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Abstract

Sex chromosomes are predicted to harbour elevated levels of sexually antagonistic variation
due to asymmetries in the heritability of recessive traits in the homogametic vs heterogametic
sex. This evolutionary dynamic may manifest as high recessive load specifically affecting the
homogametic sex, and the retention of haplotype diversity in small populations. We tested the
hypothesis that the Z chromosome in the butterfly Bicyclus anynana carries a high inbred load
for male fertility and viability. Homozygosity of Z chromosome blocks was produced by
daughter-father backcrosses, and inferred from marker loci positioned via a linkage map. Male
sterility was, in general, unrelated to homozygosity in any region of the Z, but there was an
extreme deficit of homozygous males within a 2cM interval in all families. In contrast, no
corresponding skew in Z genotype was detected in their (hemizygous) sisters. The same
pattern was observed in historically inbred lines, indicating a high frequency of recessive
lethals in the ancestral population. Allele frequency changes between 1993 and 2006 (70
generations at N, ~160) show that, despite the loss of many haplotypes, diversity was retained
significantly above the neutral expectation. Effective overdominance in the lethal region can
account for this effect locally but not in other parts of the chromosome, that are also associated
with persistent linkage disequilibrium. These unexpected patterns suggest the operation of
other factors, such as epistatic selection, recombination suppression, assortative mating, and
meiotic drive. Our results highlight the role of balancing selection in maintaining the inbred load
and linked genetic diversity.
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Introduction

Understanding the factors that maintain the alleles responsible for inbreeding depression is
relevant to explaining fitness variation in natural populations (Charlesworth, 2015), to
predicting the risk of extinction of small populations (Saccheri et al, 1998; Bijlsma et al, 2000),
and to interpreting changes in genetic marker diversity with respect to effective population size
and selection (Zhao and Charlesworth, 2016). Mutational input of unconditionally deleterious
variants, kept at low equilibrium frequencies by purifying selection, is the primary underlying
process. However, it is increasingly acknowledged that a significant component of the inbred
load is due to alleles maintained at intermediate frequencies by various forms of balancing
selection (Charlesworth and Charlesworth, 1999; Charlesworth, 2015). The idea that
overdominant loci, even if relatively few in number, could make a disproportionate contribution
to fitness variation, has been around for a long time (reviewed in Crow, 1987) but lacks strong
empirical support (Charlesworth and Willis, 2009; Liberatore et al, 2013). An alternative and
perhaps more widespread balancing mechanism is antagonistic pleiotropy, where a single
allele is beneficial through one trait but deleterious through another trait (Rose, 1982;
Charlesworth and Hughes, 2000).

In species with separate sexes, sexually antagonistic pleiotropy (intralocus sexual conflict;
Bonduriansky and Chenoweth, 2009) is predicted to affect many components of fitness
(Connallon and Clark, 2014; Zajitschek and Connallon, 2018). This was borne out by the first
genome-wide study of sexually antagonistic polymorphisms, which found many deeply
conserved clusters of sexually antagonistic SNPs throughout the genome of Drosophila
melanogaster, reflecting structural constraints to resolving functional conflicts (Ruzicka et al,
2019). Surprisingly, given some theoretical predictions (Rice, 1984), and earlier studies in D.
melanogaster (Innocenti and Morrow, 2010) and humans (Lucotte et al, 2016), this study did
not find a significant enrichment of these genes on the X chromosome, compared to
autosomes. The major contribution from autosomes was attributed, in part, to sex-specific
dominance effects, where the same allele confers a (partially) dominant benefit to one sex but
a (partially) recessive cost to the opposite sex, which broaden the conditions (sexually
antagonistic cost/benefit ratio) for the maintenance of autosomal polymorphisms (Fry, 2010).

Notwithstanding the likely importance of dominance modifiers for autosomal polymorphism
(Spencer and Priest, 2016), Rice’s (1984) single-locus model predicts that, in species with
highly diverged heteromorphic sex chromosomes, intralocus sexual conflict at sex-linked loci
may lead to asymmetries in the sex-specific inbred load. This is because a sexually
antagonistic allele conferring a recessive cost to the homogametic sex (XX females or ZZ
males) can be maintained through its beneficial effect to the heterogametic sex (XY males or
ZW females), under the assumption that in the hemizygous state alleles are always expressed
(i.e., dominance restrictions do not apply). In this model (Rice, 1984; Gibson et al, 2002), a
relatively small pleiotropic benefit to the heterogametic sex can sustain low equilibrium
frequencies of strongly deleterious recessives, whose homozygous cost is rarely exposed in
the homogametic sex. Conversely, the conditions for maintaining alleles that are deleterious
to the heterogametic sex are much more restrictive and rely on large dominant benefits to the
homogametic sex, coupled with relatively mild costs to the heterogametic sex. Thus, we might
expect a concentration of larger effect deleterious recessives affecting the homogametic sex
on sex chromosomes. Sex chromosomes are also expected to be enriched for genes whose
expression is biased towards the homogametic sex (Ellegren, 2011; Huylmans et al, 2017).



No clear pattern emerges as to the sex or gamety that is more sensitive to inbreeding (reviewed
in Ebel and Phillips, 2016). For example, in D. melanogaster, inbreeding depression for fithness
is greater for (XY) males than for (XX) females, due to male-male competition (Enders and
Nunney, 2010; Mallet and Chippindale, 2011), whereas in Caenorhabditis remanei, (XX)
females are much more sensitive to inbreeding than are (XO) males (Ebel and Phillips, 2016).
Lack of a consistent sex chromosome effect is also provided by the pedigreed population of
Melospiza melodia, where inbreeding depression for lifetime reproductive success was
substantially greater for (ZW) females than (ZZ) males, predominantly through a reduction in
the proportion of eggs hatching (Keller, 1998). Other factors, such as the genetic architecture
of sex-specific traits, the contribution of these traits to total fitness, the strength of sexual
selection and inbreeding imposed by life-history and mating system, and the mechanism of
dosage compensation, will also influence sexual asymmetries in the inbred load (Janicke et al,
2013; Mank et al, 2014).

The physical distribution of the genetic load (sensu lato) within chromosomes, and the
distribution of dominance effects, has major consequences for the pattern of linked molecular
genetic diversity. In large populations, background selection against deleterious recessive
alleles is expected to accelerate the rate of loss of linked neutral genetic variation, compared
to the purely neutral case (Charlesworth et al, 1993). However, in small populations, linkage
disequilibrium between two selected loci, each segregating deleterious recessives, and a
linked (neutral) marker locus leads to apparent heterozygote advantage at the marker locus
(associative overdominance; Ohta, 1971), even though the selected loci do not show true
overdominance. Under certain conditions (low coefficient of dominance and weak selection)
this type of association can retard the loss of genetic diversity due to genetic drift (Wang et al,
1999; Zhao and Charlesworth, 2016). This effect may account for some cases, typically in
laboratory populations, where lower than expected declines in heterozygosity have been
observed (e.g., Schou et al, 2017).

A laboratory population of the Afro-tropical butterfly Bicyclus anynana (Satyridae) has been
maintained in captivity since 1988 and offers the opportunity to relate temporal changes in
molecular genetic diversity to genetic (recessive) load in a male-homogametic (ZZ) species.
Previous studies have revealed that B. anynana carries a very high inbred load (> 7 lethal
equivalents per zygote), predominantly affecting male fertility and embryo viability (Saccheri et
al, 1996; Saccheri et al, 2005). For comparison, the egg-adult inbred load in Drosophila spp.
is of the order of 1-2 lethal equivalents (Dobzhansky et al, 1963; Garcia et al, 1994). In B.
anynana, sterility is strongly affected by the inbreeding status of males (inbreeding coefficient
F~0.25), whereas the degree of inbreeding of females appears to have essentially no effect
on this trait (Saccheri et al, 2005).The qualitatively male-biased sterility effect and generally
high inbred load, coupled with theoretical predictions of intralocus sexual conflict models (Rice,
1984; Gibson et al, 2002), suggested the presence of one or more Z-linked loci segregating
recessive alleles with large deleterious effects. We therefore set out to test the null hypothesis
that homozygosity (in diploid males) or haplotype identity (in hemizygous females) of Z
chromosome segments (denoted by z) has no effect on fertility or viability. The W chromosome
in this species is unusually small and degenerated (van't Hof et al, 2008), implying few if any
functional regions that are homologous with the Z. (For practical reasons at the time of the
experiments, the study was restricted to the Z chromosome, effectively ignoring any influence
from the 27 autosomes.) In addition to seeking genotype-phenotype associations in
segregating sibships, we used archival DNA from the ancestral base population to link changes
in Z-haplotype diversity over 70 generations in captivity to selection and drift. A linkage map of



the Z chromosome was constructed and used to identify marker polymorphisms, which were
then applied to segregating sibships and population samples.

Materials and methods

Overview of samples

This study combined analysis of experimental crosses (linkage mapping family and
backcrosses) and bottlenecked lines, with population samples taken at two time points (1993
and 2006), all derived from the same initial laboratory population (Figure 1a).

Linkage map and genetic markers

Our objective was to obtain 8-10 evenly spaced markers across the Z chromosome; however,
inconsistent gene order between Bombyx mori and B. anynana made it necessary to map a
larger number of loci (34) to achieve this. The majority were initially targeted using B. mori Z
chromosome scaffold orthologs (Wang et al, 2005). Ten Z-linked genes were already mapped
in B. anynana (van't Hof et al, 2008; Beldade et al, 2009). Prior to the release of the B. anynana
genome assembly (Nowell et al, 2017), gene sequences were obtained using degenerate
primers based on conserved regions (Table S1), and expressed sequence tags (Beldade et
al, 2006). Segregating polymorphisms were most commonly found by screening the father of
the mapping family with intron-spanning PCR followed by Sanger sequencing. For some
markers, exonic polymorphisms were used, and apterous A was mapped using a BAC
sequence polymorphism outside the gene (genbank AC239117). Genotyping methods
consisted of PCR-RFLP, indels producing distinct gel bands, and Sanger sequencing (PCR
primers in Table S1). DNA was extracted from the head and thorax of frozen adults, following
a standard phenol-chloroform protocol (Saccheri and Bruford, 1993). 1/100 dilution of this DNA
extract was used as PCR template. PCR reactions were performed in 12 uyl volumes,
containing 1X LongAmp buffer, 1.2 units of LongAmp polymerase (NEB), 0.4 uyM of each
primer and 0.5 ul of diluted DNA extract. A standard 3-step 40 cycle amplification was used
with an annealing temperature (Ta) of 57°C for species-specific primers and T. 50°C for
degenerate primers. Most marker alleles consisted of multiple linked single nucleotide
polymorphisms (SNPs) defining a ‘microhaplotype’.

The mapping family is the same used for a previously published AFLP-based linkage map
(van't Hof et al, 2008) with an additional 92 sibs included giving a total of 184 offspring. The
large number of offspring and markers required a cost-effective mapping approach, allowing
detailed mapping around recombination breakpoints combined with crude-mapping of non-
recombining regions. A preliminary linkage map was constructed using indels or PCR-RFLP
with distinct allelic bands on agarose gels (‘cheap markers’). This revealed all recombination
events in the mapping family. The next step was to roughly position the loci genotyped by
Sanger sequencing (‘expensive markers’) relative to the preliminary map based on a subset
of offspring. Subsequently, these loci were fine-tuned to their exact position by only sequencing
individuals with recombination breakpoints near the ‘expensive marker’. Missing genotypes
inside non-recombinant chromosome sections (undisrupted inherited paternal haplotype
sections) can then be reliably inferred using their surrounding ‘cheap markers’. Errors caused
by undetected double recombinants on the preliminary map are unexpected due to the
restrictions of interference, i.e. the absence of double recombinations within small intervals
(Muller, 1916). Markers near chromosome ends were sequenced in all offspring because their
genotypes cannot be inferred reliably. The map was produced with Joinmap 4.0 (Kyazma)
using the Haldane mapping method. The procedures to account for absence of female



recombination in Lepidoptera only apply to autosomes and were therefore not implemented
for the Z chromosome mapping.

Backcross and egg hatching

Female Lepidoptera are heterogametic (ZW), receiving the Z chromosome from their father
only, whereas homogametic (ZZ) males inherit one Z copy from each parent. Furthermore,
there is no crossing-over in females. A daughter-father backcross (father Z1Z,; daughter either
ZW or Z;W) is therefore expected to produce a 1:1 ratio of ZiZ1 (homozygous) : ZiZ;
(heterozygous) sons (for the Z1W daughter case) and a 1:1 ratio of Z/W : Z,W daughters. In
reality, recombination breaks down the original Z1 and Z> haplotypes, such that the above
expectation holds, not for the whole chromosome, but for large chromosome segments,
denoted by z (Figure 1b). For autosomal genes, the expected probability of identity by descent
is 0.25 for both sexes. Fourteen daughter-father backcrosses were established from a
laboratory stock population originally derived from Nkhata Bay, Malawi (our lab population had
been in captivity for ~90 generations at the time of the experiments). Husbandry was standard
for this species: larvae were reared on potted maize plants at 27°C; adults were fed on mashed
banana. Potential backcross fathers were held at 20°C to retard senescence while their
daughters developed into adults. Eggs were collected from mated daughters individually on
cuttings of their wild host-plant, Oplismenus compositus. Backcross larvae were reared to
adults in sleeve enclosures and 11-45 sons per backcross mated to (relatively) unrelated
outbred females (F1 hybrids of inter-line crosses). Egg batches from these females were used
to estimate the frequency of sterile sons produced by each backcross (proportion of eggs that
did not hatch or show visible signs of being fertilized, such as a head capsule). To keep
sequencing costs down, only five of the backcross families were selected for genotyping, on
the basis of having intermediate levels of sterility (maximising statistical power), with the
exception of one family that was 100% sterile, and the presence of paternal polymorphisms at
marker loci. In each of these, a sample of sons (mean n = 26) and daughters (n = 16, in one
case 14) was genotyped. Different combinations of five or six Z-linked loci were used for
different families because some fathers lacked polymorphisms in some regions.

Population samples

Archival DNA representing a random sample of the ancestral (base) population in 1993 (n =
112 males, 112 females), ~20 generations into captivity, was used to estimate the base
population frequencies of Z microhaplotypes at eight marker loci (C2745, Kettin, Tpi, Catalase,
C5197, Masc, Shaker, Ldh). The 1993 male sample was used to estimate the observed
frequencies of homozygotes at these same loci. As a temporal comparison, a sample of 48
females from the parental (backcross) generation, separated in time from the archival sample
by ~70 generations in captivity (assuming an average generation time of 10 weeks), was also
genotyped for the full set of eight loci. Archival DNA was additionally available for six
‘bottleneck’ lines, each established from a single pair of randomly mated individuals from the
same ancestral base population in 1993 (Saccheri et al, 1996; Saccheri et al, 1999), consisting
of the founders and a small sample of the descendant Fs. This material was used to assess
genotype frequency distortion due to inbreeding of the outbred base population after relatively
few generations in captivity.

Analysis of homozygosity, haplotype diversity, and linkage disequilibrium in the ancestral and
descendant populations

The complexity and diversity of the marker sequences in the ancestral or base (Leiden-1993)
population made it impractical to fully deconvolute heterozygous chromatographs into the
constituent microhaplotypes; therefore, microhaplotype frequencies were estimated from the



female sample only. It was, however, possible to identify microhaplotype homozygotes in the
male sample (those producing clean chromatographs). For each marker locus, the observed
number of homozygotes was compared to its Hardy-Weinberg expectation, n ¥, qZ, where q; is
the frequency of each allele (microhaplotype) and n is the size of the male sample.
Chromosomal haplotypes spanning the eight marker loci were determined for each female
sample (1993 and 2006). Microhaplotype identification numbers were assigned in order of their
frequency in the 1993 sample.

Haplotype diversity (Hq), equivalent to expected heterozygosity, at each marker locus and time
point (1993 and 2006) was estimated from the female allele (microhaplotype) frequency
spectraas (1 — Y ¢?) % where n is the size of the female sample (Nei, 1987). Standard error
of Hy was calculated as the square root of the variance, as defined by Nei (1987) equation
8.12, replacing 2n by n for the haploid female sample. Allelic richness (the number of
microhaplotypes, H,) for each locus, as implemented in R package hierfstat (version 0.04;
Goudet and Jombart, 2015), was calculated to account for differing nin 1993 and 2006. A point
estimate of the expected Hy for each locus in 2006 due only to genetic drift was calculated as
haplotype diversity in 1993 multiplied by (1 — (1/1.5Ne))t, where the effective population size
(Nes) was assumed to be 250 for (f) 40 generations (in Leiden), followed by 100 for 30
generations (in Liverpool). These effective population sizes are approximate as population
sizes were not accurately recorded throughout the period but census numbers of adults (N)
were generally kept at 400-500 in Leiden and 150-300 in Liverpool. We applied a Ne:N ratio of
0.6, previously estimated for equivalent caged populations of B. anynana (Brakefield et al,
2001).

Simulation, implemented in simuPOP (Peng and Kimmel, 2005), was used to generate
distributions of diversity and LD statistics under neutrality and in the presence of effective
overdominance (high frequency and diversity of recessive lethals) in the C5197-Masc region.
Population size was set to 450 and 200 for generations 1-40 and 41-70, respectively. Poisson
variance in family size of 5, broadly consistent with empirical estimates (Brakefield et al, 2001),
produces neutral behaviour expected for N, of 250 for 40 generations, followed by N, of 100
for 30 generations. The initial population was created from the observed 1993 haplotype
frequencies. Chromosomal crossovers occurred in males only, at recombination rates between
neighbouring pairs of loci as specified in the linkage map (Figure 1a). Females were
hemizygous and non-recombining. For simplicity, a high frequency of recessive lethals in the
C5197-Masc region was specified by assigning a fithess of zero to all C5197 homozygotes.
The simulation was run 1000 times.

The R package boot (version 1.3) was used to generate distributions of the observed Hy in
1993 and 2006, with 1000 replicates for each sample (Davison and Hinkley, 1997; Canty and
Ripley, 2019). Distributions of the change in heterozygosity at each locus were calculated from
pairs of values from the two (1993 and 2006) heterozygosity distributions. All calculations were
performed in R (version 3.3.3; R Core Team, 2017). The simulations were also used to
estimate the joint probability of obtaining the observed, or greater, combination of H, and Hy in
the 2006 (Liverpool) sample.

Entropy-based linkage disequilibrium (eLD), an index of linkage disequilibrium for multiallelic
loci (Okada, 2018), was estimated among all pairs of loci from the ancestral and descendant
female samples. To examine eLD in the simulated populations, we generated genotype files
for 100 replicates of the forward simulation and calculated the mean and standard deviation of
eLD across these populations. To visualise allelic associations among marker loci, alluvial



diagrams displaying the structure and distribution of whole chromosome haplotypes in the
1993 and 2006 populations were generated with Disentangler (Kumasaka et al, 2011). Missing
data was coded as null haplotypes indicated by the label “00".

Results

Linkage map

All 34 markers mapped together, with strong log of odd values (LOD > 10), to a single linkage
group of 65 cM (Figure 2a). The segregation pattern in the mapping family was consistent with
female hemizygosity: daughters inherited either of the paternal alleles but not the maternal
allele, whereas sons inherited the (single) maternal allele plus one of the paternal alleles. All
of the mapped orthologs of B. mori Z-genes are also on the B. anynana Z chromosome.
However, the evolutionary conservation of synteny does not apply to the ordering of the genes,
which is very different in the two species. The order in B. anynana also differs from that in
Biston betularia (van't Hof et al, 2013). The gene Z-MOF (BaC1211), previously flagged as
inconsistent between B. mori and B. anynana (Beldade et al, 2009), was confirmed to be Z-
linked in B. mori, which has an autosomal paralog and a Z-ortholog (not included in an earlier
gene annotation).

Genotype-phenotype associations in backcrosses

(i) Viability

Five or six marker loci were scored in each of the five backcross families (2BF1, 8BF4, 9BF;,
11BF4, 13BF,) (Table S3). There was a clear and significant deficit of homozygous adult males
(sons) within and close to the interval containing marker loci C5197, Masc and 6PGD (Table
1). In three of the five backcross families (8BF1, 9BF1, 11BF1) there were no homozygotes in
the C5197 to 6PGD interval. In the other two families (2BF+ and 13BF+) there were only one
or two homozygous sons at 6PGD and Masc, respectively. The homozygous fraction tends to
increase with increasing distance from this region, though it rarely reaches the null expectation
of equality with heterozygotes, likely due to only one generation of recombination (in fathers
only) to decouple local heterozygosity from heterozygosity in the lethal region. In contrast, both
paternal alleles occur at approximately their expected ratio of 1:1 in the daughters of all
backcrosses, and there is no striking deviation within the C5197-6PDG interval. The one
exception to this overall pattern is for Tpi in 13BF4, where all sons and all daughters carry the
same paternal allele, which being the same as the maternal allele results in no heterozygous
sons. The identity of the lethal core haplotype in the C5197-6PGD interval is different in four
out of five families (9BF1 and 13BF; share the same lethal haplotype).

(i) Male fertility

The egg batches produced by the Fi hybrid females mated to unrelated backcross sons
showed a wide range of sterility and egg hatching rates (Table 2), but no association with z
homozygosity of fathers at any of the marker loci (Table S4). The average proportion of sterile
matings in the 2006 backcross families (0.62, s.d. 0.29) is somewhat higher than it was in
similarly inbred parents (inbreeding coefficient = 0.25), produced by full-sib matings from the
same population in 1999 and 2002 (0.43, s.d. 0.21; see Table 2 in Saccheri et al, 2005).

Homozygous lethal region in the ancestral population

There was a significant deficit of homozygotes at locus C5197 in the ancestral (Leiden-1993)
population, but not at the Masc intronic marker. This pattern contrasts with the close to
expected number of homozygotes at Tpi, Catalase, Shaker and Ldh (Table 3). Surprisingly,
there was a highly significant excess of homozygotes at C2745. This was due to higher than



expected homozygotes for most of the less common haplotypes, whereas homozygotes for
the most common haplotype (H1) were close to expected (15 observed vs 17 expected). In the
partially inbred bottleneck lines (Fs derived from Leiden-1993), there was a similar pattern of
homozygote deficit in the C5197-Masc-6PGD interval as observed in the backcross families,
and close to expected representation of founder alleles in the female sample (Table 4). The
allelic identities of the missing homozygotes are diverse. The apparent deficit of homozygotes
at Tpi (line 1.1) is in the opposite direction to the observation in 13BF 4, and possibly related to
long-range linkage disequilibrium with the lethal region, generated through an interaction
between drift and selection.

Changes in haplotype diversity and linkage disequilibrium

Comparison of the allele (microhaplotype) frequency distributions in the base (1993) and
descendant (2006) populations (Figure 2b) reveals that the number of haplotypes declined
substantially at every marker locus (45% average loss), but that Hy declined much less than
the expected 26% at all marker loci, with the exception of Tpi (Table 5, Figure 3a, Table S5).
At C2745, Catalase and C5197, Hy in 2006 was marginally higher than in 1993; at Masc,
Shaker and Ldh it was ~10% lower. The retention of Hy was achieved, despite the loss of many
alleles, by balancing the frequencies of the remaining alleles. The big drop at Tpi results from
the loss of six out of nine haplotypes and a disproportionate increase in H1 (from 29% to 71%),
which is the same allele that was exclusively inherited in 13BF1 (Table 1); the alternative
paternal allele in this family was H7.

The pattern of linkage disequilibrium in the base population (Figure 3c, upper half matrix)
reveals two blocks of loci with high eLD values: C2745-Tpi (18 cM) and C5197-Ldh (18.3 cM);
the former block centred on C2745-Kettin, and the latter block made up of two smaller blocks
(C5197-Masc, which are very close to each other, and Shaker-Ldh, which are 7.4 cM apart).
Surprisingly, these LD blocks were essentially retained over 70 generations, with some
modifications (Figure 3c, lower half matrix). The lower block expanded to include Catalase; the
upper block weakened locally (C2745-Tpi) but strengthened globally (C2745-Ldh). Some of
the LD patterns are visually apparent in the distribution of eight-locus haplotypes (Figure S2).

Comparison with the simulated changes in H, and Hy (Figure S1) confirm that the observed
diversity in Liverpool 2006 is significantly greater than predicted under neutrality at six of the
eight loci (Table 5). Moreover, the simulation incorporating overdominance at C5197, can
explain the excess diversity at C5197 and Masc, but not at C2745, Catalase, Shaker and Ldh,
which remain significant outliers (Table 5, Figure 3a). Similarly, LD in the simulated populations
with C5197 overdominance, recover a closely similar estimate to that observed between
C5197 and Masc in 2006, but uniformly low LD everywhere else (Figure 3c, in parentheses).

Discussion

This experiment was originally motivated to test the prediction that the very high male-specific
sterility load in B. anynana (Saccheri et al, 2005) is Z-linked, and maintained through some
form of intralocus sexual conflict (Rice, 1984). Lack of any consistent association between
homozygosity at a sample of loci spanning the entire chromosome and male sterility does not
support this hypothesis. The implication, therefore, is that the male-specific sterility load must
be due to autosomal loci. In contrast, the Z chromosome does harbour a large proportion of
the male-specific viability load, in the form of recessive lethals, with implications for the
retention of linked diversity.



The complete, or near complete, absence of adult males homozygous within the region of the
Z chromosome spanning C5197-6PGD in the Liverpool stock (2006) backcrosses indicates a
high frequency of recessive lethals in this laboratory population. As this population had been
in captivity for some 90 generations this could be a consequence of genetic drift (the presence
of at least four different lethal core haplotypes makes this unlikely). However, the deficit of
homozygotes in the Leiden (1993) outbred base population, which will have been subject to
minimal genetic drift since being established from the wild, and in the inbred (bottlenecked)
lines derived from it, strongly suggests that the high frequency of recessive lethals in this region
is a feature of the natural population. Our experiment only measured the adult stage, and
therefore does not allow detection of when, during development, the homozygous lethal effect
occurs. However, as larval and pupal mortality is very low under benign rearing conditions
(Brakefield et al, 2001), sometime during embryo development prior to hatching is most likely.

The presence of a few apparent homozygotes within the core region, particularly in the 1993
stock, is likely to reflect the fact that intronic marker microhaplotypes are only loosely linked to
extended haplotypes in population samples, so we predict that many of the homozygotes at
C5197 and Masc are cryptic haplotype heterozygotes at the functionally lethal region. This
interpretation is supported by the complete or near complete absence of C5197-6PGD
homozygotes in the backcross and bottleneck material, where parental haplotypes could be
traced. In addition to C5197, Masc and 6PGD, the lethal region includes Z-lethal(3)neo18,
C5904, SREBP, and 1-Cys peroxiredoxin. The name Z-lethal(3)neo18 is derived from the D.
melanogaster ortholog, of which B. anynana has an autosomal copy and a Z-linked copy.
Despite its suggestive name it remains unclear whether this gene is involved in the observed
lethal effect since its function in D. melanogaster is not documented. Based on the B. anynana
reference genome (Nowell et al, 2017), several other genes exist in the lethal interval, but none
are obvious candidates for lethality either.

As demonstrated by our simulation model, heterozygote advantage could account for the
observed retention of linked diversity and LD within the lethal-containing region (C5197 and
Masc) through ca. 70 generations of genetic drift, despite the complete loss of one-third and
one-half of haplotypes, respectively. We cannot at this stage rule out associative
overdominance, as opposed to single-locus overdominance (Charlesworth and Willis, 2009),
which would require different but closely linked lethal-carrying loci in repulsion phase, rather
than a single locus with many recessive lethal alleles. A model involving sexually antagonistic
pleiotropy is less plausible, given that most, possibly all, alleles appear to be unconditionally
deleterious to males, and we did not observe any obvious fitness benefits to females.

The retention of haplotype diversity in other regions of the Z chromosome (C2745, Shaker,
Ldh, and to lesser extent Kettin and Catalase) is intriguing. There were no obvious deviations
from the expected segregation patterns in the backcross families and bottleneck lines, and
recombination distances to the male-lethal region are large. Moreover, the family used to
create the linkage map, and the backcross families do not suggest unusual recombination or
the presence of inversion polymorphisms. However, the very similar pattern in LD between the
1993 and 2006 populations across the lower third of the chromosome (C5197-Ldh) does imply
the interaction of reduced recombination and/or epistatic selection (Phillips, 2008).

In the specific case of C2745, the excess haplotype diversity is coupled with a significant
excess of homozygotes in the ancestral male sample. Assortative mating, with respect to this
or nearby loci, could conceivably produce both of these patterns. The restrictive conditions
required for stable polymorphism under a one trait, two-locus model (Hedrick, 2017), suggest



10

a more complex architecture, perhaps involving sexual antagonism (Arnqvist, 2011) and
linkage between (male) attractiveness and (female) preference (lyengar et al, 2002). In
contrast to the C5197-Ldh region, LD in the upper third of the chromosome declined, albeit
more slowly than expected. This may relate to the artificially high population density
environment of the caged population, and the associated relaxation of the conditions promoting
mate choice behaviour in nature.

One of the marker loci (Tpi) stands out as having lost more haplotype diversity than expected.
The highly skewed pattern of inheritance, in both sexes, of the paternal alleles in one of the
backcross families, together with the more than doubling in frequency of this specific allele
between 1993 and 2006, is suggestive of meiotic drive (Lindholm et al, 2016). The loss of
autosomal suppressor alleles, originally present in the ancestral population, due to genetic drift
may explain its spread in captivity. This selective sweep is likely to have contributed to the
1993-2006 increase in LD between Tpi and the neighbouring Catalase, whose most common
haplotype (H6) is fully associated with the putative driving haplotype (Tpi-H1; Figure S2).
Interestingly, there is also a suggestion that this haplotype causes male sterility in the
homozygous state (all the sons in family 13BF were both homozygous for Tpi and sterile).

Our finding of significant retention of heterozygosity on the Z contrasts the near neutral
behaviour over 20 generations of the X in D. melanogaster lines, attributed to low levels of X-
linked recessive load (Schou et al, 2017). Greater efficacy of purifying selection is expected to
apply to sex-linked genes whose expression is biased towards the heterogametic sex (XY
males, ZW females). Conversely, recessive or partially recessive deleterious mutations at sex-
linked genes whose expression in biased towards the homogametic sex should experience
less efficient selection. The contrasting pattern in non-synonymous to synonymous nucleotide
diversity (1n/11s) expected from this evolutionary dynamic has been confirmed between
categories of sex-biased Z-linked genes in two butterfly species (Rousselle et al, 2016). In
addition to gamety, differences in sex chromosome-linked load likely reflect the outcome of
many other factors, including species demography, life history, phylogeny, and intra/inter-
specific coevolution.

This exploratory study has raised more questions than it has answered. Future work should
be directed at resolving the identity of the male lethals in the C5197-6PGD region, as well as
the underlying causes of the joint retention of heterozygosity and LD in the lower third of the Z
chromosome, and the homozygote excess at the top end, around C2745. Further experiments
are required to confirm the behaviour and identity of the putative meiotic driver in the vicinity
of Tpi. Finally, the search for the loci causing inbred male sterility needs to be extended to the
autosomes. The overall impression is of a complex set of balancing selection mechanisms,
whose net effect is the maintenance of an elevated genetic load resistant to purifying selection,
making this species particularly susceptible to inbreeding depression.
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Table 1. The ratio of homozygous to heterozygous sons, or of alternate paternal alleles in
daughters, at a series of Z-linked loci (ordered according to their relative positions on the
chromosome) in a sample of adult offspring produced by five daughter-father backcrosses.
Grey shading highlights the region in which homozygous sons are almost entirely missing. The
significance of deviations from the null expectation of 1:1 (homozygotes vs heterozygotes or
allele 1 vs allele 2) is indicated by asterisks (Fisher’s exact test).

2BF1

sons: homozygotes : heterozygotes

8BF1

9BF1

11BF1 13BF1

2BF1

daughters: allele 1 : allele 2

8BF1

9BF1

11BF1

13BF1

loci (n=24) (n=33) (n=29) (n=24) (n=20) (n=16) (n=16) (n=16) (n=16) (n=14)
C2745 9:15 17:16 11:18 6:18 10:10 3:13 8:8 8:8 8:8 8:6
Kettin 9:15 4:12

Tpi 13:20 6:23 * 20:0 6:10 6:10 14:0 ***
Cyp303a1  3:21* 1:23 *** 4:12 11:5

C5197 0:29 ***  0:24 ***  0:20 *** 5:11 9:7 4:10
Masc 0:24 ** 0:33 ***  0:29 ***  0:24**  2:18* 6:10 7:9 5:11 10:6 3:11
6PGD 1:23 %% 0:33 8:8 7:9

Ldh 4:20 * 2:31 % 227 186 317 * 7:9 6:10 6:10 5:11 4:10
Henna 2:31 " 1:28 6:10 5:11

Table 2. The proportion of completely unfertilized (sterile) egg batches, and the mean
proportion of hatching eggs, produced by samples of outcrossed (F1 hybrid) females mated to
the sons of 14 daughter-father backcrosses (n1 is the number of mated pairs from which the
estimates were derived; n, is the mean number of eggs collected per pair).

Line nt n2 Sterility (se) Hatching (se)
1BF1 29 48 0.79 (0.08) 0.12 (0.05)
2BF1 23 45 0.39 (0.10) 0.31 (0.07)
3BF1 45 65 0.22 (0.06) 0.51 (0.06)
4BF1 21 68 0.09 (0.06) 0.62 (0.06)
5BF1 28 47 0.21 (0.08) 0.53 (0.07)
6BF1 21 38 0.71 (0.10) 0.17 (0.06)
7BF1 21 48 1.00 (0.00) 0.00 (0.00)
8BF1 33 60 0.64 (0.08) 0.16 (0.05)
9BF1 29 48 0.69 (0.09) 0.13 (0.05)
10BF1 20 44 0.65 (0.11) 0.33 (0.07)
11BF1 24 38 0.54 (0.10) 0.21 (0.07)
12BF1 13 39 0.77 (0.12) 0.07 (0.04)
13BF1 24 39 1.00 (0.00) 0.00 (0.00)
14BF1 11 28 0.91 (0.09) 0.09 (0.05)
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Table 3. Comparison of the observed number homozygous males in a sample (n) taken from
the ancestral (Leiden-1993) population vs the number expected under HWE and using allele
frequencies estimated from an equivalent female sample, at each of eight Z-linked loci.

loci n Obs Exp X2 p-value
C2745 112 42 23.13 19.39 <0.001
Kettin 109 45 36 3.35 ns
Tpi 112 15 18.36 0.73 ns
Catalase 108 39 40 0.01 ns
C5197 112 14 26.78 8.02 <0.005
Masc 111 17 10.99 3.64 ns
Shaker 108 20 17.64 0.37 ns
Ldh 111 13 14.45 0.16 ns

Table 4. The ratios of homozygous to heterozygous males, or of alternate alleles in females,
at a series of Z-linked loci (ordered according to their relative positions on the chromosome) in
a sample of F3 adults descended from six laboratory populations (lines) each established from
a single pair of founders collected from the outbred Leiden-1993 population ca. 20 generations
into captivity. Depending on whether the founding pair shared an allele, loci in these lines may
segregate for two or three alleles. Grey shading highlights the region in which homozygous
males are almost entirely missing. The significance of deviations from the null expectation is
indicated by asterisks (Fisher’s exact test). (Line 1.3 Tpi n=12 for both sexes).

males: homozygotes : heterozygotes females: allele 1 : allele 2 : allele 3
Line: 1.1 1.2 1.3 1.4 1.5 1.6 1.1 1.2 1.3 1.4 1.5 1.6
loci (n=9) (n=9) (n=16) (n=9) (n=9) (n=9) (n=9) (n=9) (n=16) (n=9) (n=9) (n=9)
C2745 1:8 5:4 13:3 8:1 8:1 2:7 5:2:3 54 10:51 4:3:2 5:4 3:3:3
Tpi 0:9 - 2:10 3:6 1:8 4:5 6:2:1 - 6:3:3 6:3 5:4 6:3
C5197 0:9 1:8 0:16 0:9 0:9 3:6 5:4 6:3 8:5:3 6:3 5:4 5:4
Masc 0:9 0:9 0:16 0:9 0:9 0:9 5:4 5:4 8:5:3 6:3 5:4 5:4
Ldh 6:3 8:1 3:13 2:7 6:3 1:8 7:2 8:1 4:9:3  6:3:1 9:0 4:4:1

Table 5. Comparison of haplotype number (H,) and diversity (Hy) at eight Z-linked loci
estimated from female samples of size n taken from the base (Leiden) laboratory population
of Bicyclus anynana in 1993 and a descendant (Liverpool) population in 2006. P is the
probability of jointly obtaining these H, and Hy in 2006 under a neutral scenario (fitness of
C5197 homozygotes = 1), and the overdominant one (fitness of C5197 homozygotes = 0).

Marker loci

C2745 Kettin Tpi Catalase C5197 Masc Shaker Ldh
1993 2006 1993 2006 1993 2006 1993 2006 1993 2006 1993 2006 1993 2006 1993 2006
n 111 48 112 46 112 48 112 47 112 48 109 45 112 46 111 48
H, " 6 5 3 g 3 6 5 1" 7 15 7 10 6 12 5
Hy 0.80 0.82 0.68 0.59 0.84 0.43 0.64 0.65 0.77 0.83 0.91 0.82 0.84 0.77 0.87 0.78
Hy se 0.03 0.02 0.05 0.1 0.02 0.06 0.03 0.06 0.04 0.02 0.01 0.03 0.02 0.03 0.01 0.03
P(wcs197=1) 0.001 0.332 0.809 0.013 <0.001 <0.001 0.008 0.013

P(wcs5197=0) 0.001 0.351 0.778 0.019 0.168 0.067 0.007 0.011
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Figure 1. Population samples and backcross design. (a) Timeline of the Bicyclus anynana
Leiden/Liverpool lab population, showing the samples genotyped in this study, their
relationship to each other, and the order in which they were analysed (1 to 5). (b) Design of
daughter-father backcross, highlighting the identify (by descent) of Z chromosome segments
(denoted by z, where i refers to the identity of the paternal Z in generation P). The position of
the recombination breakpoints, indicated by change in colour, is arbitrary, as is which of the
daughters to backcross (recombination does not occur in female Lepidoptera). Zr and Zy refers
to whether the Z copy came from the father (F) or mother (M). This design is expected to
generate F, brothers that differ with respect to which portion of the Z is either homozygous
(hom) or heterozygous (het). Autosomes (not shown) are expected to experience the same
degree of inbreeding regardless of sex (probability of identity by descent ~0.25, averaged
across all offspring, assuming zero coancestry between P generation parents). To assess the
fertility of Fo males, they were mated to unrelated outbred females. The F, generation is
referred to as BF4 (backcross F1).
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Figure 2. Z-chromosome markers and haplotype frequency changes. (a) Linkage map of
the Bicyclus anynana Z chromosome, highlighting in blue all the marker loci used in this study
(recombination distances in centimorgans). A subset of these were used to genotype
population samples. (b) The distribution of micro-haplotype frequencies at eight Z-linked loci
in the base (Leiden) laboratory population of Bicyclus anynana in 1993 (black bars) and a
descendant (Liverpool) population in 2006 (hatched bars). Haplotype numbers were assigned
within each locus according to their frequency in the 1993 sample and do not indicate direct
correspondence between loci. Sample sizes are given in Table 5.
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Figure 3. Observed and expected patterns in haplotype diversity and linkage
disequilibrium at eight Z-linked loci in Bicyclus anynana. (a) Distributions of the
proportional change between 1993 and 2006 (~70 generations) in haplotype diversity (H,) at
corresponding loci shown on a simplified chromosome (b). Bootstrap distribution of the
observed data (gold); simulated distribution with overdominance at C5197 (green); neutral
expectation (dotted line). (¢) Entropy-based linkage disequilibrium (eLD) among all pairs of
loci. Values in the upper half-matrix are for the Leiden population in 1993, and in the lower
half-matrix for the descendant Liverpool population in 2006. In parentheses, the mean and
standard deviation of eLD in a sample of 100 simulations assuming overdominance at C5197.
Colour gradient is proportional to the magnitude of eLD.
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