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Abstract

Recombination reshuffles the alleles of a population through crossover and gene conversion.
These mechanisms have considerable consequences on the evolution and maintenance of
genetic diversity. Crossover, for example, can increase genetic diversity by breaking the
linkage between selected and nearby neutral variants. Bias in favor of G or C alleles during
gene conversion may instead promote the fixation of one allele over the other, thus decreasing
diversity. Mutation bias from G or C to A and T opposes GC-biased gene conversion (gBGC).
Less recognized is that these two processes may —when balanced— promote genetic diversity.
Here we investigate how gBGC and mutation bias shape genetic diversity patterns in wood
white butterflies (Leptidea sp.). This constitutes the first in-depth investigation of gBGC in
butterflies. Using 60 re-sequenced genomes from six populations of three species, we find
substantial variation in the strength of gBGC across lineages. When modeling the balance of
gBGC and mutation bias and comparing analytical results with empirical data, we reject gBGC
as the main determinant of genetic diversity in these butterfly species. As alternatives, we
consider linked selection and GC content. We find evidence that high values of both reduce
diversity. We also show that the joint effects of gBGC and mutation bias can give rise to a
diversity pattern which resembles the signature of linked selection. Consequently, gBGC
should be considered when interpreting the effects of linked selection on levels of genetic
diversity.
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Introduction

The neutral theory of molecular evolution postulates that the majority of genetic differences
within and between species are due to selectively neutral variants (Kimura 1983; Jensen, et al.
2019). Consequently, the level of genetic variation within populations (0) is expected to
predominantly be determined by the effective population size (Ne) and the mutation rate (L)
according to the following relationship: 6 = 4N.u. Indeed, differences in life-history
characteristics (as a proxy for N.) have been invoked as explanations for the interspecific
variation in genetic diversity among animals (Romiguier, et al. 2014). Also among butterflies,
body size is negatively associated with genetic diversity (Mackintosh, et al. 2019). Usually the
population size estimated from genetic diversity measures is lower than expected based on the
classic neutral model and census population size, N. (Lewontin 1974; Kimura 1983; Nevo, et
al. 1984; Frankham 1995). This observation has been called Lewontin’s paradox (N. < N.) and
may be caused by more efficient selection and subsequently reduced genetic diversity in large
compared to small populations (Corbett-Detig, et al. 2015). In particular, selection affects the
allele frequency of linked neutral sites (commonly referred to as linked selection or genetic
draft) and reduces their diversity (Maynard Smith and Haigh 1974; Charlesworth, et al. 1993).

However, linked selection in itself is not necessarily the solution to Lewontin’s paradox. It has
been noted that N. = N, is true only for a population in mutation-drift equilibrium (Galtier and
Rousselle 2020). Furthermore, changes in population size may amplify the effects of linked
selection and the relative importance of selection and demography is an ongoing debate
(Corbett-Detig, et al. 2015; Coop 2016; Kern and Hahn 2018; Jensen, et al. 2019). This debate
concerns the fate and forces affecting an allele while segregating in a population. While this is
important for resolving Lewontin’s paradox, it only addresses variation in N,, which is but a
part of the puzzle of genetic diversity. As noted above, variation in the occurrence of mutations
also influences genetic diversity. The general pattern observed is a negative relationship
between mutation rate and N. (Lynch, et al. 2016). This is explained by the observation that the
distribution of fitness effects of new mutations are dominated by deleterious mutations which
leads to a selective pressure for reducing the overall mutation rate (Eyre-Walker and Keightley
2007; Lynch, et al. 2016). However, mutation rates vary only over roughly one order of
magnitude in multicellular eukaryotes (Lynch, et al. 2016) and appear less important than N,
for interspecific differences in genetic diversity.

Genetic diversity can also vary among genomic regions. The determinants of such regional
variation are currently debated, but variation in mutation rate (Hodgkinson and Eyre-Walker
2011; Smith, et al. 2018) and linked selection have both been considered (Cutter and Payseur
2013; Corbett-Detig, et al. 2015). Higher rates of recombination are expected to reduce the
decline in diversity experienced by sites in the vicinity of a selected locus. Begun and Aquadro
(1992) showed for example that genetic diversity was positively correlated with the rate of
recombination in Drosophila melanogaster. Their finding validated the impact of selection on
linked sites, previously predicted by theoretical work (reviewed in Comeron 2017). Since then,
multiple studies have found a positive association between recombination rate and genetic
diversity (e.g. Begun and Aquadro 1992; Nachman 1997; Kraft, et al. 1998; Cutter and Payseur
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86  2003; Stevison and Noor 2010; Lohmueller, et al. 2011; Rao, et al. 2011; Langley, et al. 2012;
87  Cutter and Payseur 2013; Mugal, et al. 2013; Burri, et al. 2015; Corbett-Detig, et al. 2015;
88  Wallberg, et al. 2015; Martin, et al. 2016; Pouyet, et al. 2018; Castellano, et al. 2019;
89  Rettelbach, et al. 2019; Talla, Soler, et al. 2019). The positive correlation between diversity
90 and recombination may, however, be caused by factors other than selection on linked sites.
91 Recombination may for instance be mediated towards regions of higher genetic diversity
92  (Cutter and Payseur 2013), or have a direct mutagenic effect (Hellmann, et al. 2005;
93  Arbeithuber, et al. 2015; Halldorsson, et al. 2019). Additionally, analytical evidence suggests
94  that the interplay between mutation bias and a recombination-associated process, GC-biased
95  gene conversion (gBGC), can increase nucleotide diversity (McVean and Charlesworth 1999).
96  GC-biased gene conversion in itself will like directional selection reduce diversity of
97  segregating variants. If we additionally consider the long-term effect of gBGC and the
98  concomitant increase in GC content, then genetic diversity may rise as a consequence of gBGC
99  through increased mutational opportunity in the presence of an opposing mutation bias
100  (McVean and Charlesworth 1999). To fully understand the effects of recombination on genetic
101  diversity we must therefore consider both gBGC and opposing mutation bias, in addition to the
102 much more recognized influence of linked selection. In other words, what relationship do we
103 expect between recombination and genetic diversity in the presence of non-adaptive forces
104 such as gBGC and mutation bias?
105
106  To understand the mechanistic origins of gBGC we must first consider gene conversion, a
107  process arising from homology directed DNA repair during recombination. Gene conversion
108  is the unilateral exchange of genetic material from a donor to an acceptor sequence (Chen, et
109  al. 2007). A recombination event is initiated by a double-strand break which is repaired by the
110 cellular machinery using the homologous chromosome as template sequence. If there is a
111  sequence mismatch within the recombination tract, gene conversion may occur (Chen, et al.
112 2007). Mismatches in heteroduplex DNA are repaired by the mismatch-repair machinery (Chen
113 et al. 2007). Importantly, G/C (strong, S, three-hydrogen bonds) to A/T (weak, W, two
114  hydrogen bonds) mismatches can have a resolution bias in favor of S alleles resulting in gBGC,
115 a process that can alter base composition and genetic diversity (Nagylaki 1983a, b; Marais
116  2003; Duret and Galtier 2009; Mugal, et al. 2015). Direct observations of gBGC are restricted
117 to a small number of taxa, such as human (Arbeithuber, et al. 2015), baker’s yeast
118  (Saccharomyces cerevisiae) (Mancera, et al. 2008), collared flycatcher (Smeds, et al. 2016)
119  and honey bees (Kawakami, et al. 2019). Indirect evidence exists for a wider set of species,
120  including arthropods such as brine shrimp (Artemia franciscana) and butterflies from the
121  Hesperidae, Pieridae and Nymphalidae families (Eyre-Walker 1999; Perry and Ashworth 1999;
122 Meunier and Duret 2004; Spencer, et al. 2006; Muyle, et al. 2011; Pessia, et al. 2012; Glémin,
123 etal. 2015; Galtier, et al. 2018).

124
125  The strength of gBGC can be measured by the population-scaled parameter B = 4N.b, where b
126 = ncr is the conversion bias, which is dependent on the average length of the conversion tract

127 (m), the transmission bias (c), and the recombination rate per site per generation () (Glémin, et
128  al. 2015). This means that we can expect a stronger impact of gBGC in larger populations and
129  in genomic regions of high recombination. Nagylaki (1983a) showed that we can understand
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130  gBGC in terms of directional selection, i.e. the promotion of one allele over another. This leads
131  to a characteristic derived allele frequency (DAF) spectrum, in which an excess of W—=>S
132 alleles- and a concomitant lack of S>W alleles, are segregating at high frequencies in the
133 population. Nevertheless, the overall number of S>W polymorphism is expected to be higher
134 in most species because of the widely observed S=>W mutation bias, partially caused by the
135  hypermutability of methylated cytosines in the 5°’-CpG-3’ dinucleotide context (Lynch 2007).
136 Preventing the fixation of ubiquitous and possibly deleterious S>W mutations have been
137  proposed as one of the ultimate causes for gBGC (Brown and Jiricny 1987; Birdsell 2002;
138 Duret and Galtier 2009). However, while gBGC reduces the mutational load it may also confer
139  a substitutional load by favoring deleterious W=>S alleles (Duret and Galtier 2009; Glémin
140  2010; Mugal, et al. 2015). This effect has led some authors to describe gBGC as an “Achilles
141  heel” of the genome (Duret and Galtier 2009; Mugal, et al. 2015). Detailed analysis of a larger
142 set of taxonomic groups is needed to understand the prevalence and impact of gBGC. There is
143 also limited knowledge about the variation in the strength of gBGC within and between closely
144  related species (Borges, et al. 2019).

145

146  Here, we investigate the dynamics of gBGC in butterflies and characterize the effect of gBGC
147  on genetic diversity. We use whole-genome re-sequencing data from 60 individuals from six
148  populations of three species of wood whites (genus Leptidea). Wood whites show distinct
149  karyotype- and demographic differences both within and among species (Dinca, et al. 2011;
150  Lukhtanov, etal. 2011; Dinca, et al. 2013; Lukhtanov, et al. 2018; Talla, Johansson, et al. 2019;
151  Talla, Soler, et al. 2019). This includes, L. sinapis, which has the greatest intraspecific variation
152 in diploid chromosome number of any animal, from 2n = 57,58 in southeastern Sweden to 2n
153  =106-108 in northeastern Spain (Lukhtanov, et al. 2018). Our objectives are threefold. First,
154  we infer the strength and determinants of gBGC variation among Leptidea populations.
155 Second, we investigate the patterns of gBGC and mutation bias across the genome, its
156  determinants and association with GC content. Third, we detail the effect of gBGC and
157  opposing mutation bias on genetic diversity across a GC gradient and consider the impact of
158 linked selection and GC content itself as determinants of genetic diversity.

159

160 Materials and methods

161  Samples, genome and population resequencing data

162  The samples and population resequencing data used in this study were originally presented in
163  Talla, etal. (2017). In brief, 60 male Leptidea butterflies from three species and six populations
164  were analyzed. For L. sinapis (Figure 1B), 30 individuals were sampled: 10 from Kazakhstan
165  (Kaz-sin), 10 from Sweden (Swe-sin) and 10 from Spain (Spa-sin). 10 L. reali were sampled
166  in Spain (Spa-rea) and 10 L. juvernica per population were collected in Ireland (Ire-juv) and
167  Kazakhastan (Kaz-juv), respectively (Figure 1A). Reads from all 60 sampled individuals were
168  mapped to a previously available genome assembly of an inbred, male, Swedish L. sinapis
169  (scaffold N50 = 857 kb) (Talla, et al. 2017). Detailed information on SNP calling can be found
170  in Talla, Johansson, et al. (2019). Chromosome numbers for each population (if available) or
171  species were obtained from the literature (Dinca, et al. 2011; Lukhtanov, et al. 2011; Sichova,
172 etal. 2015; Lukhtanov, et al. 2018).
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173

174  Filtering and polarization of SNPs

175  Allele counts for each population were obtained using VCFtools v. 0.1.15 (Danecek, et al.
176 ~ 2011). Only non-exonic, biallelic SNPs with no missing data for any individual, and in regions
177  not masked by RepeatMasker in the L. sinapis reference assembly (Talla, et al. 2017; Talla,
178  Johansson, et al. 2019), were kept for downstream. The rationale behind excluding exonic
179  SNPs was to minimize the impact of selection on the allele frequencies, and SNPs in repetitive
180  regions were excluded because of the reduced ability for unique read mapping (Sexton and
181  Han 2019), and their higher potential for ectopic gene conversion, which deserve a separate
182  treatment (Roy, et al. 2000; Chen, et al. 2007). Sex-chromosome linked SNPs were considered
183  like any other SNP. The lack of recombination in female meiosis in butterflies (Maeda 1939;
184  Suomalainen, et al. 1973; Turner and Sheppard 1975) and the reduced effective population size
185 (N, three Z chromosomes per four autosomes [4]) cancel out (Charlesworth 2012). This leaves
186  only their relative recombination rate (») affecting intensity of gBGC (B), assuming that
187  effective sex ratios are equal and that conversion tract length (7) and transmission bias (c) are
188  equal between Z and A.

2
B, _ 3N, ncry 3 17

1 =
&9 B,

4N ncr, % Ta

190  SNPs were polarized using invariant sites in one or two outgroup populations, again allowing
191  no missing data (Table S1). We denote this polarization scheme “strict”. We also tested a more
192 “liberal” polarization approach where only the individual with highest average read depth per
193 outgroup population was used to polarize SNPs, allowing for one missing allele per individual.
194  Mean read depth per individual was obtained using V'CFtools v. 0.1.15 (Danecek, et al. 2011).
195  The liberal polarization scheme was mainly used to test the impact of polarization on estimation
196  ofthe mutation bias (1) of S=> W mutations over W=>S mutations given mutational opportunity
197  (Table S1). The strict polarization was used for all analysis unless otherwise stated. We
198  considered alternative (i.e. not in the reference genome) alleles as the ancestral allele if all
199  outgroup individual(s) were homozygous for that allele (strict polarization and liberal
200  polarization).

201

202  Derived allele frequency spectra of segregating variants were computed for the following
203  categories of mutations; GC-conservative/neutral (S=>S and W=>W, here denoted N->N),
204  strong to weak (S=>W) and weak to strong (W->S). All alternative alleles inferred as ancestral
205  alleles were used to replace the inferred derived reference allele to make a model of an ancestral
206  genome using BEDTools v. 2.27.1 maskfasta (Quinlan & Hall 2010). This method leverages
207  the information from invariant sites in all sequenced individuals to decrease the reference bias
208  when calculating GC content. However, the ancestral genome was biased towards L. sinapis
209  given that it both served as a reference genome and had more polarizable SNPs than the L. reali
210  and L. juvernica populations (Table S1).

211
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212 Inferring GC-biased gene conversion from the DAF spectrum

213 To estimate the strength of gBGC, we utilized a population genetic maximum likelihood model
214  (Muyle, et al. 2011; Glémin, et al. 2015), implemented as a notebook in Mathematica v. 12.0
215  (Wolfram Research 2019). The model jointly estimates the S=>W mutation bias (1) and the
216  population-scaled coefficient of gBGC (B = 4N.b), in which b is the conversion bias. To
217  account for demography, the model introduces a nuisance parameter (r;) per derived allele
218  frequency class (i) following Eyre-Walker, et al. (2006). The model also estimates the genetic
219  diversity of N=>N and W->S spectra (On and Ows respectively) and computes an estimate of
220  the skewness of S>W and W->S alleles in the folded site frequency spectrum. We applied
221  four of the implemented models, i.e. M0, M0*, M1 and M1%*, as the more extended models
222 have large variance without prior information on heterogeneity of recombination intensity at a
223  fine scale (Glémin, et al. 2015), which is currently lacking for Lepidoptera. The MO model is
224  a null model that evaluates the likelihood of the observed DAF spectrum for a population
225  genetic model without gBGC (i.e. B = 0). M1 extends this model by including gBGC via the
226  parameter B. MO* and M1* are extensions of M0 and M1, respectively, where one additional
227  parameter per mutation class is incorporated, to account for polarization errors. We analyzed
228  separately all non-exonic sites, and excluding- or including ancestral CpG-prone sites, meaning
229  trinucleotides including the following dinucleotides: CG, TG, CA, NG, TN, CN, NA centered
230  on the polarized variant. N here means either a masked or unknown base. Following Glémin,
231  etal. (2015), we used GC content as a fixed parameter in the maximum likelihood estimation.
232 GC content in the repeat- and gene-masked ancestral genome model was determined by the
233 nuc program in the BEDTools v.2.27.1 suite. Coordinates of repeats and exons (including
234  introns and UTR regions if available) were obtained from Talla, et al (2017) and Leal, et al
235  (2018), respectively. The number of G and C bases at ancestral CpG-prone sites were computed
236  using a custom script and subtracted from the GC of all non-exonic sites to obtain the GC
237  content for the set excluding ancestral CpG-prone sites.

238

239  GC centiles

240  The polarized non-repetitive, non-exonic SNPs of each population were divided into 100
241  ranked bins based on local GC content (GC centiles) in the repeat- and exon-masked ancestral
242 genome. This means, all GC centiles represented unequally sized chunks of the genome with
243 equal numbers of polarizable SNPs. The GC content was estimated in 1 kb windows of the
244  reconstructed and repeat- and exon-masked ancestral genome (described above) using
245  BEDTools v. 2.27.1 nuc (Quinlan and Hall 2010), correcting for the number of N bases. To
246  calculate the overall GC content of a centile, we summed the GC content of each 1 kb window.
247  Separate DAFs were created per centile and parameters of gBGC and mutation bias were
248  estimated with the models previously described. We also estimated the genetic diversity per
249  GC centile and population using the average pairwise differences (nucleotide diversity, ), and
250  excluded masked bases when averaging. We calculated = for all sites without any missing data,
251  separately for each population, using 1 as value for the max missing (-mm) parameter in the --
252 site-pi function of VCFtools v. 0.1.15 (Danecek, et al. 2011). We also calculated separate « for
253  polarized sites belonging to the following mutation categories (S=2S), (W=2>W), (S2>W) and
254  (W->S) for each population and centile, using a custom function in R (R Core Team 2020). To
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255 average m, we used the number of unmasked bases within the range of GC values defined by
256  each centile. The proportion of coding bases (CDS density) was used as a proxy for the impact
257  of linked selection in general, and background selection in particular. CDS density was
258  estimated separately for each population and centile by aggregating the CDS content across all
259 1 kb windows for a particular centile. A custom-made script was used to assess the impact of
260  read depth on the pattern of m across GC centiles (Figure 4D). This script combined BEDTools
261  v.2.27.1 (Quinlan and Hall 2010) complement, genomecov and intersect to calculate the read
262  depth per non-masked base pair. Average read-depth per individual and centile was then plotted
263  against GC content to qualitatively assess if the population specific patterns followed what was
264  observed for the association between m and GC.

265

266  Model of the effect of gBGC and mutation bias on genetic diversity

267  We considered a model in which the effect of gBGC (B) and mutation bias (A) determines the
268  level of m relative to a reference case where B =0 (McVean and Charlesworth 1999),

269

2(1 +77te‘3) (1 —133 +%) +2(1 1 +}»e‘3) (1 —13—3 _%) +96ﬁ
2\ Oy
1+A+EE

270 Tyer =

271

272 The numerator consists of three terms each describing the relative contributions of S>W,
273 W->S and N->N mutations. GC-changing mutations have a diversity determined by A and B
274  while the contribution of GC-conservative/neutral mutations are affected by the ratio of N>N
275  diversity (On) over WS diversity (Ows). The denominator achieves the standardization for
276  the reference case (see above). The model assumes gBGC-mutation-drift (GMD) equilibrium.
277  From an empirical perspective this means that m. is the predicted = relative to the reference
278  case (B = 0) when the observed GC content is at a value determined by gBGC and mutation
279  bias (1/1+Ae®). Fitting the GMD model relies on obtaining a neutral reference n value
280  unaffected by demographic fluctuations in population size, selection or gBGC. Such a value is
281  unattainable, except for the most well-studied model organisms (Pouyet, et al. 2018).
282  Maximum observed genetic diversity, Tmax, could be used as a proxy for neutral diversity which
283  should be reasonable if all centiles are reduced below their neutral value through linked
284  selection (Torres, et al. 2020). Another approach, which we employ here, is to fit the model
285  without estimating a neutral reference m. This allows us to estimate how B, A and the relative
286  amount of GC-changing mutations affect 7.

287

288  Statistical analyses

289  All statistical analyses were performed using R v. 3.5.0-4.0.2 (R Core Team 2020). Linear
290 models and correlations were performed using default packages in R. Phylogenetic
291  independent contrasts (Felsenstein 1985) were performed using the pic() function in the
292  package ape (Paradis and Schliep 2018). This package was also used to depict the phylogeny
293  in Figure 1A. Other plots were either made using base R or the ggplot?2 package (Wickham
294 2016).

295
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296 Results

297  Patterns of gBGC among populations and species

298  To infer the strength of gBGC in the different Leptidea populations (Figure 1A, B), separate
299  DAFs for segregating non-exonic variants for each category of mutations (N->N, S>W and
300 W=->S) were calculated (see example from Swe-sin in Figure 1C). We used the four basic
301  population genetic models developed by Glemin et al. (2015) to obtain maximum likelihood
302  estimates of the intensity of gBGC (B = 4N¢b). The GC content in the ancestral genome was
303  ~0.32. For all populations, the M1 model had a better fit than the MO model (likelihood-ratio
304  tests (LRT) upper-tailed y?; o = 0.05; df = 1), which indicates that gBGC is a significant
305  evolutionary force in Leptidea butterflies (Figure 1D). The quantitative results from the M1
306 and M1* models were overall congruent, and M1* had a better fit for all populations except
307 Swe-sin (LRT upper-tailed %, o = 0.05; df = 3). When taking all non-exonic sites into
308  consideration and applying model M1*, Spa-rea and Swe-sin had the lowest B (0.21), followed
309 by Kaz-sin (B =0.22). Spa-sin, the population with the largest number of chromosomes (Figure
310  2B), had a marginally higher B (0.24). All these estimates were lower than Irish- (Ire-juv) and
311  Kazakhstani (Kaz-juv) L. juvernica with B = 0.54 and B = 0.79, respectively (Table S2).

312

313 We tried an alternative more “liberal” polarization (only 2 outgroup individuals, see Materials
314 and Methods) to test the impact of the polarization scheme on the estimates from the gBGC
315 model. The results were qualitatively similar but the polarization error rates were inflated
316  compared to the “stricter” polarization scheme (Table S2, Text S1). Thus, we used the “strict”
317  polarization scheme for subsequent analyses unless otherwise stated. We also tested the impact
318  of including and excluding ancestral CpG-prone sites as they may impact the estimation of the
319  S->W mutation bias (A) and B (Text S1). All populations except Kaz-juv had the highest
320  estimate of A at ancestral CpG-prone sites, followed by all non-exonic sites and lowest when
321  excluding ancestral CpG sites (Table S2). This difference could be caused by hyper-mutagenic
322 methylated cytosines but the level of DNA methylation observed in Lepidopteran taxa is low
323  (Bewick, et al. 2017; Jones, et al. 2018; Provataris, et al. 2018).

324


https://doi.org/10.1101/2020.11.10.376566
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.10.376566; this version posted November 11, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

=
100 W -
100 Leptidea sinapis — Spain
Leptidea reali — Spain
D All non-exonic sites
1.00+

100
Leptidea juvernica — Ireland

C 0.751 %

0.4
m 0.504

0.3
Class

Neutral
o2 E va; 0.251 ! @ § ‘

0.1

00 WlTiTITmm.T.T._ 0.001

0 5 10 15 20 Ire—'juv Kaz'—juv Spa'—rea Kaz-sin  Swe-sin Spa'—sin
Derived allele count Population

Density

325
326  Figure 1. Leptidea butterflies show variation in the genome-wide strength of gBGC. A) Phylogeny of the six

327  Leptidea populations included in this study. Node values represent support from 100 bootstrap replicates on sites.
328 The phylogeny in A) is based on a subtree from a maximum-likelihood phylogeny used as a starting tree in Figure
329 1 of Talla e al. (2017). B) Mounted specimen of Leptidea sinapis. C) DAF spectra for polarized non-exonic SNPs
330  of the Swedish L. sinapis population split in categories SOW (SW), W>S (WS) and GC-neutral. D) Estimates
331  of the population-scaled coefficient of gBGC (B = 4N.b). Circles represent point estimates from the original DAF
332 spectra using model M1*, bars are mean values of B for the 1,000 bootstrap replicates of sites. Overlain and
333 opaque violins are bootstrapped values for model M1* and underlain, transparent violins are estimates for model

334 MmI.

335

336 Determinants of gBGC intensity variation among populations and species

337  The strength of gBGC is dependent on N, and the conversion bias b = ncr. Given that
338 transmission bias, ¢, and conversion tract length, n, require sequencing of pedigrees, we here
339  focus on variation in genome-wide recombination rate, r to assess variation in b. To understand
340  the relative importance of N. and r, we correlated B with m (as a proxy for N.) and diploid
341  chromosome number (as a proxy for genome-wide recombination rate). Neither genetic
342 diversity, (n; p = 0.13, adjusted R? = 0.45), nor diploid chromosome number (p = 0.35, R’ =
343 0.05), significantly predicted variation in B among species in phylogenetically independent
344  contrasts (Figure 2C, D). Since Spanish L. sinapis likely experienced massive chromosomal
345  fission events recently (Lukhtanov, et al. 2011; Talla, Johansson, et al. 2019; Lukhtanov, et al.
346 2020), it is possible that B is below its equilibrium value in this population. Excluding Spa-sin
347  yielded a marginally significant positive relationship between chromosome number and the
348 intensity of gBGC (p = 0.07, R’ = 0.79).

349
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351 Figure 2 Determinants of variation in the strength of gBGC among populations A) Relationship between
352 n and B. B) Relationship between diploid chromosome number and B. Points in B) show lowest and highest
353 estimate of diploid chromosome number for each population. Colors represent the populations shown in Figure
354 1. Insets in A) and B) show phylogenetically independent contrasts of each respective axis variable based on the
355 phylogeny in Figure 1A. Contrasts for diploid chromosome number were based on midpoint value.

356

357  Level of mutation bias varies among Leptidea species

358  The GC content is determined by the relative fixation of S>W and W—>S mutations (Sueoka
359  1962), which is governed by the balance of a mutation bias from S>W over WS, and a
360 fixation bias from W->S over S=>W. The latter may be caused by gBGC only, but may also
361  be observed at synonymous sites due to selection for preferred codons (Duret and Mouchiroud
362 1999; Clément, et al. 2017; Galtier, et al. 2018) . Protein coding genes make up only 3.7 % of
363  the L. sinapis genome (Talla, Soler, et al. 2019) and potential selection on codon usage will
364  hence only affect genome-wide base composition marginally in this species. Using the DAF
365  spectra of different mutation classes allows not only estimation of B, but also the mutation bias,
366 A (Muyle, et al. 2011; Glémin, et al. 2015). We found that A (estimated from model M1%*)
367  varied from 2.94 (e.g. Spa-sin) to 4.09 (Kaz-juv) (Table S2). Applying the M1 model gave
368  similar results. It is possible that the polarization scheme which only allowed private alleles for
369  the L. juvernica populations, contributes to their high value of A. To test this, we polarized
370  genome-wide, non-exonic SNPs using the individuals from the other two species with the
371  highest read depth as outgroups. The resulting A were ~3.5 and ~3 for Kaz-juv and Ire-juv
372 respectively and ~3 for the L. reali and L. sinapis populations, with only minor differences in
373 X between the M1 and M1* models for all populations (Table S2). This indicates that the strict
374  polarization scheme shapes the DAF spectrum in a way unaccountable for by the demographic
375  riparameters of the model. However, the polarization scheme alone cannot explain the higher
376 A observed in Kaz-juv compared to the other populations (see Text S1 for further discussion).

377

378  Patterns and determinants of gBGC and GC content across the genome

379  To understand the effects of gBGC throughout the genome, we partitioned the polarized SNPs
380 into centiles based on their local (1kb) GC content in the ancestral genome. The number of
381  SNPs in each centile ranged from 2,661 in Ire-juv to 21,140 in Spa-sin (Table S1). The models
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were compared using LRTs on the average difference of all centiles between the reduced (MO)
and full (M1) model and between the models excluding (M1) or including (M1%*) polarization
error parameters. MO could not be rejected in favor of M1 for both Ire-juv and Spa-rea. It is
possible that the lower number of SNPs per GC centile in these populations increases variance
and thus reduces the fit of the M1 model, especially for Spa-rea which had the lowest B (Figure
1D). However, both of these populations had a genome-wide significant influence of gBGC,
and will still be considered in the following analyses. For all populations, M1* was not
significantly better than M1, indicating either a lack of power for M1* or that the polarization
error was negligible. The strength of gBGC (B = 4N.b) varied across GC centiles for all
populations with Swe-sin and Kaz-sin showing the lowest standard error of the mean (0.009,
Table 1, Figure 3A, B) and Ire-juv the highest (0.026). Because Ire-juv had the lowest number
of SNPs per centile, it’s hard to disentangle sample- from biological variance but we note that
Kaz-juv showed a similar standard error (0.025). The average value was overall congruent with
what we observed in the analysis among populations (Table S2). We saw similar standard
errors for the S W mutation bias, A (Table 1, Figure 3C, D).
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399  Figure 3. Relationship between B, A and observed GC content in the ancestral genome. A) Association
400  between B and observed GC content in the ancestral genome for the L.- sinapis-L.reali clade, and B) for the L.
401  juvernica populations. Higher GC content was significantly consistent with greater B in all populations except
402 Spa-rea and Ire-juv. C) Relationship between A and GC content was negative for all populations in the

403 L.sinapis-L.reali clade. D) Shows the same as C) but for the L. juvernica populations. Neither Kaz-juv nor Ire-
404  juv showed significant associations between A and GC content. Lines in plots represent significant linear

405 regressions performed separately per population between the X- and Y variables.

406

407  To investigate the impact of variation in N. across the genome we used genetic diversity, as a
408  proxy for N.and predictor of B, in separate linear regressions for each population (Figure S1A).
409  Swe-sin and Kaz-sin showed significant negative relationships (p < 0.05), but limited variance
410  explained (R’ = 0.1 for both). The regressions were insignificant (p > 0.05) for the other
411  populations (Figure S1A). Overall these results suggest that variation among centiles in B could
412  be dominated by differences in conversion bias, b. An observation that supported this
413 conclusion is that B significantly (p < 0.05; R*: 4-22 %) predicted GC content in four out of
414  six populations (Figure 3A, B). Here GC content may serve as a proxy for recombination rate,
415  assuming that differences in GC content has been caused by historically higher rates of
416  recombination and thus stronger B. That two populations lacked a relationship with GC content
417  may be explained partly by a lack of power for Ire-juv, which had the lowest number of SNPs
418  per centile, while this explanation is less likely for Spa-rea. Nevertheless, for a majority of the
419  populations considered here we saw a relationship between GC content in the ancestral genome
420  and B, indicating that gBGC has been driving GC content evolution.

421

422  The mutation bias was significantly (p < 0.05, separate linear regression per population)
423 negatively associated with observed GC content in the ancestral genome for all populations
424 except Ire-juv and Kaz-juv (Figure 3C, D). To investigate if there was an association between
425 )\ and B, we performed separate linear regressions per population predicting A with B. Higher
426  estimates of A across the genomes were consistent with larger values of B for all populations
427  (p < 0.05) except Swe-sin and Spa-sin (Figure SI1B). This indicates an inability of the model
428  to separately estimate these parameters, or increased B in regions more prone to S>W
429  mutations. The former explanation was unlikely given that the most common sign was negative
430  in the regressions between A and GC content.

431

432 Mutation bias and gBGC influence the evolution of GC content

433 The equilibrium GC content in the presence of a S=>W mutation bias, but in the absence of
434  gBGC, can be calculated as 1/(1+L) (Sueoka 1962). The observed GC content was higher than
435  expected under mutational equilibrium alone across almost the entire genome for all
436  populations (Figure 4A). When accounting for gBGC (1/(1+re®) (Li, et al. 1987; Bulmer 1991;
437  Muyle, et al. 2011), the observed mean GC content was higher than the predicted equilibrium
438  GC content in all populations except Kaz-juv (Table 1; Figure 4B).

439

440  Segregating variants hold information on the evolution of base composition. GC content will
441  decrease if more S=>W than W—>S mutations reach fixation and vice versa. We can explore
442  the fate of segregating variants by investigating the skewness of the folded site-frequency
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443  spectrum (SFS) (Figure 4C) (Glémin, et al. 2015). GC content is at equilibrium if skewness
444  equals zero, evolves to higher GC content if the skew is positive and decreases if its negative.
445  As expected from the relationship between observed and equilibrium GC content (Figure 4A),
446  most of the centiles in all populations had a negative skew (Figure 4C).

447

448  Table 1.

449 Population specific averages across GC centiles of A, B, equilibrium GC content under mutational equilibrium
450  alone, GC(1/[1+)]), and when taking B into account GC(1/[1+Ae*]), and the observed GC content in the

451 ancestral genome for the centile with the highest average pairwise difference GC(mmax) and lowest density of
452  coding sequence (GC CDSmin). We also show standard error of the mean for A and B.

453

, GC GC GC
Population * U1+ Uaaen  CE™ ops,,
Swe-sin 2990010 021£0009 025 0.29 027 035
Spa-sin 297+0008 0210010 025 0.29 031 034
Kaz-sin 3.00£0011  020+0.009 025 0.29 028 034
Kaz-juy 415+0019 07940025  0.19 0.35 029 034
Tre-juv 3.54+0027 047+0026 022 0.31 029 034
Spa-rea 298+0012  0.16+0011 025 0.28 031 034
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Figure 4. Observed GC content, equilibrium GC content and their association with A, B and genetic

diversity (). A) Observed GC content compared to equilibrium GC content determined by mutation bias (A)
alone. B) Observed GC content compared to equilibrium GC content when accounting for gBGC. Dotted lines

in (A) and (B) represent x =y. C) The skewness of the folded SFS shows the strong S>W bias in the

segregating variation which increases with observed GC content in the ancestral genome. Extrapolating from the

distribution of skewness values onto the y=0 line serves as a validation of the estimated A. Dotted vertical lines

represent the GC equilibrium under mutation bias alone, 1/(1+4), for each population. D) The association

between genetic diversity () and observed GC content. Points in all panels represent GC centiles.

Pinnacle of genetic diversity close to GC equilibrium
We found a non-monotonic relationship between GC content and 7 (Figure 4D). The highest
genetic diversity was observed close to the predicted genome-wide GC equilibrium, with
diversity decreasing in both directions away from equilibrium GC content (Figure 4D). To test
if this pattern could result from differential read coverage, we calculated the average read count

per base pair in each GC centile per individual (Figure S2). Read coverage was generally even
across most of the GC gradient except for a region around 35% GC where the L. juvernica
populations show a signal consistent with a duplication event. Also, the centile with the greatest
GC content showed high coverage in all populations. This is expected given the PCR bias
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473  against high and low GC regions in Illumina sequencing (e.g. Browne, et al. 2020). With the
474  exception of L. reali, the GC content at the centile with the highest t, GC(mmax), was at a level
475  between the GC equilibrium defined by A alone, GC(1/[1+A]), and equilibrium when
476  accounting for both A and B, GC(1/[1+Ae®]). GC(mtmax) was lower for all populations than the
477  GC content of the centile with the lowest density of coding sequence, GC(CDSyin).

478

479  The role of gBGC and mutation bias in shaping genetic diversity

480  Since gBGC mimics selection, the genetic diversity is directly dependent on the interaction
481  between the strength of gBGC and the potential mutation bias (McVean and Charlesworth
482  1999; Glémin 2010). To understand how gBGC contributes to genetic diversity in Leptidea,
483  we estimated the effects of gBGC and opposing mutation bias on genetic diversity by
484  modelling the effect of B on the SFS (McVean and Charlesworth 1999). In the model, gBGC
485  typically elevates the relative genetic diversity (m,.;) compared to the case when gBGC is absent
486 (B = 0) through increasing the equilibrium GC content. This allows for a greater influx of
487  mutations as long as A > 1 (Figure 5A). In Leptidea, genetic diversity (m) showed a non-
488  monotonic relationship along the GC range (Figure 4D). In contrast, given values of A around
489 3 and above, relevant for Leptidea, the model assuming gBGC-mutation-drift equilibrium
490 (GMD) predicts a monotonic increase of m in the 0.2-0.5 GC range (Figure 5A). Using the
491  output from the gBGC inference we could predict m,.; values for each GC centile and population
492  from the GMD model (Figure 5B). The results showed that gBGC and mutation bias has the
493  potential to elevate m compared to B = 0, by an average 2.6 % in Spa-rea, 3.3 % in Swe-sin and
494  Kaz-sin, 3.5% in Spa-sin, 8 % in Ire-juv and 14.7 % in Kaz-juv.

495

496  We can decompose the GMD model into four spectra standardized by their respective
497  mutational opportunity (Figure 5C) to mimic the empirical data (Figure 5D). For example, the
498  S—>W category is standardized by equilibrium GC content. The four spectra include the GC-
499  conservative/neutral spectra (W=>W and S->S) and the GC-changing spectra (W->S and
500 S->W) (Figure 5C). The contribution of GC-conservative mutation categories to 7 are
501  unaffected by equilibrium GC content. In contrast, the influence of S W on the SFS spectrum
502  decreases as the intensity of B increases, and vice versa for W=>S in the 0.2-0.5 GC range.
503

504  To understand the role gBGC plays in the variation of © with GC in Leptidea, we investigated
505  the properties of the DAF spectra separately for all four mutation categories mentioned above.
506  All mutation classes showed a qualitatively negative quadratic relationship between © and GC
507  content (Figure 5D, Figure S3), which indicates that factors other than gBGC are the main
508  determinants of the relationship between GC content and diversity (c.f. Figure 5C). A majority
509  of the segregating sites were GC-changing and S=>W contributed most to & across all centiles
510  (Swe-sin: Figure 5D Others: Figure S3).
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512 Figure 5: A model for genetic diversity under gBGC-mutation-drift equilibrium, predicted mra per
513 population and & per mutation category. A) Genetic diversity relative to neutral (B = 0) across equilibrium GC
514 content determined by B and A. Lines begin at B = 0 and end at B = 8. The mutation bias is held constant. B)
515 Genetic diversity values predicted from the gBGC-mutation-drift equilibrium model using output from the
516 inference of gBGC. Most of the genome for each population have values of B and A such that their relative
517 strength boosts the long-term genetic diversity compared to B = 0. The lower and upper limit of the box correspond
518 to the first and third quartiles. Upper and lower whiskers extend from the top- and bottom box limits to the
519 largest/smallest value at maximum 1.5 times the inter-quartile range. C) Components of the gBGC mutation drift
520  model. Only results from A = 3 are shown. The separate mutation categories were standardized by mutational
521 opportunity while “All” was standardized as in A). The genetic diversity is here assumed to be equal for N>N
522 and W—->S mutations (Bx / Ows = 1). D) Genetic diversity in Swedish L. sinapis measured by average pairwise
523 differences (m) across genomic GC content for all four mutation categories: S=S (SS), S2W (SW), W>S (WS),
524  W->W (WW). The other populations are shown in Figure S3.

525

526  The effects of linked selection and GC content on genetic diversity

527  Having rejected gBGC as a main contributor to the distribution of © along the GC gradient

528  warrants the question: can the pattern be explained by reductions in diversity caused by linked
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529  selection? Linked selection has previously been shown to affect genetic diversity in butterfly
530  genomes (Martin, et al. 2016; Talla, Soler, et al. 2019). Selection affecting linked sites will
531 reduce genetic diversity unequally across the genome dependent on density of targets of
532  selection and the rate of recombination. In agreement with this, CDS density, which can be
533 used as a proxy for the intensity of linked selection in general but background selection in
534  particular, was larger where n was lower (Figure 4D, Figure S4).

535

536  In addition, regional variation in mutation rate (u) will also contribute to a heterogenous
537  diversity landscape. We here suggest that GC content influences mutation rate for three
538  reasons: i) © varies conspicuously with GC content (Figure 4D), ii) the S=>W mutation bias
539  appears to be affected by GC content (Figure 3 C), and, iii) GC content has been shown to be
540  a major determinant of the mutation rate at CpG sites in humans (Fryxell and Moon 2005;
541  Tyekucheva, et al. 2008; Schaibley, et al. 2013). Since guanine and cytosine are bound by three
542 hydrogen bonds, one more than for adenine and thymine, it is believed that a higher local GC
543  content reduces the formation of transient single-stranded states (Inman 1966). Cytosine
544  deamination, which leads to C/G=>T/A mutations, occurs at a higher rate in single-stranded
545  DNA (Frederico, et al. 1993). Thus a higher GC content appears to reduce CpG mutation rates
546  onalocal scale of ca 2kb (Elango, et al. 2008). Mutation rate variation determined by local GC
547  content outside the CpG context are less studied but negative correlations have been observed
548  for most mutation classes in humans (Schaibley, et al. 2013).

549

550  To disentangle the relative contribution of GC content and CDS density on variation in 7, we
551  visualized the multivariate data by a coplot. The GC centiles were placed in five bins of
552 equidistant GC content and separated by mutation category (Figure 6, Figure S4). The fifth bin
553  was not considered as it included only a single centile with the highest GC content. First, we
554  studied the association between GC content and CDS density (Figure 6A). GC content was
555  negatively associated with CDS density in bin 1 and 2, while bin 3 showed no relationship and
556  bin 4 a positive correlation (Figure 6A). Second, we considered the relationship between m and
557  CDS density for all mutation categories. Here the general trend was negative, across GC bins,
558  populations and mutation categories. In addition, the slopes got more negative with increasing
559  GC content (Figure 6B, Figure S4).

560

561  For the GC-neutral mutation categories we observed the steepest negative slope when CDS
562  density and GC content had a positive relationship (Bin 4, Figure 6, Figure S4). This may be
563  caused by a joint effect of higher local GC content and CDS density contributing to a reduction
564  in genetic diversity (Figure 6A, B). Despite a similar spread in CDS density, most populations
565  showed fewer significant trends for bin 2. For Swe-sin the W—=>W mutation category even
566  showed a positive slope (Figure 6B). Possibly a result of the negative relationship between GC
567  content and CDS density giving an antagonistic response on diversity. When only GC content
568  varied, m was also reduced for some but not all mutation categories and populations (Bin 3,
569  Figure 6, Figure S4). When CDS density and GC content had a negative relationship, the slope
570  was shallow but lower m was still consistent with a higher proportion of coding sequence (Bin
571 1, Figure 6). From these results we conclude that both GC content itself and linked selection
572  affect diversity across the genome in Leptidea butterflies.
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573

574  For the GC-changing mutation categories we observed patterns indicating that gBGC has
575  affected genetic diversity either directly or indirectly (Figure 6B, Figure S4). The decomposed
576  GMD model — with separate categories standardized for mutational opportunity — predicts that
b77 © will increase and decrease monotonically with GC content for W=>S and S=>W mutations,
578  respectively (Figure 5C). Our results supported this conclusion with W—=>S mutations showing
579  a shallower, and S>W a more pronounced negative slope compared to the GC-neutral
580  mutation categories (Figure 6B, Figure S4). However, linked selection could interact with the
581  distortion of the SFS caused by gBGC, which would constitute an indirect effect on © by gBGC.
582  An argument against an indirect effect is that linked selection would be weaker or diminish
583  were recombination is the highest, which most likely occur at greater GC content were B is
584  stronger (see Discussion, Figure 3A, B) (Pouyet, et al. 2018). It is also possible that the W—=>S
585  mutation rate is less restricted by high GC content as suggested by the negative relationship
586  between A and GC content for most populations (Figure 3C, D).

587
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Figure 6: Relationship between w, CDS density and GC content. A) shows the relationship between CDS
density and GC content for Swe-sin in four nonoverlapping equidistant intervals of GC content. B) instead shows
the relationship between m and CDS density in the same bins separately for: S>S, W2>W, S>W and W->S
mutations. The fifth GC content bin is not shown because it includes only one centile. See Figure S4 for the other
populations. R? = proportion of variation explained, k = slope of regression (times 10° for readability in B). GC
bins 1-4 shown left to right. Mutation categories from top to bottom row: S=>S, W2>W, S>W and W->S.
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597  Discussion

598  The intensity of gBGC varies widely among species

599  In this study, we used whole-genome re-sequencing data from several populations of Leptidea
600  butterflies to estimate gBGC and investigate its impact on rates and patterns of molecular
601  evolution. Our data support previous observations that gBGC is present in butterflies (Galtier,
602 et al. 2018). The genome-wide level of gBGC (B) varied from 0.17 - 0.80 among the
603  investigated Leptidea populations. In general, L. juvernica populations had levels of B in line
604  with previous estimates of gBGC in butterflies (0.69 - 1.16; Galtier, et al. 2018), while the
605  other species had lower B, more in agreement with what has been observed in humans (0.38)
606  (Glémin, et al. 2015).

607

608  Determinants of gBGC variation in animals

609  Regression analysis suggested that the overall strength of gBGC among the Leptidea butterflies
610 may depend more on interspecific variation in genome-wide recombination rate rather than
611  differences in N.. Galtier et al. (2018) also showed a lack of correlation between B and
612  longevity or propagule size (used as proxies for N.), across a wide sample of animals. We
613  observed that chromosome number (a proxy for genome-wide recombination rate) was
614  positively associated with B after excluding Spa-sin, which has recently experienced a change
615  inkaryotype. Galtier, et al. (2018) suggested that B may vary among species due to interspecific
616  differences in transmission bias, c. This observation was supported by a study on honey bees
617  (Apis mellifera) showing a substantial variation in transmission bias at non-crossover gene
618  conversion events (0.10 — 0.15) among different subspecies (Kawakami, et al. 2019). Analyses
619  ofnon-crossover gene conversion tracts in mice and humans showed that only conversion tracts
620  including a single SNP were GC-biased (Li, et al. 2019). In contrast, the SNP closest to the end
621  of a conversion tract determines the direction of conversion for all SNPs in a tract, in yeast
622  (Lesecque, et al. 2013). Both these studies suggest that the impact of conversion tract length
623  may be more complex than the multiplicative effect on conversion bias assumed in the b = ncr
624  equation. The relative importance of recombination rate, transmission bias and conversion tract
625  length, in divergence of b among populations and species remains to be elucidated.

626

627  Butterfly population genomics in light of gBGC

628 Linkage maps for butterflies with high enough resolution to establish whether or not
629  recombination is organized in hotspots is currently lacking (Davey, et al. 2016; Davey, et al.
630  2017; Halldorsson, et al. 2019). Nevertheless, recombination varies marginally (two-fold)
631  between- but substantially within chromosomes in two species of the Heliconius genus (Davey,
632  etal. 2017). Related to this, chromosome length is negatively correlated to both recombination
633  rate and GC content in H. melpomene (Martin, et al. 2016; Davey, et al. 2017; Martin, et al.
634  2019), which is a pattern typical of gBGC (Pessia, et al. 2012). The higher GC content at
635  fourfold degenerate (4D) sites on shorter chromosomes in H. melpomene was interpreted to be
636  a consequence of stronger codon usage bias on short chromosomes (Martin, et al. 2016). An
637  alternative explanation is that the higher recombination rate per base pair observed on smaller
638  chromosomes leads to an increased intensity of gBGC and consequently a greater GC content.
639  Galtier et al. (2018) showed significant positive correlation (= 0.18-0.39) between GC content
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640  of the untranslated region and the third codon position in genes of three butterflies. This
641  supports the conclusion that gBGC and possibly variation in mutation bias across the genome,
642  affects codon usage evolution in butterflies. The degree of mutation bias in H. melpomene is
643  unknown (as far as we know), but a A = 3 is possible given that H. melpomene has a genome-
644  wide GC content of 32.8 % (Challis, et al. 2017), which is similar to the ancestral Leptidea
645  genome and the L. sinapis reference assembly (Talla, et al. 2017; Talla, Johansson, et al. 2019).
646  We conclude that assessment of natural selection using sequence data should also include
647  disentangling the effects of potential confounding factors like gBGC, especially in taxa where
648  this mechanism is prevalent (e.g. Bolivar, et al. 2016; Bolivar, et al. 2018; Pouyet, et al. 2018;
649  Bolivar, et al. 2019).

650

651  GC-biased gene conversion, mutation bias and genetic diversity

652  Many studies have in the recent decades investigated the association between genetic diversity
653  and recombination rate and have in general found a positive relationship (e.g. Begun and
654  Aquadro 1992; Nachman 1997; Kraft, et al. 1998; Cutter and Payseur 2003; Stevison and Noor
655  2010; Lohmueller, et al. 2011; Rao, et al. 2011; Langley, et al. 2012; Cutter and Payseur 2013;
656  Mugal, et al. 2013; Corbett-Detig, et al. 2015; Wallberg, et al. 2015; Martin, et al. 2016; Pouyet,
657 et al. 2018; Castellano, et al. 2019; Talla, Soler, et al. 2019). Somewhat later, debates on the
658  determinants of so-called GC isochores in mammalian genomes gave rise to much research on
659  the impact of gBGC on sequence evolution (Eyre-Walker 1999; Eyre-Walker and Hurst 2001;
660  Meunier and Duret 2004; Duret, et al. 2006; reviewed in Duret and Galtier 2009). In this study
661  we emphasize that gBGC and the widespread opposing mutation bias may also influence
662  variation in genetic diversity across the genome. This can be considered as an extended neutral
663  null model to which the importance of selective forces can be compared.

664

665  Several empirical studies have noted the impact of gBGC on genetic diversity. Castellano, et
666  al. (2019) observed that the m of GC-changing mutations had a stronger positive correlation
667  with recombination than GC-conservative mutations. Pouyet, et al. (2018) observed that in
668  genomic regions with sufficiently high recombination to escape background selection, GC-
669  neutral mutations were evolving neutrally while S>W mutations were disfavored and W—>S
670  mutations favored. This illustrates an important point that genomic regions where the diversity-
671  reducing effects of background selection may be weakest or absent, are the same regions in
672  which gBGC affects the SFS the most. Consequently, we suggest that future studies on the
673  impact of linked selection also consider the impact of gBGC. A straight way forward would
674  for example be to consider GC-neutral and GC-changing mutations separately (Castellano, et
675 al. 2019).

676

677  The impact of gBGC on genetic diversity is dependent on the evolutionary timescale
678  considered. For segregating variants, gBGC can only decrease diversity. If we also consider
679  substitutions and model the evolution over longer timescales, gBGC may indirectly increase
680  genetic diversity. In the GMD equilibrium model, gBGC raises genetic diversity indirectly by
681 increasing GC content, which in turn allows greater mutational opportunity for S>W
682  mutations. This can only be achieved when there is a S=> W mutation bias greater than one and
683  the intensity of gBGC is not too strong. Under identical conditions, gBGC may produce a
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684  positive correlation between recombination rate and genetic diversity through an increase in
685  GC content. The impact of this effect will depend on the relative proportion of GC-neutral- and
686  GC-changing variants. In the GMD model, the diversity of GC-neutral variants is unaffected
687 by GC content. While this is a reasonable null model, it is also a simplistic view in light of the
688  diversity-reducing effects on GC-neutral variants imposed by high GC content observed in our
689  study. GC-neutral variants are only independent of gBGC on the timescale of segregating
690  variation. Over longer timescales gBGC and mutation bias will cause GC-content to evolve
691  towards an equilibrium which may or may not be conducive for GC-neutral mutations.

692

693  Determinants of genetic diversity across the genome

694  Identifying determinants of genetic diversity and evaluating their relative importance remains
695  a challenging task. First, we usually lack information on the relationship between GC content
696  and mutation rate due to the sizable sequencing effort required to establish reliable estimates
697  (Messer 2009). Divergence at synonymous sites have been used as a proxy for mutation rate
698  (Martin, et al. 2016; Talla, Soler, et al. 2019), but synonymous divergence is a biased estimator
699  of mutation rate in systems with B # 0 (Bolivar, et al. 2016). In model organisms, such as
700  humans, it has become feasible to study mutation rates using singletons in massive samples
701  (>14,000 individuals; Schaibley, et al. 2013), or through large-scale sequencing of trios
702 (Jonsson, et al. 2017). Second, the predictor variables of interest are often correlated (e.g. GC
703  content and recombination rate in the presence of gBGC) which complicates interpretation for
704  conventional multiple linear regression approaches (Talla, Soler, et al. 2019). A solution to this
705  problem has been to use principal component regression (PCR) in which the PCs of predictor
706  variables are used as regressors (Mugal, et al. 2013; Martin, et al. 2016; Dutoit, et al. 2017).
707  Using this method, Dutoit, et al. (2017) found that the PC which explained most variation of ©
708  among 200 kb windows in the collared flycatcher genome was mainly composed of a negative
709  correlation with GC. Martin, et al. (2016) considered 4D sites in H. melpomene and found that
710 GC content was less important than gene density. It is likely that synonymous variants show
711  greater impact of background selection compared to non-exonic variants, given the tight
712 linkage between synonymous sites and nonsynonymous sites putatively under (purifying)
713 selection. Instead of PCR we opted for an alternative approach in which the quadratic
714 relationship between GC content and CDS density was binned into separate categories.
715 Furthermore, by investigating the GC-neutral and GC-changing mutation categories separately,
716  we could to some extent distinguish the effects of linked selection and GC content, from the
717  effects of gBGC.

718

719 Conclusion

720  In this study, we highlight that gBGC is a pervasive force, influencing rates and patterns of
721  molecular evolution both among and across the genomes of Leptidea butterflies. We further
r722 emphasize that gBGC shapes genetic diversity and may — through fixation of W—>S mutations
723  —lead to a concomitant increase of diversity if opposed by a S=> W mutation bias. This means
724  that positive correlations between genetic diversity and recombination does not necessarily
725  imply that selection is affecting diversity in the genome. Especially if the recombination rate
726  is correlated with GC content, a pattern typical of gBGC. Here, we reject gBGC as a main
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727  determinant but recognizes its impact on diversity along with linked selection and GC content.
728  Our model of how mutation bias and gBGC affects segregating variation provides a part of the
729  puzzle linking the evolution of GC content to genetic diversity.
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