraut et al. (2011)

Plants Brassicaceae Brassica napus Rapeseed Wang et al. (2015b)

Plants Brassicaceae Brassica rapa Chinese cabbage Huang, Yang, Zhang, and Cao (2017)

Plants Cucurbitaceae Citrullus lanatus Watermelon Ren et al. (2012)

Plants Cucurbitaceae Cucumis melo Melon Argyris et al. (2015)

Plants Fabaceae Cicer arietinum Chickpea Deokar et al. (2014)

Plants Fabaceae Glycine max Soybean Schmutz et al. (2010)

Plants Fabaceae Phaseolus vulgarisc Common bean Bhakta, Jones, and Vallejos (2015)

Plants Juglandaceae Juglans regiaw Walnut Luo et al. (2015)

Plants Malvaceae Gossypium hirsutum Cotton Wang et al. (2015a)

(Continues)

2480 | HAENEL ET AL.

92



marker intervals having their physical mid-point within 10 Mb from

either chromosome tip (using 5 Mb only produced very similar

results) and divided this value by the chromosome-wide average

CO rate. The resulting “CO periphery-bias” provided a standard-

ized descriptor of the CO distribution along a chromosome, with a

value near one indicating a relatively evenly distributed CO rate,

and greater positive values indicating a concentration of CO

towards the chromosome tips. Next, we defined the length of

each chromosome as the Mb position of the terminal marker inter-

val mid-point, calculated mean CO periphery-bias and chromosome

length across the chromosomes within each species and assessed

if chromosome length predicted the CO distribution when using

species as data points. This was carried out using Spearman’s rank

correlation (hereafter simply “correlation” because we always

applied the Spearman method to quantify the strength of associa-

tion between variables) and included all species except the single

one lacking physical chromosome positions (Nunes et al., 2017).

The correlation between CO periphery-bias and chromosome

length was further explored within species (i.e., using chromosomes

as data points). To ensure sufficient sensitivity, this latter analysis

was restricted to species represented by at least six chromosomes

in our data set, exhibiting at least one chromosome longer than

30 Mb, and showing an at least twofold length difference between

the shortest and longest chromosome. The distribution of species-

specific correlation coefficients was then evaluated within animals

(N = 16) and plants (N = 11) separately (the species used for this

analysis are listed in Appendix S3). To confirm the adequacy of

our CO periphery-bias metric, we repeated the above analyses by

quantifying the distribution of CO along a chromosome using two

alternative methods: the coefficient of a quadratic regression of

standardized CO rate vs. Mb position and the ratio of mean

peripheral to central CO rate based on the crude centre-periphery

delimitation used in Berner and Roesti (2017). All these analyses

produced qualitatively similar results supporting the same conclu-

sions, so we report only results obtained with the main method

(data available as Appendix S3).

Because the above analysis indicated that the CO distribution

within chromosomes was related to chromosome length, we next

explored whether chromosome length also predicted the average

chromosome-wide CO rate (i.e., cM/Mb across the entire chromo-

some, ignoring within-chromosome heterogeneity). Again, this analy-

sis was performed among and within species (data available as

Appendix S4). For the former, we cumulated genetic and physical

map length across all chromosomes of each species in our data set

for which raw cM information was available (N = 52). Dividing total

cumulative genetic map length by its physical counterpart then

yielded an estimate of the average CO rate for a chromosome—and

of the average CO rate across the entire genome—in a given spe-

cies. Finally, we examined if this quantity was related to median

chromosome length when using species as data points. In an analo-

gous analysis within species, we divided genetic by physical map

length for each chromosome and calculated the correlation between

this average CO rate and physical length across chromosomes within

each species represented by at least six chromosomes in our data

set. The distribution of correlation coefficients was then evaluated

across species separately within each kingdom.

TABLE 1 (Continued)

Kingdom Class/Family Species Common name Author

Plants Malvaceae Theobroma cacao Cocoa Argout et al. (2011)

Plants Phrymaceae Mimulus guttatusw Monkey flower Holeski et al. (2014)

Plants Poaceae Brachypodium distachyon Purple false brome Huo et al. (2011)

Plants Poaceae Oryza sativa Rice Tian et al. (2009)

Plants Poaceae Setaria italica Foxtail millet Zhang et al. (2012)

Plants Poaceae Sorghum bicolor Sorghum Bekele, Wieckhorst, Friedt, and Snowdon (2013)

Plants Poaceae Triticum aestivum Wheat Gardner, Wittern, and Mackay (2016)

Plants Poaceae Zea mays Maize Bauer et al. (2013)

Plants Rosaceae Fragaria vesca Woodland strawberry Shulaev et al. (2011)

Plants Rosaceae Malus pumila Apple Daccord et al. (2017)

Plants Rosaceae Prunus persica Peach International Peach Genome Initiative (2013)

Plants Rutaceae Citrus clementina Clementine Wu et al. (2014)

Plants Salicaceae Populus deltoides Eastern cottonwood Tong et al. (2016)

Plants Salicaceae Populus simonii Simon poplar Tong et al. (2016)

Plants Solanaceae Capsicum annuum Pepper Hill et al. (2015)

Plants Solanaceae Solanum lycopersicum Tomato Tomato Genome Consortium (2012)

Plants Solanaceae Solanum tuberosum Potato Endelman and Jansky (2016)

Superscripts following species names indicate studies in which the crosses or pedigrees underlying genetic mapping were derived from wild individuals
(w), and for which information on centromere position was available (c).
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2.5 | Relationship between CO rate and gene
density

A major evolutionary consequence of CO is that selectively relevant

genetic variation from multiple copies of a given chromosome can be

recombined. The efficacy of this process depends on the distribution

of CO relative to the distribution of genetic information units along

chromosomes. Our finding of heterogeneity in the distribution of CO

thus raised the important question whether the density of genes is

also heterogeneous at the scale of entire chromosomes. To explore

this question, we first retrieved data from BIOMART (http://www.bioma

rt.org) on the physical location of protein-coding genes along chromo-

somes (considering only autosomes, when known) in all species with

annotated genomes (16 animals, 14 plants, 3 fungi; total N = 33). The

broad-scale distribution of gene density was then characterized analo-

gously to the distribution of CO along chromosomes: each chromo-

some in each species was scaled to unit length and divided into 25

windows of equal width, and the number of genes falling into each

window was determined. Variation in gene density among species, and

among chromosomes within species, was accounted for by scaling

window-specific gene counts along a given chromosome by the mean

number of genes across all windows on that chromosome. Relative

gene density thus obtained was then summarized for each species by

calculating the median value over all chromosomes for each of the 25

windows. Finally, we averaged the species-specific relative gene densi-

ties for each window and estimated the associated 95% bootstrap CIs,

separately for each kingdom. In addition, we quantified the strength of

the association between gene density and CO rate within each animal

and plant species by the correlation coefficient calculated with win-

dow-specific median values as data points, and evaluated the distribu-

tion of this statistic in both kingdoms (due to small sample size, this

distribution was again not evaluated in fungi). We note that these

analyses made the assumption that the density of potential selective

targets in a chromosome region can be expressed based on gene

counts. This assumption appears reasonable, given a strong correspon-

dence between gene number and total coding sequence length at least

at a broad scale (Berner & Roesti, 2017).

2.6 | Relationship between CO rate and the
magnitude of population differentiation

In a final set of analyses, we examined how the interaction between

broad-scale heterogeneity in CO rate and divergent natural selection

can influence patterns of genetic differentiation in genome-wide

marker-based population comparisons. We here reused single

nucleotide polymorphism (SNP) data generated through RAD

sequencing in threespine stickleback fish (Gasterosteus aculeatus)

adapted to ecologically different habitats (ocean, lake, stream) in the

Vancouver Island region (Canada; Roesti, Gavrilets, Hendry, Salzbur-

ger, & Berner, 2014; Roesti, Hendry, Salzburger, & Berner, 2012).

Specifically, we focused on a pair of populations that diverged

between the lake and its adjacent outlet stream habitat in the Boot

Lake watershed (our “lake–stream” population comparison), and a

pair involving a marine and a geographically close freshwater

(stream-resident) population (Sayward estuary and Robert’s stream;

our “marine–freshwater” population comparison). Detailed informa-

tion on the ecology and adaptive divergence of these populations

and on the generation of the SNP data is provided in Berner, Adams,

Grandchamp, and Hendry (2008), Berner, Grandchamp, and Hendry

(2009) and Roesti et al. (2012, 2014). For both population compar-

isons, SNPs were first quality filtered as described in Roesti et al.

(2014) and then used to calculate the absolute allele frequency dif-

ference (AFD) as a simple metric of population differentiation (Shri-

ver et al., 1997). Considering data from the 20 autosomes only (i.e.,

the known sex chromosome was excluded) and using only the one

SNP per RADtag producing the highest AFD, we obtained differenti-

ation values from 3,622 SNPs for the lake–stream and 9,351 SNPs

for the marine–freshwater comparison. Given a genome size of

~460 Mb for threespine stickleback (Jones et al., 2012), the marker

resolution in these data sets was relatively low (the expected spacing

between SNPs was ~130 and 50 kb) but still sufficient to character-

ize broad-scale trends in population differentiation (Roesti et al.,

2012, 2014).

We first generated differentiation profiles along chromosomes for

each population comparison, averaging AFD values from individual

SNPs across nonoverlapping sliding windows of 1 Mb. Next, we

assessed to what extent differentiation values were correlated

between the two—ecologically different (lake–stream vs. marine–

freshwater)—population comparisons. For this, we calculated the

correlation between the two comparisons across all nonoverlapping,

genome-wide sliding windows, considering different window sizes:

0.1, 0.2, 0.5, 1, 2, 3 and 4 Mb. As this analysis revealed an increasingly

strong correlation between the two differentiation profiles with

increasing window size (see Section 3), we hypothesized that increas-

ing window size should also lead to a stronger genome-wide associa-

tion between CO rate and differentiation within each population

comparison. We tested this prediction by calculating the average CO

rate for all windows based on genome-wide CO rate data from Roesti,

Moser, and Berner (2013) and quantified how strongly this variable

was correlated with the average population differentiation calculated

for the same windows. As above, this procedure was repeated for dif-

ferent window sizes ranging from 0.1 to 4 Mb. Finally, our observation

that heterogeneity in the distribution of CO is related to their physical

length (see Section 3) motivated two analyses focusing on the relation-

ship between chromosome length and the magnitude of population

differentiation. In the first analysis, we calculated for each of the two

population comparisons the chromosome-specific overall magnitude

of genetic differentiation based on the median AFD value across all

SNPs on a chromosome. Then, we calculated the correlation between

overall differentiation and chromosome length separately for each

population comparison. In the second analysis, we defined the SNPs

from the top 5% of the genome-wide AFD distribution in each popula-

tion comparison as “high-differentiation SNPs” and calculated for each

chromosome the proportion of high-differentiation SNPs among the

total SNPs on that chromosome (thus accounting for different absolute

SNP numbers among chromosomes). Then, we tested if this proportion
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was correlated to chromosome length. All these analyses excluded the

sex chromosome (19), and additionally chromosome 21; the latter

because this chromosome harbours a large (>2 Mb) inversion (Jones

et al., 2012; Roesti, Kueng, Moser, & Berner, 2015) confounding the

broad-scale CO distribution (including chromosome 21 did not qualita-

tively change any conclusion). All analyses and plotting were per-

formed with R (R Core Team 2017); codes are available upon request.

3 | RESULTS AND DISCUSSION

3.1 | Data set for meta-analysis

Our literature search identified 62 species in which CO rates were

linked to chromosome-level genome assemblies, including 30 ani-

mals, 29 plants and 3 fungi (Table 1). Our data set is thus well suited

for generalizations about the CO landscape in animals and plants,

but less so in the fungal kingdom. The data set is clearly dominated

by species of economic relevance and laboratory model systems,

which is not surprising, given that generating a chromosome-level

genome assembly remains a substantial investment. For the vast

majority of species (>90%), CO information suitable to this study

was available in graphical form only. To facilitate future investiga-

tions, we encourage authors to publish raw genetic map positions in

cM together with physical Mb positions for all markers in tabulated

and hence more easily accessible form.

3.2 | Reduced CO rate in chromosome centres is a
major trend in eukaryotes

Our meta-analysis revealed a striking broad-scale pattern across the

animal and plant data sets: chromosome centres displayed a

dramatically reduced CO rate compared to the chromosome periph-

eries (Figure 1). In animals, the rate of peripheral CO was more than

2.5 times higher than the CO rate in the central region of chromo-

somes, and in plants, this difference was more than fivefold. Animals

further displayed a clear drop in CO rate towards the very tips of

the chromosomes. Additional exploration of the plant data (including

filtering for those species with the highest marker resolution and

with annotated and hence probably high-quality genomes, and con-

sidering different chromosome length classes; details not presented)

strongly suggested that the absence of a (strong) terminal drop in

CO rate in plants is real, and not an artefact. In contrast to animals

and plants, fungal species did not exhibit a clear broad-scale trend in

the distribution of CO, although the data for this organismal king-

dom were sparse. To ensure that the pattern seen in animals and

plants was not driven by specific taxonomic groups, we additionally

analysed data separately for all animal classes and plant families

listed in Table 1, provided they were represented by at least three

different genera (i.e., ray-finned fishes [Actinopterygii], birds, insects

and mammals; Fabaceae, Poaceae and Rosaceae). This confirmed

that a reduced CO rate in chromosome centres is taxonomically

widespread within the animal and plant kingdoms (Figure S1 in

Appendix S1). In addition, we examined if there was an influence of

artificial selection on the distribution of CO. The motivation was that

strong selection and small population size—typical conditions under

domestication—are expected theoretically to impose indirect selec-

tion on genetic variants that increase the CO rate (Barton & Otto,

2005), a prediction with mixed empirical support (Burt & Bell, 1987;

Mu~noz-Fuentes et al., 2015; Rees & Dale, 1974; Ross-Ibarra, 2004).

While we see no reason why domestication should drive consistent

evolution in the physical location of CO along chromosomes, we nev-

ertheless graphed the average CO landscape for the pool of all
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animals classified as wild (N = 12, Table 1; a meaningful analogous

analysis in plants was precluded by the low number of wild species,

N = 2). Wild animals also exhibited the strong reduction in CO rate

in chromosome centres observed across the complete data sets (Fig-

ure S1), ruling out domestication as an explanation for the observed

trend in the distribution of CO.

3.3 | Broad-scale heterogeneity in CO rate is not
well explained by centromere position

An intuitive explanation for CO to occur primarily towards the

peripheries of a chromosome is that CO may be inhibited in

the chromosome’s centres if this region harbours the centromere.

The centromere is a chromosome region typically characterized by a

core of DNA sequence repeats serving as the assembly site of the

kinetochore, a protein complex to which the spindle fibres required

for proper chromosome segregation attach. In addition, the cen-

tromere is possibly also involved in chromosome sorting during the

very early stages of meiosis (Allshire & Karpen, 2008; Da Ines,

Gallego, & White, 2014; Malik & Henikoff, 2009; McFarlane &

Humphrey, 2010; Zickler & Kleckner, 2016). Around the centromere,

CO is well known to be suppressed (Beadle, 1932; Harushima et al.,

1998; Lambie & Roeder, 1986; Mahtani & Willard, 1998; Rahn &

Solari, 1986; Sherman & Stack, 1995). In yeast, for instance, molecular

components of the kinetochore complex inhibit DNA double-strand

breaks—a necessary precursor of CO—near the centromere and pre-

vent DNA breaks in the broader neighbourhood of the centromere to

be repaired as CO (Ellermeier et al., 2010; Vincenten et al., 2015).

Two aspects of centromeres, however, challenge their general

importance as determinants of the broad-scale chromosomal distri-

bution of CO across species. The first is the centromeres’ relatively

small size. Consequently, centromere-associated CO suppression

may be a relatively localized phenomenon within a chromosome

only. Indeed, CO inhibition extends over just a few kilobases around

the centromere in budding yeast (Vincenten et al., 2015), and over

2.3 Mb on a rice chromosome investigated (Yan et al., 2005). It is

thus not evident how an extensive low-CO region on a chromosome

hundreds of megabases in length (see below) could be mediated by

the centromere alone. The second aspect challenging the idea that

regions of low CO rate in chromosome centres are driven by cen-

tromeres is that centromeres are not necessarily located in the phys-

ical centre of chromosomes. Hence, if the centromere was a major

broad-scale determinant of the CO distribution, we would expect

bias in CO rate towards chromosome peripheries to be restricted to

chromosomes harbouring the centromeres near their centre. We

assessed this prediction qualitatively by comparing the distribution

of CO among species with different overall chromosome morpholo-

gies, as defined by their relative centromere position. This analysis

revealed that species exhibiting exclusively acro- or telocentric chro-

mosomes—that is, having centromeres located close to one chromo-

some end—still display reduced CO rates across the chromosome

centre (or the centre of the longer chromosome arm) (Figure 2, left

column; the pattern in species with metacentric chromosomes is

shown in Figure S2). Moreover, some species with holocentric chro-

mosomes, hence lacking a single well-defined centromeric domain,

show the same broad-scale trend. Similar insights emerged from the

comparison of different chromosome morphologies within species

(Figure 2, right column; Figure S2). Collectively, these observations

in no way challenge that the centromere influences the CO land-

scape, but show that the centromere alone fails to provide a univer-

sal explanation for the general broad-scale reduction in CO rate in

chromosome centres seen across taxa.

3.4 | The distribution of CO is predicted by
chromosome length

As a next step, we explored if the broad-scale distribution of CO

was related to the length of chromosomes. For this, we quantified

the relative elevation in CO rate in the chromosome peripheries by

our CO periphery-bias statistic, and related this statistic to chromo-

some length. Pooling all species as data points in a single analysis

revealed a clear association: organism lacking a marked reduction in

the CO rate in chromosome centres (i.e., exhibiting CO periphery-

bias around one) were those displaying short chromosomes, and the

CO distribution became increasingly periphery-biased as chromo-

some length increased (Figure 3a; Spearman’s rank correlation:

rS = 0.86, 95% CI: 0.74–0.93). This association also held when ana-

lysing animals and plants separately (animals: rS = 0.79, 95% CI:

0.52–0.93; plants: rS = 0.87, 95% CI: 0.68–0.95). A clear relationship

between chromosome length and CO periphery-bias also emerged

within species: the correlation between these two variables among

chromosomes was almost consistently positive, and often strongly

so, in both animals and plants (Figure 3b).

In combination, these analyses make clear that the magnitude of

periphery-bias in CO rate is a function of the length of a chromo-

some. Organisms lacking a pronounced reduction in CO rate in chro-

mosome centres are those having short chromosomes, typically

below some 20 Mb. This includes species such as Arabidopsis thali-

ana, some social insects (honeybee, bumblebee) and, importantly, all

fungi in our data set (the CO distribution along a representative

chromosome from each of three species with short chromosomes is

shown in Figure S3, left). Fungi are known to generally have short

chromosomes (Cervelatti, Ferreira-Nozawa, Aquino-Ferreira, Fachin,

& Martinez-Rossi, 2004), and this may well be the simple reason

why our analysis of this group indicates a CO distribution qualita-

tively different from that seen in the other kingdoms (Figure 1). By

contrast, the species in our data set exhibiting very long chromo-

somes, including wheat, maize, pepper, sunflower and several mam-

mals, generally have CO restricted to short peripheral chromosome

regions separated by a vast CO desert (three examples are shown in

Figure S3, right). Based on these observations, it is tempting to pro-

pose a simple conceptual model in which CO occurs preferentially

within a characteristic distance from the chromosome tips, and the

total length of a chromosome then determines the physical extent of

the central low-CO region (Figure 4). As suggested by Figure 3a, this

characteristic distance may often be within some 10 Mb (see also
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Johnston, Berenos, Slate, & Pemberton, 2016; Pratto et al., 2014;

Roesti et al., 2013; Smeds, Mugal, Qvarnstrom, & Ellegren, 2016).

According to this view, short chromosomes consist primarily of high-

CO periphery. Before we evaluate the plausibility of this model in

the light of evidence from investigations of the mechanisms govern-

ing meiosis, we consider a prediction regarding the genome-wide CO

rate implicit in this model.

3.5 | Peripheral CO causes a negative association
between average CO rate and chromosome length

The above conceptual model predicts that genomes consisting of

short chromosomes, and hence mainly peripheral chromosome

regions exhibiting a high CO rate, should show higher overall (i.e.,

genome-wide) CO rates than genomes consisting of long chromo-

somes with physically extensive centres of low CO rate. This predic-

tion was confirmed: among species, we found a striking negative,

nonlinear association between the average CO rate of chromosomes

(or, equivalently, cumulative cM/Mb across the entire genome) and

median chromosome length (Figure 5a, left panel, all species pooled;

rS = !0.92, 95% CI: !0.95 to !0.83). Extreme CO rates occurred in

the species with the smallest chromosomes, including the two fun-

gus species available for this specific analysis. A similar relationship

emerged when analysing animals (rS = !0.90, 95% CI: !0.96 to

!0.77) and plants (rS = !0.84, 95% CI: !0.94 to !0.60) separately.

Interestingly, this relationship could be approximated by making the

simplified assumption of a universal genetic map length of 50 cM

per chromosome, corresponding to a single CO per chromosome and

meiosis, and dividing this standard genetic map length by different

physical chromosome lengths covering the range of median chromo-

some lengths observed in our organisms (Figure 5a, right panel).

Chromosome length thus emerges as a remarkably strong predictor

of the genome-wide CO rate among species, challenging the recent

suggestion (Stapley, Feulner, Johnston, Santure, & Smadja, 2017)

that features of genome architecture are relatively unimportant

determinants of broad-scale CO rate variation among eukaryotes.

Our insights from the analysis among species were further reinforced

by relating CO rate to chromosome length within species. In both

animals and plants, the correlation between these two variables was

generally strongly negative among chromosomes (Figure 5b; the
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distribution of correlation coefficients was not visualized for fungi

because only two species were available, but both species also

showed a negative coefficient; see also Backstr!om et al., 2010; Gir-

aut et al., 2011; International Human Genome Sequencing Consor-

tium 2001; Jensen-Seaman et al., 2004; Johnston, Huisman, Ellis, &

Pemberton, 2017; Kaback, Guacci, Barber, & Mahon, 1992; Roesti

et al., 2013; Smeds et al., 2016; Tortereau et al., 2012).

Taken together, these analyses suggest that the genome-wide

CO rate in eukaryotes is strongly determined by the relative propor-

tion of the genome having a high rate of CO, that is, the proportion

of peripheral DNA. For a given genome size, an organism may thus

achieve a higher rate of CO—and thus stronger reshuffling of

genetic variation—by distributing its total DNA among a greater

number of smaller chromosomes. In the animal kingdom, particularly

high genome-wide CO rates have been reported from social hyme-

nopteran insects (Sirvi!o et al., 2006; Wilfert, Gadau, & Schmid-

Hempel, 2007), with 37 cM/Mb in the honey bee (Beye et al., 2006;

Liu et al., 2015; Solignac, Mougel, Vautrin, Monnerot, & Cornuet,

2007), 14 cM/Mb in Pogonomyrmex ants (Sirvi!o, Pamilo, Johnson,

Page, & Gadau, 2011a), 9.7 cM/Mb in the common wasp (Sirvi!o,

Johnston, Wenseleers, & Pamilo, 2011b) and 8.7 cM/Mb in the

bumblebee (Liu et al., 2017). The evolutionary reason for this high

average CO rate is not well understood, but perhaps reflects the

need for rapid adaptation to fast-evolving pathogens to which social

insects seem particularly strongly exposed, or for compensating the

sex-limited recombination associated with haplo-diploid sex determi-

nation (Sirvi!o et al., 2006; Wilfert et al., 2007). However, these CO

rates do not appear exceptionally high when taking heterogeneity in

CO along chromosomes into account: species exhibiting a very low

genome-wide CO rate (e.g., sunflower, wheat: 0.3 and 1.1 cM/Mb)

reach similarly high CO rates as social insects when averaging exclu-

sively over the terminal 5 Mb on either side of each chromosome

(14.9 and 9.3 cM/Mb; see also Roesti et al., 2013; Pratto et al.,

2014)—that is, when considering a total chromosome segment

approximating median chromosome length in the honeybee

(10.7 Mb) or bumblebee (14.5 Mb). Hence, a key feature of CO dis-

tinguishing some social insect species from other animals is that their

genomes are split into many short chromosomes (Wilfert et al., 2007)

lacking extensive central regions with a low CO rate. The same likely

applies to fungi, a group also exhibiting very high genome-wide

recombination rates and short chromosomes (Awadalla, 2003; Cerve-

latti et al., 2004; Stapley et al., 2017; Wilfert et al., 2007). Like social

insects, many fungi also interact with other organisms as pathogens

or through symbiosis, and have limited opportunity for recombination

due to extensive haploid life phases, both of which may have

selected for a high CO rate across their genomes. These considera-

tions highlight the limited information conveyed by estimates of the

average, genome-wide CO rate. Understanding to which extent

genetic variation is shuffled by CO requires knowledge about the

actual distribution of the CO rate within and among chromosomes.

3.6 | What causes the high CO rate in chromosome
peripheries?

We have argued that a conceptual model in which CO happens

mainly within some distance from the chromosome tips, irrespective

of total chromosome length, helps explain associations between the

average CO rate, the distribution of CO and chromosome length. Is
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there any mechanistic evidence in support of such a model? Indeed,

an elegant explanation for periphery-bias in CO rate is related to the

choreography of chromosomes and the spatio-temporal sequence of

recombination initiation during meiosis. Higher eukaryotes generally

share a phase in the early stages of meiosis during which the telom-

eres (i.e., the chromosome tips) aggregate at the nuclear membrane,

while the chromosome centres remain closer to the nucleus’ centre

(Harper, Golubovskaya, & Cande, 2004; Naranjo & Corredor, 2008;

Scherthan et al., 1996; Zickler & Kleckner, 2016). This stage, often

referred to as the “meiotic bouquet” (Scherthan, 2001), is followed by

rapid chromosome oscillations during which the chromosomes alter-

nately disperse and aggregate (Klutstein & Cooper, 2014). This move-

ment is again coordinated by the telomeres, which remain in contact

with the nuclear membrane. The function of the bouquet and the

oscillations remains incompletely understood, but very likely they

enable homology search and the pairing of chromosomes (Bass et al.,

2000; Chacon, Delivani, & Tolic, 2016; Curtis, Lukaszewski, & Chrza-

stek, 1991; Ding, Yamamoto, Haraguchi, & Hiraoka, 2004; Gerton &

Hawley, 2005; Lee, Conrad, & Dresser, 2012; Lefrancois, Rockmill,

Xie, Roeder, & Snyder, 2016; Page & Hawley, 2003). Intriguingly,

these telomere-guided processes may also influence the location of

CO along chromosomes: evidence from several organisms suggests

that synapsis, that is, the establishment of a physical connection

between homologous chromosomes, and associated DNA double-

strand breaks required for CO are initiated from the chromosome

tips, and that the repair of these breaks as CO is more likely in the

chromosome peripheries than the centres (Anderson & Stack, 2005;

Bass et al., 2000; Brown et al., 2005; Croft & Jones, 1989; Higgins,

Osman, Jones, & Franklin, 2014; Klutstein & Cooper, 2014;

Lukaszewski, 1997; Pratto et al., 2014; Viera, Santos, & Rufas, 2009;

Xiang, Miller, Ross, Alvarado, & Hawley, 2014). The telomere-guided

initiation of chromosome homology search and recombination could

thus be part of the explanation why CO occurs primarily towards the

chromosome peripheries (Scherthan et al., 1996; Zickler & Kleckner,

2016).

Another potentially important aspect is crossover interference,

that is, the inhibition of additional CO in the vicinity of an existing

CO along a chromosome (Muller, 1916; Sturtevant, 1915). This is

suggested by sexual dimorphism in the distribution of CO: remark-

ably consistently across species, the enrichment of CO near the

telomeres is more pronounced in the male than the female sex (Bro-

man, Murray, Sheffield, White, & Weber, 1998; Cox et al., 2009; Gir-

aut et al., 2011; Johnston et al., 2016, 2017; Lien et al., 2011; Ma

et al., 2015; Smeds et al., 2016). Interestingly, the sexes also appear

to differ in the structural organization of meiotic chromosomes, with

the paired homologous chromosomes being less condensed in

oocytes than spermatocytes (Tease & Hulten, 2004). If CO interfer-

ence operates at the same spatial (i.e., lm, not base pairs) scale in

both sexes, CO interference will therefore extend over a shorter

base pair distance in females than males (Kochakpour & Moens,

2008; Petkov, Broman, Szatkiewicz, & Paigen, 2007). Consequently,

male CO may be strongly limited to the chromosome tips where the

first obligate CO occurs, whereas in females, additional CO may

occur along the chromosomes, thus leading to a more homogeneous

distribution of CO and an elevated overall CO count in females.

Evaluating these ideas will require a more complete mechanistic

understanding of meiosis based on experimental evidence from a

wide variety of organismal systems.
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organismal kingdoms. The Y-axis is broken to allow for an extreme value. The right panel shows the corresponding relationship as simulated
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3.7 | Implications of broad-scale heterogeneity in
CO rate for evolutionary genomics

So far, we have demonstrated predictable broad-scale heterogeneity

in CO rate along chromosomes, but what is the significance of this

variation to evolutionary genomic theory and empirical analysis? A piv-

otal aspect of the CO rate is that it determines the physical scale of

linked selection within a genome: allele frequency shifts driven by nat-

ural selection on a given locus extend relatively deeply into the locus’

nonselected chromosomal neighbourhood when the locus is situated

in a low-CO region, but decay over a shorter physical scale when the

locus resides in a high-CO region (Maynard Smith & Haigh, 1974).

Such linked selection has received distinct names in different evolu-

tionary contexts, including “background selection” when the selected

polymorphisms arise from new deleterious mutation (Charlesworth,

Morgan, & Charlesworth, 1993; Hudson & Kaplan, 1995; Nordborg,

Charlesworth, & Charlesworth, 1996); “genetic draft” when the poly-

morphisms arise from new beneficial mutations (Gillespie, 2000); and

“gene flow barrier” when the polymorphisms arise from genetic

exchange between populations under divergent selection (Aeschba-

cher, Selby, Willis, & Coop, 2017; Barton, 1979; Barton & Bengtsson,

1986; Berner & Roesti, 2017; Feder & Nosil, 2010; Roesti et al.,

2014). These processes differ in detail. For instance, background selec-

tion is considered inevitable and ubiquitous because the majority of

mutations are generally considered deleterious (Lynch et al., 1999).

However, although plausibly occurring more rarely, new beneficial alle-

les arising from mutation will rise from initially low frequency, causing

more intense selection than low-frequency deleterious mutations

(Cutter & Payseur, 2013). Also, both background selection and genetic

draft rely on new mutations and therefore have little impact on short

time scales (Burri, 2017). By contrast, gene flow barriers can emerge

rapidly by selection on standing genetic variation, although they

require some level of genetic exchange between diverging populations

(Berner & Roesti, 2017; see also Samuk et al., 2017). Despite these

nuances, the different forms of linked selection can be housed under a

single conceptual roof because they are all similarly affected by the

CO rate. Importantly, natural selection implies a reduction in effective

population size and hence elevated stochasticity in the transmission of

genetic variation across generations (genetic drift) at a locus. By modi-

fying the physical scale of linked selection around a locus, the CO rate

thus influences the strength of drift in a genome region, and hence,

the level of genetic diversity maintained within populations and of

genetic differentiation among populations (Charlesworth, 1998; Cutter

& Payseur, 2013; Nachman & Payseur, 2012).

Combined with the widespread broad-scale reduction in CO rate

in chromosome centres relatively to chromosome peripheries, the

above theory on linked selection predicts that populations should

commonly harbour relatively low levels of genetic variation in chro-

mosome centres, and that comparisons between populations should

find relatively elevated genetic differentiation in chromosome cen-

tres (Figure 6). Genome-wide marker-based studies indeed support

this prediction (Burri et al., 2015; Carneiro et al., 2014; Dutoit et al.,

2017; Gante et al., 2016; Roesti et al., 2012, 2013; Samuk et al.,

2017; Tine et al., 2014). However, elucidating the details in the

underlying linked selection will often be difficult. The reason is that

background selection and genetic draft are notoriously hard to disen-

tangle (Comeron, 2017; Cutter & Payseur, 2013). Moreover, gene

flow between population and species can persist over long time

spans (Berner & Salzburger, 2015), so that selection on new muta-

tions and selection against immigrant alleles (gene flow barrier) may

shape patterns in genetic variation jointly (Aeschbacher et al., 2017).

Only when divergence between populations is so recent that a sub-

stantial contribution from selection on new mutations can be ruled

out, broad-scale patterns in genetic diversity and population differ-

entiation can be ascribed to linked selection caused by heterogeneity

along chromosomes in the strength of gene flow barriers.

The above reflections make clear that heterogeneity in the distri-

bution of CO across the genome is a key determinant of hetero-

geneity in the distribution of genetic variation within and between

populations. Equally important, however, is the distribution of selec-

tive targets along chromosomes: if regions of low CO rate coincide

with regions of low gene density, selection on new mutations or

maladaptive immigrant alleles may not necessarily drive heterogene-

ity in diversity and differentiation across the genome (Aeschbacher

et al., 2017; Cutter & Payseur, 2013; Payseur & Nachman, 2002).

The reason is that the wider physical extent of linked selection in a

low-CO region is counterbalanced by a reduced probability of selec-

tion to target this region in the first place. Understanding how

heterogeneous CO rate modifies the consequences of selection

across the genome thus benefits from knowledge about the broad-

scale distribution of selection targets along chromosomes. This moti-

vated our analysis of the density of genes along chromosomes, con-

sidering the subset of species in our data set for which annotated

F IGURE 6 Relationship between heterogeneous CO rate and
selection density along a chromosome. If the CO rate is reduced in
the chromosome centre relative to the peripheries (top), selection on
a locus (shown as black vertical bar) in the centre will cause linked
selection to extend deeper into the locus’ chromosomal
neighbourhood than in the peripheries (middle; the strength of
linked selection is visualized by the blue shade). Consequently,
selection at many loci—due to continued mutation over long
timescales and/or to gene flow between populations in selectively
different habitats—will generate a relatively elevated cumulative
density of linked selection in the chromosome centre (bottom). This
elevated selection density implies a reduction in effective population
size, and hence stronger drift, in chromosome centres. Chromosome
centres will therefore harbour less genetic variation within
populations and exhibit elevated genetic differentiation among
populations, relative to the peripheries
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genomes were available. We found no indication of systematic

broad-scale heterogeneity in gene density along chromosomes in

animals or fungi (Figure 7a): in these groups, genes appear dis-

tributed relatively evenly along chromosomes (noting that sample

size for fungi was low). In striking contrast, a clear pattern emerged

in plants: on average, gene density proved ~3.5 times higher towards

the chromosome peripheries than in the chromosome centres. These

findings were confirmed by examining the correlations between gene

density and CO rate within each species: in animals, the correlation

coefficients peaked around zero, whereas in plants, the correlations

were consistently positive and mostly very strong (Figure 7b). Our

investigation thus highlights a peculiarity of plant genomes: genes

tend to be located in chromosome regions crossing over relatively

frequently (see also Gaut, Wright, Rizzon, Dvorak, & Anderson,

2007; Mezard, 2006; Schnable, Hsia, & Nikolau, 1998). As recombi-

nation is a potent mechanism of DNA loss counteracting the prolif-

eration of transposable elements, it is possible that in many plant

species, chromosome centres with a low CO rate have developed

into gene-poor regions through the accumulation of repetitive DNA

(Bennetzen, 2000; Puchta, 2005; Hawkins, Grover, & Wendel, 2008;

Schubert & Vu, 2016; see also Nam & Ellegren, 2012; Kapusta, Suh,

& Feschotte, 2017). Nevertheless, the heterogeneity in CO rate

across plant genomes on average still exceeds the heterogeneity in

gene density, although not as strongly as in animals (dotted lines in

Figure 7a). The consequences of natural selection should thus tend

to be more profound in chromosome centres than in the peripheries

in both taxonomic groups, but particularly strongly so in animals.

3.8 | Empirical demonstration of analytical
challenges of broad-scale heterogeneity in CO rate to
evolutionary genomics

As described above, a relatively reduced CO rate across chromosome

centres in combination with selection can drive systematically elevated

population differentiation in chromosome centres. This has serious but

insufficiently recognized implications to analytical approaches com-

monly employed in evolutionary genomics. Importantly, the identifi-

cation of so-called outlier loci—that is, genetic markers showing

particularly strong population differentiation relative to the genome-

wide background level and hence considered footprints of divergent

selection—can be misleading when using outlier detection approaches

ignoring heterogeneity in the CO landscape. Such outliers will tend to

be overrepresented in genome regions of low CO rate (Noor & Bennett

2009; Berner & Roesti, 2017) because loci under selection and their

selectively neutral chromosomal neighbourhood can reach stronger

population differentiation through cumulative linked selection in low-

CO regions (Roesti et al., 2012, 2013; Aeschbacher et al., 2017; see

Roesti et al., 2012 for a pragmatic approach to adjust marker data for

such broad-scale heterogeneity in differentiation). A related inferential

problem can arise in investigations of genomic parallelism in evolution.

The extent to which repeated adaptive phenotypic divergence in multi-

ple population pairs occurs by responses to divergent selection in the

same genes is an important question in evolutionary genomics (Arendt

& Reznick, 2008; Bailey, Blanquart, Bataillon, & Kassen, 2017). Popular

approaches to addressing this question include evaluating the
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proportion of high-differentiation outliers (individual markers, or chro-

mosome windows) shared among multiple population comparisons, or

to examine whether a correlation in the magnitude of differentiation in

markers or chromosome windows exists among multiple population

comparisons. Shared outliers and/or correlated differentiation are then

often interpreted as indication that divergent natural selection has tar-

geted the same genes in multiple population pairs, and hence as evi-

dence of parallel evolution at the molecular level. However, such

analyses are frequently performed with low physical marker resolution

(recent examples: Egger, Roesti, B!ohne, Roth, & Salzburger, 2017; Per-

reault-Payette et al., 2017; Ravinet et al., 2016; Raeymaekers et al.,

2017; Rougemont et al., 2017; Stuart et al., 2017; Trucchi, Frajman,

Haverkamp, Sch!onswetter, & Paun, 2017). Consequently, single mark-

ers are highly unlikely to coincide with polymorphisms under direct

selection. Shared population differentiation captured by such marker or

chromosome window data may thus primarily mirror common patterns

in cumulative linked selection density shaped by a shared broad-

scale CO landscape, thus precluding reliable conclusions about

(non)parallelism in the specific targets of divergent selection (Berner &

Roesti, 2017). This view is particularly plausible when shared patterns

in genome-wide differentiation emerge across lineages separated for a

long time (Burri et al., 2015; Dutoit et al., 2017; Renaut, Owens, &

Rieseberg, 2014; Van Doren et al., 2017; see also Hobolth, Dutheil,

Hawks, Schierup, & Mailund, 2011). We emphasize that studies using

high-density markers (e.g., as obtained by whole-genome sequencing)

are not immune to such confounding if marker-specific differentiation

data are averaged across large chromosome windows.

To illustrate these conceptual issues with empirical data, we re-

analysed relatively low-resolution SNP data from two ecologically dis-

tinct population comparisons of threespine stickleback fish (Roesti

et al., 2012, 2014), that is, a lake–stream and a marine–freshwater

population pair. Chromosome window-based profiles of population

differentiation revealed strikingly elevated differentiation in chromo-

some centres, a pattern evident in both ecologically different population

comparisons (Figure 8a). As a consequence, the magnitude of win-

dow-specific differentiation was correlated between the two
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population pairs, increasingly strongly so when averaging differentia-

tion values across SNPs for increasingly large physical windows (Fig-

ure 8b). A naive interpretation of this association would be that

selection has targeted the same genes in both population compar-

isons. A more parsimonious explanation, however, is that irrespective

of the precise targets of selection and the underlying ecological con-

text in each population pair, gene flow barriers have driven shared

patterns of broad-scale neutral differentiation across the genome.

Indeed, stickleback exhibit strongly reduced CO rates in chromosome

centres (Roesti et al., 2013; Glazer, Killingbeck, Mitros, Rokhsar, &

Miller, 2015; see also Figure 2), and adaptive divergence in both lake–

stream and marine–freshwater stickleback systems is well known to

occur in the face of gene flow and to involve selection on a large num-

ber of genes (Berner et al., 2009; Hagen, 1967; Jones, Brown, Pem-

berton, & Braithwaite, 2006; Jones et al., 2012; Lescak et al., 2015;

Roesti et al., 2014, 2015; Terekhanova et al., 2014)—conditions facili-

tating the emergence of heterogeneous differentiation through varia-

tion in the strength of gene flow barriers along chromosomes (Berner

& Roesti, 2017). (Note that divergence in both population pairs is

postglacial and hence too recent for mutation-based linked selection

to significantly influence differentiation profiles.) Accordingly, both

population comparisons also exhibited a negative genome-wide corre-

lation between population differentiation and CO rate, a relationship

increasing in strength with decreasing analytical resolution (Figure 8b).

Moreover, in line with the general observation that the relative reduc-

tion in CO rate around chromosome centres increases with chromo-

some length, we found stronger overall population differentiation and

a relative excess of high-differentiation SNPs (i.e., adjusted for total

SNP number on a chromosome) on longer chromosomes (Figure 8c,

d). In diverging stickleback populations, chromosome length thus

appears to influence genome-wide heterogeneity in the opportunity

for genetic exchange between populations by determining hetero-

geneity in the strength of gene flow barriers along chromosomes.

The above analytical challenges emphasize the value of two

resources in evolutionary genomics: the first is a chromosome-level

genome assembly. Combined with genetic map data, an assembly

allows characterizing the CO landscape and recognizing broad-scale

trends in diversity and differentiation, thus potentially revealing an

interaction between the distribution of CO and selection density. The

second key resource is a high marker resolution. Inference about tar-

gets of selection—a major goal in many evolutionary genomic studies

—requires an analytical resolution much finer than the broad scale of

the patterns in genetic variation driven by heterogeneity in CO-

mediated selection density. We argue that in the light of widespread

variation in CO rate along chromosomes, these two aspects deserve

more weight when designing evolutionary genomic investigations.

4 | CONCLUSION

Our synthesis of the distribution of crossovers in 62 species reveals

a taxonomically widespread trend for CO to occur primarily towards

the peripheries of chromosomes. This distribution of CO rate is

closely linked to the physical length of chromosomes and strongly

influences the genome-wide average CO rate. Although we can rule

out the centromere as major driver of this chromosome-scale

heterogeneity in CO rate, substantial progress in recombination

research will be needed to identify the underlying mechanistic deter-

minants, and to allow assessing to what extent these determinants

are shared among organisms. Given the strong impact of the CO

landscape on the consequences of natural selection to genetic diver-

sity within and between populations, quantifying and embracing

heterogeneity in CO rate should become a standard element of ana-

lytical approaches and their interpretation in evolutionary genomics.
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General Discussion 

‘For a researcher, the unforgotten moments of their life are 
those rare ones which come after years of plodding work, 

when the veil over nature’s secret seems suddenly to lift and 
when what was dark and chaotic appears in a clear and 

beautiful light and pattern.’ 

Gerty Cori, 
Biochemist, Nobel prize winner for Physiology and Medicine 
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General Discussion 

My thesis focused on exploring the genomic and phenotypic footprints of 
natural selection, in threespine stickleback. Adaptation is a complex process 
shaped by several evolutionary forces: selection, migration and drift all exert 
their action on stickleback adapting to newly colonized environments. Since 
these are post-glacial events, de novo mutation influence on this species’ 
adaptation is restricted by demography – mutation rates are way higher than 
the number of stickleback post-glacial generations. However, the standing 
genetic variation stored in the ancestral marine population is the matrix upon 
which these forces act 22–24, resulting in the successful colonization of 
environments as diverse as geothermal springs 25, acid and alkaline lochs 26, 
tannin-stained streams 27, unstable estuaries 28, lakes, rivers 12,13,29 and oceans. 
A myriad of phenotypes have evolved to cope with the challenges of each 
of these environments, some of which 
are repeated along shared ecological 
axis16,30,31. Stickleback are indeed an 
extraordinary organism to test the 
expected effects of evolution on the 
genome, which, despite well 
grounded theoretically, still lack 
empirical knowledge. To fully 
understand the molecular footprints of 
adaptation, we need data on the 
ecology, morphology, demographic 
history, recombination rate and 
genomic architecture of a species, 
and in this thesis I believe to have 
contributed to further our current 
knowledge of several of these levels, 
for threespined stickleback. My main 
findings can be summarized as follows: 

o Natural selection can act fast,
across the whole-genome on
predicted targets

In Chapter I, I performed a high-
resolution whole-genome scan 
between natural lake and stream 
populations to uncover genomic 
regions of high natural divergence. I 
then combined this information with a 
releasing experiment in a natural 
stream, testing whether such naturally 
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General Discussion 

divergent genomic regions are key to rapid adaptation of stickleback to the 
stream environment, and how intensely these genomic regions respond to 
selection in the stream.  
Based on whole-genome data from before and after exposure to natural 
selection, I verified that the candidate regions tend to show allele frequency 
shifts towards the allele favored in the stream, within a single generation. I 
recorded a median adaptive shift of 2.5% across hundreds of candidate 
adaptation loci, which - using control loci and simulations - I confirmed to be 
indeed a response to weak polygenic selection. Thus, we unveiled selection 
acting in real-time as a rapid and polygenic force in stickleback fish 
adaptation from standing genetic variation.  

o Adaptive phenotypes have complex polygenic architectures and
selection might act on different components of the same pathway to
generate phenotypic divergence, but functional convergence

In Chapter II and III I further 
investigated the extended genomic 
landscape underlying adaptive 
variation the lateral armor plates of 
natural populations of stickleback.  
By analyzing in detail relatively subtle 
changes in lateral plate number and 
size in partial and small-plated 
stream stickleback, we were able to 
discover additional targets – besides 

EDA – and mechanisms by which selection can alter bony armor coverage of 
fish adapting to habitats that diverge in exposure to predators. Comparing 
partial- with completely-plated individuals showed that the EDA receptor 
(EDAR) might be a second level of allelic 
variation, standing in the marine population at 
low frequencies, that rises to higher 
frequencies in environments where loss of 
armor is permissible. Similarly, EDAR and other 
genes from the EDA-signaling pathway seem 
to be in the neighborhood of genomic regions 
of extremely high differentiation between 
stickleback with contrasting plate size. These 
results not only illustrate the complexity of 
continuous morphological variation within 
natural populations, but provide empirical 
support for the theoretically sound notion that 
adaptive phenotypes have ‘omnigenic’ basis 
32 that selection acts on, additively, to 
maximize and individual’s survival and fitness. 
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General Discussion 

The fact that the EDA-signaling pathway seems to be repeatedly shaped by 
selection across the fish phylogeny to produce functional convergent, but 
morphologically divergent, phenotypes 33–35 is fascinating. During my PhD, I 
had the opportunity to join the cichlid Amazonia expedition. Upon observing 
the catfish of the Amazonian Rio Negro, I noticed an undeniable similarity 
between the dermic skeleton of Amazonian Siluriformes and stickleback: 
different catfish species from the Doradidae family have lateral scutes 
resembling stickleback lateral plates, arranged along the same body sections 
and with striking shape similarity (Fig. 3).  

Figure 1 Comparison between features of the dermal skeleton of stickleback (top) and 
Doradidae catfish (bottom). From left to right: Lateral view of a completely-plated 
stickleback and from a Platydoras birindellii catfish; dorsal view of the keel region; 
detail of lateral plates of stickleback and Oxydoras spp.; and different morphology of 
plates within threespine stickleback and across Doradidae species. Images of 
individual catfish plates adapted from 36. 

Similarly to stickleback and pufferfish34, Doradidae catfish seem to have 
evolved broad variations in body coverage, possibly enabling their 
adaptation to diverse ecological niches. It would thus be extremely 
interesting to research the ecological and genomic factors underlying such 
variation. From a morphological standpoint it seems that the variation within 
the Doradidae family can arise through the same pathways that shape 
different stickleback phenotypes (Fig. 3), an overdeveloped plate center or 
keel plate can be shaped into a hook. The question is: through what 
developmental modifications? Is this variation also accompanied by variation 
at the EDA-signaling pathway? What other genes regulate the scute 
development and variation? Since some of these species co-occur, a within-
region genomic approach across-species coupled with target-gene 
expression assays in catfish embryonic scute primordia would be extremely 
interesting first approaches to answer if, once more, nature is re-inventing 
phenotypes through the use of similar genomic tools.  
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General Discussion 

o Recombination rate is uneven across eukaryote chromosomes, which
might lead to overestimation of selection at chromosome centers

In Chapter IV, we unveiled that 
broad-scale heterogeneity in 
crossover (CO) rate is conserved 
across eukaryote chromosomes 
and impacts inference of selection 
targets. There is a strong and 
taxonomically widespread trend: 
the crossover rate is generally 
greatly reduced in the center of 
chromosomes relative to their 
peripheries. We demonstrate that 
this pattern is poorly explained by 
centromere position, but strongly 
associated with chromosome 
length. Based on empirical data 
from threespined stickleback fish, 
we show that this taxonomically 
widespread heterogeneity in CO 
rate along chromosomes drives predictable patterns in genetic diversity 
within and among populations. This in turn can systematically confound the 
identification of outlier loci under selection or the inference of parallel 
evolution at the genomic level. Our study thus calls for a greater appreciation 
of heterogeneous CO rate in population genomic investigations. 

In conclusion, I believe my thesis to be a sound illustration of the complexity of 
dissecting evolution’s patterns and processes. However, the integration of 
several lines of evidence like the ones I, and my collaborators, here 
contribute, offers exciting insights into the strength, timing and genomic 
location adaptive change. Ultimately, these data pave the way to new 
exciting research questions and contribute to unveil the links between 
ecology, phenotype, development and genotype, which we need to 
understand to have a holistic view on how evolution shapes organisms. 
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Side Projects 

‘What makes us human, I think, is our ability to ask questions.’ 

Jane Goodall, 
Primatologist, anthropologist, activist 
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RESEARCH ARTICLE

evALLution: making basic evolution 
concepts accessible to!people with!visual 
impairment through!a!multisensory tree of!life
Telma G. Laurentino1,2* , Marisa Xavier3, Fabrizia Ronco1 , Francisco Pina-Martins4 , Iolanda Domingues5, 
Bruno Penha4, Marta Dias4, Alexandra de Sousa5,6,7 , Tiago Carrilho8, Leonor R. Rodrigues4 ,  
Carlota Pinheiro4†, Daniela Rato8†, Duarte Balata4†, Gonçalo Ayala-Botto8†, Margarida Matos4† , 
Maria Campelo9† and Rafael Botelho8†

Abstract 
Background: People with visual impairment have benefitted from recent developments of assistive technology that 
aim to decrease socio-economic inequality. However, access to post-secondary education is still extremelly challeng-
ing, especially for scientific areas. The under representation of people with visual impairment in the evolution research 
community is connected with the vision-based communication of evolutionary biology knowledge and the accom-
panying lack of multisensory alternatives for learning.

Results: Here, we describe the development of an inclusive outreach activity based on a multisensory phylogeny 
representing 20 taxonomic groups. We provide a tool kit of materials and ideas that allow both the replication of this 
activity and the adaptation of others, to include people with visual impairment. Furthermore, we provide activity eval-
uation data, a discussion of the lessons learned and an inclusive description of all figures and visual data presented.

The presented baseline data show that people with visual impairment indeed have lack of access to education but 
are interested in and apt to understand evolutionary biology concepts and predict evolutionary change when educa-
tion is inclusive.

Conclusions: We show that, with creative investment, basic evolutionary knowledge is perfectly possible to be 
transmitted through multisensory activities, which everyone can benefit from. Ultimately, we hope this case study will 
provide a baseline for future initiatives and a more inclusive outreach community.

Keywords: Blind, Visual impairment, Evolution, Multi-sensory, Touch, Inclusive outreach, Accessibility

© The Author(s) 2021. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat iveco 
mmons .org/licen ses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creat iveco mmons .org/publi cdoma in/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
An estimated 36 million people worldwide are blind. 
Additionally, 217 million people have moderate or 
severe vision impairment (statistics for 2015)—these 

numbers are estimated to increase due to aging and 
diet related causes (Bourne et! al. 2017). Vision is! one 
of the dominant senses for information acquisition in 
humans. "us, the inability to see is often associated 
with socio-economic inequity and limited access to 
education (Eurostat 2015; EU-SILC UDB (2014)). Less 
than half (44%) of the population with visual disabil-
ity enrolls in post-secondary education and only 18% 
graduate (data from 2005 for USA population; (New-
man et!al. 2010). Reduced vision and blindness become 
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a physical barrier to the individual’s learning experi-
ence due to the lack of multisensory alternatives to 
widespread learning activities (Salleh and Zainal 2010). 
Such lack of accessibility to knowledge is highly present 
in the fields of science, technology, engineering and 
mathematics (STEM) where instruction relies heavily 
on graphically conveyed information.

E!orts to develop assistive technology and promote 
the inclusive education of people with visual impairment 
are significant in some scientific areas (Cryer 2013), like 
chemistry (e.g. Fantin et"al. 2016; Garrido-Escudero 2013; 
Supalo et"al. 2008; Supalo and Kennedy 2014) and phys-
ics (e.g. Arcand et" al. 2019; Ediyanto and Kawai 2019). 
However, the biological sciences seem to lag behind (but 
check Jones et" al. 2006). More specifically, the teaching 
of evolution relies on visual media as its primary com-
munication mechanism for conceptual understanding. 
Classical evolution case studies commonly used in formal 
education and outreach activities–such as beak morphol-
ogy evolution in Darwin’s finches (Grant and Grant 2002) 
or the industrial melanic peppered-moth selection (Cook 
et"al. 2012)—are based on phenotype-environment asso-
ciations and selective forces that demand a priori under-
standing of variability in shape, size and colour traits. All 
of these are visual characteristics of information, which 
are hard to grasp by people with reduced vision and inac-
cessible to people born blind.

#e understanding of natural patterns is further com-
promised by the fact that the research of such case stud-
ies is communicated through 2-dimensional tables, plots 
and diagrams, available solely on screen or paper, all of 
which are particularly challenging to access for those 
with severe vision impairment (Karshmer and Bled-
soe 2002; McCarthy and Shevlin 2017). Consequently, 
although teenagers with visual impairment show high 
interest in STEM areas, their motivation to pursue a car-
rier in such areas is reduced by the barriers felt while try-
ing to learn (Bell and Silverman 2018). In fact, only one 
percent of STEM doctorate recipients has any sort of 
reported disability (data for the U.S. population; (Moon 
et"al. 2012).

It is thus clear that there is an urgent need for improved 
accessibility to scientific knowledge in order to promote 
equity in education and a more diverse and inclusive 
scientific community. Outreach activities that trans-
mit knowledge with a multisensory approach can be an 
important first step towards that end (Pérez-Montero 
2019) and are known to benefit both the audience and 
the scientific community (Clark et"al. 2016).

Our project aims at contributing to equity in acces-
sibility to evolutionary biology knowledge by eliminat-
ing physical barriers to the understanding of the basic 

mechanisms of evolution and the resulting biodiversity 
pattern.

We here describe the development of a multisensory 
phylogeny, designed as an introduction to basic concepts 
in evolution for people with severe visual impairments.

We provide a tool kit that enables the repeatability of 
this activity together with guidelines that can be adapted 
and applied to several other outreach initiatives. We pro-
pose a two-step rationale to approach inclusive evolution 
teaching: #e public needs to first (I) experience the pat-
tern of biodiversity so that then we can (II) discuss the 
processes that led to such diversification. In addition to 
activity design, baseline data on the evaluation of the 
activity are presented.

Methods
Reproducibility framework
Touch as the main sense of communication raises chal-
lenges: natural history collections are usually too unique 
or fragile to be freely manipulated, live specimens pose 
animal welfare concerns, and commercially available 
models can be inaccurate and do not portray the real and 
detailed textures and patterns of biodiversity.

Our activity was developed during a whole year, which 
encompassed a great deal of communication with the 
blind community, psychologists, science communica-
tors, museologists, evolutionary biologists and pedagogic 
institutions.

Based on the experience acquired from that process 
and the results of our activity, we here provide a theoreti-
cal framework to organize similar activities (Fig."1).

#ere are three main steps to conveying evolution’s 
patterns and processes to a public with visual disability: 
(1) make biodiversity accessible, (2) give an evolutionary
and ecological context to the displayed biodiversity and
(3) discuss the processes and evolutionary forces through
which that biodiversity evolved.

1. First, we want to convey biodiversity as the resulting
pattern of evolution. Sighted people can easily grasp
the diversity of living beings and ecosystems through
images; in order to include people with blindness we
have to represent as much biodiversity as possible in
an inclusive way. For this, communication with the
blind community and creativity are essential. Sighted
people tend to use auditory explanatory cues to con-
vey information. However, this does not only create
an immediate barrier for people with hearing disabil-
ities, but! our consultant from the blind community
was quick to explain that touch had to be the main
sense used. He made it clear to us with the follow-
ing example: “If you tell me that a zebra is a horse
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with black and white stripes, and I was born blind, 
I will most likely not know what horses look like; 
stripes and colors might also be concepts that I do 
not understand”. !us, all collected materials should 
have the potential to be touched and then accom-
panied with auditory instruction by the teaching 
volunteers."To include people with hearing loss, the 
instruction should also be translated into sign lan-
guage.

 Collections such as Mollusks’ shells and fossils are 
easily obtainable in great number and diversity–it 
was one of the resources more museums were will-
ing to lend. !e shape diversity within the phylum is 
accessible through touch, but the diversity of color 

patterns needs to be translated to haptic cues. When 
posed with such challenges we recurrently used hot 
glue to trace the pattern we wanted to be accessible. 
Hot glue is a great resource to turn 2D patterns into 
3D (see butterfly wing models in Additional file" 1: 
Fig. S1f; and mollusks table phylogeny in Fig."1).

 Another easily accessible taxon is plants. Gardening 
centers in general have a great diversity of world-
wide plants that can be easily sourced. We found 
that, despite it being the most familiar, participants 
responded very well to the plant branch, spending a 
lot of time there, and were excited by learning about 
plants’ adaptations to specific environmental condi-
tions.

Fig. 1 Basic framework to construct evolution outreach activities inclusive for people with blindness. Two types of materials are depicted: a 
collection of general easy access (Mollusk shells) and a classic evolution textbook example of adaptive speciation (the adaptive radiation of cichlids 
in the Tanganyika lake). Following this framework, all gathered materials are able to be adapted for inclusive outreach activities, independently of 
amount of branches represented and logistics. The pictures of the mollusk phylogeny on the round table are from a second activity, at an inclusive 
school, where the available room was significantly smaller than the original 125  m2 space, thus more activities per floor-phylogeny branch (8 
instead of 21) were included
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2. "en, to approach biodiversity and evolution, the col-
lected materials should be displayed in evolutionary
context. For this, the specimens representative of the
main branches can be displayed in several informa-
tive ways: (a) following the phylogeny of the species
or orders depicted (e.g., mollusks organized as Mon-
oplacophora, Bivalvia and Gastropoda; Fig.! 1, left);
(b) according to niche within an environment (e.g.,
Lake Tanganyika cichlids were arranged according to
the depth (height)! and substrate! (sand, stones) they
inhabit in the lake; Fig.!1, right); or (c) across di#erent
environments (e.g., plants were organized by climate
regime including desert, tropical forest, Mediterra-
nean forest and Taiga (Additional file!1: Fig. S1 t–w).
"ese meaningful displays, together with oral peda-
gogic information, then allow us to become mind-
ful of important concepts such as speciation, shared
characters and evolutionary novelties, which in turn
inform our understanding of phylogenetic patterns
and common ancestry. Specific adaptations such as
mouth position between benthic and limnetic fish,
leaf shape and texture depending on climate are
also a great way to introduce adaptation and natural
selection.

3. "is leads us to the third step of the framework: dis-
cussion of the evolutionary processes involved in
shaping the patterns felt by the participants.

In sum, any material gathered is capable of being used 
in a meaningful way, whether a classic textbook exam-
ple or commonly found specimens. #e activity is thus 
completely adaptable to available material and space, 
since all phylogenies can be simplified to have more or 
less branches, and activities can be designed for the par-
ticipants to spend more or less time in contact with"each 
branch (Fig."1).

Multisensory tree of!life toolbox
We provide a list of all materials used to represent taxa 
across the 20 branches (Additional file"2: Table"S1) speci-
fying which ones belonged to pedagogic collections from 
research institutes and education institutions" such as 
museums or aquaria. Photographs of all branches and 
material display are also available (Additional file"1: Fig-
ure S1). All printable"3D models developed from scratch, 
by scanning real specimens, are available in their final 
form at MorphoSource.

#e tree topology was based on reference phylogenies 
comprising the taxa of interest (Field et"al. 2014; Hedges 
et" al. 2015; Dos Reis et" al. 2015) and on the interactive 
phylogeny OneZoom Tree of Life Explorer (Rosindell 
et"al. n. d).

At each branch a volunteer educator provided infor-
mation to the participants while assisting them in the 
exploration of the branch-specific materials. Prior to 
the activity, the educators were provided scripts con-
taining information on what the branch-specific mate-
rial illustrates, how to guide the people with visual 
disability to touch the materials and, for the branches 
where data collection was conducted, the branch-spe-
cific activity questions (see Additional file" 4: Branch 
exercises). #e scripted branch-specific questions that 
were given to participants for data collection on the 
predictability of evolution and basic evolution con-
cepts–like adaptation and natural selection are pro-
vided (see methods sections below; Additional file" 4: 
Branch exercises).

To allow for a general perception of the room display 
and guide the participants with visual impairment inde-
pendently through the exhibition room, we designed 
individual haptic hand-maps. #ese consisted of a blue-
print of the room drawn in hot glue on a thin wood plate 
with 3D information on the phylogenetic path on the 
floor together with the blueprint of the table display. 
While this resource was not useful in our implementa-
tion, since all participants with visual impairment pre-
ferred to be guided trough the activity by a sta! member 
or by their accompanying sighted person; we think that in 
other contexts, such as museum exhibitions, this might 
be an inclusive resource that allows the visitor to inde-
pendently explore the space.

Aspects important to take into account when building 
a multisensory phylogeny are the fact that partial speci-
mens (like teeth or fur) should always be accompanied 
by a full model of the organism to make sure that peo-
ple with visual disability can locate the specific mate-
rial and make sense of it. Such models, like detailed toy 
animals," provide a general sense of scale that can help 
perceive certain biodiversity patterns–e.g. a lynx is big-
ger than a house cat, as are its teeth, skull and footprints 
despite the shapes of those structures being extremely 
similar.

Logistics of the room are also very important. In our 
case, there was not enough space for echinoderms and 
amphibians to reach the periphery of the phylogeny. 
#ese two branches were thus shorter (Fig." 2) which is 
not optimal as it might inadvertently convey that these 
taxa are not extant species or that they are somehow ‘less 
evolved’ than those at the other branch tips. Another 
aspect to take into account is that, by placing mammals 
and especially hominids towards the exit and at the top of 
the room, we might involuntarily contribute to the wrong 
notion that evolution is a linear process towards humani-
zation so often reinforced by images. However, it’s worth 
noticing that, in our case, di!erent participants followed 
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completely di#erent routes along the phylogeny, as the 
movement was mainly dictated by the available educators 
at the time of branch visit!change.

Prior to the MSToL (multisensory tree of life) activity, 
the volunteer educators received information from the 
in-house psychologist at the Portuguese Association for 
the Teaching of the Blind (APEC–Associação Promotora 
do Ensino dos Cegos) on e#ective communication with 
people with visual impairment and the basics of assis-
tance in orienting people with visual impairment.

Participant data collection
In order to evaluate our activity, data were collected from 
25 participants with visual impairment (15 women and 
10 men) and 23 sighted participants (17 women and 6 
men; Additional file!3: Table!S2). All data were collected 
in loco at the Portuguese Association for the Teaching 
of the Blind (APEC) on the day of the outreach activity 
(12 of March, 2019), before and after participation, fol-
lowing the questionnaire provided (Additional file! 5: 
Questionnaire).

"e questionnaire included personal data, an exercise 
of true or false and a word association exercise. Both 
exercises were scored to allow us to assess and compare 
the participants’ knowledge on basic concepts of evolu-
tion, before (basal knowledge) and after the activity.

We recorded, for each participant, demographic data–
age, gender–and also their education level, interest in 
biology/evolution and visual capacity. Education level 

of the participants was coded according to the Portu-
guese education system as follows: Primary School (PS) 
1st to 4th grades; Middle School (MS) 5th to 9th grades; 
High School (HS) 10th to 12th grades; bachelor’s degree 
(B) and master’s degree (M). B and M are referred to as 
‘post-secondary education’ throughout the manuscript. 
"e level of visual impairment of the participants was 
assessed by asking each individual which one of the fol-
lowing 4 levels they identified with: ‘No disability’, which 
includes people with glasses correcting for standard 
vision levels; ‘Moderate vision loss’, which refers to peo-
ple with low vision with perception of shapes and colors 
(includes people with corrective lenses); ‘Deep vision loss 
with residual light perception’, which refers to people 
with extremely low vision but that can still perceive some 
light variation; and ‘Profound vision loss without any light 
perception’, which refers to people can not receive any 
visual cues.

"roughout the manuscript, when we refer to ‘people/
participants with visual impairment’ we are referring to 
the whole spectrum of visual impairment, specifically 
defined above for our panel of participants. When we 
refer to ‘people/participants who are blind’ we refer to 
people who identify with the fourth group described–
profound vision loss without any visual cues. We addi-
tionally recorded how long the person has lived with 
visual impairment.

Data were also collected, through an online question-
naire, from 15 out of 24 volunteer educators to assess 

Fig. 2 The multisensory tree-of-life (a) Photos of the room with the assembled MSToL and (b) blueprint of the room with all represented taxa and 
stimulated senses. The branches of the phylogeny were cut out in carpet making the phylogenetic relationships among groups of taxa accessible 
for visually impaired people (see Additional file 1: Table S1 for a complete list of materials and Additional file 2: Fig. S1 for detailed branch photos)
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their emotional response to the activity and understand if 
the inclusive activity was mutually beneficial: for partici-
pants and educators.

"e resulting data allowed us to (1) generally evalu-
ate the e#ectiveness of the designed haptic activities, 
(2) establish baseline data about evolution knowledge 
and interest within a subset of the Portuguese com-
munity with visual impairment, (3) determine whether 
participants enjoyed the activity, and (4) begin to deter-
mine how such activities might improve the learning of 
evolution.

Data collection was approved by the University of Bath, 
Department of Psychology, Research Ethics Committee 
(code 17–273). All participants provided informed con-
sent prior to participating, participated voluntarily and 
were informed of their right to withdraw participation at 
any point during data collection.

All data collected is presented anonymously in Addi-
tional file!3: Table!S2.

Branch-speci!c exercises
In nine of the 21 branches, participants were asked 
branch-specific questions (Additional file! 4: Branch 
exercises). "ese questions related to the haptic materi-
als available on the table and were primarily exercises of 
prediction of phenotypic change, or adaptation scenar-
ios about environmental change. In total, there were 29 
questions focused on organisms’ evolutionary responses 
to certain environmental changes, designed to assess the 
participants’ understanding of adaptation, fitness, envi-
ronment-phenotype associations, gradualism and natu-
ral selection, and their predictive ability of evolutionary 
change. Participants were not given possible answer 
options. "ey were asked the scripted questions (Addi-
tional file!4: Branch exercises) and the volunteer educator 
scored their answers in the record sheet according to the 
level of evolutionary thought: Answers in the ‘maybe’/‘I 
don’t know’ category were scored as 0; if the answer was 
not the known outcome of the evolutionary process but 
involved plausible evolutionary outcomes (extinction, 
mutation) it was scored as 1; if the answer took into 
account natural selection and adaptation it was scored 
as 2, with one extra point for the four questions in which 
gradualism or selection strength was considered. Finally, 
if the answer was in the ‘nothing changes’ category and 
did not consider any evolution outcome, it was scored as 
! 1.

Since not all participants answered all branch-specific 
questions, the standardized branch-score was calcu-
lated for 24 participants with visual impairment and 
17 sighted participants as the sum of individual answer 

scores divided by the number of questions answered by 
the participant.

"e ‘prediction score’ regards the subset of 18 ques-
tions, spanning 6 branches (three questions on the plant 
branch, three on corals, four on bony fish, three on mol-
luscs, one on hominids and four on turtles) that require 
the participant to predict the outcome of an environ-
mental change and was calculated and standardized as 
described above, for 23 participants with visual impair-
ment and 17 sighted participants.

Word association exercise
We wanted to know if people were familiar with the sci-
entific terms necessary to understand the basics of the 
theory of evolution and to what extent terms that are 
essential or might promote its misunderstanding were 
commonly associated with the concept of ‘evolution’. For 
this we designed a word association exercise where par-
ticipants were read a list of 33 words, one at a time, and 
upon hearing each one reported whether a given word 
was instinctively associated with evolution by respond-
ing ‘True’ or ‘False’ (Refer to Fig.!4 for the complete list 
of words and Additional file! 5: Questionnaire). Words 
were scored as – 1 if the word is usually associated with 
misunderstanding of the evolutionary process (e.g. per-
fecting); as 0 if the word is neutral and unnecessary to 
explain the theory of evolution (e.g. science); as 1 if the 
word is not necessary to explain the theory of evolution 
but it is related to it (e.g. Darwin) and as 2 if a word is 
necessary and fundamental to explain and understand 
evolution (e.g. natural selection). Individual scores were 
calculated by summing the word scores of a participant. 
Because we wanted to evaluate instinctive answers, a par-
ticipant had on average 3! s to provide an answer and if 
hesitation was long, it was recorded as ‘non-association’. 
When participants declared that they didn’t know it was 
recorded as ‘not applicable–NA’.

We recognize that the experimental design of this exer-
cise has flaws: ideally, the number of incorrect terms 
should be similar to the one of correct and essential 
ones and the order in which the words were presented to 
each participant should have been randomized (all par-
ticipants were read the same words in the same order). 
However, we believe that the report of the results might 
inform future outreach activities and thus present it as 
basal data and not as a proof of principle.

Data analysis
All data analyzed for comparisons (mean di#erences) and 
correlations were checked for deviations from assump-
tions using a Shapiro test ($ = 0.05). If data distribution 
did not significantly di#er from normal distribution, 
parametric versions of the relevant statistics were used, 
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otherwise non-parametric statistics were used (Student’s 
t-test Vs. Mann–Whitney U test for mean di#erences; 
and Parametric (bivariate) Vs. Non-parametric (Spear-
man) for correlations). Each result is accompanied by the 
specific test performed in the results section. Data were 
always standardized for the specific number of partici-
pants comprising the dataset.

We emphasize that our sample sizes are small which 
translates into data limited in its power and thus we 
provide these as explorative baseline data regarding our 
specific activity, which might inform future research 
questions on inclusive pedagogy.

All analysis and data visualization were performed in 
R version 3.6.0 (R Core Team 2019) and all raw data and 
analysis! code are available to allow full analysis replica-
tion!(Additional files 3 and 8, respectively).

A description of all figures and images presented below, 
accessible for people with visual impairment, is presented 
in Additional file!7.

Results
The multisensory tree of"life for"all
"e multisensory Tree of Life (referred to as ‘MSToL’ 
from here on) occupied 125 square meters and was 
composed of branches representing 21 extant taxa–plus 
eight fossil species. "e majority of materials consisted 
of real biological samples (Fig.! 2; Additional file! 1: Fig. 
S1 for detailed photos per branch; Additional file! 2: 
Table!S1 for a list of materials, source, sense stimulated 
and evolution concepts explored, per branch). All five 
basic senses–hearing, smelling, touching, tasting, see-
ing–were stimulated across the phylogeny, with touch 
being stimulated by all displayed material, becoming the 
main source of information acquisition for people with 
visual!impairment.

Each consenting participant–23 sighted and 25 with 
visual impairment–contributed to data collection 
through a questionnaire applied before and after expe-
riencing the MSToL room, and branch-specific quizzes. 
"e resulting data allowed us to generally evaluate the 
success of the activity in terms of learning, and to estab-
lish baseline data on evolution knowledge for a subset of 
the Portuguese community with visual impairment.

Implementation: the"hardest and"easiest taxa to"represent
Upon consulting with blind members of the commu-
nity of the Portuguese association for the teaching of 
the blind (Associação Promotora do Ensino dos Cegos, 
APEC), it became clear that touch would be the most 
inclusive sense to explore the phylogeny. "us, for the 
first step—allowing participants with visual impairment 
to assess biodiversity accurately—haptic communica-
tion was essential. Because we wanted all participants to 

experience real biodiversity patterns, we mainly acquired 
real specimens and biological samples that could be 
touched. "is can, however, raise challenges for the rep-
resentation of some taxa: museum collections with scien-
tific value are usually unique and fragile, which hinders 
their free manipulation; live specimens pose animal wel-
fare concerns; and commercially available models can 
be inaccurate and lack the detail needed to fully com-
prehend the range of biodiversity patterns. Several of 
these di%culties applied to the arthropods, which proved 
to be the most challenging taxa to translate into multi-
sensory communication. We addressed this di%culty 
by incorporating 3D-prints of in-house! &-CT scanned 
specimens, insect sounds, edible insects, exuviae and 
structures built by arthropods, such as hives (Additional 
file!1: Fig. S1 e to g). Collaboration with education cent-
ers with available pedagogic collections was imperative 
to obtain material that accurately depicts biodiversity 
(Additional file! 1: Fig. S1; Additional file! 2: Table! S1). 
"e most e#ective branches in terms of degree of ‘e#ort 
to find material’ with respect to the magnitude of ‘activi-
ties and information that can be extracted from it’ were 
plants, birds and primates. A great variety of plants are 
commercially available and they are ideal to develop 
activities focused on plant-pollinator coevolution and 
phenotype-climate adaptations (Additional file! 1: Fig. 
S1 t to w). For birds, songs, calls and! full specimens of 
game species are easily obtainable and optimal for activi-
ties focused on phenotype-environment adaptations 
(Additional file!1: Fig. S1 n). "e evolution of humans and 
related primates holds, generally, particular interest for 
the public (Pobiner 2012). Anthropological model collec-
tions can be expensive but are usually available at univer-
sities where anthropology is taught, which can be invited 
to lend this resource. A collection of hominid skulls is a 
great resource for discussion of human evolution and for 
understanding common ancestry while dismantling the 
myth that “Homo sapiens descends from monkeys”.

While teeth and di#erent types of fur can be very inter-
esting resources to discuss adaptation, without complete 
spatial or morphological information they can be confus-
ing for participants with visual impairment, especially 
for those born blind. To avoid this we made sure that 
models of the full organism were available for any type of 
partial specimen, which the participants reported to be 
extremely useful.

Public attendance
During the 12!h of activity, we received an estimated total 
of 100 participants, 60 of which had visual impairment. 
We did not restrict the amount of time to explore the 
MSToL, allowing the participants to do so at their own 
pace.
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Participants, especially those with visual impairment, 
tended to remain in the room more than the predicted 
one hour, with some remaining for as long as four hours. 
"is should thus be a full day activity at minimum, and 
ideally a multiple-day activity.

A subset of consenting participants responded to a 
standardized questionnaire which included general, as 
well as branch-specific, questions (Additional file!5: ques-
tionnaire), administered both before and after experienc-
ing the MSToL room. "e sample comprised 25 adults 
with visual impairment, with average age 62 (range: 18 to 
82) and 23 sighted adults, with average age 58 (range: 24 
to 90).

"e first assessment of the data showed that the major-
ity of participants with visual impairment had profound 
vision loss without perception of any visual cue, referred 
to as blindness throughout the manuscript (13/25) and 
only a minority (4/25) had moderate vision loss, with 
perception of shapes and some colors, and eight out of 
25 had deep sight loss with residual light perception (see 
methods for details of the participants’ self-assessment). 
"e majority of participants with visual impairment had 
the impairment for more than half of their lifetime, with 
only seven!living with it for less than that period.

Preferences: touch and"birds
"e sense preferences for experiencing the MSToL were 
consistent across participants, regardless of visual ability. 
Touch was listed as the most informative sense by 83.3% 
of participants with visual impairment and 50% of sighted 
participants (Additional file! 3: Table! S2). On the other 
end, gustation was listed as the least informative sense by 
93.7% of participants with visual impairment and 53.3% 
of sighted participants (Additional file!3: Table!S2), which 
was also the least stimulated sense across the phylogeny 
(Fig.!2b, Additional file!1: Table!S1).

Despite an overall scattered preference across taxa, 
people with visual impairment showed slight predilec-
tion for the bird branch: five out of 19 people with vis-
ual impairment chose the birds as their favorite branch 
(Additional file! 3: Table! S2). "is tendency might have 
been influenced by the communication skills of the edu-
cator responsible for the birds’ branch, but it is worth 
noting that even for pragmatic reasons birds are a good 
taxonomic group to invest in further, more focused, 
activities. "is taxon allows multisensory activities on 
adaptation and evolution to be design relatively easily 
due to the ease of acquiring diverse feather types, the 
abundant availability of taxidermy specimens with di#er-
ent bill shapes among game species, and also the wide-
spread availability of bird song recordings, easily adding 
an auditory component.

Despite lack of"access to"education, participants 
with"visual impairment are interested in, and"understand, 
evolution
We found that participants with visual impairment had 
a lower level of educational attainment (Fig.! 3a). "e 
majority of participants with visual impairment had 
not enrolled in high-school education (56%, 14 out of 
25), only seven participants with visual impairment had 
attained post-secondary education, and none held a 
master’s degree. In comparison, the majority of sighted 
participants had attained bachelor’s degrees (59.1%, 13 
out of 22; Fig.! 3a). Only two of the seven participants 
with visual impairment (28.6%) with post-secondary 
education had taken courses in biology and evolution 
(at the bachelor’s degree level), compared to six of the 
17 sighted participants (35.3%; Table!S2).

Interestingly, when enquired regarding their interest 
for evolution (for questionnaire scale description refer 
to Additional file! 5: questionnaire; and for individual 
data refer to Additional file!3: Table!S2), a similar per-
centage of participants from both groups described 
themselves as having a lot of interest in evolution (28% 
with visual impairment; 39% sighted). Indeed, two par-
ticipants with visual impairment shared with the edu-
cators that they wanted to become biologists, having 
given up because “it was too visual”, making it clear that 
the biological sciences are not equally accessible to eve-
ryone. However, basal knowledge, which was measured 
by the amount of correct answers scored before the 
activity, was quite high for both groups: all participants 
tended to score high both in the true and false ques-
tions and in the word association exercise (Additional 
file!6: Fig. S3). We did not find statistical di#erences in 
average performance between sighted people and peo-
ple with visual impairment (Fig.! 3; Additional file! 6: 
Fig. S2 and S4), based on learning (Fig.!3a; Pearson cor-
relation: r = 0.79 for participants with visual impair-
ment; Spearman correlation rho = 0.81 for sighted) 
and prediction scores (Fig.! 3b; t-test: p-value = 0.77). 
However, the higher ‘learning’ and ‘prediction’ scores 
tended to belong to sighted!participants, while the low-
est scores tended to be recorded for participants with 
visual impairment (Fig.!3; Additional file!6: Fig. S2 and 
S4; refer to Methods for a detailed description of all 
score metrics). Based on the results from the branch-
specific activities, it is also notable that, when enquired 
about the consequences of environmental changes, 
both sighted people and people with visual impair-
ment could successfully predict evolution outcomes in 
terms of expected phenotypic changes (Fig.!3b; refer to 
Additional file! 4 for detailed description of prediction 
exercises), which shows a general basic understanding 
of the mechanisms of natural selection and adaptation.
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"e fact that we have a small sample size, together 
with the substantially high basal knowledge (Addi-
tional file!6: Fig. S3) found for both participant groups 
(Fig.!3a), makes it di%cult to assess the true e#ective-
ness of the activity based exclusively on in loco data.

An inclusive description of all figures and plots 
above-mentioned is presented in the Additional file!7.

‘Common ancestor’ and"‘Natural Selection’ become more 
familiar terms, but"arti!cial selection and"neutral evolution 
might be hard to"grasp without"speci!c activities
At the beginning and end of the activity, participants 
were read the same list of 33 terms and asked if they 
instinctively associated them with the concept of ‘evo-
lution’ (Fig.!4; refer to the methods section for details). 
"is meant to assess whether terms that are essential 
to understand evolution–like adaptation and com-
mon ancestor–were clearly present in the participant’s 
minds.

After the activity, association of terms increased 
in general. Overall, the terms that increased the most 
were ‘Common ancestor’ and ‘Natural selection’ for the 
participants with visual impairment; and ‘Ecology’ and 
‘Natural selection’ for sighted participants (Fig.!4, Addi-
tional file!6: Fig. S5). All these terms were heavily used 
on the scripts provided to the educators. However, for 
the participants with visual impairment, the association 
of terms that can lead to misunderstanding evolution–
such as perfecting and progress–increased more (Fig.!4, 
Additional file!6: Fig. S5).

All participants associated all neutral terms–such as 
tree or ramification—with ‘evolution’ both before and 
after the activity (Additional file!6: Fig. S5).

Interestingly, the term “artificial selection” decreased 
in association for both groups. "is is not surpris-
ing since there were no artificial selection activities!or 
mentions. "is term was not used during the workshop, 
as the majority of the examples and predictive exercises 
were based on well-studied responses to natural selec-
tion, such as the stickleback fish plating reduction or 
the food-availability-driven beak morphology of birds.

Also interesting is that while ‘mutation’ was highly 
associated with evolution by both groups, already 
before the activity (84% of sighted and 86% of par-
ticipants with visual impairment), ‘chance’ was not. 
Together with the fact that ‘Progress’ and ‘Perfecting’ 
tended to increase, this might signal that a linear view 
of evolution towards perfection and humanization is 
rooted in the participant minds and calls for the need of 
including neutral forces in outreach activities to avoid 
promoting wrong or extremely adaptationist views of 
evolution.

Fig. 3 Participant education data and scores, based on basic 
knowledge of evolution before and after the activity, and prediction 
of evolution outcomes. Blue data refer to sighted participants and 
black data to participants with visual impairment. a Depicts the 
relationship between participants age and education level. Lines 
visualize the linear model per participant category and vertical 
dashed lines mark the average age of each group. b Refer to the 
scores of true or false questions on basic evolution concepts applied 
before and after the MSToL activities. Lines show the correlation 
between before and after score. For sighted participants (blue) and 
visually impaired participants (black), R squared values are depicted 
from a regression analysis with ‘Score after the activity’ dependent on 
‘Score before the activity’. c Visualizes participants’ predictive ability 
in scenarios where environments shape phenotypic responses, 
following the same color code
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Volunteer educators’ emotional experience reveals 
no"discomfort in"communicating with"participants 
with"visual impairment and"that"through teaching they 
also"learn a"lot, while"having a"lot of"fun.
To assess the benefits of inclusive outreach activities for 
the educators, we conducted a brief post-activity ques-
tionnaire on the volunteer educators.

Despite the majority of volunteers (93.3%; 14/15) not 
having previous experience communicating with peo-
ple with visual impairment, during the activity, 53.3% 
felt more at ease communicating with people with 
visual impairment, especially with those participants 
above 60!years old (Fig.!5a). When asked what was their 
favorite aspect of communicating with participants 
with visual impairment, the volunteers expressed feel-
ings of empathy and mentioned discovering the world 
from a new perspective. Furthermore, the great major-
ity of volunteer educators reported that they learned 
immensely (Fig.! 5b) while educating, especially com-
munication skills, and reported they had a lot of fun 
while teaching evolution (Fig.!5c).

Discussion
"e development of the multisensory tree-of-life and the 
data collected during the activity provide evidence for 
three main arguments: (1) there is a clear lack of acces-
sibility to evolutionary biology education for people with 
visual disability, despite their interest in the matter; (2) 
the classic examples of evolution are capable of being 
transformed into multisensory activities; (3) touch and 
haptic models are essential for people with visual dis-
ability and a plus for sighted participants, making haptic 
activities the most powerful resource to increase acces-
sibility and inclusion, benefiting everyone, independently 
of physical impairment.

Lessons learned to"provide a"comfortable and"stimulating 
experience for"people with"visual impairment
As a pioneer activity, we were faced with a lot of hurdles 
due to inexperience. With this publication! we hope to 
reduce those for anyone reproducing this activity or cre-
ating similar ones. However, our main and most valuable 
lesson concerns communication. As sighted organizers 

Fig. 4 Terms associated with the concept of evolution before and after the MSToL activity. Metric shown is the di!erence of percentage of people 
associating the word with evolution after the activity minus the percentage of people associating the word with evolution from the beginning. In 
dark green are terms essential to understand evolution, in blue are words related, but not essential; in grey neutral terms, and in red terms that can 
be misused or promote the misunderstanding of evolution. Notice that neutral term bars are absent because they were equally associated before 
and after the activity (see Additional file 6: Fig. S5). Vertical dashed lines depict the average di!erence of each word group, following the same color 
scheme
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we needed to make sure that our ideas and translation 
of visual into haptic were indeed accessible to people 
with visual impairment; and that the MSToL room was 
comfortable for everyone. Consulting with people with 
visual impairment or blindness is absolutely indispen-
sable at every step. Initially, we had designed the activ-
ity as having braille instructions at the tables, which 
greatly diminishes the amount of volunteer educators 
needed. However, our blind consultant informed us that 
in our local community of people of visual impairment, 
only a small minority knew how to read braille. Another 
very important insight was the fact that people who 
have lived with! visual impairment for di#erent lengths 
of their lives will have di#erent sensitivities to more sub-
tle textures, might be more or less comfortable with the 
volume of sound in the room, and might be more or less 
experienced in navigating a room with floor textures. 
"us, tripping hazards should be avoided when! plan-
ning the floor phylogeny texture and the disposition of 
the branches—flat carpet for the phylogeny and tables 

closer to the walls of the room were our optimal design. 
If there are participants with motor disabilities or on 
wheelchairs, the height and shape of the display tables 
also need to be considered for accessibility. A big part 
of o#ering a safe and stimulating environment for peo-
ple with visual impairment is the acoustics of the room: 
a lot of echo and noise easily becomes overwhelming. To 
avoid this, it is important to control the flow of people in 
the room and the volume of the sounds within. Follow-
ing the available guidelines together with communicating 
and consulting with the local community of people with 
visual disability are crucial to ensure a comfortable learn-
ing experience for everyone.

Be careful with"the"‘evolution ladder 
towards"humanization’
"e aspect that we believe is the most urgent to improve 
in this and other activities, is the fact that the public 
easily retains the misconception of evolution as a lin-
ear processes towards humanization. Despite directly 

Fig. 5 Volunteer educator emotional experience. Visualization of data collected from 15 out of 24 volunteers on a the public with which the 
communicators felt more at ease; b the feeling of having learned while educating and c the feeling of having fun while educating the public. 
Numbers within circle are the recorded answers for each option
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countering this idea through the branching phylogeny 
patterns presented, a question that seemed to hold low 
scores, across all participants, both before and after the 
activity, asks if ‘mammals are more evolved than fish’ 
(Refer to Additional file!6: Fig. S3 for individual question 
scores). In future activities, attention should be paid to 
the fact that having mammals and, more specifically, the 
Homo branch ‘higher’ on the phylogeny display–in our 
case towards the end of the experience for someone who 
started at the root (Fig.!2)–might promote the incorrect, 
and quite common, notion of evolution ‘progressing’ lin-
early towards humanization and taxa that are evolution-
arily closer to our species.

"us, as something to improve, topology display (e.g. 
display mammals more to the side instead of at the top, 
do not make Homo the last visited branch) and language 
use (e.g. never use ‘more primitive’ or ‘basal’ for any 
extant taxon) should be mindful of inadvertent contribu-
tion towards the adaptationist and directional evolution 
narratives.

Towards more e#ective and"inclusive outreach activities
Global estimates are clear regarding the under-repre-
sentation of people with disability in STEM, both in the 
classroom and in the academic community (Moon et!al. 
2012). Under this status quo, people with visual impair-
ment are denied access to knowledge and to participation 
in scientific communities. Consequently, we lose diver-
sity of thought and experiences that could promote more 
stimulating ways of teaching that everyone could benefit 
from.

In evolutionary biology, besides displaying data and 
concepts, images are a source of interest and wonder for 
biodiversity, which fuels curiosity. Being so, the promo-
tion of scientific literacy demands the translation of evo-
lution’s patterns to senses other than vision. Although 
text and audio descriptions of graphical representations 
are useful, students with visual disability have reported 
that many important details are left out or misinterpreted 
by the translator (Shute et!al. 2005). Furthermore, as the 
complexity of visual content intensifies so does the chal-
lenge of presenting it through auditory cues (Shute et!al. 
2005).

In a comparative study on sighted science students, 
tactile learners retained and understood! concepts bet-
ter, while also enjoying their lessons much more (Pashler 
et! al. 2009). "e preference of both MSToL participant 
groups (with and without visual impairment) for ‘touch’ 
as a learning sense, and the overall positive global learn-
ing scores reported in our activity, further suggest ‘touch’ 
as a generally inclusive and!powerful vehicle of informa-
tion delivery.

In fact, evolution concepts can be ideal for tactile 
learning, because much of the visual content represents 
descriptions of morphological and environmental varia-
tion, easily translated into 3D haptic images. When these 
resources are incorporated into science teaching, interest 
can increase for both sighted and blind students (Hasper 
et! al. 2015). "us, as shown by growing evidence from 
life sciences (Fraser and Maguvhe 2008), communication 
should be multisensory to increase teaching e#ectiveness 
for all students.

Conclusion
Without inclusive approaches, students with visual 
impairment often lose motivation due to real or per-
ceived physical barriers to knowledge acquisition (Bell 
and Silverman 2018). However, when knowledge is made 
accessible they can realize their potential just as sighted 
students do (Sahin and Yorek 2009). "erefore, the inclu-
sion of multisensory activities in outreach, which we 
have shown to be quite accessible for a lot of branches of 
the tree-of-life, can have important academic and social 
impacts. Just like museums, outreach activities should 
be ‘inclusive and polyphonic spaces that address present 
social challenges and promote active partnerships with 
and for diverse communities, contributing to human dig-
nity and social justice, global equality and planetary well-
being’ (Sandahl 2018). Involving complementary senses 
on future activities will not only promote equity for those 
with disability, but also move us faster towards an inclu-
sive and diverse scientific community, and towards a 
public more aware of biodiversity, evolution and our con-
nection to it.
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In organisms with distinct sexes, different female and male re-
productive strategies may imply that selective trait optima dif-
fer between the sexes (Arnqvist & Rowe, 2005; Darwin, 1871; 
Shine, 1989; Slatkin, 1984). Because the sexes share most of their 
genome and alleles typically have similar effects in both sexes 
(Poissant, Wilson, & Coltman, 2010), this can result in a conflict 

in that alleles improving a trait in one sex may push the same trait 
away from its optimum in the other sex (Arnqvist & Rowe, 2005; 
Rice & Chippindale, 2001). Such sexually antagonistic selection 
(SAS) may weaken with the emergence of stable sex-specific gene 
expression and the associated sexual dimorphism. The resolution 
of sexual antagonism will typically involve the establishment of a 
link between a preexisting molecular signal derived from the sex-
determination pathway, and a newly gained binding site for that 
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Abstract
Females and males within a species commonly have distinct reproductive roles, and 
the associated traits may be under perpetual divergent natural selection between the 
sexes if their sex-specific control has not yet evolved. Here, we explore whether such 
sexually antagonistic selection can be detected based on the magnitude of differen-
tiation between the sexes across genome-wide genetic polymorphisms by whole-ge-
nome sequencing of large pools of female and male threespine stickleback fish. We 
find numerous autosomal genome regions exhibiting intersex allele frequency dif-
ferences beyond the range plausible under pure sampling stochasticity. Alternative 
sequence alignment strategies rule out that these high-differentiation regions rep-
resent sex chromosome segments misassembled into the autosomes. Instead, com-
paring allele frequencies and sequence read depth between the sexes reveals that 
regions of high intersex differentiation arise because autosomal chromosome seg-
ments got copied into the male-specific sex chromosome (Y), where they acquired 
new mutations. Because the Y chromosome is missing in the stickleback reference 
genome, sequence reads derived from DNA copies on the Y chromosome still align 
to the original homologous regions on the autosomes. We argue that this phenom-
enon hampers the identification of sexually antagonistic selection within a genome, 
and can lead to spurious conclusions from population genomic analyses when the 
underlying samples differ in sex ratios. Because the hemizygous sex chromosome 
sequence (Y or W) is not represented in most reference genomes, these problems 
may apply broadly.
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sex-specific signal controlling the level of expression of the se-
lected gene (Stewart, Pischedda, & Rice, 2010; Williams & Carroll, 
2009). This resolution process, requiring at least one highly spe-
cific mutation, is suggested to be slow (Stewart et al., 2010) and 
often appears incomplete in natural populations (Cox & Calsbeek, 
2009). Moreover, the presence and strength of SAS may plausibly 
vary over time and between ecologically different environments. 
For these reasons, genetic polymorphisms under SAS may well 
be widespread across the genomes of natural populations and 
may make a substantial contribution to maintaining genetic vari-
ation within these populations (Connallon & Clark, 2014; Cox & 
Calsbeek, 2009; Rice & Chippindale, 2001).

Recent genomic investigations, performed mainly in genetic 
model organisms, indeed seem to support the notion that loci 
under SAS are common within the genome (Cheng & Kirkpatrick, 
2016; Dutoit et al., 2018; Griffin, Dean, Grace, Ryden, & Friberg, 
2013; Innocenti & Morrow, 2010; Lucotte, Laurent, Heyer, 
Ségurel, & Toupance, 2016). These investigations typically infer 
genes putatively under SAS based on the skew in the magnitude 
of gene expression between the sexes, as estimated by transcrip-
tome analysis. Challenges with this approach include ambiguity in 
the extent to which sex-biased gene expression indicates current 
intersexual conflict, and methodological difficulties in estimating 
sex-bias in gene expression reliably (Mank, 2017; Stewart et al., 
2010). In principle, a conceptually simple approach to exploring 
SAS across a genome without using gene expression data exists: 
if sexual antagonism occurs throughout ontogeny and thus causes 
divergent viability selection between the sexes (Cox & Calsbeek, 
2009; Rice & Chippindale, 2001; Shine, 1989; Slatkin, 1984), the 
underlying loci should display allele frequency differentiation be-
tween the sexes in the adult stage, with female-beneficial alleles 
enriched in females and male-beneficial alleles enriched in males. 
In the beginning of every new generation, however, this intersex 
differentiation should be erased due to the random assortment of 
female- and male-beneficial alleles during reproduction. Whether 
allele frequency differentiation due to divergent viability selec-
tion between females and males can be detected in genome-wide 
screens should depend on the number of antagonistically selected 
loci, and on the strength of selection on these, thus representing 
an empirical issue. An analysis in humans suggests that a genome-
wide signature of SAS can be detected based on female-male dif-
ferentiation data alone (Lucotte et al., 2016), but evidence from 
further organisms is needed.

Here, we investigate potential signatures of SAS based on ge-
nome-wide differentiation in allele frequencies between the sexes in 
threespine stickleback fish (Gasterosteus aculeatus). The motivation 
for this study is two-fold. First, in threespine stickleback, males and 
females play distinct reproductive roles (Östlund-Nilsson, Mayer, & 
Huntingford, 2007): during the reproductive period, females allocate 
resources primarily into egg production, whereas males hold territo-
ries and perform brood care. The sexes also appear to exploit dis-
tinct ecological niches, as indicated by sexual dimorphism in parasite 
communities (Reimchen & Nosil, 2001), in predator defence traits 

(Reimchen & Nosil, 2004), and in trophic morphology (Aguirre & 
Akinpelu, 2010; Berner, Roesti, Hendry, & Salzburger, 2010; Bolnick 
& Lau, 2008; Kitano, Mori, & Peichel, 2007; Kristjansson, Skulason, 
& Noakes, 2002; Spoljaric & Reimchen, 2008). Sexual dimorphism in 
trophic morphology is particularly pronounced in habitats in which 
disruptive selection due to intraspecific resource competition is in-
ferred to be strongest (Bolnick & Lau, 2008). Divergence between 
the sexes in trophic traits cannot plausibly be ascribed to sexual se-
lection and must therefore reflect differential trait optimization by 
natural selection within each sex (Darwin, 1871; Rice & Chippindale, 
2001; Selander, 1966; Shine, 1989; Slatkin, 1984). The opportunity 
for sexual antagonism mediated by divergent viability selection 
during ontogeny thus seems given in this species.

The second impetus to our study was the observation of a few 
autosomal single-nucleotide polymorphisms (SNPs) showing sub-
stantial differentiation between female and male stickleback in a 
preliminary genomic screen (M. Roesti & D. Berner, unpublished 
data; example shown in Figure S1). This analysis, however, used se-
quence data with reduced genomic representation (RAD sequenc-
ing) (Roesti, Kueng, Moser, & Berner, 2015) and was based on a low 
number of individuals from each sex (12 females, 13 males), thus 
making pattern interpretation difficult. Here, we overcome these 
methodological limitations by a formal analysis of intersex genetic 
differentiation across the full stickleback genome based on large 
sample sizes. As we will show, regions exhibiting strong intersex 
genetic differentiation are abundant across the stickleback's auto-
somal genome. Scrutinizing the cause for intersex differentiation 
in these regions, however, highlights a general methodological 
challenge to evolutionary genomic analysis, rather than providing 
evidence of SAS.
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Our approach to investigating genomic regions potentially show-
ing signatures of SAS in stickleback was to generate a female and a 
male pool of DNA, each representing a large number of individuals, 
to perform whole-genome sequencing of these pools, and to subject 
the resulting polymorphism data to a genome-wide screen for the 
magnitude of intersex differentiation.

We used adult, reproductive stickleback individuals sampled from 
Lake Constance (Switzerland) at the ROM study site (Berner et al., 
2010; Moser, Roesti, & Berner, 2012) from April to June 2016 for a 
behavioural experiment (Berner et al., 2017). Sample size for each 
sex-specific DNA pool was 120 individuals (i.e., 240 haploid genomes 
per sex). To standardize the contribution of individual DNA to the final 
pool, we pierced a disk of 2 mm diameter form the spread caudal fin of 
each individual by using a biopsy puncher (KAI Medical). Within each 
sex, these individual tissue samples were combined into 12 subpools of 
10 individuals per sex, and the sub-pools subjected to DNA extraction 
with the Qiagen DNeasy Blood & Tissue kit (Qiagen), including an 
RNAse treatment.
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After DNA quantitation of the 24 total subpools with a Qubit fluo-
rometer (Thermo Fisher Scientific), they were combined without 
PCR enrichment at equimolar amounts to a single pool per sex. These 
pools were barcoded and whole-genome paired-end sequenced to 
151 bases in two lanes of an Illumina HiSeq2500 instrument, each 
lane containing female and male DNA in similar parts. The raw se-
quence reads were demultiplexed by sex, pooled across the two 
sequencing lanes, and aligned to the third-generation assembly 
of the 447 Mb threespine stickleback reference genome (Glazer, 
Killingbeck, Mitros, Rokhsar, & Miller, 2015; hereafter “reference ge-
nome”) by using Novoalign v3.00 (http://www.novoc raft.com/produ 
cts/novoa lign; seetings: -t540, -g40, -x12). The Rsamtools R package 
(Morgan, Pages, Obenchain, & Hayden, 2018) was then used to con-
vert the alignments to BAM files, and to perform nucleotide counts 
at each base position using the pileup function (raw genome-wide 
nucleotide counts for each sex are provided on the Dryad reposi-
tory). Median read depth across all genome-wide autosomal posi-
tions was 125 for females and 137 for males. Combined with the 
large number of individuals used for sequencing pool preparation 
within each sex, this high read depth was expected to allow esti-
mating allele frequencies highly accurately (Ferretti, Ramos-Onsins, 
& Pérez-Enciso, 2013; Gautier et al., 2013). Next, the nucleotide 
counts of both sexes were pooled to determine if a given position 
was variable. SNPs were accepted if they displayed a read depth 
greater than 100 and lower than 800 across the female-male pool 
(median: 262), and if the minor allele frequency (MAF) in the pool 
was at least 0.15. The latter filter effectively removed sequencing 
errors and excluded SNPs having low sensitivity to capture selective 
shifts (Roesti, Salzburger, & Berner, 2012). A total of 1.63 million au-
tosomal SNPs passed our read depth and MAF filtering, yielding an 
expected average marker density of one SNP per 255 bp.
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We started our analysis of genomic differentiation between females 
and males by quantifying and visualizing the magnitude of intersex 
differentiation, expressed by the absolute allele frequency differ-
ence (AFD; Berner, 2019), across all chromosomes (the sex chro-
mosome was included for completeness, although our focus lies on 
the autosomal genome; data available on Dryad). This genome scan 
revealed numerous genomic regions showing strong intersex dif-
ferentiation (see Results and Discussion). Therefore, we next used 
simulations to compare the magnitude of intersex differentiation 
observed in the genome-wide scan to levels of differentiation ex-
pected under pure sampling stochasticity. Here we thus aimed to 
develop a sense for the differentiation plausible in the absence of 
any deterministic factor driving sex bias in allele frequencies, such 
as SAS. We sampled alleles at random with replacement from a fe-
male and from a male pool at a SNP with two alleles occurring at 

the same frequency of 0.5 in both sexes. This assumption of the 
highest possible MAF led to conservative results because it maxi-
mized the sampling variance in allele frequencies, thus allowing for 
maximal intersex differentiation (see Figure 4 in Berner, 2019). The 
two samples were then used to calculate intersex AFD. Two sample 
sizes were considered: 50 per sex, approximating the minimum read 
depth required during SNP calling, and 120 per sex, approximating 
the median read depth observed (see above). In concordance with 
our empirical differentiation scan, the simulation included 1.63 mil-
lion AFD estimates for each sample size.
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Before considering that the genomic regions of high intersex dif-
ferentiation observed in the above genome scan represented 
genuine signatures of SAS, it was essential to rule out methodo-
logical explanations. In a first step, we performed two analyses 
based on realignment of our sequence reads. Specifically, threes-
pine stickleback display divergent sex chromosomes (Peichel et al., 
2004; Roesti, Moser, & Berner, 2013), with the females represent-
ing the homogametic (XX) and males the heterogametic (XY) sex. 
Strong intersex differentiation may thus simply emerge because 
homologous X and Y chromosome segments harbouring single-nu-
cleotide differences erroneously align to autosomal regions. This 
may occur due to either genome sequence divergence between 
our focal population (derived from an Atlantic marine ancestor) 
and the reference genome (representing an individual derived 
from a Pacific ancestor; Jones et al., 2012), or the incorrect place-
ment of sex chromosome segments on autosomes in the reference 
genome assembly. To explore these possibilities, we assessed 
whether regions of strong differentiation still persisted when 
performing more stringent alignment (i.e., tolerating much lower 
sequence mismatch: -t200), which should reduce the likelihood of 
sex chromosome segments to erroneously align to autosomes. The 
sequence alignments resulting from this alternative alignment ap-
proach were used for a genome-wide scan for the magnitude of 
intersex differentiation as described above.

In addition, we aligned our raw sequence reads to a new 
threespine stickleback genome sequenced and assembled de novo 
(Berner et al., 2019), using the initial alignment settings. This new 
genome was derived from an individual sampled from the same wa-
tershed as our study population, thus ensuring minimal sequence 
divergence. The resulting sequence alignments were again used 
for a genome scan for intersex differentiation, which also indicated 
numerous regions of high differentiation. To assess whether these 
regions in the de novo genome corresponded to high-differentiation 
regions in our original scan, we chose a 151 bp sequence overlapping 
a high-differentiation SNP from a dozen of strongly differentiated 
regions located on different scaffolds of the de novo genome. We 
then evaluated visually the magnitude of differentiation in the 50 kb 
(kilobases) neighbourhood around the alignment position of these 
sequences within the reference genome.
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After examining the possibility that autosomal regions of high dif-
ferentiation emerged because of erroneous alignment of X and Y 
chromosome segments to autosomes, we evaluated a second meth-
odological explanation. We here considered that both the reference 
genome and the new de novo genome are derived from a female 
(XX) individual. The Y chromosome is therefore necessarily missing
in these genome assemblies. DNA segments closely related between
autosomes and the Y chromosome may thus cause the alignment
of Y-specific alleles to autosomes, thus potentially producing SNPs
showing high intersex differentiation. This scenario leads to two
testable predictions (see also Dou et al., 2012; McKinney, Waples,
Seeb, & Seeb, 2017; Tsai, Evans, Noorai, Starr-Moss, & Clark, 2019).
First, the SNPs defining regions of high differentiation on autosomes
should display a systematically higher MAF in the male than female
pool because only males harbour the Y-specific allele that makes
the given genome position polymorphic. Second, these SNPs should
represent exclusively autosomal DNA in the females but autosomal
plus Y chromosome segments in the males, and hence exhibit higher
read depth in the male than female pool.

To test these two predictions, we first delimited a focal set of 
autosomal regions exhibiting high intersex differentiation (HIDRs). 

Based on the distribution of intersex differentiation values observed 
empirically on the one hand, and the simulated distribution of differ-
entiation under pure sampling stochasticity on the other (see below), 
HIDRs were required to harbour at least five SNPs showing AFD of 
0.5 or greater within a window of 5 kb. HIDRs further needed to 
be spaced by at least 100 kb from any other such region to ensure 
independence. Given these criteria, we identified a total of 38 au-
tosomal HIDRs. For each HIDR, we next selected at random a sin-
]Ѵ;� u;ru;v;m|-|b�;�_b]_Ŋ7b==;u;m|b-|bom�"��� Ő�	�ƾ�ƏĺƔő� ;�_b0b|bm]�
a sex-specific read depth of at least 50-fold, hereafter called HIDR 
SNP. To obtain negative controls for statistical analysis, we also se-
lected a control SNP for each HIDR, defined as the SNP closest to 
the genomic position located 30 kb upstream of the corresponding 
HIDR SNP and passing the same read depth thresholds. For both 
SNP classes (i.e., HIDR and control), we then explored if there was 
sex-related skew in the MAF, and in read depth (quantified as read 
depth ratio, i.e., the nucleotide count of the male pool divided by 
the count of the female pool). The MAF data were analyzed visually 
based on histograms, while for the read depth ratio we calculated 
median values for each SNP class along with their 95% bootstrap 
confidence intervals generated by 10,000 resamples (Manly, 2006).

ƑĺѵՊ|Պ"bl�Ѵ-|bomv�;�rѴoubm]�bm|;uv;��7b==;u;m|b-|bom�
in relation to selection strength

The above empirical analyses indicated that our detected HIDRs 
represented methodological artefacts (see Results and Discussion). 
To complement this evidence by theory, we additionally performed 
stochastic individual-based simulations exploring the magnitude of 
intersex differentiation resulting from SAS of different strengths 
on a single locus. The objective of this simulation analysis was not 
a comprehensive theoretical treatment, but to gain qualitative in-
sight into the (im)plausibility of our HIDRs to reflect signatures of 
SAS.

We implemented a model starting with a population of 100,000 
diploid individuals showing a balanced sex ratio. The locus under 
selection was biallelic with one allele favorable in females and the 
other allele favorable in males (we thus assumed perfectly sym-
metric divergent selection, recognizing that in reality, the strength 
of selection on a polymorphism may differ between the sexes). 
The starting frequency of both alleles was 0.5. We modelled via-
bility selection, as required if SAS should drive intersex differenti-
ation within a generation, by making access to mating dependent 
on the genotype at the locus under selection (Berner & Roesti, 
2017; Berner & Thibert-Plante, 2015). Specifically, an individual's 
probability of surviving to the reproductive stage was a stochastic 
function of the individual's deviation from the sex-specific opti-
mum genotype. This deviation was determined by the number of 
unfavorable alleles times the selection coefficient, resulting in ad-
ditive fitness. The genotypes of the females and males surviving to 
the reproductive stage were used to quantify the magnitude of in-
tersex AFD observed after SAS within the focal generation. These 
individuals then mated at random, each pair producing a constant 

 ��&!� �ƐՊ (a) Distribution of the magnitude of genetic 
differentiation between female and male stickleback, as quantified 
by the absolute allele frequency difference AFD, across 1.63 
million autosomal single-nucleotide polymorphisms. (b) Intersex 
differentiation mapped along a representative autosome

Intersex differentiation

N
um

be
r o

f
au

to
so

m
al

 S
N

Ps

0.0 0.2 0.4 0.6 0.8 1.0

0

100 k

200 k

300 k

Position (Mb)

In
te

rs
ex

di
ffe

re
nt

ia
tio

n

0 10 20 30
0.0

0.4

0.8

0.2

0.6

1.0

5 15 25

Chr I

(a)

(b)

136



ƑѵѵՊ�|Պ�ՊՍ BISSEGGER Et al.

number of offspring (N = 10; using four or 20 offspring produced 
similar results; details not presented) that overall exactly re-es-
tablished initial population size. Offspring sex was assigned at ran-
dom. We considered selection coefficients of 0.01, 0.05, 0.1, 0.2, 
0.3, 0.4, and 0.5, the latter representing the complete unviabil-
ity (zero fitness) of individuals homozygous for the unfavourable 
allele. For each selection coefficient, we carried out 10 replicate 
simulations, each running for 20 generations. We thus obtained a 
total of 200 estimates of within-generation intersex differentia-
tion for a given selection strength. The simulation code is available 
on Dryad. Unless specified otherwise, all analyses were performed 
with the R language (R Development Core Team, 2017).
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Allele frequency differentiation (AFD) between stickleback females and 
males showed a median magnitude of 0.053 across all genome-wide 
autosomal SNPs, but the distribution tapered off to a long tail reaching 
values up to 0.87 (Figure 1a). The latter strong intersex differentiation 
cannot be explained by pure sampling stochasticity, as revealed by com-
paring the empirical distribution of differentiation values to simulated 
distributions: even when modeling minimal sample size (N = 50) for each 
sex, and hence low precision in allele frequency estimation, differentia-
tion values above 0.5 did not emerge across the 1.63 million replications 
(Figure S2). Assuming sample sizes more typical of the read depth of our 
data set (N = 120), the top differentiation value observed in the simula-
tions dropped to 0.32. Given that the simulations assumed the high-
est MAF possible (0.5; i.e., both alleles occurring in perfectly balanced 
proportions), even the latter upper simulation limit for differentiation 
due to sampling variation alone must be considered cautiously high. 
Nevertheless, we used an AFD threshold of 0.5 for the identification of 
high-differentiation regions (HIDRs) in the analyses below.

Exploring the physical distribution of intersex differentiation val-
ues along chromosomes revealed narrow regions (typically a few kb 
wide) of high differentiation standing out clearly against background 
differentiation on all autosomes (Figure 1b; Figure 2a shows a repre-
sentative example in high physical resolution, reanalyzed using FST as 
differentiation metric in Figure S3a; the complete differentiation plots 
for all chromosomes are presented as Figure S4).
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A chromosome exhibiting particularly extensive intersex differ-
entiation along almost its entire length was the sex chromosome 

 ��&!� �ƑՊCharacterization of a 100 kb segment on 
chromosome XI containing a representative region of high 
differentiation between female and male stickleback. (a) Genetic 
differentiation (AFD) between the sexes at single-nucleotide 
polymorphisms (SNPs) showing a pooled minor allele frequency 
(MAF) of at least 0.15. (b) Difference between the sexes in the 
MAF, considering all SNPs passing a pooled MAF threshold of 0.01. 
Positive values indicate that the two alleles at a SNP occur in more 
balanced proportion in males than in females. (c) Read depth in 
males standardized by the depth in females. High values indicate 
that male reads are relatively overrepresented in the sequencing 
output overlapping the corresponding genome positions. Note 
that because this statistic is calculated for every base position (not 
just the SNPs), a smoother (LOESS; moving average with a span 
of 0.002) was chosen for visualization to reduce complexity. (d) 
Genetic differentiation (AFD) between two population samples 
with symmetrical sex bias in opposite directions generated by 
resampling empirically observed female and male nucleotide data 
at each SNP
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(chromosome XIX, Figure S4). Along this chromosome, differen-
tiation primarily reflects the evolutionary divergence between the 
nonrecombining regions of the X and Y sequences, with an addi-
tional contribution from reduced precision in allele frequency esti-
mation in the hemizygous males (i.e., in males, the X chromosome 
occurs in a single copy only, thus causing systematically lighter read 
depth in the male pool). This observation motivated investigating 
whether regions of high intersex differentiation may be explained 
by the incorrect placement of DNA segments homologous but poly-
morphic between the X and Y chromosome into autosomes during 
reference genome assembly. Inconsistent with this idea, a genome 
scan for intersex differentiation based on sequence reads aligned 
to the reference genome with more stringent alignment settings did 
not produce results differing qualitatively from our initial genome 
scan: although read alignment success dropped from 81% to 69% 
with more stringent alignment, genomic regions showing high inter-
sex differentiation in the initial genome scan were generally still pre-
sent (details not presented). Similarly, aligning our sequence reads to 
a de novo stickleback genome assembly derived from an individual 
originating from the same watershed as our study population still 
revealed numerous genomic regions of high intersex differentiation. 
These regions consistently coincided with autosomal regions of high 
differentiation in our initial genome scan based on the reference ge-
nome (three examples are shown in Figure S5). Together, these two 
analyses using alternative alignment strategies make clear that the 
incorrect placing of sex chromosome segments within autosomes in 
the stickleback reference genome assembly fails as a general expla-
nation for autosomal regions of high intersex differentiation.
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Having ruled out reference genome misassembly as an explanation 
for strong autosomal differentiation between the sexes, we ad-
dressed a second hypothesis focused on reference genome incom-
pleteness: that DNA segments similar to autosomal chromosome 
regions occur on the Y chromosome that is not part of any current 
genome assembly, and that these segments harbour private genetic 
variants that cause intersex differentiation when aligning to their 
autosomal counterparts (see also Tsai et al., 2019). Consistent with 
this idea, we observed that SNPs located within HIDRs showed a 
systematically reduced MAF in the female relative to the male pool 
(Figure 2b). More specifically, the majority of HIDR SNPs showed a 
female MAF of zero (i.e., monomorphism for one allele), while the 
male frequency was near 0.5 (i.e., the two SNP alleles occurred at 
relatively balanced frequency) (Figure 3 top). By contrast, the con-
trol SNPs showed a relatively uniform distribution of MAFs in both 
sexes (Figure 3 bottom). These observations make clear that the 
polymorphisms driving HIDRs arise from derived alleles restricted 
to the males.

The most plausible explanation for such male-specific alleles is 
that the DNA segments harbouring these alleles are located on the Y 

chromosome. A unique prediction derived from this scenario is that 
the chromosome segments around HIDR SNPs should display ele-
vated read depth in the male relative to the female sex. The reason 
is that only in males, these segments should recruit truly autosomal 
plus Y-chromosomal sequence reads aligning to the same location 
in the genome assembly. This prediction was confirmed unambigu-
ously: the SNPs driving HIDRs consistently exhibited elevated read 
depth in males compared to females (Figure 2c and 4). Such bias was 
absent in the control SNPs. (Note that the slight imbalance between 
the sexes at the control SNPs in Figure 4 is expected because the 
male DNA pool was sequenced to approximately 10% higher read 
depth, see Materials and Methods). Interestingly, for the HIDR 
SNPs, the male-female read depth ratio showed a median of 2.18 
(control SNPs: 1.06), with several SNPs displaying values beyond 
three. If an autosomal segment was present as a single copy on the Y 
chromosome, however, one would expect a read depth ratio of 1.5. 
This leads us to propose a model in which an autosomal DNA seg-
ment is first copied to the Y chromosome (see also Koerich, Wang, 
Clark, & Carvalho, 2008; Tsai et al., 2019), experiences mutation at 
the new location, and then, to variable extent, experiences further 
copy number expansion on the Y chromosome (Figure 5). Consistent 
with this model, the male-female read depth ratios of the HIDR 
SNPs tended to form distinct clusters overlapping with 1.5, 2, and 
2.5 (Figure 4), as expected for autosomal segments falling into dis-
crete copy number classes on the Y chromosome. Although the Y 
chromosome sequence of threespine stickleback is not yet available, 
our conceptual model is supported by the indication of an excep-
tionally high proportion of repeated DNA on a preliminary Y chro-
mosome assembly as compared to all autosomes (M. White & C. 

 ��&!� �ƒՊFrequency of the minor allele in females and males 
at 38 SNPs representing independent regions of high intersex 
differentiation (HIDR SNPs), and at their associated control SNPs
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Peichel, personal communication; see also Chalopin, Volff, Galiana, 
Anderson, & Schartl, 2015; Hobza et al., 2017). As a definitive valida-
tion of our model, it would be worthwhile to determine the number 
of alignment sites of DNA segments representative of our HIDRs in 
a future Y chromosome assembly.
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Our empirical analyses clearly identified a methodological, nonse-
lective explanation for regions of strong differentiation between 
the sexes across the stickleback genome. To nevertheless develop a 
sense for the magnitude of intersex differentiation in allele frequen-
cies that viability selection could drive within a single generation, 
we used simulations of SAS on a single locus. We found that under 
the strongest selection considered - a heterozygous selection coef-
ficient of 0.5 - the sexes reach an allele frequency differentiation 

of 0.4 within each generation (Figure S6). Under such strong selec-
tion, a quarter of all individuals within each sex are expected to be 
excluded from reproduction (that is, to die during juvenile life) be-
cause of their maladaptive genotype at a single locus. Given that we 
observed dozens of genome regions showing even stronger intersex 
differentiation (Figures 1a, 2a, Figure S4), it becomes clear from a 
purely theoretical perspective that SAS fails as a viable explanation 
for widespread intersex differentiation in our stickleback system; 
the total selection imposed by dozens of loci under such strong se-
lection would be so intense that the population would go extinct 
rapidly.
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Our investigation has identified an alternative to sexually antagonistic 
selection as a cause for strong and widespread intersex allelic differ-
entiation across autosomes: the copying of autosomal chromosome 
segments into a sex chromosome not represented in the reference 
genome assembly (‘autosomal’ here includes the pseudoautosomal 
region of the sex chromosome, as this regions also harboured SNPs 
exhibiting high intersex differentiation; Figure S4). Our work in no 
way challenges the notion that SAS could be widespread across 
the genome. However, the above and previous (Kasimatis, Nelson, 
& Phillipps, 2017) theoretical considerations indicate that intersex 
differentiation maintained by continuous sexually antagonistic vi-
ability selection within a population should be subtle in magnitude. 
The much stronger intersex differentiation arising artificially from 
incomplete genome assembly is thus likely to preclude the reliable 
investigation of the genomic consequences of SAS based exclusively 
on intersex differentiation data in this and analogous study systems. 
Although one could consider filtering genome regions based on the 
difference in MAF and/or imbalance in read depth between the 
sexes, we doubt that this would completely eliminate spurious auto-
somal signals of SAS. The reason is that sex-related genetic differen-
tiation and differences in MAF and read depth due to the mechanism 
described in Figure 5 may well remain subtle if an autosomal segment 

 ��&!� �ƓՊRatio of the male by female read depth at the 
HIDR and control SNPs. The raw data points are shown along 
with their median (black vertical line) and the 95% bootstrap 
confidence interval for the median (grey box) within each SNP class. 
The grey vertical line indicates balanced read depth between the 
sexes (note that all observed read depth ratios are slightly biased 
upward due to deeper sequencing of the male pool). To increase 
visual resolution, a single HIDR SNP showing an extreme read 
depth ratio (4.89) was omitted
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 ��&!� �ƔՊSchematic of the model explaining the emergence of HIDRs when a sex chromosome is missing in the genome assembly. First, 
an autosomal DNA segment (light blue) is copied into the Y chromosome. Mutation then generates polymorphisms distinguishing the original 
autosomal segment from its copy on the Y (indicated by the distinct blue shades). The Y-copy may then become multiplied further on that 
chromosome. As a consequence, DNA sequences from both the autosomal segment and its copies on the Y align to the same autosomal 
location when the reference genome lacks the Y chromosome. The analytical outcome is that males tend to display a more variable genotype 
(hence a higher MAF) than the females, and hence that the sexes show substantial allele frequency differentiation, at the distinctive 
polymorphisms. Moreover, male read depth is elevated across the entire focal DNA segment relative to females [Colour figure can be viewed 
at wileyonlinelibrary.com]
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harbouring a distinct genetic variant was copied relatively recently to 
the Y chromosome and still segregates at low frequency in the new 
chromosomal location. The availability of a complete genome assem-
bly including both sex chromosomes, and the rigorous elimination of 
sequences aligning to any of them, may potentially allow detecting 
genome-wide signatures of SAS based on intersex differentiation 
data alone (Lucotte et al., 2016), although the reliability of such ap-
proaches awaits validation. We also note that if the transfer of au-
tosomal sequences to the Y chromosome includes genes that retain 
expression in the new location (Mahajan & Bachtrog, 2017; Tsai et 
al., 2019), autosomal genes may appear to show concurrent intersex 
differences in both allele frequency and gene expression levels when 
ignoring copies on a missing sex chromosome.

In the vast majority of organisms used for genomic investigations, 
the Y (or W) chromosome sequence is not available or incomplete, thus 
providing the opportunity for spurious intersex differentiation due to 
sex chromosome evolution. This has immediate implications to popula-
tion genomics: in marker-based comparisons of populations, localized 
genome regions exhibiting high differentiation – often interpreted as 
hotspots harbouring polymorphisms targeted by divergent selection 
between the populations – may emerge simply because the population 
samples differ in their proportion of females and males, and hence in 
the proportion of the two sex chromosomes (Benestan et al., 2017). 
To illustrate this point in our system, we drew 42 total nucleotides 
without replacement from the female and male nucleotide pool at 
all SNPs located within the chromosome window shown in Figure 2. 
Next, we combined 14 nucleotides from the female pool with 28 nu-
cleotides from the male pool to obtain a first population sample, while 
the exactly opposite sexual representation was chosen for the second 
population sample. The outcome thus mimicked two random samples 
of 21 total diploid individuals from the same biological population, 
differing, beyond stochasticity in allele sampling, only in the sex ratio. 
We then calculated the magnitude of population differentiation across 
this chromosome window and observed, as expected, that the SNPs 
showing the highest population differentiation co-localized with the 
peaks in intersex differentiation (compare Figure 2d to 2a; Figure S3 
shows this comparison based on FST). Ignoring imbalance in sex ratio 
may thus mislead the interpretation of patterns in population differen-
tiation. This echoes an analogous caveat raised recently in a study of 
two species (American lobster and Arctic Char) in which sex-specific 
differentiation outliers were observed in genome scans comparing 
the sexes (Benestan et al., 2017). However, in that study, reference 
genomes for the focal species were not available. HIDRs were there-
fore interpreted to reflect divergence between chromosome regions 
evolving sex-specifically, but the HIDRs could not be physically local-
ized reliably. Our stickleback work extends these insights: even in an 
organism with a well characterized sex determination system and an 
identified sex chromosome, HIDRs can occur on autosomes when one 
sex chromosome is missing (or incomplete) in the genome assembly 
and population samples differ in sex ratios. We also highlight the pos-
sibility that under these conditions, HIDRs may be influential enough 
to bias marker-based genomic analyses beyond simple differentiation, 
such as phylogenies or demographic reconstruction.
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ARTICLE

Clinal genomic analysis reveals strong reproductive
isolation across a steep habitat transition in
stickleback !sh
Quiterie Haenel1!, Krista B. Oke 2,3, Telma G. Laurentino1, Andrew P. Hendry3 & Daniel Berner 1!

How ecological divergence causes strong reproductive isolation between populations in close

geographic contact remains poorly understood at the genomic level. We here study this

question in a stickleback !sh population pair adapted to contiguous, ecologically different lake

and stream habitats. Clinal whole-genome sequence data reveal numerous genome regions

(nearly) !xed for alternative alleles over a distance of just a few hundred meters. This strong

polygenic adaptive divergence must constitute a genome-wide barrier to gene "ow because a

steep cline in allele frequencies is observed across the entire genome, and because the cline

center closely matches the habitat transition. Simulations con!rm that such strong diver-

gence can be maintained by polygenic selection despite high dispersal and small per-locus

selection coef!cients. Finally, comparing samples from near the habitat transition before and

after an unusual ecological perturbation demonstrates the fragility of the balance between

gene "ow and selection. Overall, our study highlights the ef!cacy of divergent selection in

maintaining reproductive isolation without physical isolation, and the analytical power of

studying speciation at a !ne eco-geographic and genomic scale.
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Deciphering the origin of species requires understanding
the nature of reproductive isolation between diverging
populations1–4. At the genomic level, reproductive isola-

tion is typically studied through the marker-based comparison of
populations that diverged relatively recently into ecologically
different habitats5–8. Genome regions showing exceptionally
strong population differentiation are inferred to harbor loci
important to adaptive divergence that potentially also restrict the
exchange of genetic material across larger chromosome segments,
or the genome as a whole9. This common analytical approach
generally pays insuf!cient attention to the !ne-scale eco-geo-
graphy of speciation; our understanding of the genomics of
reproductive isolation can bene!t greatly from investigating
diverging populations across their contact zones at a high geo-
graphic resolution10–15. One reason is that such a clinal focus can
reveal over what distance gene "ow between populations occurs.
Moreover, if marker resolution is suf!ciently high – ideally
whole-genome resolution, we can learn to what extent gene "ow
differs among genome regions. These details are crucial for
evaluating the strength and genetic architecture of reproductive
isolation. Another bene!t is that !ne-grained clinal analyses
facilitate recognizing a possible link between reproductive isola-
tion and ecological transitions, and hence the role of divergent
adaptation in speciation4,16.

Nevertheless, research combining a clinal perspective with the
analytical power of whole-genome sequence data is largely
lacking13. Here, we present such an investigation in a threespine
stickleback !sh (Gasterosteus aculeatus) population pair residing
in parapatry (that is, contiguously) in Misty Lake and its inlet
stream (Vancouver Island, British Columbia, Canada)17,18
(Fig. 1a). This system is relatively young (postglacial, < 10,000
generations old; a generation is 1!2 years) and the populations

exhibit no obvious genomic incompatibility when crossed17–19.
Ecological differences between the lake and stream habitat,
however, have driven dramatic genetically-based adaptive diver-
gence in several traits including body shape, breeding coloration,
trophic morphology and behavior17–22 (Figs. 1b and 2a and
Supplementary Fig. 1). Low-resolution marker data further
indicate that phenotypic divergence between the two populations
coincides with substantial genetic differentiation (FST ~0.1223–25).
This divergence has almost certainly arisen in the face of gene
"ow, as opposed to re"ecting secondary contact after evolution in
isolation. The reason is that temporally stable spatial associations
of concurrent phenotypic and genetic discontinuities of different
magnitudes with lake-stream habitat transitions are ubiquitous in
stickleback26–29. By contrast, the conditions for the evolution of
neighboring lake and stream populations in initial physical iso-
lation must be rare in general, and appear entirely implausible in
watersheds within which divergent lake and stream populations
have evolved repeatedly in a spatio-temporal sequence30. The
small scale of the Misty system in particular makes the initial
physical isolation of the lake and inlet stream habitat appear
improbable hydro-geographically. Given the absence of physical
dispersal barriers and the potential of stickleback to disperse over
hundreds of meters in a few days (even against water
current31,32), potent reproductive barriers between the lake and
stream population must exist.
To characterize reproductive isolation between Misty Lake and

stream stickleback at the genomic level, we perform a clinal
investigation based on pooled whole-genome sequencing at a !ne
geographic scale. Combined with individual-based simulations
tailored to this system, our study offers a !ne-grained illustration
of how divergent natural selection can drive and maintain
reproductive isolation between populations in direct contact.

Misty Lake

400 m

L1
L2

S7

S6

S5

S4
S3S2

S1

M2
M1

200 km

British Columbia

Lake Inlet stream

a

b

5 km to the Pacific Ocean

Inlet stream

Outlet stream

Marsh

1 cm

Fig. 1 The Misty Lake and inlet stream stickleback system. a Geographic situation of Misty Lake, its inlet stream, and the marsh located between these
habitats (map created by the authors based on data from Google Earth). Sample sites along the lake-stream transition are indicated by orange dots (GPS
coordinates and sample sizes given in Supplementary Table 1). b Representative lake and stream stickleback individuals of both sexes (Photo credit: Katja
Räsänen).
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Results and discussion
Polygenic adaptive divergence between lake and stream stick-
leback. To initiate our investigation, we sampled ~56 stickleback
individuals from each of 11 sites across the Misty Lake and inlet
stream transition, with a distance of < 2 km between the most
distant sites (L1 and S7, Fig. 1a and Supplementary Table 1). Each
sample was subjected to pooled whole-genome sequencing to
about 100x read depth, yielding ~1.9 million single-nucleotide
polymorphisms (SNPs) as genetic markers.
We hypothesized that phenotypic and genetic divergence

between the lake and stream !sh maintained at a small
geographic scale must be tightly linked to divergent selection
between the habitats. Our !rst objective was therefore to identify

genome regions likely targeted by selection by performing a
standard pairwise population comparison. We here focused on
our two most distant lake and stream sites (L1 and S7, Fig. 1a),
assuming that these represented our stickleback samples the least
in"uenced by gene "ow, and hence the best adapted to local lake
or stream ecology. For this site pair, we quanti!ed the magnitude
of genetic differentiation, expressed as the absolute allele
frequency difference AFD33, across all genome-wide SNPs.

This genome scan revealed a median differentiation of 0.35
across all SNPs (expressed as FST: 0.14), thus con!rming the
strong overall genomic differentiation between the lake and
stream population indicated previously by sparser marker
data18,23–25. However, numerous genome regions exhibited much
stronger differentiation between the two most distant samples,
and dozens of SNPs proved !xed for alternative alleles
(differentiation along a representative chromosome is presented
in Fig. 3, and along all chromosomes in Supplementary Fig. 2).
We next de!ned all autosomal SNPs exhibiting AFD ! 0.97 in this
site comparison as exceptionally highly differentiated (n= 162,
~0.01 percent of all autosomal SNPs; genome-wide AFD and FST
distributions are visualized in Supplementary Fig. 3). These SNPs
were considered to tag distinct high-differentiation genome
regions only if they were separated by at least 50 kb. From each
of the independent SNP clusters de!ned in this way, we then
chose one representative high-differentiation SNP at random,
yielding our panel of 50 selected SNPs representing putative
genomic targets of strong divergent selection. Interrogating the
gene annotation of the stickleback genome revealed that only one
out of the 50 selected SNPs lay within a coding gene sequence,
consistent with primarily regulatory evolution during stickleback
diversi!cation34. (The same result was obtained when expanding
this check to the full 162 high-differentiation SNPs: only seven
mapped to coding sequences of four different genes.) Overall, our
comparison of a single site pair makes clear that genomic
divergence in Misty Lake-stream stickleback is strong and highly
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Fig. 2 Phenotypic and genomic differentiation across the lake-stream
transition. a Morphology, including geometric morphometric body shape
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For ease of presentation, only site means are shown. Data were available
for a subset of the study sites only. b Frequency of the stream allele at
the 50 independent SNPs exhibiting strong differentiation (AFD! 0.97)
between the most distant sites L1 and S7 (i.e. the selected SNPs, blue lines;
their median frequency is shown in orange), and at 500 neutral SNPs (gray
lines; median frequency in black). Source data are provided as a Source
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polygenic; divergent selection likely targets hundreds of loci, as
inferred in other lake-stream stickleback systems25,35,36.

Strong reproductive isolation at the habitat transition. Having
obtained genomic evidence of the general presence of divergent
selection, we took advantage of our full spatial set of samples to
explore how tightly divergence was related to eco-geography.
Graphing the frequency of the stream allele (i.e., the major allele
at the site S7) at the selected SNPs across all 11 clinal sites
uncovered a dramatic genetic shift over a physical stream distance
of merely 45 meters, starting at the transition of the marsh to the
stream (blue and orange lines in Fig. 2b; the stream site S1 is
located in immediate proximity to this transition). This habitat
transition also coincided roughly with a major shift in ecologically
important traits, as revealed by morphological data from this and
previous studies for a subset of our sites (Fig. 2a; note that the
spatial resolution of the phenotypic data around the marsh-
stream transition is low). To expand our focus beyond adaptive
genetic and phenotypic variation, we next delimited two cate-
gories of SNPs unlikely to be physically close to loci under
divergent selection, hence re"ecting genome-wide background
differentiation by drift. These included 500 SNPs chosen at ran-
dom from all genome-wide autosomal SNPs deviating by no
more than 0.1% from the genome-wide median AFD in the L1-S7
comparison (hereafter called our neutral SNPs), and a SNP panel
derived analogously based on just half the median AFD (0.175;
our loDiff SNPs). Inspecting the frequency of the stream allele
(here de!ned as the allele more frequent in sample S7 than L1) at
the neutral and loDiff SNPs revealed genetic clines as sharp as in
the selected SNPs, again starting at the marsh-stream transition
(gray and black lines in Fig. 2b and Supplementary Fig. 4). To
compare the location of the genetic clines among our marker
categories more formally, we !tted classical geographic cline
models37 to the stream allele frequencies for each of the
50 selected SNPs, and for a random subset of 50 markers from the
neutral and loDiff SNP panels. This indicated similar cline centers
among all SNP categories, located at ~1070 m, consistent with our
visual inference (Fig. 4 left, Supplementary Fig. 5).
Together, these spatially !ne-grained analyses reveal a

remarkably tight association between ecology, phenotype, and
genome-wide genetic variation. Divergent selection thus not only
maintains adaptive divergence, but simultaneously generates
strong barriers to gene "ow across the entire genome. What are
these barriers? A major contribution to reproductive isolation
must arise directly from local adaptation, in the form of reduced
performance of migrants and hybrids between the
habitats1,2,4,38,39. Field transplant experiments in a European
lake-stream stickleback system indicate that these reproductive
barriers alone can reduce lake-stream gene "ow by ~80%40. Given
that phenotypic differentiation in this European lake-stream

system is weak compared to other lake-stream systems41,
selection against migrants and hybrids should cause an even
stronger reproductive barrier in the phenotypically highly
divergent Misty stickleback. Adaptive divergence may addition-
ally entail some sexual isolation, although experiments in Misty42
and European43 lake-stream stickleback indicate that this barrier
is relatively weak. Moreover, reproductive isolation across the
lake-stream habitat transition is plausibly promoted by habitat
preference31. However, in no parapatric lake-stream system
assessed so far have crossing experiments under standardized
laboratory conditions17–19,36,44 indicated intrinsic inferiority of
hybrids (F1, F2) or backcrosses. Our evolutionarily young study
system thus offers no support for the idea that steep genetic clines
and the underlying strong reproductive isolation re"ect primarily
intrinsic, ecology-independent genetic incompatibilities having
become spatially coupled with clines at loci under (potentially
weak) divergent ecological selection45,46.

Gene !ow is restricted to a narrow zone. Having uncovered
reproductive isolation at the habitat transition, we next asked how
strong this isolation is. An informative pattern in our clinal
genomic data was that for all three SNP categories (selected,
neutral, loDiff), the frequency of the stream allele increased
substantially upstream of the marsh-stream transition – but only
up to sampling site S4, that is, over c. 150 m (black and gray
curves in Fig. 2b and Supplementary Fig. 4). Beyond this location,
allele frequencies consistently proved stable across the remaining
stream section investigated. (This interpretation does not con"ict
with a subtle allele frequency shift between S6 and S7, especially
at the selected SNPs; this is expected because SNP ascertainment
was conditioned on allele frequencies from the site S7 in all three
marker categories.) In agreement with visual inference, cline
modeling estimated a median cline width of just 127 m for the
selected SNPs, although somewhat wider clines were estimated
for the neutral and especially the loDiff SNPs (Fig. 4 right and
Supplementary Fig. 5). However, we suspected that the latter may
represent an artifact of model !tting, which was assessed with
simulated data differing exclusively in the magnitude of differ-
entiation between the populations (Supplementary Fig. 6). This
con!rmed that identically abrupt allele frequency breaks lead to
increasing cline width estimates and to increasing spread in cline
center and cline width with decreasing AFD between the popu-
lations, as observed empirically across our SNP categories (Fig. 4).
Our cline modeling thus yields no indication that allele frequency
clines are wider in the neutral or loDiff SNPs than in the
selected SNPs.
Collectively, our analyses show that beyond a few hundred

meters upstream of the marsh-stream transition, reproductive
isolation must already be so strong that a homogenizing effect of
gene "ow from the lake is no longer detectable in any marker
category. Misty Lake and stream stickleback thus support models
suggesting that ecologically based divergent selection on numer-
ous loci may jointly drive reproductive isolation strong enough to
block gene "ow across the genome as a whole1,47–49.

Although stream allele frequencies in all three SNP categories
increased substantially over a few hundred meters upstream of
the marsh-stream transition, these frequencies remained largely
stable downstream of the transition, that is, all the way from site
S1 across the marsh to the most distant lake site (Fig. 2b and
Supplementary Fig. 4). This indicates asymmetry in gene "ow;
genetic variation "ows predominantly from the lake (and marsh;
this habitat will be discussed in a later section) into the lower
reach of the stream than in the opposite direction. While this
asymmetry may be in"uenced by differences in dispersal behavior
between lake and stream !sh, we believe that a main reason is
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Fig. 4 Cline parameter estimates for different SNP categories. Estimation
of the geographic location of the cline center and the width of the cline by
cline modeling for the selected SNPs (blue; AFD! 0.97 in the L1-S7
comparison), and the neutral (AFD near the genome-wide median) and
loDiff (AFD near half the median) SNPs (gray). The diamonds indicate the
median value across the 50 independent SNPs in each marker category,
and the bars give the associated bootstrap 95% compatibility intervals.
Source data are provided as a Source Data !le.
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imbalance in relative population sizes: according to estimates
from mark-recapture data, the lake population is substantially
larger than the stream population50. Moreover, contrary to the
lake, the stream is a linear habitat; a relatively smaller fraction of
the total stream population may have the opportunity to disperse
into the lake than vice versa3. The asymmetry in gene "ow
provides further evidence that beyond a few hundred meters
upstream of the habitat transition, reproductive isolation must be
strong across the whole genome. If the latter was not the case, one
would expect cline centers to be displaced upstream in the neutral
and especially the loDiff SNPs relative to the selected SNPs.
However, our cline modeling con!rms similar cline center
locations among our marker categories (Fig. 4 and Supplementary
Figs. 5 and 7).

Gene !ow in the contact zone is heterogeneous across the
genome. The occurrence of gene "ow from the lake to the lower
reach of the stream allowed us to ask if some genome regions
were more strongly isolated by divergent selection than others. A
pattern relevant to this question emerged when quantifying
genetic divergence by pairwise genomic comparisons of each of
the sites L2 to S7 to the lake site L1, and graphing the resulting
population differentiation along chromosomes. This analysis
revealed that the lowest stream site (S1; located right at the
marsh-stream transition) was generally differentiated only trivi-
ally from the lake across most of the genome, hence producing
chromosomal differentiation pro!les closely resembling those
from the within-lake (L1-L2) site comparison (compare the light-
blue and dark-blue curves in Fig. 3 and Supplementary Fig. 2).
Interestingly, however, a small number of genome regions
exhibited substantially stronger differentiation in the L1-S1
comparison (e.g., ~10Mb on chromosome I, Fig. 3; note that
owing to the higher sensitivity of AFD to weak population dif-
ferentiation compared to FST33, this pattern was easier to discern
with the former differentiation metric, Supplementary Fig. 8).
This led us to hypothesize that our stream site closest to the lake
(S1) was overwhelmed by gene "ow from the lake, with appre-
ciable genomic differentiation from the lake maintained in gen-
ome regions under the strongest divergent selection only. If true,
these speci!c regions should, compared to randomly chosen
genome regions, exhibit exceptionally strong differentiation
between the lake and the stream population in general, including
between the two samples from the endpoints of our geographic
gradient (L1, S7). This prediction was con!rmed by simulations
estimating the magnitude of L1-S7 differentiation for the two
categories of genome regions (i.e., highly differentiated in the L1-
S1 comparison and randomly chosen) expected if drift was
similar between these regions (Fig. 5). Genome regions particu-
larly highly differentiated between the lake and the closest stream
site (S1) thus harbor loci under strong divergent selection that
partly resist homogenization by gene "ow. We speculate that
during the formation of the lake-stream stickleback pair, initial
divergence at these loci set the stage for genomically more
widespread adaptive divergence that now overall constitutes a
strong reproductive barrier between the populations1,47,49.

While this heterogeneity in gene "ow between the populations
concerned relatively small genome regions, we also obtained
evidence of heterogeneous gene "ow at the scale of whole
chromosomes. Speci!cally, stickleback (like eukaryotes in
general51) exhibit substantially elevated recombination rates near
the chromosome peripheries compared to the chromosome
centers52. Under this recombination rate distribution, theory
predicts that polygenic divergent selection with gene "ow causes
relatively elevated population differentiation in chromosome

centers53,54. The reason is that in the chromosome centers,
maladaptive foreign chromosome segments recombining into the
locally favored genomic background will tend to be longer and
hence to harbor a greater number of locally maladaptive alleles,
thus making their selective elimination more ef!cient. We thus
quanti!ed the magnitude to which genetic differentiation is
elevated across chromosome centers relative to the peripheries
(i.e., chromosome center-biased differentiation, CCBD53,54) for
all pairwise combinations of neighboring samples. This bias
proved greatest for the S1-S2 sample comparison (Fig. 2c), that is,
at the cline center location estimated for all SNP categories. This
supports the notion of an antagonism between selection and gene
"ow in the lowest reach of the inlet stream.
Collectively, our analyses indicate that reproductive isolation

between the Misty Lake and the inlet stream population is very
strong, allowing the evolution of the two populations largely
unconstrained by gene "ow. Nevertheless, the lowest section of
the stream represents a zone in which selection is opposed by
ongoing gene "ow from the lake. This gene "ow must involve
hybridization between lake and stream !sh, not just dispersal of
lake !sh into the lower stream section. The reason is that both
heterogeneous genomic divergence in the L1-S1 sample compar-
ison and the CCBD peak in the S1-S2 comparison require
differential lake-stream gene "ow among genomic regions, hence
hybridization. Nevertheless, investigating in more detail based on
individual-level sequence data to what extent haplotypes typical
of the lake and stream populations are mixed by recombination
within the contact zone before they are eliminated by selection is
an exciting future opportunity in this stickleback system.

Strong reproductive isolation in simulations of polygenic
divergence. We have inferred from empirical patterns that
reproductive isolation between parapatric stickleback populations
re"ects a by-product of adaptive divergence. To support the
plausibility of our interpretation theoretically, we tailored
individual-based simulations to the Misty stickleback system. We
assumed nine demes in a linear array, with dispersal occurring in
the beginning of every generation between contiguous demes only
(stepping-stone model; Fig. 6a). Considering empirical popula-
tion size estimates50, the !rst (lake) deme was speci!ed to be
larger than all other (stream) demes together. The two habitats
were under polygenic divergent selection, with !tness being a
function of genetic variation at 100 loci. All loci were

0.00 0.10 0.20 0.30

deltaAFD

Observed

Simulated

0.05 0.15 0.25

Fig. 5 High-differentiation regions maintained by divergent selection at
the habitat transition. The upper row represents the empirically observed
difference in AFD (deltaAFD) in the L1-S7 site comparison between high-
differentiation regions and randomly chosen regions (n= 178 each). These
regions were identi!ed based on the L1-L2 and L1-S1 comparisons. The
lower row represents deltaAFD calculated analogously for simulated high-
differentiation and control loci evolving to similar baseline differentiation
under drift alone (n= 178 each). The black vertical lines indicate median
values and gray boxes represent bootstrap 95% compatibility intervals.
DeltaAFD observed empirically is much greater than expected under drift
alone, indicating that the high-differentiation regions identi!ed in the L1-S1
comparison must be under particularly strong divergent selection between
Misty Lake and inlet stream stickleback in general.
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polymorphic in the beginning of the simulations, thus mimicking
standing genetic variation well known to underlie adaptive
diversi!cation in stickleback29,34,55–59. After 1000 generations of
evolution, we examined clinal patterns in the frequency of the
stream allele (analogously to our empirical analyses of the
selected SNPs) resulting from different combinations of dispersal
rates between the demes and strengths of divergent selection
between the habitats.
A !rst observation from these simulations was that strong

adaptive divergence (and hence necessarily the associated
reproductive barriers) established easily across the habitat
transition, even for combinations of relatively small selection
coef!cients and high dispersal rates (Fig. 6b). Speci!cally,
selection coef!cients just below 0.01 were already suf!cient to
allow complete differentiation between the lake and all stream
sites across all dispersal rates considered (up to 0.1). Second, we
found that whenever gene "ow prevented complete lake-stream
divergence, the stream site closest to the lake was particularly
strongly constrained by gene "ow, whereas more distant stream
sites showed relatively similar allele frequencies (e.g., Fig. 6b,
selection coef!cients of 0.0025 or 0.005 combined with relatively
high dispersal rates). This pattern closely resembled the shape of
the cline in allele frequencies observed upstream of the marsh-
stream transition in all SNP categories (Fig. 2b and Supplemen-
tary Fig. 4). All these observations remained qualitatively
consistent across several robustness checks (Supplementary
Fig. 9).
The simulations support our empirically based conclusion that

adaptive divergence from abundant standing genetic variation has
produced strong reproductive isolation in the absence of physical
barriers. Our study thus provides insights into the genomic
architecture of adaptive divergence: previous theory has empha-
sized that in the face of gene "ow, adaptive divergence is
promoted by the physical linkage of adaptive alleles, as produced
by inversions60–62. However, in Misty Lake-stream stickleback,
we found no indication of divergence in inversion polymorph-
isms. Importantly, the three large inversions often involved in
adaptive divergence between pelagic and benthic stickleback

ecotypes29,34,55,57 proved monomorphic across our samples. Not
denying the importance of chromosomal rearrangements in
adaptive divergence in some study organisms, our whole-genome
clinal investigation highlights that polygenic selection per se,
without any particular physical arrangement of the targeted loci,
can be suf!cient for the emergence of strong divergence and
reproductive isolation in the face of gene "ow47,49.

Perturbation of gene !ow-selection balance by an unusual
ecological event. Our clinal phenotypic data and allele fre-
quencies in all SNP categories revealed that the stickleback
inhabiting the marsh (sites M1 and M2) are genetically very
similar to the true lake !sh (L1, L2). Nevertheless, in a previous
study, microsatellite loci designed to discriminate Misty Lake and
inlet stream !sh indicated hybridization in the marsh22. Similarly,
the frequency of the stream allele at our selected SNPs was
slightly elevated in the marsh relative to the lake samples
(although this may be attributable to the ascertainment of these
SNPs, see above). This raised the possibility that the marsh might
allow a modest degree of genetic mixing between the lake and the
stream population despite being strongly dominated by lake !sh.
If true, we hypothesized that changes in the level of dispersal from
the lake or the stream into the marsh, as mediated by a physical
perturbation of the system, should drive a measurable shift in the
genetic composition of the marsh !sh.

Evaluating this hypothesis was made possible by exceptionally
intense rainfall during our main sampling period, causing an
unusual rise in inlet stream discharge and lake water level that for
a few days "ooded the marsh that normally is above water level
(Supplementary Fig. 10). To assess the genomic consequences of
this event, we complemented our standard marsh sample (M1)
taken before the "ood by two additional samples from the same
site, taken during the "ood and 1 year later. The comparison of
these temporal samples at lake-stream population-distinctive
SNPs (AFD ! 0.75 in the lake pool [sites L1 and L2 combined] to
stream pool [S6 and S7] comparison) revealed a striking decline
(often to zero) of the stream allele frequency during the "ood,
that is, within a few days (Fig. 7). Although our pooled sequence
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Fig. 6 Simulated divergence with gene !ow across the lake-stream habitat transition. a Schematic of the stepping-stone model. Arrows indicate
migration between neighboring demes. b Median frequency of the allele favored in the stream across 100 loci under selection after 1000 generations of
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data precluded inspecting haplotype structure, the speed of this
genetic change clearly indicates extensive dispersal of lake !sh
into the marsh, facilitated by easier access to the latter habitat.
This conclusion is supported by simulations suggesting that at
least 90% of the stickleback residing at the marsh site before the
"ood must have been replaced by migrants from the lake during
the "ood (Supplementary Fig. 11). Interestingly, this perturbation
in allele frequencies at the marsh site appeared partly offset one
year later (e.g., the number of SNPs monomorphic for the lake
allele declined by 76%; Fig. 7), indicating selection against the lake
migrants and/or the new immigration of stream individuals from
the nearby contact zone.
Our genomic analysis of temporally replicated samples from

the marsh supports the idea that stickleback in this habitat
represent a genomic mix between the lake and stream
population caused by hybridization22. Nevertheless, genetic
material from the lake population vastly predominates in the
marsh, and we demonstrate that this imbalance can become
nearly complete temporarily by an unusual short-term ecolo-
gical modi!cation of dispersal opportunities. Further disen-
tangling the relative importance of selection and gene "ow as
determinants of allele frequencies within this eco-
geographically intermediate habitat will bene!t from direct
information on the local selective conditions and individual-
level genomic sequence data.
To summarize, our investigation of parapatric stickleback has

demonstrated a tight link between ecology, polygenic adaptive
divergence, and whole-genome reproductive isolation, thereby
illustrating how adaptation and speciation can be two sides of
the same coin. Genetic exchange between the diverging
populations, however, has not ceased completely but continues
within a narrow contact zone. We show that the balance
between homogenizing gene "ow and divergent selection in this
zone is fragile and can shift quickly when habitats are
perturbed. Our work highlights the power of whole-genome
sequencing at a !ne spatial scale and across multiple time
points to inform the eco-geography and genetic architecture of
speciation.

Methods
Stickleback sampling and phenotypic analysis. Stickleback were captured with
unbaited minnow traps at 11 sites in Misty Lake and its inlet stream between May
and July 2016, during the breeding season (the marsh site M1 was additionally
sampled in August 2017). Sample sizes ranged from 40 to 62 individuals per site
(details on the locations and samples given in Supplementary Table 1). From each
individual, a dorsal spine was clipped and stored in 95% ethanol for DNA
extraction. All individuals were immediately released.

To allow qualitatively linking genomic to phenotypic differentiation along the
geographic gradient, we performed a geometric morphometric body shape analysis.
For this, 40 individuals from a subset of our sites (L1, L2, M1, S4, S5, S6, and S7)
were photographed on their left side with a standard scale using a digital camera
(Canon PowerShot G11, Canon, Tokyo, Japan). All photographs were digitized
with tpsDIG2 (life.bio.sunysb.edu/morph/) by the same investigator (KBO) in
haphazard order by placing 14 landmarks used in previous studies in the same
system24,63. Using the geomorph R package64,65, the resulting coordinates were
aligned and generalized Procrustes analysis performed, yielding principal
components of body shape variation among individuals64,66. In addition, we
retrieved data for two ecologically important traits related to predator defense
(pelvic spine length) and foraging (number of gill rakers) from another subset of
our sites (L1, L2, S2, S6, and S7) studied in a previous phenotypic study of Misty
Lake and inlet stickleback67. All these phenotypic data were mean-centered and
standardized to allow visualization on the same scale. All animal work in this study
was conducted in accordance with the Animal Use Protocol from McGill
University.

DNA library preparation and sequencing. DNA was extracted individually from
the dorsal spine clip of each of the 701 total stickleback using the Quick-DNA TM
Miniprep Plus Kit (Zymo Research, Irvine, CA, USA), following the manufacturer
protocol. For enzymatic tissue digestion, the spines were minced with micro spring
scissors to maximize DNA yield. Following DNA quanti!cation using a Qubit
"uorometer (Invitrogen, Thermo Fisher Scienti!c, Wilmington, DE, USA), indi-
viduals were pooled to equal molarity without PCR-enrichment to obtain a single
DNA library per sampling site (and per time point in the case of the marsh site
M1). The 13 total libraries were paired-end sequenced to 151 base pairs on 10 total
lanes of an Illumina HighSeq2500 instrument, producing a median read depth per
base pair of 103x across the libraries (min= 51, max= 133; Supplementary
Table 1). Combined with the relatively large number of individuals per site, this
high read depth is expected to allow estimating allele frequencies with high
precision68.

SNP discovery. Raw sequences reads were parsed by sampling site and aligned to
the third-generation assembly69 of the 447Mb stickleback reference genome34 by
using Novoalign (http://www.novocraft.com/products/novoalign/; settings given in
the Supplementary Software). The Rsamtools R package65,70 was then used to
convert the alignments to BAM format, and to perform base counts at all genome-
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Fig. 7 Impact of a !ood on the genetic composition of stickleback in the marsh. Shown is the distribution of the frequency of the stream allele across
49,677 SNPs exhibiting strong lake-stream differentiation (AFD! 0.75 in the comparison between the lake pool [sites L1 and L2 combined] and the stream
pool [sites S6 and S7 combined]) in stickleback sampled at the marsh site M1 at three different time points. The median and mean of the distributions are
also given. Source data are provided as a Source Data !le.
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wide positions for each sample using the pileup function. To identify informative
single-nucleotide polymorphisms (SNPs), we !rst combined nucleotide counts
from the two lake samples (L1 and L2) and from the two most upstream inlet
samples (S6 and S7) into lake and stream pools. Genomic positions then quali!ed
as SNPs for further analysis if they exhibited a read depth between 50 and 400x
within each pool (to exclude poorly sequenced and repeated regions), and a minor
allele frequency (MAF) of at least 0.25 across the two pools combined (to ensure a
high information content71). Throughout the study, allele frequencies were cal-
culated directly from raw nucleotide counts. The 1,920,596 SNPs passing these
!lters were genotyped in all 13 samples separately.

Quantifying clinal genomic differentiation. Genetic differentiation along the
lake-stream gradient was quanti!ed by two approaches. The !rst relied on the
frequency of the stream allele at selected, neutral, and loDiff SNPs. The selected
SNP category comprised markers showing genetic differentiation ! 0.97 between
the geographically most distant samples (L1 and S7). Throughout the study, we
quanti!ed genetic differentiation by the absolute allele frequency difference AFD33,
although a few key analyses were repeated by using FST. We considered only
nuclear markers, and ignored the sex chromosome (XIX) because it was enriched
for high-differentiation SNPs relative to the autosomes, as expected from its
reduced population size and hence stronger drift. Including the sex chromosome,
however, always had a trivial in"uence on the results. If multiple high-
differentiation SNPs were < 50 kb apart, they were considered a cluster from which
only one SNP was chosen at random to ensure statistical independence, resulting in
a panel of 50 independent selected SNPs. As a resource for future investigations, we
retrieved from the reference genome annotation all genes located within a 50 kb
window centered at each of the selected SNPs, producing a gene compilation
(provided as Supplementary Data 1) likely containing numerous genes under
divergent lake-stream selection in the Misty system. The annotation was also used
to assess if the selected SNPs were located within or outside coding gene sequences.
The neutral SNPs, in turn, represented 500 markers chosen at random among all
autosomal SNPs for which AFD deviated from the genome-wide median differ-
entiation in the L1-S7 comparison (c. 0.35) by no more than 0.1%, again applying a
50 kb spacing threshold. The loDiff SNPs, !nally, represented markers weakly
differentiated relative to the genome-wide median; they were chosen analogously to
the neutral SNPs, but targeting an AFD deviation of 0.1% around just half the
genome-wide median differentiation (c. 0.175). At all selected, neutral, and loDiff
SNPs, we then de!ned the nucleotide relatively more frequent in the S7 than the
L1 sample as the stream allele. Finally, the frequency of the stream alleles was
calculated for each sample and visualized along the geographic gradient. In the
second approach, we calculated genetic differentiation at all genome-wide SNPs for
each pairwise combination of the !rst lake sample (L1) and all other samples,
requiring a read depth between 50 and 200x within each sample. The values
obtained were visualized along chromosomes, raw and/or smoothed by non-
parametric regression using the smooth.spline R function (band width 0.1).
Genome-wide median differentiation for these site comparisons, and for all com-
parisons between neighboring sites, is given in Supplementary Fig. 12, expressed as
both AFD and FST.

Cline modeling. As a numerical complement to our visual cline analyses, we !t our
allele frequency data to classical geographic cline models implemented in the
HZAR R package37. We here used the sampling site-speci!c frequencies of the
stream allele, the total nucleotide counts underlying these frequencies, and the
geographic locations as input data, set allele frequency intervals to the observed
maximum values, and assumed two independent tails (models without tails pro-
duced qualitatively similar results). We considered all 50 selected SNPs for mod-
eling, and random subsets of the same size from the neutral and loDiff SNPs. For
each SNP, cline !tting was run in 10 replicates, and the median maximum like-
lihood estimate of cline center and cline width across these replicates was recorded.
We then compared these key cline features among the SNP categories based on the
median values across SNPs and the associated 95% bootstrap compatibility inter-
vals (10,000 resamples). The raw data distributions are provided in Supplementary
Fig. 5. Because the ascertainment of the SNPs in all three categories was contingent
on the magnitude of differentiation between our most distant sites (L1, S7), thus
generating subtle allele frequency shifts between each of these sites and their
adjacent site (most pronounced in the selected SNPs; Fig. 2b), we repeated all cline
modeling by excluding the sites L1 and S7. This produced qualitatively similar
results leading to the same conclusion (Supplementary Fig. 7a, b).

Our visual analysis revealed stable allele frequencies over several hundred
meters in the upper reach of the stream for all three SNP categories (Fig. 2b). By
contrast, cline modeling indicated an increase of cline width from the selected to
the neutral and loDiff SNPs. This discrepancy led us to hypothesize that the inverse
relationship between cline width and AFD among the SNP categories may be a
modeling artifact, which was con!rmed by simulation (details presented in
Supplementary Fig. 6).

Inferring selection-gene !ow antagonism from high-differentiation regions.
While inspecting the comparison L1-S1, we observed that some genome regions
showed remarkably strong genetic differentiation compared to the overall

undifferentiated genome-wide background. This led us to speculate that in these
speci!c regions, genetic variants particularly strongly favored in the stream were
maintained at elevated frequency at the S1 site, while the remainder of the genome
was overwhelmed by gene "ow from the lake. Assuming particularly strong
divergent selection on these genome regions, we predicted that they should exhibit
exceptionally strong differentiation between the lake and the stream population in
general, including in the comparison L1-S7. To evaluate this idea, we !rst sub-
tracted the mean AFD value in the L1-L2 comparison (considered the differ-
entiation baseline within the lake habitat) from the corresponding value in the L1-
S1 comparison for each genome-wide 10 kb sliding window (5 kb overlap) con-
taining at least 5 SNPs. For the most highly differentiated 0.5% of these windows
(high-differentiation windows, HDW; n= 178; median AFD difference between
the comparisons L1-S1 and L1-L2: 0.132), considered regions under strong
divergent lake-stream selection, and for the same number of windows chosen at
random as control (non-HDW; median AFD difference: 0.011), we then calculated
mean AFD in the L1-S7 comparison.

Because the HDW by de!nition exhibited elevated differentiation in the L1-S1
comparison, somewhat stronger L1-S7 differentiation in these windows relative to
random windows was expected even if the HDW were strongly differentiated in the
former comparison just by chance. Comparing the two categories of windows thus
required a benchmark, which was obtained by individual-based simulation. We
here constructed n haploid individuals by !rst generating 178 biallelic (1, 0) loci
(non-HDL) at which the stream allele (1) occurred at a frequency speci!ed by a
random draw from the uniform distribution bounded between 0.05 and 0.5 (i.e.,
the stream allele was always the minor allele, as observed empirically at the site S1;
Fig. 2b). Another set of loci (HDL) was generated analogously, except that the
frequency of the stream allele was increased by 0.1, corresponding to the observed
difference in median L1-S1 AFD between the HDW and non-HDW. We then
allowed this population to evolve neutrally (i.e., to drift) by drawing offspring for
each new generation at random with replacement. All loci were unlinked, and
random assortment of alleles was achieved by swapping alleles between the
haplotypes within pairs of offspring. After g generations, we determined median
AFD before vs. after evolution for the HDL and non-HDL. The combination of n
and g was chosen to produce drift at the non-HDL approximating the median AFD
observed across the non-HDW in the L1-S7 comparison (n= 200, g= 1000; higher
values for both variables produced similar results but required longer simulation).
This simulation was replicated 25 times.

Finally, we calculated the difference in median AFD in the L1-S7 comparison
between the empirical HDW and non-HDW, and the median difference in AFD
achieved during simulated evolution at the HDL and non-HDL across the 25
replicates, both referred to as deltaAFD. Uncertainty around these point estimates
was obtained by bootstrapping windows (empirical data) and replicates (simulated
data) 10,000 times. Elevated empirical relative to simulated deltaAFD would
indicate that regions exhibiting the strongest differentiation in the L1-S1
comparison also show exceptionally strong differentiation in the L1-S7 comparison
relative to the genome-wide baseline, consistent with these regions being targets of
particularly strong divergent selection between lake and stream stickleback.

Inferring selection-gene !ow antagonism from CCBD. The combination of
polygenic selection, gene "ow, and a reduced crossover rate in chromosome centers
compared to chromosome peripheries causes relatively elevated population dif-
ferentiation in chromosome centers (chromosome center-biased differentiation,
CCBD51–54). To explore the strength of selection-gene "ow antagonism along the
geographic gradient, we thus quanti!ed to what extent genetic differentiation was
biased toward chromosome centers for all 10 pairwise comparisons of neighboring
samples. For this, we de!ned the outer 5 Mb on either side of a chromosome as
high-crossover rate periphery and the remainder of the chromosome as low-
crossover rate center52. Next, we divided median AFD across all central SNPs by
median AFD across the peripheral SNPs for each chromosome within each site
pair. For each pair, we then treated the median across these ratios as CCBD, and
graphed this metric along the lake-stream gradient by using the midpoint between
the neighboring samples as geographic location. As a robustness check, this ana-
lysis was repeated by using as site pairs each of the samples L2 to S7 combined with
L1, which produced very similar results supporting the same conclusion (Supple-
mentary Fig. 13).

Individual-based simulations of divergence with gene !ow. To explore theo-
retically how selection can drive and maintain reproductive isolation in the pre-
sence of gene "ow, we conducted individual-based forward simulations using a
diploid stepping-stone expansion of the model in Berner and Roesti54. Our stan-
dard model involved nine total demes arranged in a one-dimensional array, with
adjacent demes connected by migration (Fig. 6a). The !rst deme (n= 2000)
represented the (larger) lake population while all other demes (each n= 200)
represented stream sites. In the beginning of each generation, a fraction of m
individuals was chosen at random from each deme to migrate into the neighboring
deme on either side (juvenile migration). A total fraction of 2m thus emigrated
from each deme, except for the demes located at the endpoints of the array, for
which this fraction was m. The migration phase was followed by selection and
reproduction. We modeled polygenic divergent selection by assuming a total of 100
biallelic unlinked loci under divergent selection, with one allele favored in the !rst
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deme and the other allele favored in all other demes. The simulations started with
the frequency of both alleles set to 0.5 in all demes, to minimize the probability of
the stochastic loss of adaptive variation54. Loci contributed additively to !tness;
each maladaptive allele reduced an individual’s !tness from the local !tness opti-
mum of one by s, the selection coef!cient. Individual !tness was then scaled by the
mean population !tness and determined an individual’s probability to be drawn for
reproduction. Individuals reproduced as hermaphrodites and were allowed to mate
more than once, each mating producing one offspring. Mating was repeated until
the number of offspring re-established initial local deme size. The offspring cohort
then replaced the parental deme (discrete generations) and entered the
migration phase.

We explored a range of combinations of migration rates (0.005!0.1) and
selection coef!cients (0.0005!0.0075). All simulations were run for 1000
generations, a time span shown by preliminary runs over up to 7000 generations to
allow approaching migration-selection balance (Supplementary Fig. 14a, b). All
parameter combinations were replicated 20 times. Results were visualized by
plotting for each deme at generation 1000 the mean across simulation replications
of the median frequency of the allele favored in the stream across all 100 loci for all
combinations of migration rates and selection coef!cients.

The robustness of the standard model described above was assessed by a
number of additional simulations, presented in Supplementary Fig. 9. We here
considered models with a multiplicative (as opposed to additive) contribution of
each locus to overall !tness; a lower number of selected loci (10); physical linkage
among all loci by assuming a single chromosome undergoing uniformly distributed
crossover during mating (as opposed to independent segregation); locus-speci!c
selection coef!cients drawn at random from the exponential distribution with a
rate equal to 1/s (as opposed to identical selection coef!cients among loci); and
greater population size imbalance by setting the lake deme ten times (as opposed to
1.25x) larger (n= 10,000) than all stream demes combined (n= 125 per deme).

Quantifying the impact of a !ood on stickleback in the marsh. For the marsh
site (M1), three temporally replicated samples were available: before, during, and
one year after a "ood. The former represents the sample also used in all previous
analyses; the latter two samples were processed in exactly the same way. To
maximize the sensitivity for detecting gene "ow, we here considered only SNPs
highly differentiated (AFD ! 0.75) between the lake pool (sites L1 and L2 com-
bined) and the stream pool (sites S6 and S7), and sequenced to a minimum read
depth of 50x within each temporal sample. For the 49,677 SNPs thus obtained, we
visually compared the frequency of the stream allele among the samples.

Because this analysis indicated massive dispersal of lake stickleback into the
marsh during the "ood, we explored by simulation how much of such dispersal was
needed to drive the observed change in allele frequencies. For the SNPs above, we
here averaged allele frequency data from the marsh before the "ood and those from
the nearest lake site (L2), considering a wide range of relative proportions of the
latter (10%!100%). Comparing visually the resulting (mixed) allele frequency
distributions to the one observed during the "ood allowed a qualitative assessment
of the proportion of lake dispersers into the marsh during the "ood. This
proportion was additionally explored using Approximate Bayesian Computation
(ABC) (details given in Supplementary Fig. 11). Unless stated otherwise, all our
analyses and simulations were implemented in the R language65.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
All raw Illumina sequences, demultiplexed by site (and sampling period for the site M1)
are available from the European Nucleotide Archive (accession numbers ERS4388731-
ERS4388743) under the project PRJEB37366. Raw genome-wide nucleotide counts for all
sites (and temporal replicates) are provided on Dryad (https://doi.org/10.5061/dryad.
c59zw3r67). Source data are provided with this paper.

Code availability
Codes are provided as Supplementary Software.
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|u;;vķ�-m7�=uol�om;�|o�=o�u�om�v-rѴbm]v�Őb]�u;�Ƒ-őĺ�$_;�ruo0-0bѴb|��
o=� Ѵb-m-�1oѴombv-|bom� bm1u;-v;7��b|_� v-rѴbm]�	��� Ő���ķ�n�Ʒ�ƐķƓƐƏķ�
z�Ʒ�ƕĺƓƒķ�p�ƺ�ƏĺƏƏƐőķ��b|_�Ɠƒѷ�o=�|_;�v-rѴbm]v�bm�|_;�_b]_;u�	���vb�;�
1Ѵ-vv� ŐƕĺƔŋƐƏ�1l�	��ő�0;bm]�1oѴombv;7ĺ��lom]�1oѴombv;7�v-rѴbm]vķ�
ƔƑѷ��;u;�1oѴombv;7�0�� Ѵb-m-v�ƺƑ�1l�	��ĺ�ou�|u;;vķ�	���7b7�mo|�
-==;1|� ruo0-0bѴb|�� o=� Ѵb-m-� 1oѴombv-|bom� Ő���ķ� n�Ʒ�ƐƖƖķ� z�Ʒ�ƴƐĺƑѶķ�
p�Ʒ�ƏĺƑƏƑőĺ� $_;�l-foub|�� o=� |u;;v� Őѵѵѷő� _ov|;7� -� vbm]Ѵ;� Ѵb-m-� bm7b-
�b7�-Ѵ� Őb]�u;�Ƒ-őĺ��-u];� Ѵb-m-v� Ő	���ƻ�Ɣ�1lő�1oѴombv;�l-bmѴ�� |u;;v�

Őb]�u;� Ƒ0őķ� -m7� Ѵ-u];u� |u;;v� |;m7� |o� 0;� 1oѴombv;7� 0�� Ѵ-u];u� Ѵb-m-v�
(r�Ʒ�ƏĺƑƐķ� n�Ʒ�ƐƑƔķ� p�Ʒ�ƏĺƏƐѶőĺ� !;]-u7bm]� v-rѴbm]vķ� _o�;�;uķ� _ov|�
	��� v_o�;7� mo� 1ouu;Ѵ-|bom� �b|_� Ѵb-m-� 	��� Őr�Ʒ�ƏĺƏƏƔķ� n�Ʒ�ƐƑѵķ�
p�Ʒ�ƏĺƖѵőķ� 0�|� vl-ѴѴ� Ѵb-m-v� -u;� |;m7;m|bo�vѴ�� =o�m7� 1oѴomb�bm]� v-r-
Ѵbm]v�Őb]�u;�Ƒ0őĺ

�-uh�|;�|�u;�o=�|_;�|u;;v�_-7�mo�bm=Ѵ�;m1;�om�|_;�ruo0-0bѴb|��o=�
Ѵb-m-� 1oѴombv-|bom� Ő���ķ� z�Ʒ�ƴƐĺƑƔķ� p�Ʒ�ƏĺƑƐƑő� mou� om� |_;� 1Ѵbl0bm]�
l;1_-mbvl�-7or|;7�Ő���ķ�z�Ʒ�ƏĺƏƏƓķ�p�Ʒ�ƏĺƖƖƕőĺ

�o�1ouu;Ѵ-|bom��-v�=o�m7�0;|�;;m�_ov|�7;mvb|��ou����-m7�Ѵb-m-�
7;mvb|��ou���ķ�;b|_;u� =ou� |u;;v�ou� v-rѴbm]v� Ő$-0Ѵ;�Ɛőĺ��mѴ�� |�o�o�|�
o=�|_;�vb��7-l-];7�|u;;v��;u;�0o|_�1oѴombv;7�-m7�=-ѴѴ;mķ��_bѴ;�|_;�
u;l-bmbm]� =o�u� �;u;� vm-rr;7� 0�|� v_o�bm]� mo� vb]mv� o=� Ѵb-m-� 1oѴ-
ombv-|bomĺ��lom]� v-rѴbm]vķ� |_;�l-foub|��o=� _ov|v� v_o�bm]� vb]mv�o=�
7;]u-7-|bom��;u;�mo|�1oѴombv;7�0�� Ѵb-m-vķ��b|_�omѴ��Ƒƒ�o�|�o=�ƐƑƓ�
7-l-];7�v-rѴbm]v�0;-ubm]�Ѵb-m-�v|;lvĺ

ƒĺƒՊ|Պ�Ѵo0-Ѵ�1om|;�|�o=�Ѵb-m-�-0�m7-m1;

)_;m�r�|�bm�]Ѵo0-Ѵ�1om|;�|ķ�|_;�Ѵ;�;Ѵ�o=�Ѵb-m-�1oѴombv-|bom�bm��b0-Ѵ;�
rubl-u��=ou;v|�bv�mo|�-|�rb1-Ѵ�]b�;m�|_;�-�;u-];�7;mvb|��=ou�rubl-u��
|uorb1-Ѵ� =ou;v|v� ŐƕƓƒ�Ƽ�ƒƏƏő�-m7� b|v�_b]_��-ub-0bѴb|�ķ�;�ru;vv;7�0��
|_;� 1omvb7;u-0Ѵ;� v|-m7-u7� ;uuouĺ� �olr-ubm]� o�u� v|�7�� vb|;� �b|_�
o|_;u��=ub1-m�rubl-u��=ou;v|v�=uol��_-m-�Ő�77oŊou7fo�uķ��mmbm]ķ�
�-u0bķ� ş� �h�;-lrom]ķ� ƑƏƏƖĸ� �77oŊou7fo�uķ� �0;m]ķ� �77oķ� ş�
�h�;-lrom]ķ� ƑƏƏƖĸ��77oŊou7fo�uķ� !-_l-7ķ�ş���um_-lķ� ƑƏƐѵő�
-m7�	!��om]o�Ő��-m]oķ�ƑƏƐƏőķ��;�v;;�vblbѴ-ub|�� bm�-�;u-];�Ѵb-m-�
7;mvb|���b|_�|_;��om]oѴ;v;�=ou;v|�-m7�u;Ѵ-|b�;Ѵ��_b]_;u�Ѵb-m-�7;m-
vb|��1olr-u;7�|o�|_;��_-mb-m�=ou;v|�Őb]�u;�ƒőĺ�)_;m�1olr-ubm]�
�b0-Ѵ;ŝv�rubl-u��=ou;v|��b|_�momŊrubl-u���=ub1-m�=ou;v|v�o=�vblbѴ-u�
|u;;�7;mvb|��-m7���ķ� bm��-0om�-m7��-l;uoom�Ő�-0-ѴѴ�ş��-u|bmķ�
ƑƏƏƐĸ� �-uu;m� ş� �om];uvķ� ƑƏƏƐőķ� Ѵb-m-� 7;mvb|�� bv� -Ѵvo� �b|_bm� |_;�
v-l;�u-m];ķ�7;vrb|;�|_;�7b==;u;m|�=ou;v|�|�r;v�Őb]�u;�ƒőĺ

 ��&!� �ƑՊ�b-m-�Ѵo-7�-m7�vb�;�r;u�_ov|ĺ�Ő-ő��b-m-�Ѵo-7�Őm�l0;u�o=�Ѵb-m-v�u;1ou7;7�om�-�vbm]Ѵ;�_ov|ő�7bv|ub0�|bom�bm�|u;;v�Ő]u;�ő�-m7�v-rѴbm]v�
Ő0Ѵ-1hőĺ�Ő0ő��;u1;m|-];�o=�Ѵb-m-v�o=�-�1;u|-bm�	���1Ѵ-vv�1oѴombvbm]�|u;;v�Ő]u;�ő�ou�v-rѴbm]v�Ő0Ѵ-1hő
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);� =o�m7� Ѵb-m-v� |o� 0;��b7;vru;-7� -m7� -0�m7-m|� bm� |_bv� �;m|u-Ѵ�
�=ub1-m�rubl-u��u-bm�=ou;v|ķ��b|_�ƑƓѷ�o=�v-rѴbm]v�-m7�Ɣƕѷ�o=�|u;;v�
1oѴombv;7� 0�� Ѵb-m-vĺ� );� ;v|bl-|;7� Ѵb-m-� 7;mvb|�� -|� ƐķƐƏƔ�Ƽ�ƐƑƖ�
v|;lv� r;u� _;1|-u;ķ� �b|_� -�;u-];� ��� o=� ƐĺƑƐ�Ƽ�ƏĺƐƖ�l2ņ_-ĺ� �o|_�
Ѵb-m-�7;mvb|�� -m7�����;u;� bm7;r;m7;m|�o=� _ov|�7;mvb|�� -m7���ĺ�
��u�v|�7��1o�;u;7�ƏĺƒƐ�_-�o=� =ou;v|ķ��b|_bm�-�vbm]Ѵ;�v;-vomķ�-m7�
|_�v� lb]_|� 0;� bmv�==b1b;m|� |o� 1-r|�u;� r-||;umv� o11�uubm]� -1uovv�
Ѵ-u];u�|;lrou-Ѵ�ou�vr;1b-Ѵ�v1-Ѵ;v�Ő�-u|झm;�Ŋ��t�b;u7o�;|�-Ѵĺķ�ƑƏƐѵőĺ�
�;�;u|_;Ѵ;vvķ��;�ruo�b7;�0-v;Ѵbm;�7-|-�om�Ѵb-m-�-0�m7-m1;ķ�1ub|b-
1-ѴѴ��Ѵ-1hbm]�=ou�|_bv�u;]bomķ�-m7�o�u�u;v�Ѵ|v�v_o��|�rb1-Ѵ�r-||;umv�
o=�Ѵb-m-�7;mvb|��=ou�-�rubl-u��|uorb1-Ѵ�u-bm�=ou;v|ĺ

ƓĺƐՊ|Պ�-||;umv�o=�_ov|ŋѴb-m-�u;Ѵ-|bomv_brv

oѴѴo�bm]�|_;�];m;u-Ѵ�r-||;um�o=�o|_;u�hmo�m��=ub1-m�rubl-u��=ou-
;v|v�Ő�77oŊou7fo�uķ��mmbm]ķ�;|�-Ѵĺķ�ƑƏƏƖĸ��77oŊou7fo�uķ��0;m]ķ�
;|� -Ѵĺķ� ƑƏƏƖĸ� �77oŊou7fo�u� ;|� -Ѵĺķ� ƑƏƐѵĸ� �-v1-uoķ� "1_mb|�;uķ� ş�
�-uvomķ�ƑƏƏƓőķ�Ѷƕѷ�o=�Ѵb-m-v��;u;�vl-ѴѴ�ŐƐŋƔ�1l�	��őķ��b|_�v|;l�
|�bmbm]�0;bm]� |_;�l-bm� 1Ѵbl0bm]� v|u-|;]�ķ� bm7;r;m7;m|Ѵ��o=�_ov|�
	���ou�0-uh�|;�|�u;ĺ�$_;v;�v;;l�|o�0;��b7;vru;-7�r-||;umv�-1uovv�
|uorb1-Ѵ� u-bm� =ou;v|v� Ő�_b||b0-0��ş��-u|_-v-u-|_�ķ�ƑƏƏƐĸ���-m]oķ�
ƑƏƐƏĸ��-u|_-v-u-|_��;|�-Ѵĺķ�ƑƏƐƔőĺ�$_;�l-foub|��o=�Ѵb-m-v�1oѴombv;7�

-� vbm]Ѵ;� _ov|ķ� -� r-||;um� -Ѵvo� ru;�bo�vѴ�� 7;v1ub0;7� =ou� �_bm;v;�
Ő!o;7;u�;|�-Ѵĺķ�ƑƏƐƔő�-m7��m7b-m�Ő�_b||b0-0��ş��-u|_-v-u-|_�ķ�ƑƏƏƐő�
=ou;v|vĺ

��u� v�u�;�� bv� om;�o=� |_;� =;��hmo�m� |o� -vv;vv� v-rѴbm]�7;mvb|��
-m7�b|v�u;Ѵ-|bomv_br�|o�Ѵb-m-vĺ�);�=o�m7�ƑƓѷ�o=�v-rѴbm]v�|o�1-uu��-|�
Ѵ;-v|�om;�Ѵb-m-ĺ��b-m-v�bmb|b-ѴѴ��1Ѵbl0�|_;�m;-u;v|�m;b]_0o�u�rѴ-m|�=ou�
v�rrou|�-v�|_;��-u;�v|;llbm]ķ�Ѵ-|;u�u;-1_bm]�=ou�|-ѴѴ;u�_ov|v��_b1_�
-ѴѴo��|_;l�|o�u;-1_�|_;�1-mor��Ő!o;7;u�;|�-Ѵĺķ�ƑƏƐƔĸ�!o�;�ş�"r;1hķ�
ƑƏƏƔőĺ� $_bv� bv� v�rrou|;7� 0�� o�u� =bm7bm]� |_-|� Ѵ-u];� Ѵb-m-v� 1oѴombv;�
l-bmѴ��|u;;v�-m7�|_;�Ѵ-u];u�|_;�|u;;ķ�|_;�Ѵ-u];u�-m7�oѴ7;u�|_;�Ѵb-m-v�
1oѴombvbm]�b|�|;m7;7�|o�0;Ō-�r-||;um�-Ѵvo�u;rou|;7�=ou�-m���v|u-Ѵb-m�
=ou;v|�Ő�-lr0;ѴѴ�;|�-Ѵĺķ�ƑƏƐѶőĺ��b�;m�|_-|�v-rѴbm]�7;mvb|���-v�-Ѵ�-�v�
]u;-|;u�|_-m�|u;;�7;mvb|�ķ�b|�bv�Ѵbh;Ѵ��|_-|�|_;�l-foub|��o=�v|;llbm]�Ѵb--
m-v��bѴѴ�=buv|�;m1o�m|;u�-�v-rѴbm]�-v�|_;bu�_ov|ķ�ro|;m|b-ѴѴ��_-lr;ubm]�
b|v�v�u�b�-Ѵ�ou�]uo�|_�Ő(bvv;u�;|�-Ѵĺķ�ƑƏƐѶőĺ

	;vrb|;�_-�bm]�=o�m7�mo�-vvo1b-|bom�0;|�;;m�Ѵb-m-�-0�m7-m1;�
-m7�v-rѴbm]�-0�m7-m1;ķ�|_;u;� bv�v|uom]�;�r;ubl;m|-Ѵ�;�b7;m1;�o=�
|_;� m;]-|b�;� ;==;1|� o=� Ѵb-m-v� om� u;1u�b|l;m|� -1uovv� |u;;� vr;1b;v�
Ő�-u|झm;�Ŋ��t�b;u7o� ;|� -Ѵĺķ� ƑƏƐѵőĺ� �b-m-v� |_�v� _-�;� |_;� ro|;m|b-Ѵ�
|o� 1olruolbv;� u;];m;u-|bom� bm� 7bv|�u0;7� ou� v;1om7-u�� =ou;v|v�
Ő�-lr0;ѴѴ�;|�-Ѵĺķ�ƑƏƐѶĸ��-uv_-ѴѴ�;|�-Ѵĺķ�ƑƏƐѵőĺ�);�0;Ѵb;�;�|_-|� bm-
1Ѵ�7bm]� v-rѴbm]v� bm� =�|�u;� Ѵb-m-� -vv;vvl;m|v��o�Ѵ7� -ѴѴo�� =�u|_;u�
�m7;uv|-m7bm]�o=� |_;� blr-1|v�o=� Ѵb-m-v�om� =ou;v|� v�11;vvbom�-m7�
u;];m;u-|bomĺ

$���� �ƐՊ"�ll-u��v|-|bv|b1v�o=�Ѵb-m-ŋ_ov|�u;]u;vvbom�-m-Ѵ�vbvĸ�mo�1ouu;Ѵ-|bomv��;u;�7;|;1|;7�0;|�;;m�_ov|�7;mvb|�ņ0-v-Ѵ�-u;-�Ő��őķ�-m7�
Ѵb-m-�-0�m7-m1;ņ��

Liana density �b-m-���

Estimate SE t��-Ѵ�; p��-Ѵ�; Estimate SE t��-Ѵ�; p��-Ѵ�;

"-rѴbm]�7;mvb|� 0.012 0.117 0.099 0.922 0 0 1.005 0.322

$u;;�7;mvb|� ƏĺѵƐƖ 0.540 ƐĺƐƓѵ ƏĺƑѵƏ 0.001 0.001 ƐĺƏƕѵ 0.290

"-rѴbm]��� ƴƒƏĺѶƒƖ 94.243 ƴƏĺƒƑƕ ƏĺƕƓѵ ƴƏĺƏѵѶ 0.131 ƴƏĺƔƑƐ ƏĺѵƏѵ

$u;;��� ƴƑĺѵƔƕ 4.193 ƴƏĺѵƒƓ 0.531 ƴƏĺƏƏƒ 0.005 ƴƏĺƔƖƓ ƏĺƔƔѵ

 ��&!� �ƒՊ�Ѵo0-Ѵ�7bv|ub0�|bom�o=�Ѵb-m-�
7;mvb|�ĸ�7-|-�=uol�ƐƔ�v|�7b;v�1olrubvbm]�
ƑƖ�rubl-u��|uorb1-Ѵ�=ou;v|v�Ő�;ѴѴo�őķ�
om;�Ѵ-|;�v;1om7-u��=ou;v|�Ő�-l;uoomĸ�
0uo�mő�-m7�om;�|u-mvb|bom�=ou;v|�Ő�-0omĸ�
0uo�mőĺ��mѴ��=o�u�v|�7b;v�1o�;u��=ub1-m�
rubl-u��=ou;v|�Őbm1Ѵ�7bm]�|_;�ru;v;m|�
v|�7�őĺ�	;|-bѴ;7�7-|-�-m7�1ouu;vrom7bm]�
u;=;u;m1;v�bm�"�rrou|bm]��m=oul-|bom�
$-0Ѵ;�"ƒķ��-rĹ��oo]Ѵ;��-u|_ķ��-m7v-|ņ
�or;umb1�vĺ�
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ƓĺƑՊ|Պ�Ѵo0-Ѵ�r-||;umv�-u;�v�0f;1|�|o�v-lrѴbm]�0b-v

�|�_-v�0;;m�ru;�bo�vѴ��v|-|;7�|_-|�Ѵb-m-�-0�m7-m1;�bv�o�;u-ѴѴ�_b]_;u�
bm� "o�|_� �l;ub1-ķ� -m7� b|�lb]_|� 0;� 7;1u;-vbm]� bm� �=ub1-m� =ou;v|v�
Ő�-0-ѴѴ� ş��-u|bmķ� ƑƏƏƐĸ� ��-m]oķ� ƑƏƐƏĸ� "1_mb|�;u� ;|� -Ѵĺķ� ƑƏƐƔőĺ�
�o�;�;uķ��_;m�|-hbm]� bm|o�-11o�m|�-�;u-];��-Ѵ�;v�-1uovv�1om|b-
m;m|vķ� 7b==;u;m1;v� bm� Ѵb-m-� -0�m7-m1;� 7o� mo|� -rr;-u� v�0v|-m|b-Ѵ�
mou� 7o� |_;� �=ub1-m� =ou;v|v� v;;l� |o� 7;�b-|;� =uol� |_;� o0v;u�;7�
u-m];�o=�7;mvb|b;v�Őb]�u;�ƒķ�v;;�"�rrou|bm]��m=oul-|bom�$-0Ѵ;�"ƒ�
=ou�7;|-bѴ;7�7-|-őĺ�$;lrou-Ѵ�7-|-�-u;�_o�;�;u��m-�-bѴ-0Ѵ;�=ou�o�u�
v|�7��vb|;ĺ

	;vrb|;�_-�bm]�vr-mm;7�-�u;Ѵ-|b�;Ѵ��vl-ѴѴ�v-lrѴbm]�-u;-�ŐƏĺƒƐ�_-őķ�
�b0-Ѵ;ŝv� Ѵb-m-�-0�m7-m1;�=-ѴѴv��;ѴѴ��b|_bm�|_;�u-m];�o=�rubl-u��=ou-
;v|v�-1uovv� |_;� |uorb1vĺ��u|_;ulou;ķ��;�v_o��|_-|� bm�1olr-ubvom�
�b|_� Ѵ-|;�v;1om7-u��=ou;v|v� bm��-l;uoomķ��b|_�vblbѴ-u����o=�|u;;vķ�
|_;�_;u;bm�u;rou|;7�Ѵb-m-�7;mvb|��bv�u;Ѵ-|b�;Ѵ��Ѵo�;u�Őb]�u;�ƒőĺ�$_bv�bv�
;�r;1|;7�]b�;m�|_-|�]-rv�-m7�;7];v�-u;�lou;�=u;t�;m|�bm�v;1om7-u��
ou�7bv|�u0;7�=ou;v|v�-m7�Ѵb-m-v�-u;�hmo�m�|o�|_ub�;�bm�v�1_�;m�buom-
l;m|v� Ő�-lr0;ѴѴ�;|�-Ѵĺķ�ƑƏƐѶĸ��;7o�ş�"1_mb|�;uķ�ƑƏƐƓĸ�"1_mb|�;u�ş�
�om];uvķ�ƑƏƐƐőĺ

$_;�7-|-�7bv|ub0�|bom� u;bm=ou1;v� |_;� b7;-� |_-|� |_;�1�uu;m|Ѵ��
7bv1�vv;7� ]Ѵo0-Ѵ� ubvbm]� o=� Ѵb-m-� -0�m7-m1;� l-�� 0;� ];o]u-r_b-
1-ѴѴ��Ѵblb|;7ķ�-v�b|�bv�l-bmѴ��7u-�m�=uol�Ѵb-m-�7-|-�=uol�v;-vom-Ѵ�
m;o|uorb1-Ѵ�=ou;v|v�Ő�-u|_-v-u-|_��;|�-Ѵĺķ�ƑƏƐƔĸ�"1_mb|�;u�;|�-Ѵĺķ�
ƑƏƐƔĸ�"lb|_ķ� �;;m0ouo�]_ķ��Ѵ�b-ķ�!ol;uoŊ"-Ѵ|ovķ�ş�(-Ѵ;m1b-ķ�
ƑƏƐƕőĺ

�m;�7b==b1�Ѵ|��u;]-u7bm]�|_;�bm|;uru;|-|bom�o=�1olr-u-|b�;�7-|-�
-ubv;v�7�;�|o�|_;�7b==;u;m|�lbmbl�l�	���1omvb7;u;7�=ou�Ѵb-m-�v�u-
�;�vĺ�);�u;b|;u-|;�|_;�m;;7�=ou� =oѴѴo�bm]�-�v|-m7-u7bv;7�ruo|o1oѴķ�
�_b1_��o�Ѵ7�bm1u;-v;�u;ruo7�1b0bѴb|��-m7�1olr-u-|b�;��-Ѵ�;�o=�|_;�
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‘Knowing is the key to caring, and with caring there is hope 
that people will be motivated to take positive actions. They 

might not care even if they know, but they can’t care if they 
are unaware’ 

Sylvia A. Earle, 
Marine biologist, ocean explorer, science communicator 
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What If Understanding Evolution Could 
Help Save Us? 
By Telma G. Laurentino 

Illustration by Telma G. Laurentino 

            
            

            
              

            
         

Sounds either militant or naive, but read me out. Let me share with you some facts 
and ideas that have the power to debunk misconceptions that harm us all, as a 
species, and as tenants of this planet. 

Humans aren’t the pinnacle of evolution 

Let’s look at a common misconception that is still propagated due to the 
misinterpretation of one specific scientific illustration — the one image that everyone 
associates with the term evolution: 

“Humans evolved from monkeys and are no longer exposed to natural selection 
because we are so smart!” 

I have been fascinated by biodiversity and nature since I can remember, so I took 
that passion and dedicated my life to the study of evolution. My quest started in 
Portugal and is currently unfolding in Switzerland, at the Zoological Institute of the 
University of Basel. Here, I’m doing a PhD on the genomics of natural selection on this 
cute little fish: the Three-spined stickleback, and it is my belief that the world could be 
a better place if everyone could see the beauty in evolution!
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When we talk about the evolution of modern Homo sapiens (not looking so sapiens 
lately), it’s important to remember that we are indeed apes. Our evolutionary history 
took place in the same set of tree branches of the Tree of Life that also includes 
creatures such as lemurs, spider monkeys, and apes. But all these species still exist to 
the present-day, which means that they are neither under-developed humans, nor 
did we evolve from them. 

The image above omits the concept of common ancestry (brought to us by Charles 
Darwin, father of the theory of evolution and a big personal crush). This means that, 
even though today we belong to different branches of the Tree of Life, around 8 to 6 
million years ago, an ape existed that was a common ancestor to humans and 
chimpanzees. 

Wrong image! Evolution isn’t linear (illustration by Telma G. Laurentino) 

Primate tree-of-life (Illustration by Telma G. Laurentino) 
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Evolution isn’t linear (ever) 

Since then, our species and the chimps followed independent evolutionary roads: this 
is speciation! At some point, during different evolutionary times, we shared an 
ancestor with every living creature. So, the accurate thing to say when talking about 
human evolution would be: “Human and monkey once shared a common ancestor.” 

Here’s a crucial take-home message: Evolution should never (ever!) be perceived 
(ever!) as a gradual linear march towards “humanization.” 

All our unique characteristics, that differentiate us from other species, are a result of 
our ecological context, the characteristics of our genome, completely random 
natural events and the natural selection our ancestors were exposed to (including 
who we decide to reproduce with). Our evolutionary history is full of migration, 
hybridization, speciation and extinction episodes. It has never been a linear and 
progressive line with humans as the ultimate achievement. 

We are not the center of the world 

Why is this important? Because I believe that a better understanding of evolution 
would help us to lose the anthropocentric perception of ourselves. This, in turn, would 
allow us to appreciate our profound connection with the biodiversity around us and 
to realize how we depended on it to survive, since the beginning of our existence. 

If we keep thinking of ourselves as the pinnacle of evolution, we remain blind to the 
fact that the species around us had to face the same struggle for survival and 
adaptation to be able to be our contemporary neighbors — actually room-mates, 
because we share the same atmospheric roof! This disconnection from the living 
world around us is dangerous and rapidly bringing us to face the major challenges 
we’ve ever met. 

So, although it might be hard to believe — with all the things that make us feel like 
regressing right now — we are still evolving. Sure, we invented medicine, hygiene, life-
supporting technologies, and all these other things that keep us from dying as often, 
but we are still subject to natural selection (and sexual selection, as well) just like any 
other of our room-mates. 

Humans are just one of the thousands of branches in the tree of life, dependent on so many 
others to survive (image adapted from: https://www.evogeneao.com/learn/tree-of-life). 
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Adaptation is the key 

Homo sapiens could have never survived without adapting to environmental 
changes in climate, food, social context and general lifestyle. And we all know how 
drastic these changes have been. Just ask your grandmother if she had all the 
processed food we now have, or if giant icebergs used to wash up at Cape Code. 

To deal with this, we have to evolve to adapt to such changes. For example, the 
variant of the gene that allows us to digest lactose (and thus enjoy the most amazing 
Swiss cheeses!) was absent in the early European farmers. We did not have this trait 
before, or during, the early Bronze age. The ancient populations with this gene variant 
have a Russian steppe ancestry, indicating that it might have spread in Europe with 
the arrival of the steppe pastoralists, around 4500 years ago. So next time you eat 
cheese without an annoying belly ache afterward, remember to thank evolution. 

Past adaptations can shape our future 

Now you might think: ok, 4500 years is a long time, are there any more recent 
examples? Yes, there are! and they connect with that very old event. For example, 
the Dutch population has become 20 cm taller in only 200 years. Apparently, taller 
Dutch guys have more children, and more of their children survive. But why? Part of 
the explanation is that being tall, in men, is associated with sexual attractiveness, 
health, and wealth. But there is also an environmental explanation. This hypothesis 
claims that the high consumption of cheese and milk (only possible with that lactase 
variant) could lead to this collective growth spurt (yes, the Dutch consume even 
more milk-based products than the Swiss). 

Why is this important to know if you are not into cheese or milk? First, it shows us how 
changes in our lifestyle and environment can shape our evolution for future 
generations, even centuries, from now. A fact that is important to remember in 
general and when we are faced with consumer decisions every day. If we keep 
going as we are, it looks like we expect our grandchildren to adapt to metabolize the 
plastic that we are dumping all around us. 

Evolution is nothing but the history of biodiversity, and we can learn from it the same 
way we can (or should) learn from history. It can teach us to understand better how 
connected we are with other species. It can help us realize that our impact on nature 
matters, not only for the environment, but to ourselves as a species. If we perceive 
ourselves as just one of many fragile branches in the Tree of Life, then this will, 
hopefully, make us keen to protect it, not only for the intrinsic value or moral 
obligation, but for the sheer sake of our survival. 

The University of Basel has an international reputation of outstanding 
achievements in research and teaching. Founded in 1460, the 
University of Basel is the oldest university in Switzerland and has a 
history of success going back over 550 years.  

Article as published in SciFive [https://medium.com/sci-five-university-of-basel] 
May, 2017  
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Script, Editing & Assembly by Telma G. Laurentino 
Art & Editing by Alexandra Viertler 
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Motivated by a desire to share our love of 
biodiversity and evolution with everyone, 
independently of how they experience the 
world, designer Marisa Xavier and I founded 
evALLution. In the multi-sensory tree of life, 
the participants followed a phylogeny 
constructed on carpet to tables representing 
20 taxonomic groups. All five senses were 
stimulated to learn about evolution. A full 
inclusive description can be found with the 
YouTube video. 

	

evALLution: 3 lessons the blind 
community taught us about inclusive 
teaching of evolution 
By Telma Laurentino 

When I was four years old, I was hypnotized by the marine wonders I saw watching the 
adventures in the documentaries of Jacques Cousteau. I also vividly remember the first time I 
saw the robins in my village, my favorite nature trivia books, and the first time I saw a dinosaur 
skeleton in a museum. Unsurprisingly, I grew up to be an evolutionary biologist. 

I’m sure this is a familiar story to many scientists: We saw the world, became fascinated, and 
wanted to know more. Scientific knowledge, and understanding of evolution’s “endless forms 
most beautiful,” are largely transmitted through visual experiences: a trip to the museum, a 
walk through the zoo, books and infographics. We learned about industrial melanism in the 
peppered moth, the beaks of Darwin’s finches, the structures of genes and the dynamics of 
genetic drift: concepts conveyed through colors, patterns and plots. But following this path, 
access to science starts to be unequally distributed. What about those of us who can’t see? 

There are about 36 million blind people in the world, and about 216 million more with moderate 
to severe visual impairment. Once you start talking to the blind community, you realize just how 
strongly scientific outreach, science communication, and research are based on visual 
elements. Under this status quo, blind people are denied access to knowledge and to 
participation in scientific communities. And the scientific community loses out on diversity that 
could promote more stimulating ways of teaching everyone. 
These thoughts were the motivation behind the first activity of our program, evALLution, 
which promotes inclusive education. Last March, we built a multi-sensory tree of life at the 
Portuguese Association for the Teaching of the Blind (APEC). 

Based on our experience, here are 3 principles that can help 
make evolutionary biology accessible to ALL. 

1. Curiosity and Empathy: Talk to people who experience the world
differently from you.

First and foremost, you need to listen to the people you want to reach. We are very grateful to 
have found someone completely willing to open the doors of their world to us and who was 
never baffled by our ignorance, but rather happy to teach us: Victor Graça, the president of 
APEC. 
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Victor, who is blind, pointed out to us that to someone who was born blind, describing a zebra 
as a horse with black and white stripes was meaningless. It was our first realization that the 
majority of natural history descriptions are still anchored in visual information. 
He further taught us that many blind people don’t read Braille, that touch is the main source of 
information for a blind person, and that even here nuances exist, because people who 
become blind later in life are not as sensitive to subtle textures. With this last point, he also 
reminded us of something extremely important: “Blindness is a condition that can affect 
anyone at any point in their lives, so why not make the world more accessible for everyone?” 

All our interactions with Victor and other people from the association allowed us to practice 
empathy while designing activities that we had not had to think about before: Could I 
understand this concept through a sensation other than vision? Could I acquire any 
information from this if I don’t understand colour?  Working together, we improved our activities 
until they could reach everyone. 

2. Creativity: translate evolution to sensation

Touch as the main sense of communication can raise some challenges: natural history 
collections are usually too unique or fragile to be freely manipulated, live specimens pose 
animal welfare concerns, and physical models can be inaccurate. This difficulty, however, 
fueled our creativity. Here are examples of how we played with the five senses to convey the 
beauty of evolution: 

Taste the ecology 

Many stories about the evolution of predator-prey interactions, for example the preferential 
survival of bitter Heliconius butterflies, can be told via taste. Other ecological traits can be 
discussed through taste as well, like the story of my beloved three-spined stickleback. After 
tasting fresh and salty water, we asked our visitors to play a game matching the lateral plate 
morphotypes (which they could feel on real specimens) with the respective environments they 
might come from. The ground was then set for a discussion of physiological and morphological 
adaptations to different salinity and predators. 

Smell the adaptations 

Plants are great for smelling adaptations! You can talk about evolution of plant-pollinator 
interactions, pest resistance, or plant chemical communication while people smell a lemon 
geranium or lavender flower. Scents bring to life beautiful examples of biodiversity and biotic 
interactions across the branches of the tree of life. 

Blind visitors explore the Tree of 
life with all senses. Photos by 
Marisa Xavier. 
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Listen to biodiversity 

Insects and birds are favorites for demonstrating the sounds of biodiversity. Numerous evolution 
topics can be taught based on sounds: sexual selection, character displacement, speciation. 
Even the very concept of species has an auditory component: simultaneously touching 
different birds and insects while hearing their sounds helps to convey the message that species 
have sets of characters that distinguish them, and that some are more clearly distinct than 
others. Even without seeing, people can understand that biodiversity is encoded in different 
traits. 

Touch evolution 

Butterflies are probably the most beloved insects. We wanted our blind visitors to sense their 
beauty too. Luckily, we were able to get some real specimens so that people could feel how 
delicate they were and get a sense of their general anatomy. However, the fascinating color 
patterns were still inaccessible. We solved this by creating tactile models of the real butterflies: 
on a thin fabric base, we drew the patterns with hot glue, allowing them to be felt. 

We also printed a lot of 3D models in our lab, used a Koosh ball to illustrate the feeling of of 
echinoderms’ tube feet, and provided other tactile models. We provided ficus and pine bonsai 
trees (along with information about their scale relative to full-sized trees) to explain how leaf 
shapes and bark textures change with climate and why. 

All of this crafting made evolution touchable. Having learned about the potential of the sense 
of touch to include everyone, we are working on investing more into it. 

3. Sharing is Caring: Make it reproducible!

The multi-sensory tree of life is the result of countless talks with people from the blind 
community, psychologists, science communicators, museologists and evolutionary biologists. 

The more we share our creative resources, the more widely these activities can be 
implemented and improved. This will move us more quickly towards a more inclusive and 
diverse scientific community, and towards a public more aware of evolution, biodiversity and 
our connection to it. 

 While asking around for pedagogic collections that we could borrow for the workshop, we 
also learned that a lot of places (for example zoos, forest parks, and nature reserves) are 
working to provide more inclusive activities. It became a mutual endeavor to make it happen.  

Now, we are working on a toolbox that we will make available together with data on evolution 
knowledge collected at our tree of life activity. Meanwhile, we’re developing new activities 
and excited to brainstorm with whoever wants to make their outreach more inclusive! 

Article as published in Society for the Study of Evolution (SSE) Community blog 
June, 2019 
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The world’s most beautiful story, told to all 
Written and Illustrated by Telma G. Laurentino 

I have the priviledge of being one of the thousands of authors who describe the 
world’s most beautiful (hi)story: evolution. As an evolutionary biologist, my work is 
focused on the effects of natural selection in populations of wild animals and in 
understanding how this evolutionary force generates and shapes biodiversity.  

Currently, I research the 
evolution of central-European 
three-spined stickleback fish 
(Gasterosteus aculeatus).  
I try to understand how natural 
selection promotes the 
adaptation of three-spined 
stickleback to different 
habitats and how adaptation  
is codified in the stickleback’s 
genome.  

The genome is basically the IKEA manual on how to build a species! 

All the information necessary for the stickleback to have the physical characteristics 
that make them look like stickleback instead of looking like… codfish! Is written in 460 
Mega of genetic information codified in sequences of 4 letters: ATCG. I look for the 
different patterns in the genetic code of stickleback adapted to different 
environments to understand how are codified and selected the characteristics, 
which are important for the survival and continuity of this species.  

My question: How does 
Natural Selection shape 
the genome of species?  

The last 200 years of research have allowed us to understand very clearly that 
different environments select different characteristics of organisms that maximize their 
survival and reproduction. What we still don’t understand very clearly, is how fast can 
selection act, specially at the genomic level.  

In Kontanz lake three-spined stickleback are big, bold, live in open water where they 
feed on zooplankton and are super protected by an external armor of dentin! 
However, in the surrounding streams, the same species has very different 
characteristics: they are smaller, they tend to have a reduced armor and they live in 
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the bottom of the stream where they feed on little invertebrates, constantly hiding 
between the stream stones.  

“What we want to understand 
is how and with what speed 
does nature select these 
differences e how are they 
codified in the genome.  
For that, we designed an 
experiment to capture natural 
selection acting in real-time!” 

We raised hybrids from parents from 
both environments (lake-stream) in 

the laboratory (remember that they are from the same species, they only inhabit 
different environment, so all we had to do was fertilize eggs from a lake female with 
sperm from a stream male and vice-versa). We then released these baby hybrids in a 
stream with natural conditions!  

We waited a year and went back to the experimental stream to observe who had 
survived. At this point we had several questions, being the biggest: Is the genetic 
composition of the survivors more similar to natural stream populations? Is one year 
enough time to observe natural selection acting?  

The answers to 
these questions 
allow us to better 
understand 
evolution: If the 
survivors have 
genomes way 
more similar to 
natural stream 
populations, then 
we know that we 
indeed observed 

natural selection acting! If a year is enough to observe this pattern, then we know 
that natural selection can act fast, even within a generation! And this was exactly 
what we saw.  

“What’s new and exciting in our experiment’s data is that we observed natural 
selection acting in front of our eyes: the stream quickly selected the characteristics 
indispensable to the survival of stickleback in that environment! Now, with further 
exploration of the stickleback IKEA manual we can know which characteristics those 
are!” 
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The story get’s even more beautiful when it reaches ALL! 

In parallel with my research, I like to share my wonder about evolution with as much 
people as I can. However, the world’s most beautiful (hi)story has been mainly told 
through visual media: photos, graphs and plots, books, documentaries…Which 
excludes people with visual deficiency – 253 million worldwide.   

Together with Marisa Xavier, we developed a multi-sensory tree of life that tells 
Evolution’s (hi)story to those who can not see it.  

Photos by Marisa Xavier and Telma G. Laurentino at evALLution’s event at the Portuguese association for 
the teaching of the blind (APEC) 

Stikleback proved to be an excellent organism also to teach evolution to people with 
visual deficiency. The differences in bony armor between lake and stream 
stickleback are easily felt when we touch them along the body.  

It was gratifying to experience that, with access to biodiversity and basic information, 
blidn people could predict that, in the lake, having a robust armor makes sure the 
stickleback survive when facing big-teeth predators that are absent in the streams. 
Feeling, for the first time, natural selection in action!  

Being so, my paragraph in the world’s most beautiful (hi)story, written together with all 
my co-authors, contributes to the understanding of the evolutionary forces shaping 
biodiversity and try that the wonder in that knowledge reaches as many people as 
possible, independently of how they experience the world.  

Telma G. Laurentino is a PhD student at the Zoological Institute from the 
University of Basel, Switzerland. The research group she’s part of 
(Salzburger Lab, Berner group) studies evolution, adaptation and 
genomics in populations of stickleback from different parts of the 
world. Telma has worked on several branches from the tree of life, but 
her favourites are the reptiles! Her favourite Portuguese outreach book 
is “A evolução culminou no homem?” by Teresa Avelar. 

Article translated from the version published in “O Beagle the Darwin” blog from the 
Portuguese Association for Evolutionary Biology (APBE) 
December 2019 
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Faculty of Sciences, University of Lisbon, Portugal  
Evolutionary biology and Development 
Thesis: Assessing the speciation continuum in the Iberian lizard Timon lepidus. 
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Jan. 2022  Faculty of Sciences, University of Lisbon, CE3C 
Seminars in Evolutionary Biology and Development (MSc)   
“Into the genomic wild! What can we learned about natural selection from a release-
recapture experiment” 
 

Oct. 2019  Federal University of Viçosa, Brazil 
Invited seminar  
“Evolutionary forces and biodiversity – the role of Selection” 
 

Oct. 2018  Museum of Vertebrate Zoology @ Berkeley University, California  
MVZ lunch seminar 
“Observing evolution: Adaptation stories told by the genomes of lizards and 
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“Influence of Ranavirus on the age structure of Bosca’s newts (Lissotriton boscai)” 
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Conference organization  
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Main organizer, Fund raiser, scientific content curator, delegate assistance, event outreach 
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team supervisor (30 people) and delegate assistance  

 

 

Publications 
 

• Laurentino TG, Boileau N, Ronco F, Berner D  
The EDA receptor (EDAR) is a candidate gene for lateral plate number variation in stickleback fish 
(submitted to G3: Genes, Genomes, Genetics)  
 

• Laurentino TG, Xavier M, Ronco F, Pina-Martins F, Domingues I, Penha B, Dias M, de Sousa A, Carrilho T, Rodrigues 
L, Pinheiro C*, Rato D*, Balata D*, Ayala G*, Matos M M*, Campelo M*, Botelho R*  
evALLution: making basic evolution concepts accessible to people with visual impairment through a multi-sensory 
tree of life  
Evolution: education and outreach (2021) 14:5; * Equal contribution 
 

• Haenel Q, Oke KB, Laurentino TG, Hendry AP, Berner D 
Clinal genomic analysis reveals strong reproductive isolation across a steep habitat transition in stickleback fish 
Nature Communications (2021) 12, 4850 

 
• Laurentino TG, Moser D, Roesti M, Ammann M, Frey A, Ronco F, Kueng B, Berner D  
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• Laurentino TG*, Haenel Q*, Roesti M, Berner D  

Meta- analysis of chromosome-scale crossover rate variation in eukaryotes and its significance to evolutionary 
genomics  
Molecular ecology (2018) 27 (11), 2477-2497  
•  co-authorship, alphabetical order 
top 10% of most read papers in Molecular Ecology (2018-2019) 
 

• Seabra S, Silva S, Nunes VL, Sousa VC, Martins J, Marabuto E, Rodrigues AS, Pina-Martins F, Laurentino TG, Rebelo 
MT, Figueiredo E, Paulo OS  
Genomic signatures of introgression between commercial and native bumblebees, Bombus terrestris, in western 
Iberian Peninsula – implications for conservation and trade regulation  
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Evolutionary applications (2018) 
 

• Costa GJ, Nunes VL, Marabuto E, Mendes R, Laurentino TG, Quartau JA, Paulo OS, Simões P Morphology, songs 
and genetics identify two new cicada species from Morocco : Tettigettalna afroamissa sp. nov. and Berberigetta 
dimelodica gen. nov. & sp. nov. (Hemiptera: Cicadettini)  
Zootaxa (2017)  4237(3), 517-544  
 

• Rosa GM, Sabino-Pinto J, Laurentino TG, Martel A, Pasmans F, Rebelo R, Griffiths RA, Stöhr AC, Marschang RE, 
Price SJ, Garner TWJ, Bosch J  
Impact of asynchronous emergence of two lethal pathogens on amphibian assemblages Scientific Reports(2017) 
7, 43260  
 

• Laurentino TG, Pais MP, Rosa GM  
From a local observation to a european-wide phenomenon: Amphibian deformities in Serra da Estrela Natural 
Park, Portugal  
Basic and Applied Herpetology (2016) 30, 7-23  
 

• Rosa GM, Laurentino TG, Madeira M  
Field observation of foraging behavior by a group of adult diving beetles Agabus (Gaurodytes) bipustulatus 
preying on an adult Lissotriton boscai.  
Entomological Science(2012) 15: 343-345  
 
Peer reviewing work for Herpetological Notes; Ecology and Evolution 

 

Courses and Workshops 
 

Oct. 2021 
 

Othering and Belonging 2021 conference workshops  
� Cultural strategies for belonging   
� Breaking Patterns & Heirlooms and Accessories: Using Arts to Look at Lineage 

and Narrative (Studio Pathways) 

Aug. 2021 
 

Authentic academic  
Guided reflections for a transformative and inclusive academic culture (Prof. Bree 
Rosenblum)  

Apr. 2021 
 

Science Storytelling 
Berkeley SciComm, University of California, Berkeley, USA 
 

Mar. – Oct. 2018  Antelope@University workshops 
� How to become a more efficient researcher  (Tress & Tress GbR) 
� Negotiate with success (Negoservices, Inc.) 
� Action! The making of a video abstract (Hoppenhaus & Grunze)  
 

Jun. 2017 
 

Evolutionary Biology in Guarda  
University of Basel and ETH, Switzerland 
Evolution � Project design � Grant proposal writing  
 

Aug. 2015 Tropical Ecology field course, Uganda  
Tropical Biology Association, Kibale research station & Queen Elizabeth National Park 
Tropical Ecology � Data collection � Project design � Data analysis  
 

Aug. 2014 EcoEvoDevo summer school  
Department of Biological and Medical Sciences, Oxford Brooks University 
EvoDevo theory � Field work � CRISPR/Cas9 � In situ hybridization 

 

 

Awards & Honors 
 
• Student elected representative of the MSc in 

Evolutionary Biology and Development (2012-2014) 
 
• Invited spokesperson for APBE-Portuguese 

Association of Evolutionary Biology (2015)  

• Best poster award @ CE3C junior researcher meeting (2014) 
 

• First author of one of the most read papers of Molecular 
Ecology (2018-2019) 

 
• SSE Sponsorship Highlight (2019) Link 
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Media engagement  
 

Fev. 2013 & Mar. 2017 
Terras da Beira  

Newspaper article featuring research on local amphibian epidemiology  
’13 Link ’17 Link 

 
Apr. 2021 
Expresso do Oriente 
 

 

Newspaper article featuring evALLution work with people with blindness  
Link 

Apr. 2020 
Science Daily  

Article featuring PhD research work on genomics of adaptation in stickleback fish 
Link 

 

 

Additional skills 
 
Languages 
 
Portuguese native � English C1 
 
Spanish B1 � German A1+   
 
R > Unix shell > Slurm > Python user 
in bioinformatics context 
(Data parsing and analysis) 
 

Lab 
 
Genomics (Rad & Pool seq) 

    
   Genetics (PCR, primer design, 

Sanger seq…)  
 
Skeletochronology, CT scanning, 
3D printing, collection specimen 
prep. (Basics)  

 

Field 
 
Lizards (tomahawk traps 
& lasso) 
Birds (>50 ringed passerines) 
Fish (Electrical, rod, under-water 
gillnet and minnow trap) 
Arthropods (net sampling: butterflies, 
bumblebees, cicadas)  
Amphibians (net sampling, Chytrid 
swabbing)  

 
Certified in field hygiene protocols & ethical handling of field and laboratory animals (rat, mouse, reptiles, amphibians).  

  
 (510) 365-9203  telma.laurentino@gmail.com  www.telma-laurentino.netlify.app 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 

194



Inauguraldissertation zur 
Erlangung der Würde eines Doktors der Philosophie 

vorgelegt der Philosophisch-Naturwissenschaftlichen Fakultät 
Der Universität Basel von  

Telma G. Laurentino 

betreut von 
Prof. Dr. Walter Salzburger  

evaluiert von  
Prof. Dr. Walter Salzburger, Dr. Daniel Berner,  

Dr. Yvonne  Willi  & Dr. Philine  Feulner

2022  

Exploring the molecular 
footprints of natural selection  

in threespine stickleback 


	My Bookmarks
	MEC_SI_titlePage
	AppendixS1

