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Genomes of numerous diploid plant and animal species possess traces of
interspecific crosses, and many researches consider them as support for homo-
ploid hybrid speciation (HHS), a process by which a new reproductively
isolated species arises through hybridization and combination of parts of the
parental genomes, but without an increase in ploidy. However, convincing
evidence for a creative role of hybridization in the origin of reproductive
isolation between hybrid and parental forms is extremely limited. Here,
through studying Agrodiaetus butterflies, we provide proof of a previously
unknown mode of HHS based on the formation of post-zygotic reproductive
isolation via hybridization of chromosomally divergent parental species and
subsequent fixation of a novel combination of chromosome fusions/fissions
in hybrid descendants. We show that meiotic segregation, operating in the
hybrid lineage, resulted in the formation of a new diploid genome, drastically
rearranged in terms of chromosome number. We also demonstrate that during
the heterozygous stage of the hybrid species formation, recombination was
limited between rearranged chromosomes of different parental origin, repre-
senting evidence that the reproductive isolation was a direct consequence of
hybridization.

1. Introduction

Speciation is generally regarded as the splitting of a single ancestral lineage in
two daughter species. An alternative is hybrid speciation, in which two species
hybridize and give rise to a third independent lineage [1-3]. One possibility for
hybrid speciation is allopolyploidy, where genome doubling provides instan-
taneous reproductive isolation from parental species [1,4,5]. Another
possibility is homoploid hybrid speciation (HHS), a process by which a new
reproductively isolated, sexually reproducing species arises through hybridiz-
ation and combination of parts of the parental genomes, but without an
increase in ploidy [1,4-6]. HHS is generally considered to be relatively rare
and difficult [7-9] because, in contrast to polyploidy, the challenge is for
hybrid diploid descendants to escape the dissolving effect of gene flow from
backcrosses with the parental species [10]. To overcome this difficulty, some
models of HHS assume that hybridization could trigger pre-zygotic reproductive
isolation between hybrid and parental lineages through formation of novel
recombinant phenotypes. These phenotypes allow hybrid species to colonize
niches unavailable to parental species [8—14] and/or reject parental species as
potential mates [15-18].

A completely different means of escaping the dissolving effect is provided
by a chromosomal version of HHS, which represents a mechanism essentially
based on post-zygotic reproductive isolation. In the latter version, two species dif-
ferentiated by several fixed chromosomal rearrangements (CRs) hybridize, and
then, following an initial highly heterozygous stage, a novel homozygous
chromosome complement is sorted out in the descendants as a result of
chromosome segregation [4,19-21]. Each of the CRs fixed in the hybrid is
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inherited from one of the progenitors but their combination
differs from those in the parental species. The hybrid lineage
with the novel karyotype is supposed to be post-zygotically
protected from gene exchange with the progenitors by (i) a
suppressed-recombination mechanism (if CRs are neutral and
do not influence fertility of chromosomal heterozygotes)
or/and by (ii) a hybrid-sterility mechanism (if CRs are under-
dominant, i.e. reduce fertility of chromosomal heterozygotes)
[22]. Both mechanisms predict a reduced level of genetic
recombination between rearranged parental chromosomes
during the heterozygous stage: either by definition (i), or
because of limited time that underdominant CRs can exist
in a heterozygous condition (ii).

Suppressed-recombination results in preservation of par-
ental chromosomal linkage blocks or even whole chromosomes
in hybrids. Alternatively, if the linkage blocks of different par-
ental origin are not protected by CRs, recombination leads to
homogenization of the derived hybrid genome. Thus, the preser-
vation of intact chromosomal blocks inherited from both
progenitors is a signature for post-zygotic isolation caused by
CRs. What is more, lack of recombination footprints indicates
that the reproductive isolation between hybrid and parental
species not only exists currently, but also existed in the past,
immediately after the parts of the parental genomes were
combined. Therefore, analysis of recombination footprints can
provide insights into the early steps of evolution of reproductive
isolation, and this is crucially important for inferring conclusions
on the creative role of hybridization in HHS.

Revealing cases of chromosomal HHS is difficult as it
requires not only demonstration that a hybrid species has a
mosaic of the two parental species’ genomes but also evi-
dence of a novel karyotype originated from preserved
chromosomes of both parental species. Such cases have so
far only been reported for hybrid sunflowers where preser-
vation of some parental chromosomal linkage blocks was
revealed [1,5,10]. In animals, the genomes of hybrid diploid
origin have received little attention as yet, so the factors deter-
mining their composition and origin are studied to a lesser
extent (but see [23,24]).

We studied HHS in the blue butterflies of the genus
Agrodiaetus (Lepidoptera, Lycaenidae). This genus exhibits a
wide diversity of karyotypes, with haploid chromosome num-
bers (1) of different species ranging from 10 to 134 [25]. This
range arose through fusion and fission of chromosomes and
is not a consequence of polyploidy [26,27]. The females of
Agrodiaetus are brown, whereas the males show considerable
variability in wing colour [25]. The colour differences between
males are strongly expressed in a group of three closely related
sympatric taxa studied here: Agrodiaetus karindus (further in the
text abbreviated as K, blue), A. peilei (P, orange) and A. morgani
(M, greenish-silver) (figure 1a—c). The opinions on status and
identity of these taxa are controversial [28,29]. They are bisex-
ual and true-breeding (not parthenogenetic) taxa [29]. They
are endemics of the Zagros Mountains in Iran and were
found by Schurian et al. [29] and by us (electronic supplemen-
tary material, ESM1) to share identical habitats and periods
of flight.

The aims of this study were:

(1) using analysis of chromosomal and multiple nuclear
molecular markers to demonstrate that M, K and P are
distinct, sympatric, reproductively isolated species;

(2) to show that K and M have hybridized in the past; and

(8) to obtain evidence from amplified fragment length
polymorphism (AFLP) analysis and genomic in situ
hybridization (GISH) experiments that crosses between M
and K, differentiated by multiple chromosome fusions/
fissions, resulted in a novel fertile species P through the
assortment of the parental species” chromosomes.

2. Material and methods

(a) Sample collecting

Adult males (electronic supplementary material, ESM1) were
collected with a butterfly net. Testes were removed from the
abdomen and placed in 0.5 ml glass vials with fixative (ethanol
and glacial acetic acid, 3:1) for chromosome analysis. Bodies
were placed in 2 ml plastic vials with 100% ethanol for DNA
analysis. Wings were stored in glassine envelopes for morpho-
logical study. All samples are stored at Zoological Institute,
St Petersburg, Russia.

(b) DNA sequencing, alignment, codification,
phylogenetic inference and haplotype network

DNA isolation, PCR amplification and sequencing were described
previously [25,27,30,31]. COI sequences were aligned using
BioEpiT software [32]. This resulted in final alignments of 648 bp
and 159 specimens. Bayesian phylogenetic trees of COI haplotypes
were inferred using BeasT v. 1.7.1 [33], with the nucleotide substi-
tution model GTR + G +1, as suggested by jModeltest 0.1 [34].
A maximum-parsimony haplotype network was built using Tcs
v. 1.21 [35] with a 99% parsimony connection limit.

ITS2 sequences were aligned according to secondary structure
using the template structure of Neolysandra coelestina (MW99013)
[36]. In ITS2, heterogeneous nucleotide positions were identified
through dual/multiple peaks present in electropherograms and
coded as ‘N’. In evolution of ITS2 sequences, the mono, bi-
and mullti-nucleotide insertions/deletions are frequent and con-
tain phylogenetically important information. To account for this,
each indel event was coded as a binary character (1/0, presence/
absence of the gap independently of its length). Heterogeneous
indel positions were identified by a sharp transition in the electro-
pherogram from a clean to garbled sequence, where the transition
corresponded to the same position of a homozygous indel in other
individuals; they were coded as ‘N’. We cloned ITS2 for five speci-
mens for which we were unable to obtain clear phylogenetic
information by using standard sequencing (see electronic sup-
plementary material, ESM2, ESM3 and ESM4). The obtained
alignment (499 bp and 49 specimens) and its codification are pre-
sented in electronic supplementary material, ESM3 and ESM4. For
ITS2, Bayesian trees were inferred using partitioned models: GTR
for nucleotide substitutions and standard model for indels as
implemented in MRBAYEs v. 3.2 [37].

(c) Amplified fragment length polymorphism analysis

We used the AFLP Plant Mapping Kit (Applied Biosystems) as
previously reported for other butterflies [38]. The manufacturer’s
protocols were followed, with the following modification: pre-
selective amplifications were performed with 25 rather than
20 cycles. We used nine combinations of primers for selective
amplification: EcoRI-ACT/Msel-CAT, EcoRI-ACT/Msel-CTC,
EcoRI-AAC /Msel-CAC, EcoRI-AGC/Msel-CAC, EcoRI-AGC/
Msel-CAT, EcoRI-AGC/Msel-CTT, EcoRI-AAG/Msel-CAA,
EcoRI-ACG/Msel-CTC, EcoRI-ACG/Msel-CTT. The forward
primer (EcoRI- + 3) from each primer pair was labelled with six
FAM fluorophore. The fragments were analysed on a 3500xL
analyser (Applied Biosystems). The raw data were visualized,
aligned with the internal size standard Gene Scan™ 600 LIZ®,
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Figure 1. Male wing colours in K (a), P (b) and M (c) and results of the Bayesian assignment analysis of AFLP markers (d,e). Bar plots showing Bayesian assignment
probabilities under assumption of three (d) and two (e) clusters are shown. Each vertical bar corresponds to one individual. The proportion of each bar that is blue,
orange and green represents an individual’s assignment probability to clusters one, two and three respectively.

manually controlled and analysed in GENEMAPPER v. 2.4.2 (Life
Technologies). Only fragments between 70 and 500 bp were con-
sidered. Thresholds of 100 rfu (relative fluorescence unit) were
set to remove instrument noise. The mismatch error rates were
scored using AFLPSCORE V. 1.3b software [39] (see details in electro-
nic supplementary material, ESM5). The Bayesian assignment
analysis [40] of AFLP markers was performed using STRUCTURE
v. 2.3.4 with a burn-in of 50000 generations and a Markov
chain of 500 000 generations.

(d) Estimation of time to the most recent common

ancestor
The time to the most recent common ancestor (TMRCA) of the COI
haplotype diversity in P and the clade H1 as a whole was inferred
with BEasT v. 1.7.1 [33] under a coalescent model with constant
population size. A dataset consisting of 15 haplotypes (haplogroups
H1-H5) was used for the analysis. A lognormal distribution
(mean = 0.07, s.d. = 0.91) was used assuming a maximum possible
limit of 207 000 years as the 95% HPD of the distribution, trying to
allow the maximum exploratory space for MCMC runs. To estimate
this prior, we used the maximum COI divergence haplogroup H1
(0.31%) under a rather slow invertebrate mitochondrial substitution
rate: 1.5% uncorrected pairwise distance per million years [41]. Since
substitution rates are known to overestimate ages for recent lineages
still under the coalescence process, we are certain that 207 000 years
is a good maximum estimate for the TMRCA of P and the clade H1.
The dataset was analysed using the TrN + G model, and a strict
molecular clock was applied along the branches. Base frequencies
were estimated, six -y rate categories were selected, and a randomly

generated initial tree was used. Parameters were estimated using
two independent runs of 10 million generations each (with a pre-
run burn-in of 100 000 generations) to ensure convergence, checked
with the program TrAcER v. 1.5 [42]. TMRCA of the COI haplotype
diversity in the clearly coalesced node K + M + P was estimated
using the whole COI dataset (30 haplotypes), GTR + I + G model
of nucleotide substitution, BeasT v. 1.7.1 software and calibration
method as described previously [43].

(e) Statistical approach for distinguishing hybridization
and incomplete lineage sorting

Incomplete lineage sorting is a phenomenon when ancestral
polymorphisms present in the parental species have not been
completely sorted out by genetic drift in the daughter species,
resulting in non-monophyletic taxa [44-46]. We applied a para-
metric statistical approach for distinguishing hybridization from
incomplete lineage sorting as implemented in the software ML
[47]. The program calculates the minimum distance between
sequences of two species and tests whether it is smaller than
expected under a simulated scenario that includes incomplete
lineage sorting.

First, we performed species-tree analyses for the complete set
of COI haplotypes found in K, M and P using the multi-species
coalescent methods implemented in *Beast [48]. Haplotypes of
A. carmon (C) and A. biruni (B) were used as closely and distantly
related outgroups, respectively. Thus, the haplotypes were attrib-
uted to five different species (K, M, P, C and B) in this analysis.
GTR + I+ G model of nucleotide substitution was selected as
suggested by jModeltest 0.1 [34]. *BEasT v. 1.7.1 with a strict
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clock and a linear piecewise demographic model was set for a
Markov chain Monte Carlo of 10 million generations sampled
every 1000 runs. Two independent runs were performed and
convergence was checked using TRacer v. 1.5 [42]. Then, the
species-trees from the first million generations were discarded as
burn-in in JML, and the remaining 9000 trees were used as input
for ML for the simulations and p-value estimations for statistical
evidence for hybridization events. The information for the seq-
gen command of the ML control file was extracted from jModeltest
0.1 output including nucleotide frequencies, proportion of invar-
iant sites and vy-shape parameter. The relative mutation rate
mean of the species-tree posterior distribution was used.

(f) Karyotype analyses

Chromosome preparations were obtained as previously
described [25,27,30,31,43], and meiotic karyotypes were studied.
The uniformity of lepidopteran chromosomes, the absence of
morphological markers such as the localized centromeres and
the lack of convenient differential banding techniques make the
identification of individual chromosomes difficult [26,49]. Never-
theless, the chromosomes of different size classes (‘large” and
‘small’) can be relatively easily distinguished not only because
of differences in size, but also due to specific architecture of lepi-
dopteran metaphase I spermatocytes with large bivalents located
in the centre and small bivalents situated at the periphery [49].

(g) Genomic in situ hybridization and comparative
genomic hybridization

Squash preparations of meiosis I metaphase bivalents and meio-
sis I chromosomes were obtained from unstained testes of adults
(electronic supplementary material, ESM1). Suitable metaphase
plates were selected using phase-contrast prior to removing the
cover glass with the dry ice technique [50]. Whole genomic
DNA for GISH and comparative genomic hybridization (CGH)
probe construction was isolated from adult males using standard
phenol/chloroform nucleic acid extraction protocol. Genomic
DNA for GISH was labelled by nick translation in the presence
of biotin-16-dUTP using the Nick Translation Kit (Roche) accord-
ing to the manufacturer’s instructions. Genomic DNA for CGH
was labelled by nick translation in the presence of biotin-16-
dUTP (K probe) and rhodamine-5-dUTP (GeneCraft) (M probe)
using the Nick Translation Kit (Roche) according to the manufac-
turer’s instructions. The final probe length (300-1500 bp) was
verified on 1% agarose gel. Genomic DNA to be used as the com-
petitor DNA was extracted from adult males as described above
and sheared in fragments of 100—-1000 bp using DNase (final
concentration approx. 3 pg ul ') in buffer from the Nick Trans-
lation Kit for 2-2.5 h at RT. The length of competitor DNA was
checked on 1% agarose gel. Females were not used for probe
and competitor construction since females in Lepidoptera usually
have a ZW sex-chromosome pair, whereas males have a ZZ pair,
and hybridization patterns (as well as effects of blocking DNA) of
female genomic DNA versus male genomic DNA could differ
owing to the presence of the W chromosome in females only [51].

Genomic hybridization was carried out following the
described procedure [52]. To determine the amount of blocking
DNA needed to completely suppress probe signals, labelled
DNA and blocking DNA of K and M were hybridized in prelimi-
nary experiments over their own metaphases (self-GISH) in a
concentration gradient (1:10, 1:40, 1:60, 1:100, 1:200). Based
on these results, the following proportions of DNA amount
were selected for further studies: K-derived probe/M-derived
competitor is 1/60-65; M-derived probe/K-derived competitor
is 1/12-25. Slides were mounted using glass coverslips and
rubber cement. The chromosome slides were incubated for
42-44h at 37°C. Following hybridization, the slides were

washed in 2 x SSC for 3 min at 45°C, then in 50% formamide n

in 2 x SSC for 10 min at 45°C, twice in 2 x SSC (10 min each)
at 45°C, blocked in 1.5% (w/v) BSA/4 x SSC/0.1% Tween-20
for 30 min at 37°C in a humid chamber. Probe was detected
with 5 ug ml™! avidin—Alexa Fluor 488 (Invitrogen). Detection
reaction was performed in 1.5% BSA/4 x SSC/0.1% Tween-20
for 1h at 37°C. Slides were washed three times in 4 x SSC/
0.02% Tween-20 (10 min each) at 45° and dehydrated through
70/80/96% ethanol at RT. Chromosome preparations were
mounted in a mounting-antifade (ProLong Gold antifade reagent
with DAPI, Invitrogen) and covered with glass coverslips.
Fluorescence images were taken and analysed with a Leica DM
6000B microscope and Leica DFC 345 FX camera, using Leica
APPLICATION SUITE V. 3.7 software with an Image Overlay module.

3. Results
(@) M, K and P are three distinct sympatric species

We used the approaches based on analysis of genealogical
concordance [45] and genotypic clusters [2], and study of
chromosomal, nuclear ITS2 and AFLP molecular markers to
infer conclusions on the status of K, M and P. According to
these approaches, an array of diverse datasets obtained
from the taxa under question is used to support or refute
the alternative hypotheses of a single or of multiple species
within a sample of organisms. The more concordant the var-
ious data for each species under question are, and the more
multimodal the sample is phenotypically and genotypically
in zone of potential or actual hybridization, the more likely
a decision of separate species status will be reached [53].

The AFLP analysis of 30 individuals (10K + 10M + 10P)
collected in the sympatry zone in Saqqez revealed 1079
bands. A total of 357 markers were fixed, i.e. invariable within
each species; 113 markers were non-specific, i.e. were found
in all three species and the remaining 244 markers were vari-
able, i.e. specific for one of the taxa studied (K, M or P) or for
a combination of two taxa (K+M, K+ P or M + P). The
Bayesian assignment analysis of AFLP data was performed
[42], and three clusters were assumed to determine if K, M
and P are three genetically differentiated units. Under this
assumption, K, M and P individuals were assigned to their
three respective distinct clusters with high probability
(figure 1d; electronic supplementary material, table S5.2).
In support of monophyly of these three clusters, K posses-
sed 61, M possessed 46 and P possessed five unique fixed
AFLP markers.

Cytogenetic study of 442 individuals of K, M and P
revealed pronounced differences in chromosome number
and karyotype structure between these species (figures 2
and 3) and limited within-species variations (electronic sup-
plementary material, ESM1). M had 27 meiotic bivalents in
populations from Saqqez, Takab, Zanjan and Chenareh,
and 25 bivalents in populations from southeast and north
Senandaj (figure 3c); most of these bivalents were large
(figure 2a). Few specimens from Chenereh and north Senan-
daj displayed 26 units (figure 3c). K had 68 bivalents in
populations from northwest Iran, and 73 bivalents in popu-
lations from central Iran; of these bivalents, five were large
and always located in the centre of metaphase plate, and
the remaining bivalents were smaller (figures 2b and 3c).
P had an intermediate value of chromosome number (mostly
38 or 39 bivalents in meiosis I) and unusual karyotype struc-
ture. Whereas in the majority of Agrodiaetus species, all the
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Figure 2. Meiosis | metaphase plates of M, K and P and results of GISH. (a—c) Metaphase plates of M (a), K (b) and P (c). (d) GISH image of M-derived labelled
total genomic probe (red signals) hybridized to meiotic chromosomes of P counterstained with DAPI (blue). () GISH image of K-derived total genomic probe (green
signals) hybridized to meiotic chromosomes of P counterstained with DAPI (blue). (£g) DAPI images of the meiotic karyotype of P (n = 38). The overlapping

bivalents are shown by arrows.

bivalents have similar sizes or form a gradient size row [49],
the bivalents of P could be classified in two groups: one
group consisting of 10-11 large bivalents similar in size to
the chromosomes of M, and the other group consisting of
27-28 small bivalents similar in size to the majority of biva-
lents in K (figure 2c). As was found in other Agrodiaetus
species [49], the larger bivalents of the first group were
always situated in the centre of metaphase plate, whereas
the smaller bivalents of the second group were permanently
located at the periphery.

Analysis of the nuclear molecular marker ITS2 (49 speci-
mens, 50 variable and 20 parsimony informative positions,
13 binary characters) revealed K, M and P as three distinct,
but closely related clusters of individuals (figure 3a).

Comparison of the studied AFLP, chromosomal and ITS2
markers revealed a complete concordance between them and
wing colours (electronic supplementary material, ESM1).
Genotypic cluster analysis [2] of the K+ M + P samples
from zones of their sympatry demonstrated clear trimodal
distribution in wing colours, karyotypes, ITS2 markers and
AFLP clusters with no intermediates (electronic supplemen-
tary material, ESM1). Thus, both approaches provided
strong evidence that K, M and P are three different sympatric
species, not simply colour morphs of one species.

To assess the probability that gene flow occurs between K,
M and P, we used cytogenetic analysis of 442 individuals
(of which 154 were determined as K, 127 as M and 161
as P according to their wing colours) collected exactly in
the localities where K, M and P were sympatric (electronic
supplementary material, ESM1). Chromosomal markers
represent a powerful tool for detecting ongoing hybridization
because they allow a simple discrimination of chromosomally
heterozygous Fls and backcrosses from chromosomally
homozygous parental species. If parental races are differen-
tiated by multiple fixed chromosome fusions/fissions
(and this is exactly our case!), the meiotic karyotype in
hybrids will include multiple multivalents that can be easily
identified on chromosome preparations. In our cytogenetic
analysis, all the individuals were found to be chromosomally
homozygous. No individuals were found that might be con-
sidered Fls produced from crosses between K, M and P or
backcrosses. Thus, we conclude that these taxa are not exchan-
ging genes continuously. Although rare episodes of sporadic
hybridization cannot be excluded, the reproductive isolation
is strong enough to prevent K, M and P from blending
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posterior density for age estimation are shown near the arrows. (c) Distribution of haplogroups H1—H7 and haploid chromosome numbers (n) of K (blue), M

(greenish) and P (orange) across the Zagros Mountains; overlapping circles indicate zones of sympatry. (d) Most parsimonious CO/ haplotype network; numbers
of studied individuals are given in parentheses.
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together in places where no temporal and spatial barriers exist
between them.

(c) Evidence for mitochondrial introgression in the past
Analysis of the mitochondrial marker COI showed that K and
M had complicated genetic structure, each species consisting
of several haplotypes clustered in seven divergent haplo-
groups (figure 3b), with one or two different haplogroups
found within each population (figure 3c,d). This pattern
most likely reflects a long and complex phylogeographic his-
tory of K and M, which could include cases of divergence in
allopatry and secondary contact of differentiated popu-
lations. Unlike K and M, P was genetically homogenous
with respect to COI. All the haplotypes found in P constituted
a subset of the haplogroup H1, which also includes speci-
mens of K and M (figure 3b,d). Coalescence-based dating
estimated that the TMRCA for the mitochondrial sequence
diversity in P was only 2100-36 000 years.

Interestingly, despite pronounced morphological, chromo-
somal and nuclear DNA differences, and despite the strong
COI divergence between allopatric populations of K and M,
these species share the same (h1) or very similar (h2—h7) haplo-
types in areas of sympatry (figure 3d). This identity can
theoretically be explained by interspecific hybridization or
alternatively by incomplete lineage sorting [44-46]. In our
case, the incomplete lineage sorting scenario seems to be
improbable because the lineage K+ M + P is old (TMRCA
for the mitochondrial sequence diversity in K +M 4 P was
0.9-2.1 Myr), whereas the clade H1 is very young (TMRCA
for the mitochondrial sequence diversity in H1 was 0.0025—
0.0426 Myr; figure 3b). Even if the lowest described rate of
COlI evolution is accepted (1.3% per 1 Myr [41]), the indepen-
dently evolving descendants of the common ancestor of K +
M + P are expected to have accumulated from 7 to 17 nucleo-
tide substitutions in the studied fragment of COI, but not 0-1
as observed in the sympatric populations.

Additionally, the incomplete lineage sorting predicts that
differentiated and non-differentiated haplotypes of K and M
should be stochastically (i.e. randomly) distributed within
different populations. In our case, this distribution was extre-
mely non-random with all the non-differentiated or weakly
differentiated haplotypes of K and M concentrated in the
zone of their sympatry. The deviation from a random distri-
bution was highly significant (p < 0.001 based on X-test;
electronic supplementary material, ESM6).

The statistical test for hybridization versus incomplete line-
age sorting [44,47] also revealed low probability (p = 0.039)
that incomplete lineage sorting could account for the absence
of divergence between h1 haplotypes of Kand M (electronic sup-
plementary material, ESM7). We conclude therefore that
hybridization between K and M that occurred in the past is the
most likely explanation for the mitochondrial DNA similarity
discovered. Possible phylogeographic scenarios of this process
are discussed in electronic supplementary material, ESM8.

(d) Amplified fragment length polymorphism analysis
detected a mixed genome in P

The shared mitochondrial haplotypes, unusual colour and inter-
mediate karyotype structure in P indicated a possible hybrid
origin of P from K and M. If P is a hybrid species it should pos-
sess a genome that is a blend of alleles derived from both K and

M. We tested this using a large multilocus genomic dataset, con- [ 7 |

sisting of 1079 AFLP markers, and the Bayesian assignment
analysis [12,40] under the assumption that the data represented
two separate entities. Individuals from K and M clustered to
different groups with high probability, while P was assigned
to both groups with moderate probability (figure le; electronic
supplementary material, table S5.2). This pattern is inconsistent
with a bifurcating mode of speciation, where P originated froma
single parental species, and suggests that the P genome is a
mosaic of the two species. In further support of this hypothesis,
11 AFLP fragments were shared between K and M to the
exclusion of P, while P shared 62 unique alleles with K and
59 unique alleles with M. Parsimonious analysis of these data
(electronic supplementary material, ESM9) demonstrated that
all the bifurcating scenarios of speciation required assumption
about multiple homoplasies involved in evolution of AFLP
alleles, whereas the scenario of hybrid speciation does not
require homoplasies. Thus, the bifurcating scenarios are highly
non-parsimonious ones.

(e) Genomic in situ hybridization experiments revealed
a hybrid origin and mechanisms of genome
evolution in P

Completely independent and even more convincing evidence
for a hybrid origin of P from K and M was obtained using
GISH experiments. GISH is a molecular cytogenetic technique
in which labelled total DNA of parental species is hybridized to
the chromosome preparation of a hybrid, enabling highly effec-
tive detection of parental chromosomes and/or parental
chromosome blocks in the hybrid karyotypes [54]. The great
advantage of GISH is the fact it enables direct physical mapping
of multiple species-specific DNA sequences on chromosomes
and detection of recombination events [55,56], thus representing
the most adequate tool for analysis of recombination footprints
in hybrid karyotypes. GISH also allows us to discriminate
between ‘normal” divergent, hybrid and introgression models
of genome formation even without identification of individual
chromosomes (see electronic supplementary material, ESM10).

According to the elaborated experimental design (electronic
supplementary material, ESM10), the chromosome prepara-
tions of P were used in hybridization with both K-probe/
M-competitor and M-probe/K-competitor probe cocktails.
In total, chromosome preparations of 20 specimens of P were
analysed in two completely independent research trials. In
both trials, numerous metaphase I and metaphase II plates
and diakinetic nuclei demonstrated the following two highly
reproducible features. First, in all cases the strong hybridiza-
tion signals appeared in both K-probe/M-competitor and
M-probe/K-competitor treatments indicating a hybrid origin
of the P genome (see electronic supplementary material,
ESM11 for more details). Second, the distribution of the signals
was very different in these treatments. When the labelled total
molecular probe from M hybridized with chromosome prep-
arations of P in the presence of the K-derived competitor, the
great majority of hybridization fluorescent signals appeared
on the larger chromosomes of P located in the centre of the
metaphase plates (figure 2d,f). When the labelled total molecu-
lar probe from K hybridized with chromosome preparations of
P in the presence of the M-derived competitor, the hybridiz-
ation signals appeared only on the small chromosomes of P
located at the periphery (figure 2¢,g). This result can only be

~
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explained by hybrid origin of the genome in P, which inherited
the majority of its small-sized chromosomes from K and the
majority of its large-sized chromosomes from M, and these
chromosomes in P were largely non-recombinant (see elec-
tronic supplementary material, ESM11 for more details). This
conclusion is highly consistent with the fact that the great
majority of chromosomes in K are small, and the majority of
chromosomes in M are large.

Since the chromosomes in P were anonymous (without
specific markers, except for large or small size) and since the
K and M probes were hybridized separately to different
slides, we cannot exclude that a few chromosomes could
hybridize with both K and M probes. However, the number
of such chromosomes should be low (if they were present at
all) because the separation of chromosomes of these two size
classes is generally easy, especially taking into account the
specific architecture of lepidopteran spermatocyte metaphase
I with large bivalents located in the centre and small bivalents
situated at the periphery [49]. Thus, not only chromosome size
but also chromosome position can be taken into account for
distinguishing chromosomes of these two size classes.

4. Discussion

Our study revealed P to have a mixed nuclear genome
obtained partially from K and partially from M, and a mito-
chondrial genome obtained from K. This mosaic genome is
not a result of recent continuous gene flow with K and M
since K, M and P were found as three distinct monophyletic
phylogenetic lineages differentiated by multiple fixed AFLP,
ITS2 and chromosomal alleles, with no signs of ongoing
hybridization between them. These facts in combination with
complete sympatry provide evidence that K, M and P are
different biological species, not intraspecific colour morphs.
Thus, P is a hybrid species, not a swarm of hybrid specimens.
The results of GISH analysis clearly indicate that the karyo-
type of P consists of the chromosomes inherited from M
and K. The chromosome sets of the parental species K (1 = 68)
and M (n=27) differ by at least 41 fixed chromosome
fusions/fissions. Therefore, after the hybridization, the first gen-
erations of the hybrid lineage were represented by heterozygotes
for multiple CRs, and each of the large chromosomes from M
had to conjugate in meiosis with two or more small chromo-
somes from K. At present the hybrid species P is diploid and
chromosomally homozygous. The GISH data does suggest
that in P the majority of DNA in the small chromosomes came
from K, and the majority of DNA in the large chromosomes
came from P; in other words, these chromosomes are largely
non-recombinant. Thus, although the GISH method does not
allow exclusion of recombinational exchange of small chromo-
some segments, recombination obviously did not bring about
a notable reshuffling of DNA between homologues inherited
from the different parental species. Therefore, in P the formation
of the genome was mainly realized through meiotic segregation
of the parental species” chromosomes with no or limited contri-
bution of chromosome recombination to this process. This
reduced recombination is highly consistent with the prediction
of chromosomally based HHS thus providing evidence for
post-zygotic isolation between P, K and M caused by the
chromosome fusions/ fissions that differentiate these species.
Schumer et al. [57] have argued that most claims for HHS
have been currently published with insufficient evidence that

hybridization played a creative role in the speciation process. n

These authors also proposed a set of three criteria to dis-
tinguish ‘true’” HHS from post-speciation introgression and
from the formation of hybrid swarms which are not reproduc-
tively isolated from their parents. These criteria are (i)
demonstration of a mixed genome in a putative hybrid species,
(ii) showing reproductive isolation from parental species, and
(iii) demonstration that the isolating mechanisms were derived
from hybridization. Many HHS studies (e.g. [8,9,11-13,23])
met the first two of these criteria. However, to our knowledge
[57,58], until now only studies in sunflowers [1,5,6] and Helico-
nius butterflies [15,17] also explicitly met the third criterion. In
our opinion, the evidence discovered for HHS in P satisfies all
three criteria, too. First, both GISH and AFLP markers provide
support for the hybrid genome in P. Second, there is reproduc-
tive isolation between P, K and M. Lack of F1 hybrids between
K, M and P in zones of their sympatry is indirect evidence for
pre-zygotic isolation between them. This concurs with the fact
that these sympatric species have clear differences in wing col-
ours, i.e. in the characters that represent important signals
preventing interspecific mating in butterflies [15,25]. Even
more important, GISH analysis revealed preservation in P of
intact chromosomal blocks inherited from K and M, and this
is a signature for post-zygotic isolation that was caused by
CRs and evolved immediately after the parts of the parental
genomes were combined. Third, the footprints found of post-
zygotic isolation are difficult to interpret in any other way
than a direct consequence of chromosomal differences between
P and K, and between P and M, and these differences are
the result of hybridization and consequent segregation of the
parental species’ chromosomes. In other words, our case
for hybrid speciation combine data on genome-wide patterns
of hybridization revealed by GISH with evidence that hybrid-
ization per se was a key element in the subsequent development
of barriers to gene flow.

Hybrid speciation via chromosome segregation is the
oldest model of HHS elaborated in the early years of genetics
[19-21]. Despite this, so far it has had insufficient empirical
support. This model was confirmed for plants by few labora-
tory experiments (see [4] for a review), but evidence from
nature has been limited to studies in Helianthus species. Its
plausibility for animals was even questioned [4] as selfing,
which is expected to favour HHS [59], is not so common in
animals as in plants [60]. Here we describe a first case of
the post-zygotically based, chromosomal HHS for animals.

Additionally, our results represent a previously undescri-
bed form of HHS based on fixation of multiple chromosome
fusions/fissions and a new mechanism of genome evolution
leading to a change in the diploid number of chromosomes.
Interestingly, HHS is frequently defined as "hybrid speciation
without change in chromosome number’ [3,7,8,11,12,
16,17,57]. Our data indicates that this definition is an
oversimplification and not always true. The number of
chromosomes reflects the number of linkage groups. It affects
the rate of meiotic recombination and is therefore an impor-
tant parameter in genetics and evolution [61]. Chromosome
numbers were formerly thought to evolve gradually through
step-by-step accumulation of chromosome fusions and fis-
sions between or within species [62], but our results here
show the possibility of massive saltatory change in diploid
number through hybridization.

The chromosomal version of HHS has been predicted to
be far less frequent than speciation via allopolyploidy since
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homoploid hybrids are expected to suffer from hybrid break-
down while allopolyploids are not [4]. However, recent
findings demonstrate that multiple CRs are often not strongly
underdominant [62], but contribute to speciation through
a suppressed-recombination mechanism [22]. The data
obtained here also give indirect evidence that multiple
chromosome fusions and fissions did not block fertility in
hybrids between K and M. Therefore, one can expect that
chromosomally based HHS is more frequent than was sup-
posed, and our data demonstrate that this speciation model
was certainly realized in an animal species.
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