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Table S1. Organisms exhibiting a reduced crossover rate in the center of chromosomes as
compared to the peripheral chromosome domains (upper part of the table), and organisms
not displaying this broad-scale crossover pattern (lower part of the table), sorted
alphabetically by species names within each organismal kingdom. The list is based on a
literature survey of 46 total species for which both well-assembled chromosomes (physical
positions) and crossover rate information along these chromosomes were available. Most
species listed as providing evidence of relatively reduced crossover rate in chromosome
centers were rated so because the authors of the corresponding studies themselves explicitly
inferred a general broad-scale reduction in crossover rate in chromosome centers relative to
the peripheries (E for ‘explicit’ in the Evidence column). In some studies, the pattern was not
discussed by the authors but was unambiguous when inspecting graphics presenting the
association between physical chromosome position and crossover rate (V for ‘visual’ in the
Evidence column). To help readers appraise our categorization, the Reference(s) column
specifies in parentheses the key graphical item in the corresponding publication used as
basis for our rating.

Seven exemplary species in which broad-scale heterogeneity in crossover rate along
chromosomes is clearly unrelated to the location of the centromere position are marked by an
astersik (*). We note that in some taxa like nematodes (including Caenorhabditis) or
Lepidoptera (including Heliconius), the chromosomes are holocentric (i.e., they lack a
localized centromere) so that broad-scale heterogeneity in crossover rate must be unrelated
to the centromere location. In most organisms, however, the relationship between crossover
rate and centromere location cannot be evaluated, either because the chromosomes are
(close to) metacentric (i.e., centromere is located in the physical center of a chromosome), or
because the centromere positions are unknown.

Our survey reveals clearly that a reduced crossover rate in chromosome centers is a general
biological phenomenon, although three exceptions emerge.

Scientific name Coll.oquujﬂ Kingdom Evidence Reference(s)
designation | (Subgroup)
Organisms with reduced crossover rate in chromosome centers relative to the peripheries:
. Yellow fever . . . .
Aedes aegypti mosquito Animal (insect) | E Juneja et al. 2014 (Fig. 5)
Lo Animal .
Bos primigenius Cattle (vertebrate) E Sandor et al. 2012 (Suppl. Fig. 2d)
Caenorhabatis Worm Animal E Ross et al. 2011 (Fig. 2)
briggsae (nematode)
Caenorhabditis elegans | Worm Animal E Rockman & Kruglyak 2009 (Fig. 1)
g (nematode) gy 9
, e Animal .
Canis lupus familiaris Dog (vertebrate) E Wong et al. 2010 (Fig. 1)
. . ) Animal )
Danio rerio Zebrafish (vertebrate) E Bradley et al. 2011 (Fig. 2)




Animal

Daphnia magna Waterflea (crustacean) Dukic et al. 2016 (Fig. 4)
Dicentrarchus labrax Seabass Animal Tine et al. 2014 (Fig. 4c)
(vertebrate)
Drosophila . . . .
melanogaster Fruit fly Animal (insect) Mackay et al. 2012 (Fig. 2a)
. . Domestic Animal . .

Felis catus cat (vertebrate) Li et al. 2016 (Fig. 2)

. L Collared Animal . ,
Ficedula albicollis flycatcher (vertebrate) Kawakami et al. 2014 (Figs. 5, 6 & 8)

. Animal .
Gallus gallus Chicken (vertebrate) Groenen et al. 2009 (Fig. 2)
Gasterosteus Threespine Animal Roesti et al. 2013, Glazer et al. 2015;
aculeatus™ stickleback (vertebrate) (e.g., Fig. 1in Roesti et al.)
Passion- Davey et al. 2016; Simon Martin,

Heliconius melpomene

vine butterfly

Animal (insect)

personal communication

Kong et al. 2002, Jensen-Seaman et al.

Homo sapiens® Human Animal 2004, Tapper et al. 2005, Chowdhury et
p (vertebrate) al. 2009, Auton et al. 2012; (e.g., Fig. 1a
in Auton et al.)
Channel Animal . .
Ictalurus punctatus catfish (vertebrate) Liu et al. 2016 (Suppl. Fig. 2a-e)
Mus musculus House Animal Brunschwig et al. 2012 (Fig. 1b)
mouse (vertebrate) 9 ' 9
Nasonia vitripennis, N. | Parasitic Animal (insect) Niehuis et al. 2010 (Fig. 1)
giraulti wasp
Pan troglodytes verus Chimpanzee Animal Auton et al. 2012 (Fig. 1a)
gloay P (vertebrate) ' 9
Pungitius pungitius Ninespine | Animal Rastas et al. 2015 (Fig. 3a,b)
9 pung stickleback | (vertebrate) ’ g,
Rattus norvegicus Brown rat Animal Jensen-Seaman et al. 2004 (Fig. 1)
9 (vertebrate) ' 9
Atlantic Animal . .
Salmo salar salmon (vertebrate) Tsai et al. 2016 (Fig. 2)
Sorex araneus Common Animal Borodin et al. 2008 (Fig. 2 & 3)
shrew (vertebrate) ’ 9
. . Animal .
Sus scrofa Wild boar (vertebrate) Tortereau et al. 2012 (Fig. 1 & 3)
Taeniopygia guttata Zebra finch | Animal Backstrm et al. 2010 (Fig. 1 & 2)
pygia g (vertebrate) ’ 9
Saccharomyces Yeast Fungus Barton et al. 2008 (Fig. 4)
cerevisiae
Zymoseptoria tritici - Fungus Croll et al. 2015 (Fig. 2 & Suppl. Fig. 5)
Beta vulgaris Sugar beet Plant Dohm et al. 2012 (Fig. 3)




Brachypodium Purple false | b nt E Huo et al. 2011 (Fig. 2)
distachyon brome
Brassica napus Rapeseed Plant \% Wang et al. 2015 (Fig. 3)
Citrullus lanatus Watermelon | Plant E Ren et al. 2012 (Fig. 4)
Cucumis melo* Muskmelon | Plant E Argyris et al. 2015 (Fig. 2)
Glycine max* Soybean Plant E Schmutz et al. 2010 (Suppl. Fig. 1)
Helianthus annuus Common Plant Vv Renaut et al. 2013 (Suppl. Fig. 5)
sunflower
Juglans regia Walnut Plant Luo et al. 2015 (Fig. 1)
Miscanthus sinensis Silvergrass Plant Swaminathan et al. 2012 (Fig. 4a)
Oryza sativa Rice Plant Tian et al. 2009 (Fig. 2)
Phaseolus vulgaris E;’;]mon Plant E Bhakta et al. 2015 (Fig. 4)
Solanum lycopersicum | Tomato Plant E Tomato Qenome Consortium 2012
(Suppl. Fig. 1)
Solanum tuberosum Potato Plant Endelman et al. 2016 (Suppl. Fig. 4)
Sorghum bicolor Sorghum Plant Bekele et al. 2013 (Fig. 7)
" . Common Akhunov et al. 2003, Gardner et al. 2016
Triticum aestivum Plant E . .
wheat (e.g., Fig. 5in Gardner et al.)
Zea mays* Maize Plant E Anderson et al. 2003, Bauer et al. 2013,

Lietal. 2015 (e.g., Fig. 2ain Li et al.)

Organisms without reduced crossover rate in chromosome centers relative to the peripheries:

Solignac et al. 2007, Liu et al. 2015

Apis mellifera Honey bee Animal (insect) |V (e.g., Fig. 4 in Solignac et al.)
Signer et al. 2005, Salomé et al. 2012,
Arabidopsis thaliana Thale cress | Plant \% Choi et al. 2013 (e.g., Suppl. Figs. 9-11
in Singer et al.)
Medicago truncatula Barrelclover | Plant E Paape et al. 2012 (Fig. 1)




Table S2. Overview of analyses performed to validate assumptions underlying the standard simulation model.

Model element | Check Result Visualization
Starting allele The starting allele frequencies at all genetic | Modifications of the starting allele Fig. S1a,b
frequencies loci are determined by sampling randomly frequencies at the genetic loci do not
from an uniform or from an exponential alter the conclusions drawn from the
distribution (standard model: the starting base model
allele frequency is 0.5 at all genetic loci)
Fitness function | Individual fitness is a multiplicative function Whether fitness is calculated Fig. S1c
of the allelic states across loci (standard additively or multiplicatively does not
model: additive fitness) impact conclusions
Reproductive Within each generation of evolution, each Results are quantitatively very details not
scheme population forms N mating pairs producing similar between the two reproductive | presented
one offspring each (standard model: N/2 schemes
mating pairs producing two offspring each)
Ploidy of Individuals are modeled as diploids Ploidy does not change simulation Fig. S1d
individuals (standard model: haploid individuals) results and conclusions
Crossover rate Overall (i.e., average) crossover rate is two Differentiation, including CCBD, Fig. S2
fold higher or lower than in the standard becomes slightly weaker with
model increasing crossover rate.
Importantly, however, the overall
crossover rate proves to have no
qualitative effect on the general
pattern of differentiation across the
chromosome.
Selection Cumulative selection strength across all Ploidy does not change simulation Fig. S3a
coefficient per selected loci is held constant, and hence results and conclusions
locus when changing the number of loci under
selection (SL), the per-locus selection
coefficient changes (standard model: the
selection coefficient is defined at the level of
the locus, hence the cumulative selection
strength varies when changing SL)
Chromosomal Individuals are represented by three Conclusions are not contingent on Fig. S4
representation chromosomes each (standard model: a the number of chromosomes
of individuals single chromosome)
Differentiation Fst and Dy, used as alternative metrics to Results and conclusions are robust Fig. S7
metric quantify population differentiation (standard to the specific differentiation metric
model: simple allele frequency difference) applied
Simulation Interpretation of individual simulation Despite noise, the general features Fig. S8
averaging replicates (standard presentation is identified with the standard model

averages across 100 simulation replicates)

can be observed in single simulation

replicates




Table S3. Full parameter ranges explored with the standard simulation model of multilocus

divergence with gene flow. Default values are indicated in bold.

Parameter Description Parameter range considered
N Number of haploid individuals per population | 250, 500, 750, 1,000, 2,500, 5,000, 7,500, 10,000,
25,000, 50,000

SL Number of selected loci 4,8,12,16, 20

s Selection coefficient for each locus under 0, 0.00125, 0.0025, 0.005, 0.0075, 0.01, 0.0125, 0.0175,
selection 0.02, 0.025, 0.0375, 0.05, 0.0625

m Migration rate (proportion of each population | 0, 0.001, 0.005, 0.01, 0.0125, 0.0175, 0.025, 0.0375,
moving to the other population in the 0.05,0.1,0.2
beginning of each life cycle)

g Generations of evolution 10, 20, 50, 100, 200, 500, 1,000, 2,000, 5,000

f Starting frequency of the derived allele at the | 0.0005, 0.001, 0.005, 0.01, 0.025, 0.05, 0.1, 0.2, 0.3, 0.4,
selected loci 0.5

chias Proportion of crossover occurring in the 0.5, 0.6, 0.7, 0.8, 0.9, 0.95, 0.975, 1

chromosome periphery




Table S4. Overview of the standard simulation model and all its modifications.

Name

Description

Visualization

Standard model

Base model for two populations adapting under polygenic
divergent selection to different environments in the presence of

gene flow.

Basis of all analysis
and figures unless

specified otherwise

Restricted gene flow

model

The selected loci (SL), but not the neutral loci (NL), are
exchanged as entire haplotypes during migration between the
diverging populations (see Fig. S5). This allows investigating
the effect of hitchhiking independently from the effect of the
gene flow barrier in driving population differentiation at the NL.
Subtracting the magnitude of differentiation at the NL observed
in the restricted gene flow model from the magnitude of
differentiation in the standard model therefore isolates the
characteristic contribution of the gene flow barrier to population

differentiation.

Fig. 2b; conceptual

visualization: Fig. S5

Secondary contact

model

Two secondary contact scenarios were considered: (i) Both
diverging populations have all SL fixed for their locally
favorable allele in the beginning of the simulations, mimicking
a situation in which two populations have reached complete
local adaptation during a phase without any gene flow
(allopatry). Evolution otherwise occurs as in the standard
model. (ii) The population first diverge in allopatry (m = 0) for
1,000 generations, followed by 2,000 generations of
divergence with gene flow (during which differentiation was
tracked).

Fig. S10c,d

Different SL model

All SL are shifted by one position along the chromosome
relative to the standard model (see Fig. S6). The loci under
selection are thus not the same in the two models. Comparing
differentiation within a population pair diverged under this
different SL model to differentiation within a population pair
diverged under standard model conditions allows investigating
how CCBD can result in patterns consistent with parallel
genomic divergence, despite the absence parallelism in

divergent selection between population pairs.

Fig. 6b; conceptual

visualization: Fig. S6

Selection target density

model

The density of SL is skewed to either the center or the
peripheries of the chromosome. That is, the model assumes
either 10 SL in the periphery and 6 SL in the center, or vice
versa. Data obtained from this model allow investigating
whether a difference in the density of selection targets
between the chromosome center versus periphery could

explain the emergence of strong CCBD.

Fig. S11b




Figure S1
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Figure S1. Complementary simulations to validate the robustness of our default model
assumptions. Results obtained from simulations where the starting allele frequencies for all loci were
determined by sampling randomly from (a) the uniform and (b) the exponential distribution were
comparable to the results from our default simulation models (where the starting allele frequencies were
0.5) (see also Fig. S10b). (c) To confirm that our results were not dependent on the fitness definition, we
performed simulations in which individual fitness was a multiplicative function of the number of locally
unfavorable alleles. That is, fitness was specified as (1-s)”, where n corresponds to the number of locally
unfavorable alleles along the chromosome. (d) To confirm the robustness of the results generated with
our default haploid simulation model, we implemented an analogous model with diploid individuals. The
total number of chromosomes in the population here coincided with the one in the haploid model (i.e., N),
but the chromosomes were contained in pairs within hermaphrodite, sexually reproducing individuals.
Accordingly, individual fithess and hence the probability to reproduce was determined by the number of
locally unfavorable alleles at the loci under selection across both chromosomes (i.e., 2*SL selected loci).
Individuals selected to form a reproductive pair (N/4 pairs in total) produced four haploid gametes
analogously to typical meiosis in natural system with one crossover: two gametes exhibited crossover
between the chromosomes while two remained non-recombined. All reproductive pairs then produced two
diploid offspring, each combining a gamete selected at random from each parent. The figure's plotting
conventions are identical to the ones in Fig. 2a. Curves show means across 100 replicate simulation runs,

both for standard model settings and for population divergence in allopatry (i.e., m = 0).



Figure S2
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Figure S2. Influence of variation in the overall crossover rate (r) on CCBD. Simulations run with a
twofold lower (left panel) and higher (right panel) overall crossover rate than that chosen as our
biologically realistic default (central panel) demonstrate that CCBD and overall differentiation become
slightly weaker with increasing crossover rate. Importantly, however, the overall crossover rate proves to
have no qualitative effect on the general pattern of differentiation across the chromosome. Plotting

conventions are as in Fig. 4.
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Figure S3
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Figure S3. Influence of variation in the number of SL with constant total selection strength, and of
the initial allele frequency of the two alleles at the SL, on CCBD. (a) The magnitude of CCBD at the
SL and NL increases with the number of loci under selection. Contrary to Fig. 4d, the cumulative strength
of selection across all SL was here held constant, so that the per-locus selection coefficient decreased
proportionally with increasing locus number. (b) As long as the minor allele frequency at the SL in the
beginning of the simulations is greater than a few percent, the imbalance between the two alleles has only
a trivial influence on CCBD. Across this broad parameter range, the magnitude of CCBD declines subtly
as the allele frequency approaches perfect balance (i.e., f = 0.5). The reason is that in the population
initially more strongly maladapted, the favorable alleles drive more extensive initial hitchhiking when they
rise from a low starting allele frequency. However, if the minor allele frequency at the SL is highly
imbalanced (f below a few percent), the outcome of evolution is qualitatively different. In this range, locally
favorable alleles are so rare in one of the habitats they will generally segregate in isolation from other
favorable alleles; that is, they will rarely recombine into a haplotype substantially fitter than immigrant
haplotypes. In this population, beneficial alleles at the SL thus become prone to swamping by gene flow.
Consequently, the magnitude of adaptive divergence between the populations declines as f approaches
zero — the population whose beneficial alleles are initially very rare will remain relatively maladapted, thus

impeding the emergence of gene flow barriers and CCBD. All plotting conventions are as in Fig. 4.
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Figure S4
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Figure S4. Extension of the standard simulation model to multiple chromosomes. To confirm the

robustness of the analyses based on our standard single-chromosome model, additional simulations were
performed in which each individual consisted of three independently segregating chromosomes, each

containing loci under divergent selection. (a) With default parameter settings (hence 48 total SL, given as

filled circles), strong CCBD emerges, as in the standard model (Fig. 4). The model in (b) differs from a in

that the crossover rate is uniform across the chromosomes (i.e., the parameter cbias is set to 0.5, see Fig.

4e), a condition still slightly promoting hitchhiking in the chromosome peripheries (see Fig. S10b). Plotting

conventions

are as in Fig. 4.
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Figure S5
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Figure S5. Details on the restricted gene flow model used to identify the contribution of hitchhiking
— irrespective of the gene flow barrier — to CCBD. (a) Schematic of the migration scheme. First,
individuals from each of the two selectively different habitats (Hy and H;) are drawn at random for
migration to the opposite habitat. In this graphic, individuals are represented as single chromosomes, with
neutral loci (NL, displaying black or white alleles) shown as circles and loci under divergent selection (SL)
shown as squares (yellow and blue alleles favorable in Hy and H;, respectively). For clarity, the schematic
shows only the first 23 loci of each chromosome. During the migration phase, pairs of migrants from the
two habitats mutually exchange their alleles only at the SL. These alleles migrate as intact haplotypes,
while the recipient neutral backgrounds also maintain their haplotype structure. The SL thus evolve
exactly as in the standard model of divergence with gene flow [compare (b) to the left panel in Fig. 2a].
Since the alleles at the NL are not exchanged between the populations (i.e., gene flow at the NL is zero),
however, selection can influence divergence at the NL only through hitchhiking caused by selection on the
SL.The barrier to gene flow thus cannot operate as a driver of CCBD at the NL. The contribution of the
gene flow barrier to CCBD at the NL can be then identified by calculating the differences in the magnitude
of CCBD between the standard model (where both hitchhiking and the gene flow barrier operate) and the

restricted gene flow model (where only hitchhiking operates).
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Figure S6
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Figure S6. Schematic of the different SL model versus the standard simulation model. Neutral loci

are shown as circles and display different alleles in black and white. Loci under divergent selection (SL)

between the two populations residing in ecologically different habitats (Hy, and H;; indicated by different

background colors) are shown as squares. For clarity, only one individual per population and only the first

23 loci of each chromosome are shown. The only difference between the two models is that the SL are

shifted by one physical position along the chromosome. Hence, the population pairs in the two models

diverge along completely different (non-parallel) selective axes. Loci neutral in both models (indicated by

dashed lines; total N = 68) were used to screen population pairs from the two different models for (non-

)shared patterns in chromosome-wide differentiation values and high-differentiation 'outliers'.
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Figure S7
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Figure S7. CCBD captured by different metrics for genetic population divergence (allele frequency
difference, Fsr, and D,y). To verify the robustness and generality of the standard metric used to quantify
population differentiation (and thus CCBD) in our study, we compared multiple alternative statistics of
population differentiation calculated from the same simulated data sets. (a) Our standard approach used
throughout the paper was to quantify differentiation as the absolute difference between the populations in
the frequency of the allele 1. In (b), allele frequency data from the loci were used to calculate
differentiation as Fst based on haplotype diversity (equation 7 in Nei & Tajima 1981; see e.g., Roesti et al.
2012a, 2015). The plots in the bottom row show differentiation expressed as Dy, (Nei & Li 1979),
representing the mean number of nucleotide differences between pairs of sequences from two different
populations. This metric is generally calculated based on allelic information from a stretch of DNA and not
for single base positions. We thus analogously computed D,, for non-overlapping windows along the
chromosome. For (c), we considered both the SL and NL within the sliding windows, each spanning either
10 loci (i.e., ‘high resolution’; raw and smoothed values shown as black dots and black line) or 25 loci (i.e.,
‘coarse resolution’; raw values shown as white dots). For (d), we considered the NL only and used a
sliding window size of 7 (high resolution) and 21 (coarse resolution) loci. To calculate Dy,, we formed 100
pairs of chromosomes selected at random without replacement from each population, whereas a and b
are based on the complete data from each population. Note that Dy, in ¢ and d is high compared to values
commonly reported in empirical studies, because all loci on our simulated chromosome were initially
polymorphic within each population. Throughout the graphic, data points represent averages across 100

replicate simulations generated with the standard simulation model and default parameter settings.
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Figure S8
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Figure S8. CCBD in individual simulation replicates. To illustrate variation among individual simulation
runs, (a) visualizes the emergence of CCBD over time at the selected (SL) and neutral (NL) loci for ten
randomly selected replicates, and (b) shows differentiation along the chromosome at the two types of loci
(SL and NL represented by dashed and solid lines) for five random replicates. The simulations were run
with default parameter settings, and the plotting conventions are analogous to Fig. 2a and Fig. 4. (c)
Histogram showing the distribution of the magnitude of CCBD at the neutral loci across 100 replicate
simulations (the vertical dashed line indicates the mean). Note that bias in differentiation toward the

chromosome center is observed at both the SL and NL in all individual simulation runs.
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Figure S9
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Figure S9. Magnitude of CCBD in different types of allopatric population comparisons. The
schematics in the left column recapitulate the migration regimes and the type of comparisons among
populations (for further details see Fig. 5a). The graphs in the right column show the corresponding

magnitude of CCBD and population differentiation at the NL over time. The data were generated using the
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standard model with default parameter settings, and the plotting conventions for the right column follow

those of Fig. 2a. Note that in all three scenarios, CCBD is weak relative to the magnitude of overall

differentiation across the chromosome (compare to Fig. 2a, bottom), and arises from hitchhiking while the

populations establish migration-selection balance at the SL. Hence, even when gene flow barriers may

drive increasingly strong CCBD over time within pairs of populations diverging with migration (Fig. 2a),

allopatric comparisons involving such populations will not reveal this barrier effect.
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Figure S10
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Figure S$10. The influence of the complete absence of selection, a uniform crossover rate, and
secondary contact on the magnitude of CCBD and overall population differentiation. (a) Simulations
with the standard model in which divergent selection is absent (s = 0) make clear that CCBD is a
fundamental signature of adaptation to ecologically distinct habitats. (b) Even when the crossover rate is
completely uniform along the chromosome (b = 0.5), subtle CCBD can arise, an effect detectable mainly
at the SL. Because the magnitude of CCBD does not materially increase beyond the initial phase during
which migration-selection balance is established, the pattern must be driven by hitchhiking. This was
confirmed by simulations based on the restricted gene flow model with b = 0.5; details not presented. (c)
Secondary contact scenario. Here, divergence with gene flow starts with both populations being perfectly
adapted to their home habitats (i.e., fixed for opposed alleles at the SL), corresponding to migration after
adaptive divergence in complete isolation. The result differs from the outcome of the standard primary
divergence model (Fig. 2a) only in the early phase of evolution during which migration-selection balance is
established. Beyond this phase, the results of the two models converge. (d) A very similar result was
obtained when we modeled an initial phase of 1,000 generations of allopatric population divergence (i.e.,
m = 0), followed by 2,000 generations of gene flow (m = 0.01) during which we tracked CCBD and overall
(mean) differentiation. In comparison to ¢, however, slight CCBD (and mean differentiation) caused by
hitchhiking during the allopatric phase is noticeable at the beginning of divergence with gene flow

(secondary contact) already. All panels are plotted according to Fig. 2a.
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Figure S11
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Figure S11. Distribution of selection targets along chromosomes and its contribution to CCBD. (a)
Chromosome-scale distribution of two proxies of potential selection targets — the density of genes and the
total transcript length — within the genome of 22 organisms (ten animals, one fungus, eleven plants). For
both variables, the distributions were characterized by dividing the values from the center of each
chromosome by the corresponding value from the entire chromosome. A value of 0.5 indicates the
absence of any bias (dashed gray line). For each organism, the chromosome-specific bias in gene density
(black circles) and in total transcript length (gray circles) is given, along with the median and 95%
bootstrap Cl across all autosomes to the right of them. In contrast to animals and the fungus, plants
exhibit a systematic bias in both the density of genes (grand mean of all plant species: 0.352, 95%
bootstrap Cl: 0.228-0.430) and total transcript length (grand mean: 0.364, Cl: 0.279-0.442) across
chromosomes. This bias, however, is opposite to what is expected if a heterogeneous distribution of
selection targets along chromosomes was instrumental for CCBD, because chromosome peripheries —
and not chromosome centers — exhibit an increased density of potential selection targets. (b) Simulations
exploring how a bias in the physical distribution of SL influences CCBD (black curves) and overall (mean)
differentiation (gray curves), shown for SL (dashed) and NL (solid). The density of SL was either biased
toward the chromosome's center (center-biased SL) or peripheries (periphery-biased SL). To assess the
consequences of a biased distribution of SL independently from heterogeneity in crossover rate,
simulations were run with both heterogeneous (chias = 0.9) and uniform (cbias = 0.5) crossover rate
across the chromosome. Although a substantial bias in the distribution of the SL was modeled (i.e., the
high-density chromosome region harbored 67% more SL than the low-density region), the consequences
on population differentiation remain relatively trivial, emphasizing that CCBD must primarily reflect

heterogeneity in the rate of crossover.
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Figure S12
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Figure S12. CCBD adjusted for overall (mean) differentiation in different population contrasts. Our
simulations of adaptive population divergence with (Fig. 2) versus without (Fig. S9) gene flow indicated
that the magnitude of CCBD in relation to overall differentiation should be indicative whether or not
divergence has occurred in the face of gene flow. We thus calculated 'mean-adjusted CCBD'. For this, we
subtracted from the magnitude of CCBD (i.e., mean differentiation in the center minus mean differentiation
in the periphery) the overall (mean) differentiation across all loci. We considered four different scenarios: (i)
Standard divergence with gene flow (‘Parapatric’). (ii) Divergence in complete isolation ['Allopatric (strict)',
that is, none of the focal populations exchanges migrants with any other population. (iii) The focal
populations diverge by exchanging migrants with a separate, non-focal population occupying a selectively
different habitat [‘Allopatric, (different)’]. These scenarios are illustrated in Fig. 5a and Fig. S9. CCBD
adjusted for overall differentiation is dramatically higher between populations diverging with than without

gene flow.
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Figure S13
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Figure S13. Establishment of linkage disequilibrium along the chromosome over time. Average
magnitude of LD across the chromosome (gray line), and the difference in LD between the chromosome
center and the peripheries ('LD-hump'; black curve), during evolution in the standard, the allopatry (strict;
see Fig. 5a), the restricted gene flow, and the secondary contact models. LD is expressed as mean
pairwise R? within a population between a focal locus and its two flanking loci on either side, considering
only the NL. The plots are based on 25 replicate simulations, integrating data from both populations per
replicate. Note that in all models (hence consistent across different migration contexts), patterns of LD
consistently emerge mostly during the initial phase of substantial allele frequency changes at the selected

loci (Fig. 2a), indicating that LD is caused primarily by hitchhiking.
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Figure S14

Gene density bias

0.f15 O.lSO 0.]55 0.160 0.165 0.170
O @D OO 00 00 @ 0
O.PO ;. -. P N ,-__ - = ~ ‘ 025
CCBD O O (ZD\ 000 00 O 0O @
15 14 46510 318 11 B 9 613 S 23 ;3;"'7 4 I{i 1 1712‘ &= 220
O d’a);oﬁp OO © O
0.5’)0 O.ZI’>5 0.210 0.2«5 0.i50 0.é5 O.éO

Total transcript length bias

Figure S14. Bias in the distribution of potential selection targets across chromosomes does not
explain magnitude of CCBD in the stickleback genome. Gene density bias reflects the number of
genes in the center divided by the total gene number of a chromosome for all 20 stickleback autosomes.
Accordingly, total transcript length bias was calculated by dividing the cumulative length of all transcripts
in an autosome's center by its total transcript length. The dashed gray vertical lines represent the
expected value (0.5) in the absence of any bias between a chromosome's center versus its peripheries.
The small numbers in the central panel identify the chromosomes. We find that the extent of CCBD, here
calculated for two parapatric lake and stream stickleback populations (Boot drainage; see Fig. 8), neither
correlates with the magnitude in biased gene density (Spearman rank correlation coefficient = 0.044, P =
0.856) nor biased transcript length (Spearman rank correlation coefficient = -0.203, P = 0.394). This
finding opposes the strong association found between the bias in the rate of crossover and CCBD (see
Fig. 8a).
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Figure S15

Recipe for
Berner Roesti — a Swiss national dish

Ingredients (4 servings):

800 g potatoes (waxy), boil not too soft the day before
120 g bacon, diced
1 teaspoon salt

3 tablespoons butter (lard or vegetable oil works too)

. Grate the potatoes coarsely, mix with bacon and salt. Let rest for some minutes

. Melt butter in a frying pan, add the potato mix from above and stir well to mix the fat and the

potatoes

. Fry at medium heat by turning repeatedly (if you feel confident, you can flip the Berner Roesti in the air)

until a crispy, golden crust has formed. The final Berner Roesti can be cut almost like a cake. Enjoy!
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Methods S1

We examined to what degree CCBD could be influenced by broad-scale heterogeneity in the distribution
of selection targets along chromosomes. The motivation was that if organisms consistently displayed a
higher density of selection targets in chromosome centers relative to the peripheries, this could provide an
alternative explanation for CCBD: even with a uniform crossover rate along a chromosome, central
regions relatively enriched in targets of selection would be affected by selection more strongly than target-
poor chromosome peripheries. To evaluate this possibility, we used two complementary analyses.

First, we assessed whether chromosomes of natural organisms generally display a higher density
of genes or a greater total transcript length — two proxies for the density of selection targets — in
chromosome centers than peripheries. For this, we haphazardly selected 22 organisms with well-
assembled and annotated genomes from two genome browsers: ten animal and one fungus species from
ENSEMBL (BioMart) and eleven plant species from Phytozome v11.0. For these species, we retrieved all
unique genes and transcripts for each chromosome and expressed bias in the density of genes and in the
total transcript length as the ratio of the number of genes and the total length of all transcripts in the center
(i.e., central 50% of each chromosome) relative to the entire chromosome. We then calculated the median
of both metrics across all autosomes (sex-chromosomes were excluded), and the respective 95%
bootstrap Cl by resampling the autosome-specific values 10,000 times (all non-parametric Cl estimation in
this study followed this scheme).

Second, we performed a theoretical investigation by implementing a 'selection target density
model' (Table S4), another modification of the standard model in which we increased the density of SL by
67% in the chromosome center relative to the peripheries, or vice versa (i.e., the high-density
chromosome region harbored ten and the low-density region only six SL). The selection target density
model was run with the usual default parameter values. However, to appreciate the effect of
heterogeneous SL density independently from heterogeneity in crossover rate, we applied this model with

both heterogeneous and uniform crossover rate along the chromosome.
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Methods S2

We validated key patterns emerging from our theoretical investigation empirically. For this, we used
genome-wide sequence data available for three lake-stream stickleback population pairs (Roesti et al.
2012a). These pairs evolved postglacially, and thus in less than 10,000 generations, in independent
drainages on Vancouver Island (BC, Canada; the Boot, Robert's and Joe's drainages). Within each pair,
the two populations are in direct contact and diverge into selectively different lake and stream habitats
under extensive gene flow (Berner et al. 2009, Roesti et al. 2012a). The data were generated by RAD
sequencing (Baird et al. 2008) using the Sbf1 restriction enzyme and 27 individuals per population. Details
on RAD library preparation, short read processing, consensus genotyping at RAD loci, and the extraction
of SNPs from these loci is described in detail in Roesti et al. (2012a,b).

A first set of analyses focused on SNP data from the Boot lake-stream population pair.
Polymorphisms were filtered for a pooled minor allele frequency of at least 0.2 to ensure high marker
information content (Roesti et al. 2012b), and by considering only a single marker per RAD locus (Roesti
et al. 2012a). The remaining 6,506 genome-wide SNPs were then used to calculate Fst between the lake
and the stream population.

First, we were interested whether the magnitude of CCBD between these parapatric lake-stream
stickleback reflect heterogeneity in crossover rate across chromosomes, or whether CCBD could be
explained by heterogeneity in the density of available selection targets, again quantified as both gene
density and transcript length. We thus calculated CCBD between Boot lake and stream stickleback
following our standard rationale by subtracting mean differentiation (based on Fgsr) in the peripheries from
mean differentiation in the center for each chromosome. To assess chromosome-scale bias in crossover
rate, we re-used previously published crossover rate estimates for intervals between adjacent SNP-
markers (N = 1,872) across the stickleback genome (Roesti et al. 2013). To calculate average crossover
rate in non-overlapping 1 Mb windows across the genome, each SNP-marker interval contributed
proportionally to its physical overlap with a genomic window to the calculation of the mean crossover rate
within that window. We then expressed crossover bias by dividing the mean crossover rate across all
central windows by the mean of all peripheral windows within each chromosome. Bias of potential
selection targets along each chromosome was quantified by following the general protocol also applied to
the other organisms (see above). To allow for comparison among the different data sets, all data were
matched to the improved assembly (Roesti et al. 2013) of the stickleback reference genome (Jones et al.
2012). We finally used correlation tests to quantify the association between crossover bias and CCBD,
and between bias in the density of potential selection targets and CCBD across all autosomes. Because
one chromosome showed extremely strong heterogeneity in the density of selection targets, we report the
results using the Spearman's rank correlation coefficient as test statistic, although using Pearson's rled to
the same conclusions. We evaluated the magnitude of each test statistic against its empirical random
distribution established by permuting the data 10,000 times (all P-values in this paper are two-tailed and
were generated using permutation strategies; Manly 2007). For visualization, we plotted crossover bias

against CCBD for each autosome, and added the linear regression with its 95% confidence limits.
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Second, we visualized the Fst frequency distribution between Boot lake and stream stickleback,
and indicated for each frequency bin the proportion of Fst values from the chromosome center and the
peripheries. The same data were also subjected to a search for putative loci under selection with
BayeScan (Foll & Gaggiotti 2008; default settings were used).

Third, to investigate differences in phylogenetic structure inferred from polymorphisms from the
chromosomes' centers versus peripheries, we first excluded from the raw SNP data set generated for
Boot stickleback all individuals with < 75% diploid genotypes, and SNPs with > 25% missing data and/or a
pooled minor allele frequency of < 0.05. The remaining SNPs were further filtered by accepting only a
single polymorphism per RAD locus, and then split according to their chromosomal location (center versus
periphery; N = 4,853 and 5,840 SNPs). The peripheral markers were sub-sampled to 4,853 to match the
number of central ones, and for each SNP group, a separate neighbor-joining phylogeny was generated
with phangorn (maximum likelihood methods with different models of sequence evolution always yielded
comparable results). FigTree v1.4.2 was used to visualize the trees, and to calculate the absolute length
of the branch separating the lake and stream population and the length of this branch relative to total tree
size. These metrics here reflected the depth of the genealogical population separation more meaningfully
than the gsi: due to the substantial overall genetic divergence of this lake-stream pair, the latter index was
already at its maximum for both the central and peripheral tree.

Fourth, we estimated LD in chromosome centers and peripheries. For that, the SNP data from the
Boot lake-stream pair were filtered as for the phylogenies. For each of the two SNP groups, R? was
calculated for all pairwise marker combinations on each of the 20 autosomes within each population using
the R package LDcorSV. Chromosome-specific mean values of LD were then combined to obtain a grand
mean estimate (and its parametric 95% CI) for chromosome centers and peripheries across the genome.
This procedure was carried out separately for SNPs 0-10 kb and 10-20 kb apart. The results were highly
consistent across both populations; hence, we visualized the results for the lake population only.

In a second set of analyses, we tested whether mean-adjusted CCBD is more extreme between
divergent populations evolved in the presence of gene flow (parapatry), as opposed to between
populations evolved in isolation (allopatry). For this, we used the genome-wide RAD stickleback data from
all three replicate drainages. To calculate Fst, we filtered SNPs as described for the calculation Fst of
Boot lake-stream pair above. As an alternative differentiation measure, we calculated nucleotide
divergence (D,y) considering all pairwise consensus sequence comparisons per RAD locus between two
populations. At least 20 haploid consensus sequences per population had to be present for a RAD locus
to stay in this analysis. D,,was then calculated using entire RAD reads (64 bp), separately for each locus.
Genome-wide Fgr and D,, values were then used to calculate mean-adjusted CCBD. This involved
calculating, for every chromosome, the difference in the mean between central and peripheral
differentiation values, and subtracting from this difference the chromosome-wide mean differentiation
across all markers. Using all autosomes as data points, these chromosome-specific values were then
averaged to a single index for each population comparison. In analogy to our theoretical analyses, these
comparisons included the three parapatric lake-stream pairs within each drainage, all six allopatric

combinations of populations occupying different habitats in different watersheds (i.e., Boot lake versus
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Robert's stream), and all six allopatric combinations of populations residing in the same habitat (i.e., lake-
lake, stream-stream; see Fig. 5a). The average number of Fsr and D,, values in these pairwise
comparisons ranged from 5,131 to 9,718 (mean = 8,289) and from 29,622 to 69,798 (mean = 37,720),

respectively.
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