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ABSTRACT Genetic exchange between different Leishmania strains in the sand fly
vector has been experimentally demonstrated and is supported by population
genetic studies. In nature, opportunities for Leishmania interstrain mating are re-
stricted to flies biting multiply infected hosts or through multiple bites of different
hosts. In contrast, self-mating could occur in any infected sand fly. By crossing two
recombinant lines derived from the same Leishmania major strain, each expressing a
different drug-resistance marker, self-hybridization in L. major was confirmed in a
natural sand fly vector, Phlebotomus duboscqi, and in frequencies comparable to
interstrain crosses. We provide the first high resolution, whole-genome sequencing
analysis of large numbers of selfing progeny, their parents, and parental subclones.
Genetic exchange consistent with classical meiosis is supported by the biallelic inher-
itance of the rare homozygous single nucleotide polymorphisms (SNPs) that arose
by mutation during the generation of the parental clones. In contrast, heterozygous
SNPs largely failed to be transmitted in Mendelian ratios for reasons not understood.
SNPs that were heterozygous in both parents, however, recombined to produce
homozygous alleles in some hybrids. For trisomic chromosomes present in both
parents, transmittal to the progeny was only altered by self-hybridization, involving
a gain or loss of somy in frequencies predicted by a meiotic process. Whole-genome
polyploidization was also observed in the selfing progeny. Thus, self-hybridization in
Leishmania, with its potential to occur in any infected sand fly, may be an important
source of karyotype variation, loss of heterozygosity, and functional diversity.

IMPORTANCE Leishmania are parasitic protozoa that cause a wide spectrum of dis-
eases collectively known as the leishmaniases. Sexual reproduction in Leishmania has
been proposed as an important source of genetic diversity and has been formally
demonstrated to occur inside the sand fly vector midgut. Nevertheless, in the wild,
opportunities for genetic exchange between different Leishmania species or strains
are restricted by the capacity of different Leishmania strains to colonize the same
sand fly. In this work, we report the first high resolution, whole-genome sequence
analysis of intraclonal genetic exchange as a type of self-mating in Leishmania. Our
data reveal that self-hybridization can occur with comparable frequency as inter-
strain mating under experimental lab conditions, leading to important genomic alter-
ations that can potentially take place within every naturally infected sand fly.
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Leishmaniases are sand fly-transmitted diseases of humans and domestic animals
caused by kinetoplastid protozoan parasites of the genus Leishmania. The severity

of the clinical outcomes in humans range from localized, self-limiting cutaneous lesions
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to mucosal involvement, to visceral disease that is fatal in the absence of treatment.
These clinical types typically have distinct parasite species associations, with over 20
species described to date (1). Leishmania have a dimorphic life cycle consisting of
extracellular promastigotes that multiply asexually within the digestive tract of the
female sand fly vector, and intracellular amastigotes that multiply asexually within
phagocytic cells, mainly macrophages, of their vertebrate hosts. Leishmania are largely
diploid, although most if not all Leishmania strains show various degrees of aneuploidy
(2). Frequent copy number variations are observed at the level of whole chromosomes
or individual genes that are associated with drug resistance or tissue tropism (3–8).
Amplification of specific chromosomes has also been linked to the fitness gain of
Leishmania promastigotes during their growth in vitro (9).

In addition to cycles of clonal expansion, experimental studies have revealed that
the extracellular promastigote stage(s) of Leishmania can hybridize in the sand fly vec-
tor (10–13) and in axenic culture (14, 15). Using pairwise combinations of parental lines
expressing distinct drug resistant markers, double-drug-resistant (DDR) lines could be
recovered from sand flies or cultures coinoculated with different strains and even dif-
ferent species of Leishmania. Whole-genome sequence (WGS) analyses of a large num-
ber of experimental hybrids generated in sand flies revealed parental chromosome
contributions that were consistent with a meiotic process, either classical meiosis
involving the generation and fusion of haploid gametic cells, or a tetraploid meiotic
cycle involving intermediates formed by fusion of diploid cells. Thus, the progeny
clones were found to be heterozygous at virtually all marker loci that were homozy-
gous and different between the parents, with balanced contributions from each parent
(16). Backcross progeny clones revealed genome-wide patterns of recombination,
demonstrating that classical crossing over occurs at meiosis (16). Occasional “3n” and
“4n” hybrid genotypes were also observed, while kinetoplast maxicircle DNA was
always inherited from only one parent. These experimental findings supported what
had long been argued based on the many examples of intra- and interspecies hybrid
genotypes detected in field isolates (17–32), that sex constitutes a natural reproductive
mode in the genus.

Sexual reproduction can itself be highly variable, with mating systems predomi-
nated by outcrossing, selfing, or both (33). Selfing refers to mating between haploid
cells or nuclei derived from the same diploid individual, and is a particular case of
inbreeding, which more generally refers to mating between genetically highly homo-
geneous cells or nuclei whether derived from the same diploid individual or not. In
Leishmania, extreme inbreeding has been inferred from population genetic studies of
Leishmania braziliensis strains based on the large deficiency in the heterozygosity of
microsatellite loci analyzed (34), which is inconsistent with strictly clonal reproduction
that will tend to accumulate divergence between alleles within the same loci (35).
Whole-genome sequencing of Leishmania infantum isolates from Turkey or Leishmania
tropica isolates from the Middle East revealed variable and patchy distribution of heter-
ozygosity consistent with outcrossing with subsequent selfing or inbreeding via sexual
or parasexual mating (27, 30).

Selfing or intraclonal mating has been experimentally demonstrated in the related
kinetoplastid pathogen, Trypanosoma brucei, during its cyclical development in the
tsetse fly vector (36, 37). In Leishmania, the direct demonstration that selfing can occur
in the vector is confined to a single report in which two hybrid clones were recovered
from sand flies coinfected with two recombinant lines derived from the same strain of
L. infantum but bearing different drug resistance and fluorescence genes (38). More
recently, two recombinant lines derived from the same strain of L. tropica were used in
coculture experiments to generate 3 clones that were shown to have hybridized their
drug resistance and fluorescence markers in vitro (39). In the present studies, we report
that L. major is capable of self-hybridization, and provide the first high resolution,
whole-genome sequencing analysis of large numbers of selfing progeny. By assessing
allele frequencies and chromosome copy number in the parents, their subclones and
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their hybrid progeny, we could compare the extent to which self-hybridization contrib-
utes to genome alterations in Leishmania.

RESULTS
Generation of selfing hybrids in L. major.We carried out a total of 8 independent

self-mating experiments in Phlebotomus duboscqi sand flies infected with 3 different
mating pairs of recombinant clonal lines of the L. major Fn strain (LmFn) (Table 1).
Fig. 1 summarizes these experiments with respect to the different conditions and
recombinant parental clones used in our attempts to increase the efficiency of self-
hybridization, and/or to minimize the genomic differences between the parents that
arose during generation of the recombinant lines.

Altogether, we generated a total of 45 selfing hybrids from 1,119 infected sand flies
(4.0%, Table 1), a frequency within the range seen in interstrain crosses previously described
(12, 16). Selfing efficiency was not significantly affected by inclusion of a heterologous strain
or use of more fly-adapted parental clones. We performed a total DNA analysis and WGS on
41 hybrid clones, including for comparison a total of 35 subclones of the parents, in each
case generated from promastigotes recovered from an individual midgut singly infected
with one of the parental clones (Fig. 1). Sand fly midgut colonization and subsequent in vitro
selection and cloning represent important bottlenecks during experimental mating. We
therefore compared findings between selfing hybrids and the 35 parental subclones manip-
ulated in a similar manner.

Heterologous strains are not required to initiate genetic exchange in L. major.
In the first series of experiments (experiments1 to 4), we coinfected sand flies with 2
recombinant clones resistant to either Hygromycin B (Hyg) or Nourseothricin (Sat),
referred to as FnHyg or FnSat, respectively, and selected for DDR promastigotes. After
an initial coinfection experiment with these parents failed to yield any hybrids, a third
L. major clone was included in the sand fly coinfections. In different fungi such as
Candida albicans and Cryptococcus neoformans, the presence of an opposite mating
type (a or A) promotes same sex or self-mating (40, 41). To test whether a similar phe-
nomenon might occur in L. major, the infections included a third L. major clone,
derived from the LmSd strain from Senegal, and transfected with a resistance gene to
either Hyg or Sat (SdHyg or SdSat). Hybridization between LmFn and LmSd was dem-
onstrated previously in sand flies (12) and thus potentially could contain hypothetical
opposite “mating types.” While DDR hybrids were recovered from the flies infected
with all 3 lines, in the experiments where the coinfections with just FnSat and FnHyg
were run in parallel (experiments 2 to 4), the same frequency of hybrid recovery was
obtained (1.9% and 2.2%, respectively).

All 23 DDR lines were cloned and genotyped by PCR, with a single clone from each
line submitted to further analysis. All 23 clones (hybrid clones A to D) were PCR posi-
tive for both the Hyg and Sat resistance markers on chromosome 27 (Fig. 2A),

TABLE 1 Summary of self-mating experiments and hybrid recovery

Experiment Cross No. of clean gutsa No. of hybrids Hybrid recovery (%) Hybrid labels
1 Fn Sat� Fn Hyg� Sd Sat 100 7 (Self) 7 A1–8

Fn Sat� Fn Hyg� Sd Hyg 43 1 (Self) 2.3
2 Fn Sat� Fn Hyg� Sd Sat 118 0 0 B1–2

Fn Sat� Fn Hyg 121 2 1.7
3 Fn Sat� Fn Hyg� Sd Sat 118 1 (Self) 0.84 C1

Fn Sat� Fn Hyg 122 0 0
4 Fn Sat� Fn Hyg� Sd Sat 126 6 (Self) 4.8 D1–4;6213

Fn Sat� Fn Hyg 124 6 4.8
5 SFS7� SFH4 76 10 15.6 H1–10
6 Fn HygNeo� Fn HygSat 72 2 2.7 I1–2
7 Fn HygNeo� Fn HygSat 47 3 6.4 J1–3
8 Fn HygNeo� Fn HygSat 52 7 13.5 K1–7

Total 1,119 45 4.0
aClean guts refers to the absence of fungal or bacterial contamination in the promastigote selection media containing the midgut homogenate.
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confirming their hybrid genotypes. To determine whether the 16 DDR clones recov-
ered from midguts that included the heterologous strain resulted from hybridization
between self-strains, FnSat and FnHyg, or from interstrain hybridization with LmSd, we
performed genome-wide single nucleotide polymorphism (SNP) analysis (Fig. 2B, see
Table S1A in the supplemental material). Whole-genome sequencing reads of the pa-
rental and the 23 DDR clones, and 2 LmFn x LmSd hybrids (FnSd1 and FnSd2) gener-
ated previously (12), were aligned to the L. major Fn FV1 genome obtained from
TritrypDB v50 (http://tritrypdb.org) and yielded an average coverage per sample of
46.85 (SD = 31.33; Table S1B). The mapped reads were processed to obtain total read
depth, reference, and alternate allele frequencies using PAINT software (42). The num-
ber of heterozygous SNPs across the genomes of the FnSd1 and FnSd2 hybrids was
34,714 and 34,496, respectively (Table S1A, Fn reference genome). These SNPs resulted
from biparental allelic inheritance of the SNPs that were homozygous and different
between the LmFn and the LmSd parents (Fig. 2B). In the 23 self-DDR clones, the num-
ber of heterozygous SNPs was approximately 50 times lower, ranging from 626 to 825
(Fn reference genome) and more closely resembles the number of heterozygous SNPs
in the FnSat and FnHyg parents (1310 and 1124, respectively). Moreover, we found no
evidence for inheritance of LmSd alleles in any of the DDR clones (Fig. 2B). Thus, all the
DDR parasites generated in the presence of LmSd resulted from hybridization between

FIG 1 Schematic diagram summarizing the different self-hybridization experiments performed in this work. L. major Fn cells were
transfected to generate parental clones carrying different drug resistance markers that were used in sand fly coinfection for self-
mating, selection and cloning of double-drug-resistant hybrids. Self-hybridization experiments involving 3 different sets of
parental clones were performed, highlighted by red dashed boxes. Each parental clone was also used for single infection of sand
flies, recovery from individual flies, and subsequent isolation of parental subclones in culture. In total, 45 selfing hybrid clones
and 35 parental subclones were generated, of which 41 of the selfing hybrids, and all 35 of the subclones were analyzed by WGS
along with their respective parental clones. L. major Sd (LmSd) was included in the initial crosses between FnSat 3 FnHyg to
evaluate the impact of, including a heterologous strain on the selfing frequencies.
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FIG 2 Genotyping of selfing hybrids. (A) PCR confirmation of the selectable parental markers Sat and Hyg in parental and hybrid progeny clones. Selfing hybrids
shown were generated from crosses between FnSat and FnHyg in the presence or absence of LmSd to evaluate the impact of including a heterologous strain on the
selfing frequencies; 1 kb: DNA ladder. (B) Circos plots of the frequencies of parental SNP markers that are homozygous and distinct between Sd (orange bars) and Fn
lines (blue bars). Genome-wide heterozygosity of the parental markers was observed in the FnSd hybrids generated previously (12) (FnSd1 and FnSd2). Only Fn
markers were detected in the DDR hybrids, allowing us to conclude that they are selfing hybrids. Data from seven representative selfing hybrids are shown (A1, A2,
A3, A4, C1, D1, and D7). The frequencies of the parental alleles are represented as histogram bars for each genome position. Chromosome labels are shown on the
outer circle. (C) Bottlebrush plots showing biparental inheritance of homozygous SNPs that are different between FnHyg and FnSat on chromosome 28 (chr28). Blue
and magenta bars indicate SNPs mapping to the FnSat and FnHyg parents, respectively. The vertical distances correspond to the inferred allelic depth that was
normalized across the genome which was assigned an average ploidy of 2n or 3n (selfing hybrids B2, C1, D2, D6, D7 and D13). The average somy contribution of
the respective Fn parents is shown on the right inset of each plot. The data for one of the allelic markers on self-hybrid D8 was lost due to filtering.
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FnSat and FnHyg, and the presence of LmSd was not required to obtain self-hybrids.
Indeed, there was a clear preference for self-mating, although it is possible that the Fn
parents had a growth advantage over the Sd parent in the flies. In any event, these
experiments did not inform as to the presence or absence of mating types in L. major.

Selfing between subclones of L. major Fn parental lines. To test whether recent
passage through sand flies might increase the frequency of self-hybrid formation, we
singly infected flies with either FnSat or FnHyg, and generated subclones of each par-
ent from the promastigotes recovered from individual flies. We carried out an addi-
tional selfing experiment using a subclone of FnSat, SFS7, crossed with a subclone of
FnHyg, SFH4 (Fig. 1). Ten DDR lines were recovered from 10 different midguts out of a
total of 76 flies (15.6%) (Table 1, experiment 5), each of which were cloned (hybrid
clones H) and confirmed by PCR to have both the Sat and Hyg resistance markers
(Fig. S1A). Of note, the high hybridization efficiency of the SFS7 and SFH4 subclones
was not reproducible in a subsequent cross, suggesting that the variability was related
more to differences in the fly populations used, as these experiments involved adults
released from different generations of the colonized flies.

A final set of selfing hybrids was generated using a new pair of recombinant L.
major Fn parental lines that were more closely coordinated in the number of mitotic
generations removed from their common clone of origin, and thus might better reflect
the conditions of natural intraclonal mating in the vector. Starting with the FnHyg
clone, which we chose because it is the more euploid of the clones derived from LmFn
that we have sequenced to date, we introduced an additional resistance marker, either
to Sat or Neomycin (Neo), and derived antibiotic resistant clones referred to as FnHSat
or FnHNeo (Fig. 1). Following coinfection of sand flies, midgut promastigotes were
selected for growth in both Sat and Neo. In 3 independent experiments, a total of 12
DDR promastigote lines were recovered from a total of 171 flies dissected at day 10
postinfection (7.0%) (Table 1, experiments 5 to 8). The DDR lines were cloned (hybrid
clones I to K) and genotyped by PCR to confirm that they were positive for both the
Sat and Neo resistance markers on chromosome 27 (Fig. S1B).

Selfing hybrids show 2n and 3n DNA contents. To determine the total DNA con-
tent of the selfing hybrids, parasites were fixed, digested with RNase, stained with pro-
pidium iodide, and analyzed by flow cytometry, as described (10, 12). While 23 of the
29 hybrids generated in crosses involving the FnSat 3 FnHyg or SFS7 3 SFH4 showed
an approximate 2n DNA content, 6 were close to 3n (B2, C1, D2, D6, D7, and D13)
(Fig. S2A). This observation is in line with our previous analyses of experimental inter-
strain hybrids that showed triploid frequencies of 0 to 33% in different pairwise combi-
nations of L. major strains (10, 12). The total DNA content analysis of the 12 hybrids
generated between FnHSat and FnHNeo revealed that they were all close to 2n
(Fig. S3A). An increase in ploidy was not observed in any of the 17 parental subclones
derived from either FnSat or FnHyg (Fig. S2B), or in the 18 subclones derived from ei-
ther FnHSat or FnHNeo (Fig. S3B).

Segregation of homozygous and heterozygous SNPs. Whole-genome sequenc-
ing analysis of the parents and their hybrid progeny was used to identify homozygous
and heterozygous SNPs that were different between the parents and the Fn reference
genome, or between the parents, and to evaluate how the chromosomes marked by
these SNPs were transmitted to the progeny. In previous studies of interstrain hybrids
(12, 13), DDR parasites were confirmed to be full genomic hybrids by the appearance
of new heterozygous SNPs across the nuclear genome, in each case acquired by the
biallelic inheritance of the SNPs that were homozygous and different between the
parents. Providing comparable evidence in the selfing hybrids was more challenging
since the parents showed far fewer homozygous SNPs, differentiating strains or spe-
cies. WGS nonetheless revealed 5 homozygous SNPs that were different between
FnSat and FnHyg, all of which were close to the 59 end of chromosome 28 (Fig. 2C).
Importantly, all these markers appeared as heterozygous SNPs in each of the selfing
progeny, with the 2n hybrids showing a roughly equal contribution from each parent.
For the 3n hybrids, the extra chromosome appears to have been contributed by the
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FnSat parent in 5 of the 6 progeny clones (selfing hybrids B2, C1, D2, D6, D7, and D13).
These markers were maintained as homozygous SNPs in each of 17 subclones of the
parental lines (8 from FnSat and 9 from FnHyg) (Fig. S4). Thus, the hybridization
extended to loci that were unlinked to the drug resistance markers on chromosome
27, and for chromosome 28 at least, the allotments were consistent with Mendelian
ratios.

Testing for segregation of heterozygous alleles was another approach used to pro-
vide evidence that the DDR clones were the products of self-mating. While generation
of the parental lines also resulted in heterozygous SNPs that were different between
the parents (e.g., 648 alleles that were homozygous in FnHyg and heterozygous in
FnSat), we focused our analysis on the SNPs that were heterozygous in both parents
relative to the Fn reference genome, as the segregation of alleles that are identical in
the parents would seem more relevant to the consequences of self-hybridization that
would naturally occur. Under a Mendelian system, 50% of the progeny clones should
remain heterozygous at these loci, while 25% should be homozygous for the reference
alleles, and 25% homozygous for the alternative alleles. The results of the 2n selfing
hybrids from FnHyg 3 FnSat (Fig. 3A) and FnHNeo 3 FnHSat (Fig. 3B) indicate that for
most of these markers there was a significant deviation between expected and
observed frequencies. For some chromosomes, little or no loss of heterozygosity (LOH)
involving any of the markers was observed (e.g., chromosomes 2, 12, 14, 15, and 24),
while for other chromosomes, the LOH was confined to only some of the markers on
the same chromosome (e.g., chromosomes 1, 5, and 19). In contrast, chromosomes
that combined their markers into either homozygous or heterozygous genotypes in
expected frequencies were also observed (e.g., chromosomes 7, 27, and 30) (Fig. 3A
and B). Fig. 3C shows the inheritance patterns for individual 2n hybrids of the heterozy-
gous SNPs on chromosome 7, which followed Mendelian ratios, including evidence of
crossing over in hybrids D8, D11, I1, I2, J1, and K7. Importantly, for each of the markers
for which LOH was observed in some of the hybrid progeny, all were retained as heter-
ozygous SNPs in each of the parental subclones (Fig. 3A to C). Overall, homozygous
conversion was confined to the hybrid progeny and was observed for markers on 18
different chromosomes, even if in many cases the frequencies did not follow
Mendelian ratios.

Analysis of normalized coverage values at the loci carrying heterozygous SNPs
revealed a coverage bias higher than 2-fold the chromosome average, in regions asso-
ciated with apparent segregation distortion (Fig. S5A). For those alleles segregating as
either heterozygous or homozygous SNPs in the hybrids, sequence coverage was com-
parable to the chromosome average (less than 2-fold; Fig. S5B). Thus, the discrepancies
between expected and observed frequencies likely arise, at least in part, from marker
loci with a high density of sequence repeats or copy number variation.

Somy inheritance associated with self-hybridization in L. major. The WGS analy-
sis of the hybrid clones revealed the copy number of the individual chromosomes. For
somy quantification, the mean coverage for each chromosome was scaled to the
ploidy of the cells. The somy profiles of the parents and hybrid clones, rounded off to
the nearest integer value, are depicted as a heatmap in Fig. 4, with the 2n and 3n
hybrids displayed separately (Fig. 4A and B, respectively). The numeric values for each
somy, rounded to the nearest 0.1, are overlaid on the heatmaps in Fig. S7A and B. The
noninteger values for many of the somies are most likely due to mosaic aneuploidy,
which refers to somy variations that are present within clonal populations (2). The bulk
analysis of somy at the population level, as was done here, will compute average val-
ues. To report the dispersion of somy scores along the length of the different chromo-
somes, we also performed a similar analysis using the GIP software (43) with sequence
bins of 300 bp normalizing the mean coverage values by the median coverage of all
bins (Fig. S8 and S9).

Despite originating from the same strain, differences in chromosome copy numbers
were found between the parental clones that arose during the selection and cloning
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FIG 3 Loss of heterozygosity in selfing hybrids. Segregation pattern of SNPs that are heterozygous in both parents is shown by the frequency of variant
alleles identified on different chromosomes for 17 FnHyg x FnSat 2n hybrids (A) and 12 FnHNeo 3 FnHSat 2n hybrids (B). Parental SNP frequencies are
shown in magenta, the corresponding allele on the same position are shown as yellow dots for the 2n hybrid progeny. The corresponding allele

(Continued on next page)
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procedures. For the crosses involving FnSat and FnHyg, the parental somies were in
each case close to 2n, except for chromosome 23 which had 3 copies in each parent,
chromosome 31 which had 5 copies in FnSat and 4 copies in FnHyg, and chromosome
5 which was present in 3 copies in FnSat and 2 copies in FnHyg. For the 23 selfing
hybrids that were close to 2n, 98.6% of the total of 759 chromosomes that were diso-
mic in both parents, were transmitted as disomic chromosomes to the hybrids (Fig. 4A
and Fig. S7C and D). For chromosome 5 that was trisomic in the FnSat parent, the
hybrids were disomic 44% of the time and trisomic 56% of the time, close to expecta-
tions in which FnSat will have a roughly equal chance of transmitting 1 or 2 copies
while the FnHyg parent will always transmit 1 copy. For chromosome 31, the hybrid
somies ranged from 4 to 5, consistent with an expected contribution of 2 from the
FnHyg parent, and of either 2 or 3 from the FnSat parent. Exceptions to the expected
somy inheritance patterns were found in 8 of the 24 diploid progeny (1.4% of chromo-
somes), in which one, and sometimes multiple changes in chromosome copy number
were observed. Most of the changes involved acquisition of an extra copy, typically
from 2 to 3, including chromosomes 4 and 8 in hybrid A7, chromosome 35 in hybrids
A2, A3 and A4, and chromosomes 2, 9 and 30 in hybrids A4, D10, and D3, respectively.
Self-mating was also associated with a loss of somy, where chromosome 14 in hybrid
D10 was present in only 1 copy despite being disomic in each parent.

Somy analysis of the FnHSat and FnHNeo parental clones revealed that they had
also acquired different karyotypes. While the somy of the FnHNeo parent remained
unchanged from FnHyg, the FnHSat parent acquired an extra copy for 4 chromosomes
(chromosomes 1, 8, 14, and 35) that were disomic in the originating FnHyg clone
(Fig. 4A). Of the chromosomes that remained disomic in both parents, 98% were trans-
mitted in 2 copies to the 12 hybrids. For the chromosomes that were trisomic only in
the FnHSat parent, chromosome 8 was inherited in close to expected frequencies, with
6 hybrids having 3 copies, and 5 having 2 copies. Unexpected aneuploidies in the
hybrids involved 6 chromosomes that were disomic in each parent but were transmit-
ted with an extra copy: chromosomes 18 and 29 in I1, chromosome 30 in I2, chromo-
some 10 in J1, and chromosomes 9 and 17 in J2. Monosomy in chromosomes 8, 14
(same as detected in hybrid D10), 29 and 34 was also observed.

For the six sequenced hybrids that were close to 3n in the DNA content analysis, the av-
erage coverage for each chromosome was scaled to a ploidy of 3. By this analysis, 96% of
the chromosomes that were disomic in both parents were present in 3 copies in the hybrids.
Somies varying from the expected number arising from whole-genome polyploidization
included chromosomes 12 and 15 in hybrid C1 which were present in 5 and 4 copies
instead of 3. A somy deficit for chromosomes 34 and 29 in hybrids D6 and D13, respectively,
returned these chromosomes to a disomic state (Fig. 4B), which are the same chromosomes
that showed monosomy in the 2n hybrid K2. The data are generally consistent with one par-
ent having contributed an extra full genome, with a further gain or loss of somy involving a
few chromosomes that occurred during meiosis or subsequent mitotic divisions.

Karyotype changes associated with clonal growth.WGS of the parental subclones
following their single passage through sand flies allowed us to track copy number varia-
tions in individual chromosomes that were associated with clonal growth, either as pro-
mastigote stages in the vector and/or during their subsequent growth in vitro during the
cloning procedure. Of the 8 subclones of FnSat that were generated following passage

FIG 3 Legend (Continued)
frequencies of the 2n parental subclones are represented by green dots in the bottom panels; 9 subclones of FnHyg and 8 subclones of FnSat in A, 9
subclones of FnHNeo and 9 subclones FnHSat in B. SNPs were considered heterozygous if their frequencies were between 0.4 and 0.6 on that genomic
position, and homozygous if $ 0.85. Allele frequencies of 1.0 were subtracted by a random number between 0 and 0.05 before plotting to transform them into
frequencies of 1.0 to 0.95 for a clearer visualization of data points. (C) Inheritance of parental heterozygous SNPs in high SNP density locus on chromosome 7
(position 439831 to 590824). Individual SNPs are indicated on the y axis on the right side of the panel and the type of SNP (heterozygous, homozygous
matching L. major reference genome sequence and homozygous matching the alternate allele) is indicated by color. SFH and SFS refer to subclones derived
from FnHyg and FnSat, respectively, and the 2n hybrid progeny are labeled A1 to H9. No significant difference between observed and expected frequencies:
Chi square value, 0.7115; degrees of freedom, 2; P = 0.7007. SFHNeo and SFHSat refer to subclones derived from FnHNeo and FnHSat, respectively, and the 2n
hybrid progeny are labeled I1 to K7. The segregation pattern of all homozygous and heterozygous SNPs in both parents is shown in Fig. S6.
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through individual flies, only SFS10 demonstrated any change in somy, having acquired an
extra copy of chromosome 1. Somy changes were more frequent in the 9 subclones gener-
ated from FnHyg, with 4 clones (SFH 2, 3, 6, and 9) having acquired an extra copy of at
least one chromosome that was disomic in the originating clone (chromosomes 1, 5, 8, 11,
and 16). No loss of somy was observed in any of the subclones. The subclones of each of
the FnHSat and FnHNeo parents acquired a surprising karyotype diversity. Interestingly, 6
of the 9 subclones of FnHNeo displayed new aneuploidies that were identical across multi-
ple chromosomes, each having acquired an extra copy of chromosomes 5, 8, 15, 20, and
30. Only the SFHNeo4 subclone remained unchanged from the originating FnHNeo clone.
The karyotypes of the FnHSat subclones were largely identical to one another, though
altered from the originating clone in having lost the extra copies of chromosomes 1 and
35, while retaining the extra copies of chromosomes 8 and 14. Altogether, the average

FIG 4 Chromosome copy number variations generated by self-hybridization versus clonal growth. (A) Heatmap indicating copy number of all 36
chromosomes, rounded off to the nearest integer value, in the parental clones and 2n hybrids and subclones derived from each parent. (B) Heatmap of
integer somies in the parental clones and 3n hybrids. (C) Heatmap of integer somies in the parental clones and all 2n hybrids and subclones for
chromosomes 22 and 23. Overlaid are the somy values rounded to the nearest 0.1. (D) Boxplots of the somy scores for chromosomes 22 and 23 in Fn
parental lines (magenta), 2n selfing hybrids (yellow), and Fn parental subclones (green) from all crosses pooled. The frequencies of selfing hybrids showing
a mean chromosome 23 somy value of 2, 3, or 4 were 28.6%, 42.8%, and 25.8%, respectively. No significant difference between observed and expected
frequencies: Chi square value, 0.8227; degrees of freedom, 2; P = 0.6628. GIP and giptools were used to calculate somy score distributions with genomic
sequence coverage bins of 300 bp (gip.readthedocs.io/en/latest/giptools/karyotype.html). Somy score distributions for all chromosomes in 2n samples
analyzed can be found in Fig. S8 and S9 for FnHyg � FnSat and FnHNeo � FnHSat crosses, respectively.
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somy was found to be present in extra copy in the subclones compared to their respective
parent in 3.9% of the 1,260 chromosomes in the 35 2n subclones, while in the 35 2n
hybrids this frequency was 1.1%, discounting the changes in somy that could be
accounted for by meiotic segregation (discussed further below). Thus, we cannot conclude
that self-hybridization itself contributed to these karyotype changes, since the hybrids will
have also experienced clonal growth in the fly and in culture. In contrast, the loss of somy-
producing chromosomes in single copy, while rare, was confined to the selfing hybrids (6
chromosomes, 0.5%; Fig. 4A and Fig. S7D).

Karyotype changes unique to selfing hybrids. Despite the genomic plasticity asso-
ciated with clonal growth, chromosome 23, which is trisomic in each of the parental lines,
was stably transmitted as a trisomic chromosome to all 35 parental subclones. In contrast,
19 of the 35 2n hybrid clones were either tetrasomic (28.6%), or disomic (25.8%) for chro-
mosome 23, in each case close to expectations under a meiotic process in which each par-
ent has a 50% chance of transmitting either one or two copies. The somy of chromosome
23 is summarized as a heatmap and a boxplot in Fig. 4C and D, respectively, for all the
parents, subclones, and 2n hybrids. Chromosome 22, which is disomic in each of the
parents and was transmitted in 2 copies to all the hybrids and subclones, is shown for com-
parison (Fig. 4C and D). By RNA-seq analyses, we could confirm that the variations in copy
numbers of chromosome 23 had a direct effect on the mRNA abundance of genes present
on this chromosome. Hybrids A5 and A6, which each had a chromosome 23 somy close to
4, showed a 1.37-fold increase (0.46 log2 fold increase) relative to the FnSat parent in their
average transcript abundance across this chromosome (Fig. 5A). For hybrids D10 and D11,
which each had a chromosome 23 somy close to 2, their transcripts levels averaged 0.71-
fold the levels in the FnSat parent (0.48 log2 fold decrease) (Fig. 5B). These results are con-
sistent with previous studies showing the importance of gene dosage in the regulation of
gene expression in Leishmania (9, 22, 44).

DISCUSSION

Our findings extend to L. major the direct demonstration, previously shown for two
clones of L. infantum (38), that members of the genus can undergo self-hybridization in a
natural vector. More critically, our data provide the first high-resolution genomic analysis of

FIG 5 Gene dosage effect due to chromosome copy numbers in chromosome 23 (chr23). The x axis represents the base pair position along chromosome
23. The y axis represents the DNA (upper panel) and RNA (lower panel) read counts in hybrids A5 and A6 (tetrasomic chr 23) relative to the FnSat parent
(A), and in hybrids D10 and D11 (disomic chr23) relative to the FnSat parent (B).
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large numbers of selfing hybrids in Leishmania. By singly introducing two different drug re-
sistance markers into the same L. major strain, we could select for DDR hybrids in coin-
fected flies. Overall, hybrids were recovered from 3.7% of coinfected flies, within the range
of recovery of interstrain hybrids previously described (10, 12, 13, 16). The presence of a
heterologous strain, or recent passage of the parental lines through sand flies, did not
reproducibly improve the frequency of self-hybridization. Genetic exchange consistent
with a meiotic process is supported by the biallelic inheritance of the rare homozygous
SNPs that arose by mutation during the generation of the parental lines. We could also
assign a meiotic process to the close to predicted frequencies of selfing hybrids that inher-
ited either 2, 3, or 4 copies of chromosomes that were trisomic in one or both parents. In
contrast, and with the exception of a few chromosomes containing clusters of heterozy-
gous SNPs, the inheritance of most heterozygous SNPs did not fit Mendelian expectations.
Thus, while we can conclude that self-hybridization extends to loci unlinked to the resist-
ance markers, we lack consistent evidence that the hybridization is driven by a meiotic-like
process, which should operate genome wide.

In our previous studies of interstrain hybrids, we observed highly predictable, genome-
wide patterns of chromosome inheritance when they were tracked using SNPs that were
homozygous and different between the parents (16). Since the parental lines generated to
select for self-hybridizing genomes contained only a single block of homozygous SNPs, we
relied on the higher frequency and wider distribution of heterozygous SNPs in the parents
to assess chromosomal inheritance. Overall, the disconnect between the behavior of the
homozygous and heterozygous SNPs is difficult to explain. However, the observation that
several parental heterozygous SNPs with apparent segregation bias were often associated
with genomic regions with higher sequence coverage than the chromosome average
(Fig. S5A), suggests that local copy number variations (CNVs) and/or paralogous sequence
variants (PSVs) could be factors in this discrepancy. Correct assignment of sequence reads
to multiple copy gene families represents a persisting challenge in genome reference map-
ping, particularly in Leishmaniawhere gene copy number variability is a characteristic feature
of their genomes. Even high quality Leishmania reference genomes may carry potentially
misassembled regions due to the large density of repetitive sequences.

Another mechanism that might explain some of the anomalies in chromosome in-
heritance is parasexual mating, involving a tetraploid intermediate followed by random
loss of chromosomes during mitotic divisions. This “random” process, however, would
need to account for the fact that the chromosomes with only few exceptions were
returned to a close to disomic state, and that for many of the disomic chromosomes
(e.g., chromosomes 2, 12, 14, 15, and 24), heterozygosity was uniformly retained in ev-
ery hybrid. Another explanation involves a potential loss of fitness induced by homo-
zygosity in some of the genomic loci with heterozygous SNPs. Such a mechanism
would require a strong haplotype selective pressure associated with sand fly coloniza-
tion and/or in vitro growth, since these loci frequently remained heterozygous in all
the genomes analyzed.

Assessing somy inheritance in Leishmania can also be confounded by the karyotype
changes that accompany clonal growth. Copy number variations involving different
chromosomes are commonly observed in cultured promastigotes, with specific karyo-
types associated with a selective growth advantage of the cultured cells (9, 44–46). The
contribution of mitotic versus meiotic divisions to aneuploid changes in Leishmania is
not known. In our prior WGS analyses of interstrain hybrids generated in sand flies,
somy values in the progeny were highly predictable based on a meiotic-like process
(16). Unexpected somy inheritance patterns were nonetheless observed in roughly 2%
of the hybrid chromosomes (16). Of particular relevance to the selfing hybrids
described here, same sex mating in the pathogenic yeast Cryptococcus neoformans
generated aneuploids that were not observed during asexual reproduction (47). By
comparing the somy changes in the selfing hybrids, which also experienced clonal
growth in the sand fly and in culture, with the somy changes in the parental subclones,
which only experienced clonal growth, we could assess the possible contribution of
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hybridization to the karyotype plasticity observed. Because of mosaic aneuploidy, it is
likely that the presence of “new” aneuploidies in the subclones reflects the selective re-
covery of aneuploidies that were already present at subintegral levels in the parent. In
comparison of the 35 near diploid hybrids and the 35 near diploid subclones, neither
the frequency of new somies (discounting the new somies predicted by meiotic segre-
gation, discussed for chromosome 23 below), nor the frequency of hybrids with at least
one somy difference from the parents, was greater in the selfing progeny. The new
karyotypes that emerged during the generation of the parental clones and their sub-
clones in most cases were defined by an increase of somy from 2 to 3 involving a sub-
set of chromosomes, many of which have been observed in increased copy number in
the bulk sequencing of cultured promastigotes of Leishmania donovani, L. infantum,
Leishmania mexicana, or L. braziliensis (3, 9, 29, 48–50), and in the recent single-cell ge-
nome sequencing that elegantly revealed the evolution of mosaic aneuploidy in L. dono-
vani (46). Together, these findings support the hypothesis that the increase in the dosage
of genes present on particular chromosomes confers a fitness advantage to the cultured
cells (9). For the chromosomes that were already present in extra copy in the parental
clones, some chromosomes, e.g., chromosome 5, 8, 14, and 23, were stably transmitted in
extra copy to each of the subclones, evidence that once acquired, the extra copies of these
chromosomes were preserved under the selective conditions of axenic culture.

Despite the genome plasticity which can confound the analysis of allele and somy
inheritance, WGS analysis of hybrids and parental subclones identified genomic
changes that were unique to the selfing hybrids. These changes arose from the unique
patterns of segregation and reassortment of chromosomes that were identical in both
parents, and that may better reflect the consequences of self-hybridization in a sand
fly infected with a single clonal lineage, as opposed to the allele and somy differences
that arose between the parents during generation of the recombinant lines. Thus,
chromosome 23, which is trisomic in both parents and was transmitted in 3 copies to
all 35 subclones, was transmitted in either 2, 3, or 4 copies to the 35 hybrids in frequen-
cies predicted by a meiotic process. Only genome hybridization was able to return this
chromosome to a disomic state or to further amplify its copy number. These changes
in average chromosome copy number were shown to be directly related to the aver-
age number of transcripts encoded by the genes present on this chromosome. Since
selfing in the vector would be expected to similarly impact the heritable frequencies of
any aneuploids that might arise during vegetative growth, self-hybridization should be
considered as a potentially important source of karyotype diversity. Similarly, the com-
bination of chromosomes from each parent carrying identical heterozygous alleles pro-
duced hybrid progeny that were homozygous at these loci for either the reference or
alternative allele, and thus distinct from either parent or their subclones. This is the first
direct evidence that self-hybridization can result in homozygous conversion of hetero-
zygous alleles, and it lends support to the argument that the heterozygosity deficit in
many Leishmania strains surveyed is the likely consequence of selfing or inbreeding
that will produce offspring with homozygosity across the genome (34).

In addition to the unique patterns of allele and somy inheritance associated with
self-hybridization, only the selfing hybrids showed evidence of whole-genome poly-
ploidization, with 6 of the 41 hybrids presenting an approximate 3n DNA content. The
two selfing clones of L. infantum previously described were also close to 3n (38), as
were all the L. tropica selfing clones generated in vitro (39). Polyploidy has been a com-
mon feature of interstrain hybrids generated in sand flies (10, 12, 13), and especially
those generated in vitro (14, 15). In contrast, whole-genome polyploidization has not
been described in the bulk sequencing analyses of cultured promastigotes, although
triploid cells were detected by single-cell genome sequencing as a rare component of
the mosaic aneuploidy observed in a clone of L. donovani (46). As suggested by the
authors, these triploid cells could have arisen by self-hybridization in vitro.

The coexistence of asexual reproduction and selfing involving a largely homozygous
lineage is intriguing because the offspring will have highly homologous genotypes. Apart
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from the homozygous conversion of the limited number of heterozygous alleles, and the
karyotype changes driven by meiotic segregation of polysomic chromosomes, other
advantages of sex have been proposed, mainly in fungi, that may be relevant to
Leishmania. These include eliminating DNA and RNA viruses (51), promoting DNA structural
repair (52–54), and resetting epigenetic signatures (55, 56). More critically, recombinations
driven by self-mating may help solve the problem posed by “Muller’s ratchet,” in which
deleterious mutations will tend to accumulate during asexual reproduction.

In summary, the present work documents the self-hybridization capability of L.
major in a natural sand fly vector and provides insights into the role of this process in
generating genotype changes that impact heterozygosity, chromosome copy number,
and transcript abundance. The occurrence of self-hybridization in Leishmania suggests
that these processes and other potential benefits of sex can occur in every infected
sand fly, whether populated by a mix of genetically different parasites, or more com-
monly by a single clonal lineage.

MATERIALS ANDMETHODS
Parasites. Self-mating hybrids were generated between two recombinant clones of L. major that

were derived from a strain isolated from a patient with cutaneous leishmaniasis acquired in the Jordan
Valley (MHOM/IL/80/Friedlin) (10). The two parental clones were generated by integrating either nour-
seothricin resistance (FnSat) or hygromycin B resistance (FnHyg) into one allele of the 18S rRNA cistrons
located on chromosome 27, as was previously described (12). Two recombinant clones of L. major Sd
were used as an outcross in this study. This strain was isolated from a patient with cutaneous lesions
acquired in Senegal (MHOM/SN/74/SD) (58). SdHyg is heterozygous for an allelic replacement of the
LPG5A locus on chromosome 24 by a hygromycin B resistance cassette (10). L. major SdSat was gener-
ated by integration of the nourseothricin resistance marker into one allele of the 18S rRNA cistrons (59).
To generate an additional group of selfing hybrids using FnHyg, this parental line was transfected with
either SwaI-digested pA2-GFP-Neo (60) or SwaI-digested pLEXSY-sat2 (Jena Bioscience, Germany). Linear
fragments were integrated into the 18S rRNA locus, and the cloned recombinants were referred to as ei-
ther FnHNeo or FnHSat.

All parasites were grown at 26°C in complete medium 199 (CM199) supplemented with 20% heat-
inactivated Fetal calf serum (FCS), 100 U/mL penicillin, 100 mg/mL streptomycin, 2 mM L-glutamine,
40 mM HEPES, 0.1 mM adenine (in 50 mM HEPES), 5 mg/mL hemin (in 50% triethanolamine), and 1 mg/
mL 6-biotin, and containing either 25 mg/mL hygromycin B (EMD Biosciences, San Diego, CA),100 mg/
mL nourseothricin (Jena Bioscience, Germany), 20 mg/mL Geneticin (neomycin analogue; Thermo Fisher,
Waltham, MA), or a combination of these antibiotics as necessary.

Sand fly infections and recovery of genetic hybrids. Hybrid parasites were generated as previ-
ously described (10, 12). Briefly, two or more parasite clones, harboring different antibiotic resistance
genes, were used to coinfect Phlebotomus duboscqi sand flies, obtained from a colony initiated from field
specimens collected in Mali, by seeding heparinized mouse blood with promastigotes from logarithmic
phase cultures, and feeding the flies artificially through chick skin. All animals used in this research were
used under a study protocol approved by the NIAID Animal Care and Use Committee (protocol number
LPD 68E). All aspects of the use of animals in this research were monitored for compliance with the
Animal Welfare Act, the PHS Policy, the U.S. Government Principles for the Utilization and Care of
Vertebrate Animals Used in Testing, Research, and Training, and the NIH Guide for the Care and Use of
Laboratory Animals.

Flies were dissected 10 days postinfection, and double-drug-resistant promastigotes were selected
for growth in CM199 with the respective antibiotics. Double-drug-resistant parasites were cloned as pre-
viously described (10). Each hybrid clone described in this report was singly derived from an individual
sand fly gut. For genotype comparisons with parental subclones that had not been selected for hybrids,
flies were singly infected with either FnSat, FnHyg, FnHNeo, or FnHSat, and midgut promastigotes recov-
ered after 10 days were cloned from individual flies.

Ploidy analysis. Ploidy was determined by flow cytometry as was previously described (6). Briefly,
log-phase procyclic promastigotes were fixed in 0.4% paraformaldehyde and permeabilized in 100%
methanol for 15 min. Fixed parasites were treated with 10 mg/mL RNase A and stained with 20 mg/mL
propidium iodide for 30 min. Samples were loaded on a BD FACS CANTOII and the data were analyzed
using Flowjo software (Becton, Dickinson, San Jose, CA).

DNA extraction, PCR, and genotyping. DNA was extracted from the parental lines, subclones of
the parental lines, and hybrid progeny clones, using Qiagen DNeasy blood and tissue kit. Antibiotic re-
sistance genes were PCR-amplified using Bioline Mytaq mix, as described previously (12).

Whole-genome DNA sequencing, SNP, and somy analyses. One hundred nanograms of DNA was
prepared for sequencing using the TruSeq Nano DNA library preparation kit (Illumina, San Diego, CA).
Primer dimers in the libraries were removed by an additional AMPure Bead XP (Beckman Coulter,
Indianapolis, IN) purification using the beads at 0.9� to sample volume. The dual-indexed libraries were
quantified by qPCR using the Kapa Library quantification kit for Illumina sequencing (Roche, Basel,
Switzerland) and normalized to 2.0 nM stocks. The samples were pooled equitably for paired-end 200-
bp sequencing on the Illumina HiSeq 2500 for FnHyg 3 FnSat selfies and subclones, or a single paired-
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end 150-bp sequencing run on an Illumina HiSeq X Ten performed by Psomagen (Rockville, MD), for the
FnHNeo 3 FnHSat selfies and subclones. The short reads from the Illumina Hiseq sequencer were
aligned to the L. major FV1 genome version 50 using bwa aligner at default parameters. The SNPs were
determined using SAMtools software and by providing the chromosome somies as one of the inputs
(61), using our in-house PAINT package (42). The output SNP file was filtered to remove SNPs with cover-
age ,5 and minor allele frequency ,0.15. Alleles were considered heterozygous if the variant base
called had a frequency between 0.4 and 0.6 in that genomic position, and homozygous if $0.85. The
homozygous and heterozygous SNPs were counted on every genomic position and depicted as line
plots in circos software. The markers where the parents were homozygous but different from each other
or where both parents were heterozygous were queried for allele information in the hybrids. The fre-
quencies of alleles inherited from either parent are drawn as bottle brush plots (12) (Fig. 2C).

RNA extraction and RNA-seq. RNA was extracted from purified metacyclic promastigotes, as described
previously (57). Each one of the clones was prepared in four different biological replicates, originating from
four different cryopreserved culture vials. Three hundred nanograms of extracted total RNA was prepared for
sequencing using the TruSeq Stranded mRNA-Seq HT library preparation kit (Illumina, San Diego, CA). The
dual-indexed libraries were quantified by qPCR using the Kapa Library quantification kit for Illumina sequenc-
ing (Roche, Basel, Switzerland) and normalized to 2.0 nM stocks. Samples were pooled equitably for two
paired-end 100-bp sequencing runs on an Illumina HiSeq 2500 at Rocky Mountain Laboratories (RML, NIAID,
Hamilton, MT) for the FnHyg 3 FnSat selfies and subclones. The reads from the Illumina HiSeq sequencer in
fastq format were verified for quality control using the Fastqc software package (62). The low-quality seg-
ments of the read were trimmed and/or filtered with Trimmomatic (63) using seed mismatches-3, palindrome
clip threshold-50, simple clip threshold-10, sliding window-4, required quality-20, minimum length after trim-
ming-40, and maximum read length to error rate of 50:0.8. The quality filtered reads were mapped to the L.
major Friedlin reference genome v50 (TritrypDB) using the RSEM package (64), using default parameters and
the STAR aligner. Abundance normalization was performed using RSEM expectation-maximization algorithm.
The expected RSEM counts were rounded to the nearest integer value and the transcripts with zero counts
across all the samples were filtered out.

DNA versus RNA coverage. GFOLD (65) was used to calculate DNA-seq log2 fold change values
between each hybrid strain and parental strain for each chromosome. The GFOLD fold change values
were plotted and compared to the DESeq2-generated log2 fold change values for the RNA-seq data.

Data availability. The raw sequence data were deposited in the BioProject SRA database (PRJNA900217).
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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