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Vila R and Wiklund C (2020)
Incomplete Sterility of Chromosomal

Hybrids: Implications for Karyotype
Evolution and Homoploid Hybrid

Speciation. Front. Genet. 11:583827.
doi: 10.3389/fgene.2020.583827

Incomplete Sterility of Chromosomal
Hybrids: Implications for Karyotype
Evolution and Homoploid Hybrid
Speciation
Vladimir A. Lukhtanov1* , Vlad Dincă2,3, Magne Friberg4, Roger Vila3 and
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Heterozygotes for major chromosomal rearrangements such as fusions and fissions are
expected to display a high level of sterility due to problems during meiosis. However,
some species, especially plants and animals with holocentric chromosomes, are known
to tolerate chromosomal heterozygosity even for multiple rearrangements. Here, we
studied male meiotic chromosome behavior in four hybrid generations (F1–F4) between
two chromosomal races of the Wood White butterfly Leptidea sinapis differentiated by at
least 24 chromosomal fusions/fissions. Previous work showed that these hybrids were
fertile, although their fertility was reduced as compared to crosses within chromosomal
races. We demonstrate that (i) F1 hybrids are highly heterozygous with nearly all
chromosomes participating in the formation of trivalents at the first meiotic division,
and (ii) that from F1 to F4 the number of trivalents decreases and the number of
bivalents increases. We argue that the observed process of chromosome sorting would,
if continued, result in a new homozygous chromosomal race, i.e., in a new karyotype
with intermediate chromosome number and, possibly, in a new incipient homoploid
hybrid species. We also discuss the segregational model of karyotype evolution and
the chromosomal model of homoploid hybrid speciation.

Keywords: chromosome, inverted meiosis, fertility, inviability, hybridization, segregation, Pieridae, Lepidoptera

INTRODUCTION

Chromosomal heterozygosity leads to the formation of multivalents (instead of normal bivalents)
during meiosis. Usually, this results in segregation problems at the first meiotic division, production
of unbalanced gametes and, as a consequence, complete or partial sterility (Grant, 1981; King,
1993; Borodin et al., 2019). Even a single heterozygous chromosomal rearrangement, such as
a reciprocal translocation or chromosomal fusion, is expected to result in 50% reduction of
fertility (King, 1993). In the case of heterozygosity for multiple rearrangements, the rate of
balanced gametes should decrease strongly and could be as low as 1/2n, where n is the number
of heterozygous rearrangements (Grant, 1981). Sometimes, the observed number of sterile and/or
inviable gametes can be lower than this expectation due to the orientation of multivalents
during meiosis (King, 1993), preferential inclusion of inviable nuclei in polar bodies in females
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(Cortes et al., 2015; Borodin et al., 2019), lower recombination
rates in the heterogametic sex (Lenormand and Dutheil, 2005),
or distorting transmission ratios during meiosis caused by
selfish genetic elements (Akera et al., 2019). Nevertheless,
in general, fertility decreases with increased chromosomal
heterozygosity (King, 1993; Castiglia and Capanna, 2000).
However, organisms can sometimes tolerate heterozygosity for
multiple rearrangements (Lukhtanov et al., 2011; Dobigny et al.,
2017), raising questions about additional mechanisms that may
rescue fertility in chromosomal hybrids.

One of these additional mechanisms is inverted meiosis
(Lukhtanov et al., 2018, 2020). In normal conventional meiosis,
the first meiotic division is reductional, resulting in segregation of
chromosomal homologs, whereas the second meiotic division is
equational, resulting in separation of sister chromatids. Inverted
meiosis has an opposite order of these main meiotic events
(Lenormand et al., 2016; Loidl, 2016; Archetti, 2020). Usually,
inverted meiosis can be found in organisms with holocentric
chromosomes (Murakami and Imai, 1974; Melters et al., 2012),
which are characterized by kinetic activity distributed along
almost the entire chromosome length (Melters et al., 2012; Bures
et al., 2013; Heckmann et al., 2014; Manicardi et al., 2015; Houben
et al., 2018). Species with holocentric chromosomes occur in
multiple phyla of animals and plants (Kuznetsova, 1979; Melters
et al., 2012; Bures et al., 2013) and may represent as much as 30%
of eukaryotic diversity (Lukhtanov et al., 2018). In recent years,
inverted meiosis has been demonstrated for some monocentric
chromosomes of humans (Ottolini et al., 2015) and yeast (Lu and
He, 2019) indicating that this type of meiosis is more widespread
in nature than previously thought.

There is a fundamental difference between canonical and
inverted meiosis in the behavior and fate of the chromosomal
multivalents. In canonical meiosis, chromosomal heterozygotes
are expected to have segregation problems in the first meiotic
anaphase, since homologous chromosome pairing is complicated
by crossing over. This produces a very intricate multivalent
structure, which has a high probability of resulting in unbalanced
segregation of genetic material. In inverted meiosis, these
problems are avoided because sister chromatids (but not
homologs) segregate in the first anaphase, resulting in a balanced
transmission of genetic material to metaphase II cells. Thus, the
metaphase II multivalents have a simpler structure compared
to metaphase I multivalents, and their balanced segregation at
anaphase II is more probable (Lukhtanov et al., 2018).

Insects of the order Lepidoptera (i.e., butterflies and moths)
have holocentric chromosomes (Murakami and Imai, 1974),
and some species demonstrate inverted meiosis (Lukhtanov
et al., 2018, 2020), as well as a very high level of inter- and
intrapopulation variation in karyotypes (Lukhtanov et al., 2011).
Therefore, it is not surprising that the most extreme examples of
viable chromosomal hybrids are found in this order (Nagaraju
and Jolly, 1986; Traut and Clarke, 1997; Hora et al., 2019).

Laboratory hybrids between two chromosomal races of the
Wood White butterfly Leptidea sinapis represent a remarkable
case (Lukhtanov et al., 2018). This butterfly displays the
widest documented intraspecific variability in chromosome
number known in eukaryotes, excluding cases of polyploidy

(Lukhtanov et al., 2011). Within this species, the diploid
chromosome number gradually decreases from 2n = 106, 108
in north-eastern Spain to 2n = 56 in eastern Kazakhstan, and to
2n = 57, 58 in south-eastern Sweden (Lukhtanov et al., 2018).
This cline was likely generated due to the secondary contact of
two chromosomally diverged populations (Talla et al., 2019).
The intraspecific nature of the extreme level of variability in
chromosome number within this clade is supported by genetic and
morphological data, as well as by mating experiments (Lukhtanov
et al., 2011; Dincă et al., 2013). The mating experiments also
showed that the hybrids between the Spanish and Swedish
races, separated by at least 24 chromosomal fusions/fissions,
displayed, contrary to the theoretical prediction, relatively high
reproductive fitness (42% of that of the control lines) and regular
behavior of meiotic chromosomes (Lukhtanov et al., 2018).

In this work, we demonstrate that (i) F1 hybrids between the
Spanish and Swedish races are highly heterozygous with nearly
all chromosomes participating in formation of trivalents at the
first meiotic division, and (ii) that from F1 to F4 the number
of trivalents decreases and the number of bivalents increases.
Then, we analyze the evolutionary significance of incomplete, but
still relatively high, fertility of chromosomal hybrids in processes
such as the generation of new karyotypes and homoploid hybrid
speciation (HHS).

MATERIALS AND METHODS

Samples
We analyzed the squashed chromosome preparations of the
L. sinapis F1–F4 hybrid individuals that were previously used
to study inverted meiosis, and hybrid viability and fertility
(Lukhtanov et al., 2018). These previous data showed a
rather high, albeit reduced, level of fitness as compared to
control, chromosomally homozygous Swedish, and Spanish
lines (Lukhtanov et al., 2018). Two main laboratory lines
were established based on wild-caught individuals, which were
identified based on genitalia examination and/or DNA barcoding
following standard protocols (Dincă et al., 2011, 2013). One
laboratory line was representative for L. sinapis populations
with high chromosome number (2n = 106, 108) and included
specimens originating from north-eastern Spain (Montseny area,
Barcelona Province, Catalonia). The other line was representative
for L. sinapis populations with low chromosome number
(2n = 57, 58) and included specimens originating from south
central Sweden (two field sites in the vicinity of Stockholm).
Mating experiments were performed under laboratory conditions
at the Department of Zoology, Stockholm University, Sweden.
Pure Spanish and Swedish laboratory lines were maintained and
used as controls with respect to crosses between male Spanish
and female Swedish L. sinapis, and vice versa. All possible
mating combinations between Spanish and Swedish L. sinapis
were performed until F2, and each mating combination was
represented by at least five different pairs of specimens. The
offspring of these pairs were bred to adults on the host plant Lotus
corniculatus and used for further experiments. For generations
F3 and F4, a subset of the potential hybrid mating combinations
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was performed. The laboratory mating protocol and rearing
protocol are described in detail in Lukhtanov et al. (2018). In
each generation, a number of larval and adult offspring from
each mating combination was sacrificed for karyological studies
(Lukhtanov et al., 2018). Apart from the sacrificed larvae, the
vast majority of last-instar larvae successfully reached adulthood.
Eclosing adults were used in subsequent mating experiments and
females were allowed to lay eggs to maintain the laboratory lines.
The above-mentioned process was reiterated across forthcoming
generations (until F2 for within-population crosses and until
larval generation F4 for a subset of hybrid crosses).

Chromosomal Analysis
Only recently eclosed adult males were used to analyze meiosis
and to study meiotic karyotypes. Adults were euthanized by a
sharp pinch to the thorax and testes were immediately excised
and placed into 0.5-mL vials with freshly prepared Carnoy
fixative (ethanol and glacial acetic acid, 3:1). Gonads were stored
in fixative for 2–6 months at 4◦C and then stained with 2% acetic
orcein for 30 days at 20◦C. Squashed chromosome preparations
were done and cytogenetic analysis was conducted as previously
described (Lukhtanov et al., 2019). The diploid chromosome
number (2n) was counted in atypical meiosis, which represents
a type of asynaptic meiosis and displays a diploid number of
chromosomes (see Lorković, 1990 for a review of atypical meiosis
in Lepidoptera).

Abbreviations
ca (circa) means that the count was made with an approximation
due to insufficient quality of the preparation or overlapping of
some chromosomes or bivalents;

HHS is homoploid hybrid speciation;
m is the diploid chromosome number counted in male

asynaptic meiosis;
MI is the first meiotic division;
MII is the second meiotic division;
N is effective population size;
n is the total number of observed chromosomal elements at

MI or/and MII (except for small dot-like univalents); in fact, it
represents the sum of bivalents and trivalents;

s is a small dot-like chromosomal element (most likely
univalent).

Estimation of the Number of Bivalents
and Trivalents at the MI Stage
Based on the karyotypes in parental Swedish and Spanish
races, we know that in F1 hybrids, MI karyotypes include at
least 24 trivalents and several bivalents. Univalents were also
sporadically observed in hybrids (especially in F1 hybrids). These
different elements can be visually identified: bivalents have a
dumbbell shape, trivalents present an irregular configuration
and univalents are small dot-like elements. However, the visual
distinction between bi- and trivalents on the preparation
may be difficult because the shape of the elements strongly
depends on their orientation within the cell. Therefore, we used
the following approach to calculate the number of bi- and
trivalents: First, we counted the number of all visible elements

(i.e., bivalents + trivalents, in some cases also univalents) at MI
stage. Then, we counted the diploid chromosome number at male
asynaptic meiosis.

We applied the formula
2x+ 3y = m,

where x is the number of bivalents in meiosis, y is the number of
trivalents in meiosis, and m is the diploid number.

We also calculated
x+ y = n,

where x is the number of bivalents in meiosis, y is the number
of trivalents in meiosis, and n is the total number of elements
(except for small dot-like univalents) in meiosis.

Thus, in order to determine the number of bivalents and
trivalents in the karyotype, it is necessary to solve this system of
two equations with two unknowns.

The solution to this system of equations provides the answer:
y = m−2n,
x = n−y

where x is the number of bivalents in meiosis, y is the number
of trivalents in meiosis, m is the diploid number, and n is the
number of elements at MI.

To calculate the proportion of meiotic chromosomes in
homozygous state (i.e., part of bivalents, not part of trivalents),
we used the formula 2x/m, where x is the number of
bivalents in meiosis, and m is the diploid number determined
in asynaptic meiosis. We used One-Way ANOVA to test
for the effect of generation (1–4) on this parameter. The
significance of the pairwise differences was then tested with an
Unequal N HSD test.

RESULTS

Karyotype of the Parental Lines
We studied karyotype preparations of six samples of L. sinapis
from north-eastern Spain and seven samples of L. sinapis from
Sweden (Figure 1). Four Spanish samples were used in a
previous study (Lukhtanov et al., 2011) and were reanalyzed.
Two samples, representing the Spanish laboratory line, were
analyzed for the first time. In five of the Spanish samples,
at the MI stage, 53 chromosomal elements were observed
and all of them were most likely bivalents. At the MII stage,
53 chromosomes were observed. The diploid chromosome
number was counted to be 2n = 106. In one sample the
chromosomal elements were counted with approximation due
to overlapping of some elements (n = ca53–54, 2n = ca106–
108). In the Swedish samples, either 28 or 29 elements were
observed at MI and MII, and 57 or 58 elements were observed
in male asynaptic meiosis. In specimens with n = 28, 27
elements were bivalents, and one element was interpreted as
trivalent due to its irregular shape. In specimens with n = 28,
57 chromosomes were counted in male asynaptic meiosis.
According to our formulas (y = m−2n, x = n−y) these
samples have 27 bivalents and one trivalent at MI. Thus, this
calculation confirms the interpretation of chromosomal elements
based on their morphology. In specimens with n = 29, 58
chromosomes were counted in male asynaptic meiosis. All
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FIGURE 1 | Karyotypes of Spanish and Swedish parental lines of Leptidea sinapis. Putative trivalents are indicated by arrows. Scale bar = 10 µm. (a) Spain, sample
07F568, MI, n = 53. (b) Spain, sample 07C470, MII, n = 53. (c) Spain, sample 08H275, 2n = 106. (d) Sweden, sample 12M060, prometaphase I, n = 27 + trivalent.
(e) Sweden, sample 12M058, MI, n = 27 + trivalent. (f) Sweden, sample 12Z085, MII, n = 29. (g) Sweden, sample 10B467, asynaptic meiosis, 2n = 58.

MI elements were interpreted as bivalents in these samples.
Based on counts and morphology of chromosomal elements,
we conclude that the Swedish population is heterozygous for
a single chromosome fusion/fission resulting in variation in
chromosome number.

F1 Karyotype of Chromosomal Race
Hybrids
We studied the karyotype preparations of twelve F1 samples
(Figure 2). In eight samples, between 28 and 32 elements
were observed at MI and MII, and in ten samples, 81 or 82
chromosomes were counted in male asynaptic meiosis (Table 1).
In seven of the eight samples, 29 elements were observed at
MI as a single or a modal chromosomal count, and in one
sample n = 28 was counted. Most of these elements had irregular
shape and could be interpreted as trivalents. In four of the eight
samples, the number of chromosomal entities at MI was the same

(28 or 29) as in the parental Swedish population indicating perfect
or nearly perfect conjugation of the 53 smaller chromosomes of
Spanish origin with the 28 or 29 bigger chromosomes of Swedish
origin. In the four other samples, 1–3 additional tiny dot-like
chromosomal univalents were observed, most likely indicating
an imperfect meiotic pairing. According to our formulas (see
“Materials and Methods”), the F1 samples had between 3 and 5
bivalents and 24–25 trivalents.

F2 Karyotype of Chromosomal Race
Hybrids
We studied the karyotype preparations of 22 F2 samples
(Figure 3). In these samples, between 31 and 36 elements
were observed at MI and MII, and 73 to ca 90 chromosomes
were observed in male asynaptic meiosis (Table 1). Thus, the
number of entities was very variable in both haploid and diploid
stages of meiosis. Many MI elements had irregular shape and
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FIGURE 2 | Karyotypes of F1 hybrids between Spanish and Swedish chromosomal races of Leptidea sinapis. Univalents are indicated by arrows. Scale
bar = 10 µm. (a) sample 12Z052, MI, n = 29. (b) sample12Z065, MI, n = 29 + 2s. (c) sample 12Z052, MI, n = 28 + 2s. (d) sample 13Y058, n = 28. (e) sample
13Y039, asynaptic meiosis, 2n = 82.

can be interpreted as trivalents. In two samples, an additional
tiny dot-like chromosomal univalent was observed indicating an
imperfect meiotic pairing, but such unpaired elements were rarer
than in F1 hybrids. According to our formulas (see “Materials and
Methods”), the F2 samples had between 11 and 23 bivalents and
12–20 trivalents.

F3 Karyotype of Chromosomal Race
Hybrids
We studied the karyotype preparations of ten F3 samples
(Figure 4). In these samples, between 29 and 35 elements
were observed at MI and MII. Many MI elements (most
likely trivalents) had irregular shape. From 74 to 86
chromosomes were observed at male asynaptic meiosis
(Table 1). According to our formulas (see “Materials and
Methods”), the F3 samples had between 12 and 21 bivalents and
12–17 trivalents.

F4 Karyotype of Chromosomal Race
Hybrids
We studied the karyotype preparations of six F4 samples
(Figure 5). In these samples, between 32 and 38

elements were observed at MI and MII; some of these
elements (most likely trivalents) had irregular shape
and configuration. From ca 79 to ca 89 chromosomes
were observed at male asynaptic meiosis (Table 1).
According to our formulas (see “Materials and Methods”),
the F4 samples had between 17 and 25 bivalents and
12–16 trivalents.

Dynamics in the Level of Chromosomal
Homozygosity From F1 to F4
Based on the data in Table 1, we calculated the proportions
of chromosomes in homozygous state (i.e., parts of bivalents,
not parts of trivalents) in each examined individual and in
each generation (Table 2). The effect of generation on this
parameter was found to be highly significant (p < 0.001). The
Unequal N HSD test showed that only the first generation
significantly differed from the others in the proportion
of chromosomes in homozygous state (p < 0.001). All
other pairwise differences were non-significant, although the
highest mean proportion of chromosomes in homozygous state
was found in F4.
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TABLE 1 | Chromosome numbers of the studied specimens of Leptidea sinapis.

Sample ID Line Number of elements
observed at MI (n)

Number of chromosomes in male
asynaptic meiosis (m)

Estimated number of
bivalents x = n−y

Estimated number of
trivalents y = m−2n

08H275 Spain – 106 53 0

08H281 Spain – 106 53 0

07C470 Spain 53 (at MII) – 53 0

07F568 Spain 53 – 53 0

L1 Spain 53 ca106 53 0

L2 Spain – ca106–108 ca53–54 0

L3 Sweden – 57 unknown unknown

L4 Sweden – 58 unknown unknown

12M060 Sweden 28 57 27 1

12M058 Sweden 28 57 27 1

12M049 Sweden 29 – 29 0

12Z085 Sweden 29 58 29 0

10-B467 Sweden 29 ca58 29 0

13Y025 F1 hybrid – 82 unknown unknown

13Y037 F1 hybrid – 82 unknown unknown

13Y050 F1 hybrid – 82 unknown unknown

13Y039 F1 hybrid 82

13Y058 F1 hybrid 28 ca81 3 25

12Z065 F1 hybrid 29 + 2s ca82 5 24

13Y045 F1 hybrid 29 ca82 5 24

13Y057 F1 hybrid 29 – unknown unknown

13Y063 F1 hybrid 29 ca82 5 24

12Z066 F1 hybrid 29, 29 + s, 29 + 2s,
29 + 3s

ca82 5 24

12Z051 F1 hybrid 29 + s, 29 + 2s ca82 5 25

12Z054 F1 hybrid ca29 + s, ca29 + 2s,
ca29 + 3s

– unknown unknown

L7 F2 hybrid – ca73 unknown unknown

L8 F2 hybrid – ca77 unknown unknown

L9 F2 hybrid – ca77 unknown unknown

L10 F2 hybrid – ca82 unknown unknown

L11 F2 hybrid – ca82 unknown unknown

L12 F2 hybrid – 83 unknown unknown

L13 F2 hybrid – 83 unknown unknown

L14 F2 hybrid – 83 unknown unknown

L15 F2 hybrid – 85 unknown unknown

L16 F2 hybrid – ca90 unknown unknown

13Y080 F2 hybrid 31 ca82 11 20

11H440 F2 hybrid 32 82 14 18

13Y079 F2 hybrid 32 ca77 19 13

13Y082 F2 hybrid 32 ca81 15 17

11H437 F2 hybrid 32 – unknown unknown

13Y084 F2 hybrid 32, 32 + s 82 14 18

13Y083 F2 hybrid 34 ca83 19 15

11H479 F2 hybrid 35 ca87 18 17

13Y077 F2 hybrid 35, 35 + s ca82 23 12

11H467 F2 hybrid 35 ca83 22 13

13Y081 F2 hybrid 36 ca85 23 13

11H439 F2 hybrid 36 – unknown unknown

L20 F3 hybrid – 76 unknown unknown

L21 F3 hybrid – 76 unknown unknown

L22 F3 hybrid – 77 unknown unknown

(Continued)
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TABLE 1 | Continued

Sample ID Line Number of elements
observed at MI (n)

Number of chromosomes in male
asynaptic meiosis (m)

Estimated number of
bivalents x = n−y

Estimated number of
trivalents y = m−2n

L23 F3 hybrid – 86 unknown unknown

14A002 F3 hybrid 29 ca75 12 17

14A004 F3 hybrid 29 ca74 13 16

14A003 F3 hybrid 31 ca77 16 15

14A001 F3 hybrid 32 ca76 20 12

14A000 F3 hybrid 33 ca82 17 16

14A005 F3 hybrid 35 ca84 21 14

14B000 F4 hybrid 32, 32 + s ca79 17 15

14B003 F4 hybrid 33 ca78 21 12

14B004 F4 hybrid 33 ca82 17 16

14B002 F4 hybrid 34 ca83 19 15

14B005 F4 hybrid 37 ca86 25 12

14B001 F4 hybrid 38 ca89 25 13

DISCUSSION

Hybrid Karyotype and Tendency to
Homozygosity Across Generations
Since the karyotypes of the parental Spanish and Swedish races
of the Wood White butterfly L. sinapis are known (Lukhtanov
et al., 2011, 2018; this study) and differ by at least 24 chromosomal
fusions/fissions, we expected at least 24 trivalents and several (3–
5) bivalents at MI, in the first generation (F1) of hybrids. Such a
karyotype was found in most F1 individuals and cells, although a
higher number of chromosomal entities was sometimes observed
among meiotic metaphase I cells within a single specimen due
to the presence of univalents, possibly indicating an imperfect
meiotic pairing. Due to the almost complete pairing of the smaller
chromosomes of the Spanish race (n = 53), with the larger
chromosomes of the Swedish race (n = 28, 29), the number
of distinct entities (trivalents + bivalents) observed at MI in
the hybrid F1 karyotype was equivalent to that of the Swedish
parental karyotype.

The surviving F2 hybrids showed a strong significant increase
in the proportion of bivalents and a decrease in the proportion of
trivalents, and the surviving hybrids F3 and F4 showed a tendency
to a slight gradual increase in the proportion of chromosomes
in homozygous state (Table 2). Thus, our data do not provide
any evidence suggesting a reversal toward one of the parental
karyotypes in the hybrids, as reported for the Antheraea silkworm
and Pelophylax frog interspecific hybrids (Nagaraju and Jolly,
1986; Dedukh et al., 2020). Rather, hybrid karyotypes were
intermediate between the parental forms, both in the diploid
number of chromosomes in the set and in the number of elements
observed at MI across generations.

In our study, we continued the crossbreeding experiments
up to the fourth hybrid generation. Considering that the
studied F1 to F4 hybrids showed stable fertility at almost half
the level of the within-karyotype race crosses (Lukhtanov
et al., 2018), we expect that the following generations would
have been viable and substantially fertile as well. Under
the neutral model (i.e., if chromosomal heterozygosity
does not affect fitness), the proportion of heterozygotes

in the hybrid population will gradually decrease due to
genetic drift, similarly to neutral gene alleles (Kimura,
1968). Since the average fixation time of a neutral allele
is 4N (where N is the effective population size) (Kimura
and Ohta, 1969), after 4N generations we expect that most
of the chromosomal rearrangements would be fixed in
homozygous state. Thus, it can be expected that, if the process
of breeding the hybrid race was continued, a new homozygous
karyotype would be obtained, probably with an intermediate
number of chromosomes.

In our experiment, the effective population size (i.e., the
number of males and females participating in breeding, N)
varied from 8 to 40 individuals in different generations (8,
12, 24, 40; N = harmonic mean = 15; Lukhtanov et al., 2018,
Supporting Information). Thus, it can be expected that in the
absence of selection, approximately 4N = 60 generations would
be required for the majority of chromosomal alleles to be fixed
in homozygous condition under genetic drift. The signs of this
transition can already be observed in F2–F4, which show a greater
number of bivalents than in F1. This process would be accelerated
by a strong inbreeding, when only one pair of individuals
is left in each of the generations for reproduction (N = 2).
Under such conditions, it would take only eight generations
before a homozygous or almost homozygous karyotype would be
expected to appear.

It should be stressed that Leptidea hybrids do not
apparently follow a neutral model of evolution, thus our
estimates should be interpreted as maximum time to
fixation. In fact, given that fitness of the hybrid specimens
was 42% as compared to the control pure lines, most
likely due to selection against chromosomal heterozygotes,
we can expect a higher rate of transition from complete
heterozygosity for chromosomal fusions/fissions to a nearly
complete homozygosity.

We should also note that Nagaraju and Jolly (1986) observed
the reversal to one of the parental karyotypes after thirty
generations breeding of Antheraea interspecific hybrids, most
likely due to selection against the other parental karyotype. In
the case of Leptidea, such a reversal cannot be entirely ruled out,
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FIGURE 3 | MI karyotypes of F2 hybrids between Spanish and Swedish chromosomal races of Leptidea sinapis. The univalent is indicated by an arrow. Scale
bar = 10 µm. (a) sample 13Y080, n = 31. (b) sample 11H440, n = 32. (c) sample 13Y079, n = 32. (d) sample 13Y082, n = 32. (e) sample 13Y084, n = 32.
(f) sample 13Y084, n = 32 + s. (g) sample 13Y083, n = 34. (h) sample 11H467, n = 35. (I) sample 11H479, n = 35. (j) sample 13Y077, n = 35. (k) sample 11H439,
n = 36. (l) sample 13Y081, n = 36.

Frontiers in Genetics | www.frontiersin.org 8 October 2020 | Volume 11 | Article 583827

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-583827 October 11, 2020 Time: 10:52 # 9

Lukhtanov et al. Incomplete Sterility of Chromosomal Hybrids

FIGURE 4 | Karyotypes of F3 hybrids between Spanish and Swedish chromosomal races of Leptidea sinapis. Univalents are indicated by arrows. Scale
bar = 10 µm. (a) sample 14A004, MI, n = 29. (b) sample 14A003, MI, n = 31. (c) sample 14A003, diakinesis, n = 30 + 3s. (d) sample 14A001, MI, n = 32.
(e) sample 14A000, MI, n = 33. (f) sample 14A005, MI, n = 35.

although its probability seems to be extremely low, based on the
data and observations that we have.

Formation of a Novel Karyotype With a
New Diploid Number Through
Interspecific Hybridization: The
Segregational Model
New karyotypes most often originate because of chromosomal
changes and subsequent fixation of novel chromosomal
rearrangements in a homozygous state, or through duplication,
either of individual chromosomes or of the entire chromosomal
set (King, 1993; Schubert and Lysak, 2011). However, there
is a third model, which is based on meiotic segregation
of chromosomes in interspecific hybrids obtained from
cytogenetically differentiated parents.

This model is grounded on works of several influential early
geneticists (Müntzing, 1930; Stebbins, 1957; Grant, 1958) who
postulated that the sorting of chromosomal rearrangements in
hybrid offspring could, by chance, lead to the formation of
new population systems that were homozygous for a unique
combination of chromosomal sterility factors. By analogy

with this scheme, it can be assumed that if two species
differentiated by several fixed chromosomal rearrangements
hybridize, then, following an initial highly heterozygous stage, a
novel homozygous chromosomal complement will be sorted out
in the descendants as a result of chromosome segregation. Each
of the chromosomal rearrangements fixed in the hybrid lineage
is inherited from one of the progenitors, but their combination
differs from those in the parental forms. In fact, this scenario
of karyotype evolution was explicitly described by Rieseberg,
1997 (and repeated by Coyne and Orr, 2004) in relation to
reciprocal translocations.

In the classical scheme (Rieseberg, 1997; Coyne and Orr,
2004), the number of chromosomes does not change during the
formation of a new hybrid chromosomal homozygote. However,
if the scheme is applied to fusions or fissions, the number of
chromosomes can change (Figures 6–8). Let us first consider
an example of hybridization of chromosomal forms, which does
not lead to the formation of a new karyotype. If two diploid
species P1 and P2 differ by a single chromosomal fusion/fission
and hybridize, this will result in a hybrid heterozygous for this
single chromosomal fusion/fission (i.e., possessing a trivalent).
The F1 hybrid will produce two different types of viable gametes
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FIGURE 5 | Karyotypes of F4 hybrids between Spanish and Swedish chromosomal races of Leptidea sinapis. The univalent is indicated by an arrow. Scale
bar = 10 µm. (a) sample 14B000, MI, n = 32. (b) sample 14B000, MI, n = 32 + s. (c) sample 14B003, MI, n = 33. (d) sample 14B004, MI, n = 33. (e) sample
14B002, MI, n = 34. (f) sample 14B005, MI, n = 37. (g) sample 14B001, prometaphase I, n = 38.

(Figure 6A). These two types of F1 gametes can generate
three types of F2 offspring (Figure 6B): two types reconstitute
the parental karyotypes P1 and P2, and the third type is the
chromosomal heterozygote possessing the same trivalent that was
observed in the F1 hybrid. Thus, no new karyotype is created as
a consequence of hybridization, and in F2 we observe a reversion
to the parental forms.

The situation is entirely different if the parental diploid
species differ by two or more chromosomal fusions/fissions.
When the F1 hybrid is heterozygous for two chromosomal
fusions/fissions (i. e., possesses two trivalents), the F1 hybrid
will produce four different types of viable gametes (Figure 7).
These four types of F1 gametes will produce 16 different types
of F2 offspring (Figure 8). The majority of these types will
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TABLE 2 | Dynamics in the level of chromosomal homozygosity from F1 to F4.

Number of bivalents
(range)

Number of trivalents
(range)

Proportion of chromosomes in
homozygous state (range),%

Proportion of chromosomes in
homozygous state (mean ± SD),%

F1 3–5 24–25 7.4–12.2 11.2 ± 2.14

F2 11–23 12–20 26.8–56.1 43.2 ± 10.00

F3 12–21 12–17 32.0–52.6 42.1 ± 8.06

F4 17–25 12–16 43.0–58.1 49.7 ± 7.18

FIGURE 6 | Process and consequence of hybridization between two species differentiated by a single chromosomal fusion/fission. (A) Schematic representation of
hybridization and formation of gametes. (B) The Punnett square predicting the karyotypes of the F2 hybrids. The yellow diagonal indicates the chromosomally
homozygous karyotypes. See further explanation in the text.

represent heterozygous karyotypes (all the cells of the Punnett
square except for the yellow diagonal). Two types (the first
and the last cells of the Punnett square) will reconstitute the
parental karyotypes P1 and P2. Interestingly, the two other cells
on the diagonal of the Punnett square represent completely new
types of chromosomal homozygotes that did not exist in the
parental races. These new homozygotes have an intermediate
diploid chromosome number 2n = 6, different from both parental
2n = 4 and 2n = 8. Thus, the hybridization led to the formation
of homozygous karyotypes with a novel chromosome number.
If these F2 offspring are fertile and establish a new breeding
population, isolated from the parental races, under a no-selection
scenario (i.e., the fusions/fissions are not underdominant) in 4N
generations all or nearly all heterozygotes are expected to be
eliminated from the population by means of genetic drift. As
a result, one of the four homozygous combinations from the
“yellow diagonal” will be fixed.

Next, let us consider a more general situation when two
parental diploid species differ by n chromosomal fusions/fissions.
Under this scenario, each trivalent can result in two balanced
variants of chromosome segregation. In the case of n trivalents
and independence of chromosome segregation in each of the
trivalents, each balanced gamete variant has a frequency of 1/2n

(as a probability of a random combination of n events, each

with a probability of 1/2), and the total number of balanced
gametes is 2n.

After fusing gametes, as it follows from the structure of
the Punnett square, the homozygous zygotes form a diagonal
(highlighted by yellow in Figure 8 in which the number of cells
is equal to the number of gamete variants). In this diagonal,
only the first and last cells represent a return to the parental
karyotypes. Thus, the proportion of novel possible homozygous
combinations (r) can be calculated by the formula: r = 1−2/2n.

That is, if n = 1, then r = 0
If n = 2, then r = 0.5
If n = 3, then r = 0.75
If n = 4, then r = 0.875
If n = 5, then r = 0.9375
If n = 6, then r = 0.96875
...
If n = 24 (that is our case), then r = 0.99999988.
That is, if two parental species are differentiated by at

least three chromosomal fusions/fissions, the probability for the
appearance of a new homozygous karyotype in F2 becomes
greater than the probability of reversal to one of the parental
forms. If two parental species are differentiated by six and
more chromosomal fusions/fissions, the reversion becomes an
extremely unlikely event compared with the formation of a new
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FIGURE 7 | Process and consequence of hybridization between two species differentiated by two chromosomal fusions/fissions: schematic representation of
hybridization and formation of gametes.

FIGURE 8 | Process and consequence of hybridization between two species differentiated by two chromosomal fusions/fissions: the Punnett square predicting the
karyotypes of the F2 hybrids. The yellow diagonal indicates the chromosomally homozygous karyotypes. See further explanation in the text.
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homozygous karyotype. This means that, if the chromosomal
fusions/fissions are not strongly underdominant (and that is
exactly the situation we have in L. sinapis) and there is no gene
flow from the parental races, the formation of a new homozygous
karyotype following hybridization represents the rule rather
than the exception.

Karyotype Evolution and Chromosomal
Model of Homoploid Hybrid Speciation
Homoploid hybrid speciation represents a process by which a
new reproductively isolated, sexually reproducing species, arises
through hybridization and combination of parts of the parental
genomes, but without an increase in ploidy (Rieseberg et al.,
1995; Rieseberg, 1997; Coyne and Orr, 2004; Mallet, 2007). HHS
is frequently defined as “hybrid speciation without change in
chromosome number” (Schwarz et al., 2005; Gompert et al., 2006;
Mavarez and Linares, 2008; Melo et al., 2009; Salazar et al., 2010;
Abbott et al., 2013; Schumer et al., 2014). However, this definition
does not reflect the essence of the process and is not accurate
because the diploid number of chromosomes may drastically
change during HHS (Lukhtanov et al., 2015).

There are two main scenarios of HHS: (i) the scenario
based on the formation of pre-zygotic reproductive isolation
between the incipient hybrid and the parental species, and
(ii) the scenario based on the formation of post-zygotic
reproductive isolation between the incipient hybrid and the
parental species. The first (“pre-zygotic”) scenario assumes the
formation of novel recombinant phenotypes. These phenotypes
allow hybrid species to colonize niches unavailable to parental
species (Buerkle et al., 2000; Gross and Rieseberg, 2005;
Schwarz et al., 2005; Gompert et al., 2006; Kuusela et al.,
2007; Hermansen et al., 2010; Stemshorn et al., 2011), and/or
to reject parental species as potential mates (Mavarez et al.,
2006; Melo et al., 2009; Salazar et al., 2010; Amaral et al.,
2014; Hermansen et al., 2014; Barrera-Guzmán et al., 2018;
Lamichhaney et al., 2018). The second (“post-zygotic”) scenario
assumes the formation of post-zygotic reproductive isolation in
the hybrid offspring through sorting of chromosomes (Rieseberg
et al., 1995; Lukhtanov et al., 2015; Leducq et al., 2016)
and gene alleles (Hermansen et al., 2014; Schumer et al.,
2015; Blanckaert and Bank, 2018) resulting in genome or
gene incompatibility between the incipient hybrid and both
parental species. According to the chromosome-based version
of the second scenario (=chromosomal model), two species
differentiated by several fixed chromosomal rearrangements
hybridize, and then, following an initial heterozygous stage, a
new population system is formed that is homozygous for a novel
combination of chromosomal rearrangements (Rieseberg, 1997;
Coyne and Orr, 2004). Thus, under such a model, speciation is
a consequence of the formation of a new recombinant karyotype
(Lukhtanov et al., 2015).

The plausibility of the chromosomal model of HHS was
shown in laboratory experiments on interspecific hybridization
of some plants, where parents were artificially selected (reviewed
by Coyne and Orr, 2004: 343-344). This model has also been
studied in plants of the genus Helianthus (Rieseberg, 1997;

Goulet et al., 2017). In animals, it was demonstrated in studies
conducted on the butterfly subgenus Agrodiaetus (Lukhtanov
et al., 2015). The latter study also demonstrated that the diploid
chromosome number in hybrid species is drastically different
from those in both parental forms if these are differentiated
by multiple chromosome fusions/fissions. This model was also
supported by findings in hybrid mammals (Giménez et al., 2016)
and yeasts (Leducq et al., 2016).

Chromosomal rearrangements can have a dual effect on the
generation and maintenance of reproductive barriers. On the one
hand, they can suppress recombination in chromosomal hybrids,
reducing gene flow between daughter and parental species (a
suppressed-recombination mechanism). On the other hand, they
can lead to hybrid sterility (a hybrid-sterility mechanism) (Faria
and Navarro, 2010). Both of these mechanisms received empirical
support (Faria and Navarro, 2010; Luo et al., 2018) and can play
a role in HHS. However, much less is known about how a new
homozygous karyotype evolves from chromosomal heterozygotes
resulting from hybridization. In our study, we experimentally
reproduced the first stages of the process potentially leading
to chromosome-based HHS. We found that (i) F1 hybrids
between chromosomally diverged populations of L. sinapis are
highly heterozygous with nearly all chromosomes participating
in the formation of trivalents at the first meiotic division, and
(ii) that there is a tendency of decrease in the number of
trivalents and increase in the number of bivalents in subsequent
F2, F3, and F4 hybrids. We argue that the observed process
of chromosome sorting could, if continued, result in a new
homozygous chromosomal race, i.e., in a new karyotype with
intermediate chromosome number and, possibly, in a new
incipient homoploid hybrid species.

Chromosomal Hybrids in Laboratory and
Chromosomal Cline in Nature: On the
Way to HHS
The L. sinapis butterfly displays a chromosomal cline with diploid
chromosomal numbers ranging from 2n = 106, 108 in Spain
to 2n = 56 in Kazakhstan, and to 2n = 57, 58 in Sweden
(Lukhtanov et al., 2018). This cline was most likely produced due
to the secondary contact of two chromosomally diverged parental
populations (Talla et al., 2019). The laboratory experimental
data we obtained make it possible to advance hypotheses about
how this cline originated and is maintained. Most likely, the
original parental races evolved in allopatry – in the Iberian
(2n = 106–108) and East European-Asian (2n = 57–58) refugia.
Secondary contact in central Europe led to the formation of a
hybrid population in which initially the overwhelming majority
of individuals were heterozygotes for multiple chromosomal
fusions, as this is observed in the F1 hybrids in the laboratory.

Usually, the width of a hybrid zone is determined by the
balance between dispersal and selection: low hybrid fertility,
resulting in high selection against hybrids, and low dispersal
rate lead to a narrow hybrid zone, and vice versa, high hybrid
fertility and high dispersal rate lead to a wide hybrid zone
(Barton and Hewitt, 1985). Since almost half of the L. sinapis
hybrids are fertile (Lukhtanov et al., 2018), and butterflies, like
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other winged insects, are mobile, this hybrid zone was likely
wide, filling all the space of central Europe during a postglacial
expansion phase. Then, for many years after the origin of
the hybrid population, two processes acted in parallel – (i)
chromosome sorting, leading to the appearance of a homozygous
karyotype with an intermediate number of chromosomes and (2)
repeated hybridizations with neighboring populations. This led to
the formation of a chain of chromosomal forms, between which
there are no complete geographic barriers, but which are partially
isolated by distance.

Within each semi-isolated chromosomal race, the process
of transition to a homozygous karyotype, although close to
completion, is still ongoing and chromosomal heterozygotes
are common (Lukhtanov et al., 2011). Theoretically, each
of these chromosomal races could eventually evolve into a
separate species, and the presence of chromosomal differences
should contribute to a faster evolution of reproductive isolation.
However, this has not yet happened. In fact, we are currently
observing an intermediate state in this process, where there is still
an influence of the parental forms in the form of gene flow, albeit
affected by isolation-by-distance.

In both pre- and post-zygotic models of HHS, the incipient
hybrid species, in order to complete speciation, requires a stage of
spatial (allopatry) (Gompert et al., 2006) or temporal (allochrony)
(Masello et al., 2019) isolation from the parental forms. In the case
of L. sinapis, complete spatial isolation of the intermediate forms
at present may be relatively difficult, given that this butterfly is a
common and widespread generalist species (Friberg et al., 2013),
and allochrony would be unlikely because it is a multivoltine
species in the wide contact zone of central Europe (Friberg et al.,
2008). However, it is not impossible to imagine that the species
distribution becomes fragmented in the long run, because of
human-mediated habitat alteration or climate change, potentially
resulting in future speciation.

Applicability of Segregational Model of
Karyotype Evolution and Chromosomal
Model of HHS Outside Holocentric Taxa
and for Other Types of Chromosomal
Rearrangements
The segregational model of karyotype evolution and the
chromosomal model of HHS are based on incomplete sterility of
chromosomal hybrids. Partial fertility allows a novel combination
of chromosomal fusions and fissions to be fixed in a population,
and partial sterility acts as a reproductive barrier between the
novel hybrid and the parental species. The model organism
of our study (Leptidea sinapis) is a species with holocentric
chromosomes. Such organisms, due to the special organization
of their chromosomes, can tolerate heterozygosity even for
multiple chromosomal rearrangements (Lukhtanov et al., 2018).
Therefore, it can be hypothesized that organisms with holocentric
chromosomes will be especially prone to chromosome-based
HHS, as has been shown, for example, for the blue butterfly
Polyommatus peilei (Lukhtanov et al., 2015). In this context, the
question arises whether this model is applicable to monocentric
organisms. The data available in literature show that, although

to a lesser extent, organisms with monocentric chromosomes
can also be tolerant to heterozygosity for multiple chromosomal
fusions and fissions (e.g., Nachman and Myers, 1989; Nunes et al.,
2011; Matveevsky et al., 2020). This indicates the potential of
the discussed mechanism for karyotype evolution and speciation
in monocentric organisms. Moreover, there is direct evidence
that this mechanism produced a new chromosomal race of
the monocentric species Mus musculus (Giménez et al., 2016).
Therefore, it is likely that the proposed model can be applied to
both holocentric and monocentric organisms, as long as sterility
is incomplete.

The segregational model of karyotype evolution and the
chromosomal model of HHS work through the standard
mechanism of chromosome segregation, which is found in
both canonical and inverted meiosis. These models are
not based on the mechanism of inverted meiosis; however,
the latter phenomenon can contribute to the formation of
new recombinant karyotypes. By increasing the fertility of
chromosomal heterozygotes (Lukhtanov et al., 2018), inverted
meiosis increases the probability that the chromosome sorting
process will be completed, that is, a new homozygous
recombinant karyotype is formed.

These models are universal with regard to chromosomal
rearrangements and may include not only translocations
(Rieseberg, 1997; Coyne and Orr, 2004) and chromosomal
fusions and fissions (Lukhtanov et al., 2015; this study), but
also other rearrangements (e.g., inversions). As long as the
parental species are differentiated by two or more chromosomal
rearrangements of any type, then it is theoretically possible
that sorting of chromosomes in hybrids can lead to a novel
homozygous combination.
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Dincă, V., Wiklund, C., Lukhtanov, V. A., Kodandaramaiah, U., Norén, N.,
and Dapporto, L. (2013). Reproductive isolation and patterns of genetic
differentiation in a cryptic butterfly species complex. J. Evol. Biol. 26, 2095–
2106. doi: 10.1111/jeb.12211

Dobigny, G., Britton-Davidian, J., and Robinson, T. J. (2017). Chromosomal
polymorphism in mammals: an evolutionary perspective. Biol. Rev. Camb.
Philos. Soc. 92, 1–21. doi: 10.1111/brv.12213

Faria, R., and Navarro, A. (2010). Chromosomal speciation revisited: rearranging
theory with pieces of evidence. Trends Ecol. Evol. 25, 660–669. doi: 10.1016/j.
tree.2010.07.008

Friberg, M., Leimar, O., and Wiklund, C. (2013). Heterospecific courtship, minority
effects and niche separation between cryptic butterfly species. J. Evol. Biol. 26,
971–979. doi: 10.1111/jeb.12106

Friberg, M., Wahlberg, N., Kullberg, J., Bergman, M., and Wiklund, C. (2008).
Niche separation in space and time between two sympatric sister species – a case
of ecological pleiotropy. Evol. Ecol. 22, 1–18. doi: 10.1007/s10682-007-9155-y

Giménez, M. D., Panithanarak, T., Hauffe, H. C., and Searle, J. B. (2016). Empirical
demonstration of hybrid chromosomal races in house mice. Evolution 70,
1651–1658. doi: 10.1111/evo.12970

Gompert, Z., Fordyce, J. A., Forister, M. A., Shapiro, A. M., and Nice, C. C. (2006).
Homoploid hybrid speciation in an extreme habitat. Science 314, 1923–1925.
doi: 10.1126/science.1135875

Goulet, B. E., Roda, F., and Hopkins, R. (2017). Hybridization in plants: old ideas,
new techniques. Plant Physiol. 173, 65–78. doi: 10.1104/pp.16.01340

Grant, V. (1958). The regulation of recombination in plants. Cold Spring Harbor.
Symp. Quant. Biol. 23, 337–363. doi: 10.1101/SQB.1958.023.01.034

Grant, V. (1981). Plant Speciation. New York, NY: Columbia University Press.
Gross, B. L., and Rieseberg, L. H. (2005). The ecological genetics of homoploid

hybrid speciation. J. Heredity 96, 241–252. doi: 10.1093/jhered/esi026
Heckmann, S., Jankowska, M., Schubert, V., Kumke, K., Ma, W., and Houben,

A. (2014). Alternative meiotic chromatid segregation in the holocentric plant
Luzula elegans. Nat. Commun. 5:4979. doi: 10.1038/ncomms5979

Hermansen, J., Haas, F., Trier, C. N., Bailey, R. I., Nederbragt, A. J., and Marzal,
A. (2014). Hybrid speciation through sorting of parental incompatibilities in
Italian sparrows. Mol. Ecol. 23, 5831–5842. doi: 10.1111/mec.12910

Hermansen, J. S., Saeter, S. A., Elgvin, T. O., Borge, T., Hjelle, E., and Saetre,
G. P. (2010). Hybrid speciation in sparrows I: phenotypic intermediacy, genetic
admixture and barriers to gene flow. Mol. Ecol. 20, 3812–3822. doi: 10.1111/j.
1365-294X.2011.05183.x

Hora, K. H., Marec, F., Roessingh, P., and Menken, S. B. J. (2019). Limited intrinsic
postzygotic reproductive isolation despite chromosomal rearrangements
between closely related sympatric species of small ermine moths (Lepidoptera:
Yponomeutidae). Biol. J. Linn. Soc. 128, 44–58. doi: 10.1093/biolinnean/blz090

Houben, A., Kuo, Y.-T., Heckmann, S., Marques, A., Jankowska, M., and Schubert,
V. (2018). Structure of holocentric chromosomes. Comp. Cytogen. 12, 326–327.
doi: 10.3897/CompCytogen.v12i3.27448

Kimura, M. (1968). Evolutionary rate at the molecular level. Nature 217, 624–626.
doi: 10.1038/217624a0

Kimura, M., and Ohta, T. (1969). The average number of generations until fixation
of a mutant gene in a finite population. Genetics 61, 763–771.

King, M. (1993). Species Evolution: The Role of Chromosomal Change. Cambridge:
Cambridge University Press.

Kuusela, J., Zietara, M. S., and Lumme, J. (2007). Hybrid origin of Baltic salmon-
specific parasite Gyrodactylus salaris: a model for speciation by host switch
for hemiclonal organisms. Mol. Ecol. 16, 5234–5245. doi: 10.1111/j.1365-294X.
2007.03562.x

Kuznetsova, V. G. (1979). “Chromosomes of holokinetic type and their distribution
among insects and other invertebrate animals,” in Karyosystematics of
Invertebrate Animals, ed. O. A. Scarlato, (Leningrad: ZSL Institute), 5–19.

Lamichhaney, S., Han, F., Webster, M. T., Andersson, L., Grant, B. R., and Grant,
P. R. (2018). Rapid hybrid speciation in Darwin’s finches. Science 359, 224–227.
doi: 10.1126/science.aao4593

Leducq, J.-B., Nielly-Thibault, L., Charron, G., Eberlein, C., Verta, J.-P., and
Samani, P. (2016). Speciation driven by hybridization and chromosomal
plasticity in a wild yeast. Nat. Microbiol. 1:15003. doi: 10.1038/nmicrobiol.
2015.3

Lenormand, T., and Dutheil, J. (2005). Recombination difference between sexes: a
role for haploid selection. PLoS Biol. 3:e63. doi: 10.1371/journal.pbio.0030063

Lenormand, T., Engelstaedter, J., Johnston, S. E., Wijnker, E., and Haag, C. R.
(2016). Evolutionary mysteries in meiosis. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 371:20160001. doi: 10.1098/rstb.2016.0001

Loidl, J. (2016). Conservation and variability of meiosis across the eukaryotes.
Ann. Rev. Genet. 50, 293–316. doi: 10.1146/annurev-genet-120215-03
5100
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Lukhtanov, V. A., Dincă, V., Talavera, G., and Vila, R. (2011). Unprecedented
within-species chromosome number cline in the Wood White butterfly
Leptidea sinapis and its significance for karyotype evolution and speciation.
BMC Evol. Biol. 11:109. doi: 10.1186/1471-2148-11-109

Lukhtanov, V. A., Efetov, K. A., and Dantchenko, A. V. (2019). Karyotype
reinvestigation does not confirm the presence of two cryptic species and
interspecific hybridization in the Polyommatus (Agrodiaetus) damocles complex
in the Crimea (Lepidoptera. Lycaenidae). Comp. Cytogen. 13, 311–319. doi:
10.3897/CompCytogen.v13i3.46777

Lukhtanov, V. A., Shapoval, N. A., Anokhin, B. A., Saifitdinova, A. F., and
Kuznetsova, V. G. (2015). Homoploid hybrid speciation and genome evolution
via chromosome sorting. Proc. Roy. Soc. B Biol. Sci. 282:20150157. doi: 10.1098/
rspb.2015.0157

Luo, J., Sun, X., Cormack, B. P., and Boeke, J. D. (2018). Karyotype engineering
by chromosome fusion leads to reproductive isolation in yeast. Nature 560,
392–396. doi: 10.1038/s41586-018-0374-x

Mallet, J. (2007). Hybrid speciation. Nature 446, 279–283. doi: 10.1038/
nature05706

Manicardi, G. C., Mandrioli, M., and Blackman, R. L. (2015). The cytogenetic
architecture of the aphid genome. Biol. Rev. Camb. Philos. Soc. 90, 112–125.
doi: 10.1111/brv.12096

Masello, J. F., Quillfeldt, P., Sandoval-Castellanos, E., Alderman, R., Calderón,
L., and Cherel, Y. (2019). Additive traits lead to feeding advantage and
reproductive isolation, promoting homoploid hybrid speciation. Mol. Biol. Evol.
36, 1671–1685. doi: 10.1093/molbev/msz090

Matveevsky, S., Kolomiets, O., Bogdanov, A., Alpeeva, E., and Bakloushinskaya,
I. (2020). Meiotic chromosome contacts as a plausible prelude for
robertsonian translocations. Genes 11:386. doi: 10.3390/genes1104
0386

Mavarez, J., and Linares, M. (2008). Homoploid hybrid speciation in animals. Mol.
Ecol. 17, 4181–4185. doi: 10.1111/j.1365-294X.2008.03898.x

Mavarez, J., Salazar, C. A., Bermingham, E., Salcedo, C., Jiggins, C. D., and Linares,
M. (2006). Speciation by hybridization in Heliconius butterflies. Nature 441,
868–871. doi: 10.1038/nature04738

Melo, M. M., Salazar, C., Jiggins, C. D., and Linares, M. (2009). Assortative mating
preferences among hybrids offers a route to hybrid speciation. Evolution 63,
1660–1665. doi: 10.1111/j.1558-5646.2009.00633.x

Melters, D. P., Paliulis, L. V., Korf, I. F., and Chan, S. W. L. (2012).
Holocentric chromosomes: convergent evolution, meiotic adaptations, and
genomic analysis. Chromosome Res. 20, 579–593. doi: 10.1007/s10577-012-
9292-1

Müntzing, A. (1930). Outlines to a genetic monograph of the genus Galeopsis with
special reference to the nature and inheritance of partial sterility. Hereditas 13,
185–341. doi: 10.1111/j.1601-5223.1930.tb02522.x

Murakami, A., and Imai, H. T. (1974). Cytological evidence for holocentric
chromosomes of the silkworms, Bombyx mori and B. mandarina,
(Bombycidae, Lepidoptera). Chromosoma 47, 167–178. doi: 10.1007/BF0033
1804

Nachman, M. W., and Myers, P. (1989). Exceptional chromosomal
mutations in a rodent population are not strongly underdominant.
Proc. Natl. Acad. Sci. U.S.A. 86, 6666–6670. doi: 10.1073/pnas.86.17.
6666

Nagaraju, J., and Jolly, M. S. (1986). Interspecific hybrids of Antheraea roylei
and A. pernyi - A cytogenetic reassessment. Theor. App. Genet. 72, 269–273.
doi: 10.1007/BF00267003

Nunes, A. C., Catalan, J., Lopez, J., da Graça, Ramalhinho, M., da Luz Mathias,
M., et al. (2011). Fertility assessment in hybrids between monobrachially
homologous Rb races of the house mouse from the island of Madeira:
implications for modes of chromosomal evolution. Heredity 106, 348–356.
doi: 10.1038/hdy.2010.74

Ottolini, C. S., Newnham, L., Capalbo, A., Natesan, S. A., Joshi, H. A., and
Cimadomo, D. (2015). Genome-wide maps of recombination and chromosome
segregation in human oocytes and embryos show selection for maternal
recombination rates. Nat. Genet. 47, 727–735. doi: 10.1038/ng.3306

Rieseberg, L. H. (1997). Hybrid origins of plant species. Ann. Rev. Ecol. Syst. 28,
359–389. doi: 10.1146/annurev.ecolsys.28.1.359

Rieseberg, L. H., Van Fossen, C., and Desrochers, A. (1995). Hybrid speciation
accompanied by genomic reorganization in wild sunflowers. Nature 375, 313–
316. doi: 10.1038/375313a0

Salazar, C., Baxter, S. W., Pardo-Diaz, C., Wu, G., Surridge, A., and Linares, M.
(2010). Genetic evidence for hybrid trait speciation in Heliconius butterflies.
PLoS Genet. 6:e1000930. doi: 10.1371/journal.pgen.1000930

Schubert, I., and Lysak, M. A. (2011). Interpretation of karyotype evolution should
consider chromosome structural constraints. Trends Genet. 27, 207–216. doi:
10.1016/j.tig.2011.03.004

Schumer, M., Cui, R., Rosenthal, G. G., and Andolfatto, P. (2015). Reproductive
isolation of hybrid populations driven by genetic incompatibilities. PLoS Genet.
11:e1005041. doi: 10.1371/journal.pgen.1005041

Schumer, M., Rosenthal, G. G., and Andolfatto, P. (2014). How common is
homoploid hybrid speciation? Evolution 68, 1553–1560. doi: 10.1111/evo.12399

Schwarz, D., Matta, B. M., Shakir-Botteri, N. L., and McPheron, B. A. (2005). Host
shift to an invasive plant triggers rapid animal hybrid speciation. Nature 436,
546–549. doi: 10.1038/nature03800

Stebbins, G. L. (1957). Self fertilization and population variability in the higher
plants. Am. Nat. 91, 337–354. doi: 10.1086/281999

Stemshorn, K. C., Reed, F. A., Nolte, A. W., and Tautz, D. (2011). Rapid formation
of distinct hybrid lineages after secondary contact of two fish species (Cottus
sp.). Mol. Ecol. 20, 1475–1491. doi: 10.1111/j.1365-294X.2010.04997.x
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