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Abstract

Invertebrate stages of Leishmania are capable of genetic exchange during their extracellular growth and development in
the sand fly vector. Here we explore two variables: the ability of diverse L. major strains from across its natural range to
undergo mating in pairwise tests; and the timing of the appearance of hybrids and their developmental stage associations
within both natural (Phlebotomus duboscqi) and unnatural (Lutzomyia longipalpis) sand fly vectors. Following co-infection of
flies with parental lines bearing independent drug markers, doubly-drug resistant hybrid progeny were selected, from which
96 clonal lines were analyzed for DNA content and genotyped for parent alleles at 4–6 unlinked nuclear loci as well as the
maxicircle DNA. As seen previously, the majority of hybrids showed ‘2n’ DNA contents, but with a significant number of ‘3n’
and one ‘4n’ offspring. In the natural vector, 97% of the nuclear loci showed both parental alleles; however, 3% (4/150)
showed only one parental allele. In the unnatural vector, the frequency of uniparental inheritance rose to 10% (27/275). We
attribute this to loss of heterozygosity after mating, most likely arising from aneuploidy which is both common and
temporally variable in Leishmania. As seen previously, only uniparental inheritance of maxicircle kDNA was observed.
Hybrids were recovered at similar efficiencies in all pairwise crosses tested, suggesting that L. major lacks detectable ‘mating
types’ that limit free genetic exchange. In the natural vector, comparisons of the timing of hybrid formation with the
presence of developmental stages suggest nectomonads as the most likely sexually competent stage, with hybrids
emerging well before the first appearance of metacyclic promastigotes. These studies provide an important perspective on
the prevalence of genetic exchange in natural populations of L. major and a guide for experimental studies to understand
the biology of mating.
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Introduction

Protozoan parasites of the genus Leishmania present a remark-

able epidemiologic and clinical diversity, producing a spectrum of

human diseases that pose serious health concerns throughout

tropical and sub-tropical regions. Leishmania have a dimorphic

asexual life cycle consisting of extracellular promastigotes that

multiply and develop within the alimentary tract of the sand fly

vector, and intracellular amastigotes that multiply within the

phagolysosomes of their host macrophages. No sexual dimorphism

has been described, and based on the strong linkage disequilibrium

revealed in population genetic studies applied to several Leishmania

species, these parasites have been argued to be essentially clonal

[1,2]. This conclusion, however, must contend with a series of

observations regarding the analysis of multilocus microsatellite,

isoenzyme, or karyotype markers consistent with occasional sexual

recombination and possible endogamy [3–8]. Many of these

studies incorporated models that assumed Leishmania were ‘normal

diploids’, which is now known to be untrue. Most and probably all

Leishmania strains show varying degrees of aneuploidy (reviewed in

[9,10]). Moreover, chromosome number variation appears to be

highly variable in culture, with individual cells/chromosomes

showing monosomic, disomic and trisomic chromosome numbers

[11]. The rapidity and transient nature of variable segregation, loss

and expansion of chromosomes numbers are expected to have a

profound effect on levels of heterozygosity, and to date the impact

of rapidity and frequency of these factors on Leishmania has not

been adequately accounted for by the population genetic models

in the studies cited earlier. Nonetheless, it is clear from the

literature that in natural populations hybrid parasites have been

observed, and in some cases are widespread [12].

PLOS Genetics | www.plosgenetics.org 1 July 2013 | Volume 9 | Issue 7 | e1003672



Two recent reports involving experimental crosses in sand flies

have provided the first direct demonstration that genetic exchange

in Leishmania can occur. The first series of successful crosses

involved co-infection of Phlebotomus duboscqi sand flies using two

strains of L. major engineered to express heterologous drug

selectable markers [13]. The doubly drug-resistant clones obtained

were clear genomic hybrids, based on the presence of both

parental alleles at seven unlinked loci. Importantly, the same

parental lines that successfully mated in the sand fly midgut failed

to generate hybrid genotypes following their co-inoculation and

high density growth in axenic culture or in the mouse ear dermis.

From these data it was concluded that L. major, like Trypanosoma

brucei [14], is capable of a sexual cycle consistent with a meiotic

process, and that sex is confined to the extracellular stages of the

parasite developing within the insect vector. A subsequent study by

Sadlova et al. [15] used a fluorescent protein detection system to

observe yellow promastigotes in P. perniciosus and Lutzomyia

longipalpis midguts co-infected with RFP and GFP transgenic lines

of L. donovani. The putative hybrids were observed in only two of

the hundreds of co-infected flies examined, and the parasites could

not be recovered and propagated to confirm their hybrid

genotypes.

A number of essential features of genetic exchange in Leishmania

remain to be further substantiated or explored, including the

sexual competency of diverse Leishmania species and strains, the

timing and frequency of hybrid formation in the midgut, their

developmental stage associations, and the ability of other

phlebotomine vectors to support genetic exchange. In the current

studies, we have expanded the analysis of the mating competency

of L. major strains to include pairwise matings of multiple isolates

distributed over the full geographic range of this species. Our

genotype analysis of a large number of progeny clones substan-

tiates their chromosomal inheritance of both parental alleles at

multiple unlinked loci, consistent with a meiotic process, and their

uniparental inheritance of kinetoplast DNA. A low but unexpected

frequency of nuclear loci were also inherited from only one parent,

suggesting loss of heterozygosity. The timing of hybrid recovery in

a natural vector suggests that nectomonad promastigotes are the

most likely mating competent forms. Finally, we have demon-

strated the capacity of a new world vector, L. longipalpis, to

efficiently support the Leishmania sexual cycle.

Results

L. major crosses in P. duboscqi
Four different L. major strains derived from primary isolates

originating in Senegal, Israel, Iraq, and southern Russia, and

stably transfected with various antibiotic resistance markers, were

tested for their ability to generate hybrid genotypes following co-

infection of P. duboscqi sand flies, a natural vector of L. major

transmission in Africa. In these experiments a HYG marker was

integrated into the LPG5A locus, a SAT marker was integrated

into one cistron within the rRNA locus, and the BSD marker was

integrated into the LPG5B locus, as described previously [13,16].

These loci were chosen as prior studies revealed no effects on

parasite growth in vitro or in sand flies ([13] and data not shown).

For all parental lines, a number of clonal lines were obtained and

screened for their ability to show survival and complete

development in P. duboscqi. Mating tests were performed by

mixing equal numbers of parental lines, and feeding in vivo as

described previously [13]. At varying times following the infective

feed, midguts were dissected, parasites recovered, and cultured in

media selective for the doubly-drug resistant hybrids. Flies cannot

be maintained aseptically, and a variable proportion of the

cultures established from the dissected midgut homogenates was

lost to either fungal or bacterial contamination. The frequency of

hybrid recovery was calculated as the percentage of the number of

‘clean’ midguts yielding doubly-drug resistant promastigotes. For

each infected midgut yielding a doubly-drug resistant population,

only a single clone was selected for further analysis. All lines

studied are therefore a product of an independent mating event. In

all selected clones, the presence of both parental drug markers was

confirmed by PCR using primers specific for the respective

antibiotic resistance markers (Table S1) (Fig S1). SNP typing of

loci present on chromosomes unlinked to the integrated markers

on the parental lines was performed subsequently.

Our initial crossing experiments employed the same L. major

parental lines, Fn/Sat and Lv39c5/Hyg, used to generate the set

of hybrids originally reported [13], in order to explore the timing

of hybrid formation during L. major growth and development in P.

duboscqi. Eight hybrids were recovered from the total of 112 clean

midguts dissected on days 5, 9 and 13 post-infection (p.i.) (Table 1).

Importantly, no hybrids were recovered from day 5 midguts, while

3 hybrids were recovered from day 9 (8.6%), and 5 from day 13

midguts (13.9%). Two additional timing studies were carried out

using Fn/Sat paired with a new parental line, Sd/Hyg. In total, 15

hybrids were recovered amongst the 215 clean midguts dissected

on days 4–15. Again, hybrids were recovered only at later time

points, with no hybrids recovered on day 4 and only a single

hybrid recovered on day 5 (2.4%). Flies dissected on days 6–8

yielded 7 hybrids (7.0%), while flies dissected on days 9–15 yielded

11 hybrids (10.3%). Thus, at least for mating pairs involving the

Fn/Sat parental line for which the kinetics of hybrid formation in

P. duboscqi was investigated, there was a significant correlation

between the probability of hybrid recovery and the number of

days of co-infection (Fn/Sat6Lv39/Hyg cross, p = 0.024; Fn/

Sat6Sd/Hyg cross, p = 0.034; Fig S2).

As all of the successful mating attempts up to this point

employed the Fn/Sat line as one of the parents, additional crosses

were undertaken in P. duboscqi that did not involve the Fn strain.

From two independent crosses involving LV39c5/Hyg and Sd/

Bsd, we were able to recover 4 hybrids (6.7%) in flies dissected on

Author Summary

Leishmania are pathogenic protozoa characterized by
substantial diversity in the sand fly species that can
transmit them, in the mammalian species that can serve as
their reservoir hosts, and in the disease forms and severity
of the clinical outcomes they can produce in humans. The
possibility that this diversity has arisen, at least in part, by a
process involving genetic exchange was recently given
experimental support by the recovery of hybrid parasites
from sand flies co-infected with two strains of Leishmania
major. Here, we demonstrate the sexual competency of L.
major strains originating across the full geographic range
of this parasite species, and in both natural and unnatural
sand fly vectors. Our genotype analyses of a large number
of hybrid clones confirmed that they inherited both
parental alleles at the majority of chromosomal marker
loci analyzed, consistent with a meiotic process, while
kinetoplast DNA was inherited from only one parent.
Surprisingly, a few nuclear loci were sometimes inherited
from only one parent, suggesting loss of heterozygosity.
The early timing of hybrid recovery suggests that
nectomonad promastigotes are the most likely mating
competent stage of the parasite. These studies provide the
strongest evidence to date that sex is a component of the
natural reproductive strategy of L. major.

The Mating Competence of Leishmania major
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days 8–10 p.i. A single experiment in flies co-infected with Lv39/

Hyg and Ry/Sat yielded 5 hybrids (14.3%) from flies dissected day

10 p.i. A summary of all of the new crosses that we have

undertaken in P. duboscqi involving the various pairwise combina-

tions of the 4 L. major strains is presented in Table 2. For the sake

of comparison, the summary table includes only flies that were co-

infected for at least 8 days prior to dissection. Notably, the fraction

of flies from which hybrids were recovered, ranging from 6.7–

14.3%, did not vary significantly between crosses involving the

different strains, including Fn vs both LV39c5 and Sd, or LV39c5

vs Sd, Ry and Fn. The findings suggest that L. major lacks

detectable ‘mating types’ that might limit free genetic exchange.

Infection levels and development stage associations of
hybrid formation
We addressed the question of whether there is a correlation

between the intensity of infection in the midgut and the probability

of hybrid recovery, by comparing the total number of promasti-

gotes per gut at the time of dissection in flies yielding hybrids or

not (Fig. 1). There was no significant difference between these

groups. We were struck by the low infection levels even at late time

points in many of the flies yielding hybrids (,10,000 promasti-

gotes/gut).

In addition to infection levels, the association between hybrid

formation and promastigote developmental stages was explored.

During cyclical transmission in a competent vector, Leishmania

promastigotes undergo a sequence of morphologic changes

(reviewed in [17]). For L. major, these distinct forms typically

include procyclics, which appear as short, ovoid, slightly motile

and rapidly dividing cells that develop in the abdominal midgut

during the first 72 hr. prior to their transformation to long, slender

promastigotes, termed nectomonads, 3–6 days post-feeding. These

forms fill the abdominal midgut, with many becoming attached by

their flagellum to the microvillar lining. By 4–5 days, most of the

digested bloodmeal is excreted and nectomonads can begin to be

found in the thoracic midgut. This forward migration is

accompanied by their gradual transformation over the following

week to shorter, broader haptomonads attached to the intima of

the stomodeal valve, as well as short, slender, highly active, free

swimming and non-dividing metacyclic promastigotes that are the

infective stage egested by the fly.

The proportion of these developmental forms at the time of

dissection in each of the midguts from which hybrids were

recovered from crosses involving Fn/Sat6Sd/Hyg or Fn/

Sat6Lv39/Hyg is shown in Fig. 2. Even at the earliest time of

hybrid recovery in a single fly on day 5, procyclics were no longer

present and thus are not shown in the figure. This midgut, as well

as 4 of the 5 midguts from which hybrids were recovered on days

6–8, was dominated by nectomonads, and 3 had exclusively these

forms. The transition to infections dominated by haptomonad and

metacylic promastigotes was observed in one midgut by day 8, but

was otherwise delayed until day 9. By day 13, metacyclics were the

predominant form in the midgut. Importantly, in 6 of the hybrid

positive midguts dissected on days 5–9, no metacyclics were

observed, indicating that metacyclogenesis is not a prerequisite for

mating to occur. The increased frequency of hybrid recovery in

flies with mature infections might reflect the greater opportunity

Table 1. Timing of hybrid recovery in P. duboscqi.

Cross Day post-infection

No. midguts

dissected No. clean midguts1
No. hybrids

recovered % hybrid recovery

Fn/Sat6Lv39c5/Hyg 5 48 41 0 0

9 48 35 3 8.6

13 48 36 5 13.9

Fn/Sat6Sd/Hyg 4 30 18 0 0

8 39 25 1 4

14 51 25 3 12

Fn/Sat6Sd/Hyg 5 48 41 1 2.4

6 32 26 2 7.7

8 48 38 3 7.9

12 36 27 3 11.1

15 15 15 2 13.3

1Refers to the absence of fungal or bacterial contamination in the promastigote selection media containing the midgut homogenate.
doi:10.1371/journal.pgen.1003672.t001

Table 2. Summary of L. major crosses in P. duboscqi.

Cross No. midguts dissected No. clean midguts No. hybrids recovered % hybrid recovery

Fn/Sat6Lv39c5/Hyg 96 71 8 11.3

Fn/Sat6Sd/Hyg 248 157 15 9.5

Sd/Bsd6Lv39c5/Hyg 164 60 4 6.7

Ry/Sat6Lv39c5/Hyg 93 35 5 14.3

doi:10.1371/journal.pgen.1003672.t002

The Mating Competence of Leishmania major
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that nectomonad-related forms have to mate, particularly as they

continue to replicate and become more densely packed in the

microenvironment of the anterior midgut. However, the contri-

bution of late developmental stages, including metacyclics, to

hybrid formation, cannot be discounted.

Genotype analyses of hybrids generated in P. duboscqi
As referred to above, PCR tests confirmed that in each case the

progeny clones were true genetic hybrids bearing the parental

selectable markers (Fig. S1). We also examined the segregation of

loci not linked to the chromosomes bearing the drug resistance

markers using SNPs identified previously [13] from comparisons of

the SCG genes located on chromosomes 2, 7, 21, 25, 31, 35, and

Figure 1. Infection levels at time of dissection in P. duboscqimidguts with and without hybrids. Midguts were dissected on the indicated
times post-feeding and scored for the number of viable promastigotes. Bars represent the median numbers of promastigotes per midgut.
doi:10.1371/journal.pgen.1003672.g001

Figure 2. Proportion of promastigote developmental stages at the time of hybrid recovery in P. duboscqi. Midguts were dissected on
the indicated times post-feeding and scored for the proportion of each developmental stage. Fn/Sat6Lv39c5 and Fn/Sat6Sd/Hyg hybrids are
designated as FL and FS, respectively, followed by the day of hybrid recovery.
doi:10.1371/journal.pgen.1003672.g002

The Mating Competence of Leishmania major
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36. Other nuclear markers were chosen based on SNPs previously

identified by comparing different L. donovani isolates [18] and that

we found to also identify allelic differences between some of the L.

major sub-strains on chromosomes 14, 34. The remaining SNPs on

chromosomes 4, 9, and 31 were identified by comparing gene

alignments determined from the genome data bases of other

Leishmania species, including L. major, L. infantum, L. braziliensis, and

L. mexicana. The position and description of each SNP, and the

primers and conditions used for their amplification, are summa-

rized in Tables S1 and S2. The SNPs present in the different

parents and their hybrid progeny were analyzed by direct

sequencing (Fig S3), and are summarized for each of the crosses

in Tables 3–6. Both parents were homozygous for every marker

applied to the analysis of the hybrids generated by those particular

parents. Of the 18 Fn/Sat6Sd/Hyg hybrids recovered, 15 were

heterozygous at all 4 loci analyzed, while 2 were heterozygous at 3

loci, with the 4th marker sequence not determined (Table 3).

Interestingly, homozygosity was found for the FnSd1 hybrid for

the marker on chromosome 35, and for the FnSd7d hybrid for the

marker on chromosome 14. For the 8 hybrids generated from the

Fn/Sat6Lv39c5/Hyg cross, heterozygosity was observed at all loci

for which sequences were available, with at least 3 and in some

cases all 5 of the loci showing both parental alleles (Table 4). For

the 4 LV39c5/Hyg6Sd/Bsd hybrids, 3 were heterozygous at 5 of

the loci analyzed, while the LSD2 hybrid was heterozygous at 4

loci, but was homozygous at the markers on chromosomes 9 and

31 (Table 5). Interestingly, the inheritance patterns at these two

loci were from different parents. Finally, in the cross of Ry/

Sat6LV39c5/Hyg, all 5 hybrids were heterozygous at all 5 loci

analyzed (Table 6). In summary, taking into account both the

drug-selectable and additional unlinked markers, all 35 progeny

clones inherited both parental alleles present in at least 5 loci

located on 5 different chromosomes, and 97% of the nuclear

markers analyzed were heterozygous for these alleles. The progeny

thus appear to be full genomic hybrids, with the caveat that the

plasticity in chromosome number (or other process) might in some

instances have resulted in loss of heterozygosity (LOH), reflected in

the apparent uniparental inheritance at a few (,3%) of the marker

loci analyzed. In our previous study LOH was not observed, most

likely arising from the fact that fewer hybrids were studied. These

conclusions are supported in preliminary genome-wide analysis of

SNP inheritance, as deduced by whole genome deep sequencing

(J. Shaik, N. Akopyants, D. Dobson, P. Lawyer, D. Elnaiem, D.

Sacks, and S. Beverley, in preparation). Figure 3 and Figure S4

show an analysis of the inheritance of homogozygous parental

SNP for L. major chromosome 17, showing biparental inheritance

of 1314 SNPs for 5 representative hybrids.

The inheritance of the kinetoplast organelle in the hybrids was

examined by analyzing the segregation of polymorphic regions

within the maxicircle kDNA [9,10] (Fig S5). In contrast to the

inheritance of nuclear DNA, and consistent with our previous

findings, maxicircle kDNA was inherited from a single parent

(Tables 3–6). For the Fn/Sat6Sd/Hyg hybrids, 13 inherited both

of the maxicircle kDNA markers analyzed from Fn, while 5

inherited the kDNA markers from Sd. The departure of this ratio

from a random 50:50 segregation is of borderline statistical

significance (p= 0.096; exact two-sided binomial test). For the 8

hybrids generated in the Fn/Sat6Lv39c5/Hyg cross, all inherited

both Fn kDNA markers. For the 5 Ry/Sat6Lv39c5/Hyg hybrids,

all inherited both kDNA allelic markers from the Ry parent.

Finally, only one kDNA marker was analyzed for the Lv39c5/

Hyg6Sd/Bsd hybrids, with 3 inheriting the Sd marker and one

the Lv39 marker.

DNA content analysis of the progeny clones revealed that while

the majority resembled the ‘2n’ parents (recalling that while

Leishmania chromosomes are predominantly diploid, aneuploidy is

quite common), a number of polyploid progeny were observed,

including a total of 6 ‘triploid’, and one ‘tetraploid’ hybrid (Fig.

S6). DNA contents of intermediate amounts were not observed,

although small differences cannot be ruled out. The ‘triploid’

clones remained ‘triploid’ following extensive serial in vitro passage

and following recovery from mouse dermal lesions, whereas the

single ‘tetraploid’ progeny clone remained ‘tetraploid’ in vitro, but

only diploid cells that had lost their double drug resistance were

recovered from infected mouse tissue.

We used SNP genotyping combined with cleaved amplified

polymorphic site (SNP-CAPS) analysis performed as previously

described [13], to determine the relative contribution of each

parental genome in the triploid progeny. The analysis is based on

a SNP in Glucose 6 phosphate dehydrogenase (G6PD-

LmjF34.0080) in position 975 (Table S2) that results in a SACII

restriction site in both Lv39/Hyg and Sd/Hyg and not in Fn/Sat.

The bar graph in Fig S7 shows the ratio between the intensity of

the uncut upper band from Fn/Sat and the middle band from

either Lv39/Hyg or Sd/Hyg, and compares the various hybrids

with controls generated by mixing the respective parental DNA at

1:1, 2:1 or 1:2 ratios. The SNP-CAPS analysis confirms the direct

sequencing results indicating that all of the progeny clones

examined are allelic hybrids for this marker, and suggests that

for the triploid progeny, the extra genome complement is inherited

from Lv39/Hyg (Fig S7A) or from Sd/Hyg (Fig S7B), and in no

instance from Fn/Sat, similar to the triploid hybrids previously

described [13].

L. major crosses in Lu. longipalpis
To confirm that mating in Leishmania can occur in another

vector species, we pursued co-infections experiments in Lu.

longipalpis, belonging to the genus Lutozomyia, and the chief vector

of L. infantum transmission in the new world. The experiments were

done using the two L. major strains Fn/Sat and Lv39c5/Hyg,

which we know to be mating competent in P. duboscqi ([13]and this

work). Although Lu. longipalpis is not a natural vector of L. major, it

is permissive for the complete development of L. major [19],

including the Fn/Sat and Lv39/Hyg lines (data not shown). An

initial series of co-infection experiments were analyzed only at late

time points (days 11–18) to optimize the chances of hybrid

recovery (Table 7). In three experiments, a total of 10 doubly drug-

resistant hybrids were recovered from 8–15% of the clean Lu.

longipalpis midguts, similar to the percentage of hybrid recovery in

P. duboscqi (Table 2). A kinetic experiment was undertaken to

determine if the timing of hybrid formation might also be similar.

Surprisingly, flies yielding hybrids were recovered in this

experiment at a remarkably high frequency at all time points

examined (40–65%), including already at day 3. A total of 51

doubly drug-resistant lines were established in this single kinetic

study. Another striking feature of this experiment was the virtual

absence of fungal or bacterial contaminants in the cultures

established from the dissected midguts.

The 61 hybrids generated by the Fn/Sat6Lv39c5/Hyg crosses

in Lu. longipalpis were cloned and genotyped using the markers

previously described [13]. In addition to the drug resistance

markers that were amplified by PCR, five different SNP markers

on chromosomes 2, 7, 25, 35 and 36 and two SNP markers on

maxicircle kDNA were analyzed, in this instance by SNP-CAPS

analysis (Table 8). All of the hybrids carried both drug resistance

markers, and the majority inherited both parental alleles at all 5

chromosomal markers, with heterozygous alleles present at 90% of

The Mating Competence of Leishmania major
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the nuclear markers analyzed. Ten of the hybrids, however, were

homozygous at 2, 3 or 4 of the 5 chromosomal marker loci

analyzed. While for the kDNA markers uniparental inheritance

was expected, it was surprising to find that all 61 of the hybrids

had inherited their maxicircle kDNA from only the Fn parent.

Finally, they all appeared to be ‘2n’, which again distinguishes the

hybrids generated in these crosses from those arising in the natural

vector P. duboscqi in this and especially the previous study [13].

The midguts analyzed in the kinetic study of hybrid formation

in Lu. longipalpis were also used to determine the infection intensity

and developmental stage associations in flies yielding hybrids or

not. No significant difference in the number of promastigotes per

midgut was observed between these groups, and hybrids were

again recovered from many flies that had very low numbers of

parasites, even at late time points (Fig. 4). There was also no

difference at any time point between the hybrid positive and

negative flies in the average number of each developmental stage

(data not shown). Fig. 5 shows the relative proportion of each

developmental stage at the time of dissection in the individual

midguts yielding a hybrid. Because hybrids were recovered as early

as day 3, procyclic forms were still present and may have been

involved in hybrid formation. Multiple attempts in subsequent

experiments to investigate hybrid recovery at days 1–2 when

procyclics would have been the predominant if not exclusive stage

in the gut, were negative. These experiments remain inconclusive,

however, as the frequency of hybrid recovery even at late time

points was very low (,5%), while the frequency of bacterial

overgrowth in the midgut homogenate cultures was especially high

(.80%) (data not shown). In the experiment shown in fig. 4,

nectomonads were already the predominant stage in the majority

of flies by day 3, consistent with prior observations regarding the

accelerated progression of promastigote stage differentiation in Lu.

longipalpis as compared to a natural vector [19,20]. At day 7,

nectomonads were still the prevailing form, and were found in all

hybrid positive midguts at day 10, though in proportionately less

numbers than haptomonads and metacyclics in most flies. Since

the majority of the flies yielding hybrids at days 3 and 7 contained

no metacyclics, the data again argue that metacyclogenesis is not

required for mating competent forms to arise.

Discussion

In this study we have extended and confirmed our original

report regarding the capacity of Leishmania to undergo genetic

exchange in the sand fly vector, analyzing in detail 96 independent

hybrids. Using a system in which P. duboscqi sand flies, a natural

vector of L. major transmission in West Africa, were co-infected

with L. major strains expressing distinct drug selectable markers, we

could confirm the mating capacity of strains originating through-

out the geographic range of this species, from Senegal, West Africa

to Israel, Iraq, and southern Russia. Hybrids were generated

between all pairwise combinations tested, suggesting that barriers

to mating between strains do not exist (or at least are not

widespread). The proportion of flies yielding at least one hybrid

Figure 3. Comparison of homozygous parental SNPs on chromosome 17 of a representative hybrid. Homozygous parental SNP
differences were identified following deep genomic DNA sequencing as described in the methods. SNPs mapping to the Fn line are shown in red and
those mapping to Lv39c5 line are shown in green. The vertical distance corresponds to the inferred allelic depth, normalized across the entire
genome, which was assigned an average ploidy of 2. The heavy dashed lines mark the value expected in the parents (2) or hybrid (1). Panel A, Fn;
panel B, hybrid 5_22_A10 (recovered from P. duboscqi); panel C, LV39c5. Profiles of four additional representative hybrids can be found in
Supplemental Figure S7. A total of 1314 homozygous SNP differences separate the parental Fn and LV39c5 lines.
doi:10.1371/journal.pgen.1003672.g003
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was roughly comparable amongst the 4 mating pairs tested, and

consistent with the estimates of a relatively low frequency of hybrid

formation (,104) described previously [13]. Mating must be

considered as a non-obligatory part of the infectious cycle, since

the majority of co-infected flies failed to yield a hybrid, yet were

still permissive to the development of mature metacyclic forms.

The results involving these geographically diverse L. major stocks,

selected without bias, confirm that even if sexual reproduction is

not obligatory and relatively rare, the machinery for genetic

exchange has been maintained across the species. Additionally, we

demonstrated the capacity of a new world phlebotomine vector,

Lu. longipalpis, to support genetic exchange in Leishmania. Since

genetic exchange has not been observed for promastigotes growing

in vitro, the findings reinforce the conclusion that the phlebotomine

midgut provides a unique environment for sex involving the insect

stages of the parasite to occur.

For all of the hybrid progeny selected for double antibiotic

resistance, the inheritance of both parental selectable markers was

confirmed by PCR tests. Analysis of SNPs present on 4–6

additional chromosomes not linked to the selectable markers

Table 3. Summary of Fn/Sat6Sd/Hyg hybrid genotypes generated in P. duboscqi.

Line name

Day of hybrid

recovery

HYG marker Chr

24

SAT marker Chr

27 Chr 14 Chr 34 Chr 35 Chr 36 Maxi circle Ploidy

Fn/Sat - HYG2 SAT+ Fn Fn Fn Fn Fn 2n

Sd/Hyg - HYG+ SAT2 Sd Sd Sd Sd Sd 2n

FNSD1 6 HYG+ SAT+ H H Fn H Fn 2n

FNSD2 10 HYG+ SAT+ H H H H Sd 2n

FNSD3 10 HYG+ SAT+ H H H H ND 2n

FNSD4a 8 HYG+ SAT+ H H H H Fn 2n

FNSD4b 14 HYG+ SAT+ H H H H Fn 2n

FNSD4c 14 HYG+ SAT+ H H ND H Fn 2n

FNSD4d 14 HYG+ SAT+ H H ND H Fn 2n

FNSD5 10 HYG+ SAT+ H H H H Fn 3n

FNSD6a 8 HYG+ SAT+ H H H H Sd 2n

FNSD6b 8 HYG+ SAT+ H H H H Fn 2n

FNSD6c 8 HYG+ SAT+ H H H H Fn 3n

FNSD6d 12 HYG+ SAT+ H H H H Sd 2n

FNSD6e 12 HYG+ SAT+ H H H H Fn 2n

FNSD6f 12 HYG+ SAT+ H H H H Fn 2n

FNSD7a 5 HYG+ SAT+ H H H H Fn 3n

FNSD7d 6 HYG+ SAT+ Sd H H H Fn 3n

FNSD7e 15 HYG+ SAT+ H H H H Sd 4n

FNSD7f 15 HYG+ SAT+ H H H H Fn 3n

H, hybrid; ND, not determined.
doi:10.1371/journal.pgen.1003672.t003

Table 4. Summary of Fn/Sat6LV39c5/Hyg hybrid genotypes generated in P. duboscqi.

Line name

Day of hybrid

recovery

HYG marker

Chr 24

SAT marker

Chr 27 Chr 4 Chr 10 Chr 31 Chr 34 Chr 35 Maxi circle Ploidy

Fn/Sat - HYG2 SAT+ Fn Fn Fn Fn Fn Fn 2n

Lv39c5/Hyg - HYG+ SAT2 Lv Lv Lv Lv Lv Lv 2n

FL9D10 9 HYG+ SAT+ H H H H H Fn 3n

Fl9E2 9 HYG+ SAT+ H ND H H H Fn 2n

Fl9F6 9 HYG+ SAT+ H ND H H H Fn 2n

FL13D6 13 HYG+ SAT+ H H H H H Fn 2n

FL13D8 13 HYG+ SAT+ H H H H H Fn 2n

FL13E3 13 HYG+ SAT+ H ND H ND H Fn 2n

FL13E6 13 HYG+ SAT+ ND H H H H Fn 2n

FL13F8 13 HYG+ SAT+ H H H H ND Fn 2n

H, hybrid; ND, not determined.
doi:10.1371/journal.pgen.1003672.t004
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revealed that at 97% of the loci tested, progeny arising from

crosses in the natural vector P. duboscqi inherited both parental

alleles. However, 3% (4/150) loci showed loss of heterozygosity

(LOH), inheriting only one allele from either parent (Tables 3–6).

Curiously, taking into account both our current and prior studies

involving the pairing of parental lines Fn/Sat and Lv39c5/Hyg in

P. duboscqi, we found no examples of LOH (0/160 loci tested),

whereas crosses of these same parents in the unnatural vector Lu

longipalpis reported here, the frequency of LOH was 10% (27/275).

These data suggest that the frequency of LOH may vary in

individual crosses depending on both the parental lines and sand

fly host. There are a number of mechanisms that could account for

LOH – for example, meiotic or mitotic crossing over, or

chromosomal segregation following mating associated with the

rapidity by which Leishmania shows alterations in aneuploidy in

culture [11,21]. However, the overwhelming fraction of loci/

hybrids show biparental inheritance. Correspondingly, , prelimi-

nary next gen sequencing data of the hybrids (J. Shaik, N.

Akopyants, D. Dobson, P. Lawyer, D. Elnaiem, D. Sacks, and S.

Beverley, in preparation), suggest that all hybrids recovered thus

far arise biparentally across the entire genome (Fig. 3, S4). .

By contrast, maxicircle kDNA was again inherited in a

uniparental manner, with a clear bias towards inheritance of

kDNA from the Fn parent in crosses involving that parent. We

have so far not been able to explore the possibility, documented for

T. brucei [22], that recovery of hybrids during the earliest stage of

their generation in the midgut might reveal biparental inheritance

of kDNA, with subsequent loss during mitotic division.

Analysis of total DNA again revealed that while the majority of

hybrids were ‘2n’, a number of ‘3n’ progeny were observed. We

also recovered for the first time a single ‘4n’ hybrid (arising from a

Fn/Sat6Sd/Hyg cross). Interestingly, while maintained stably as

‘4n’ in culture, this line reverted to ‘2n’ following recovery from an

infected mouse. Tetraploid progeny had previously been seen in

Leishmania, arising from attempts to inactivate essential genes [21].

In that study only one of 5 tetraploids tested remained infective to

mice, however, following recovery this line remained tetraploid.

Given the limited number of tetraploids obtained and examined

thus far, further work will be required to systematically assess the

stability and virulence of tetraploids in Leishmania.

In the studies here and previously reported [13], DNA contents

of intermediate contents were not observed, although changes

involving aneuploidy of a small number of chromosomes would

not have been revealed by the methods used. These data could

imply that meiosis occurs prior to or after a fusion event involving

‘1n’ cells or nuclei, with ’3n’ progeny resulting from the absence or

incomplete meiotic division of one of the diploid parents. The ‘4n’

hybrid is most readily explained by fusion of diploid cells, and may

represent an intermediate sexual stage that undergoes reduction to

the diploid state, similar to the process described for Candida

albicans [23]. Polyploid hybrids have been recovered in African

trypanosomes, and inferred for American trypanosomes assuming

T. cruzi undergoes reduction to an aneuploid state via a parasexual

process [24]. For T. brucei, Mendelian inheritance patterns are

well-established [25] and an epimastigote life-cycle stage residing

in the tsetse fly salivary glands has recently been identified

expressing meiotic genes [26]. Importantly, the expression of

meiosis-specific proteins in most cases occurred prior to cell fusion,

establishing a precedent in excavate protists for conventional

meiotic division, although it should be noted that haploid

trypanosomes have still not been formally demonstrated in T.
brucei. The meiosis specific orthologs that were used to detect

Table 5. Summary of Sd/Bsd6LV39c5/Hyg hybrid genotypes generated in P. duboscqi.

Line name

Day of hybrid

recovery

HYG marker

Chr 24

BSD marker

Chr 18 Chr 2 Chr 9 Chr 21 Chr 31 Chr 35 Chr 36 Maxi circle Ploidy

Sd/Bsd - HYG2 SAT+ Sd Sd Sd Sd Sd Sd Sd 2n

Lv39c5/Hyg - HYG+ BSD2 Lv Lv Lv Lv Lv Lv Lv 2n

LSD2 10 HYG+ BSD+ H Sd H Lv H H Lv 2n

LSD4 8 HYG+ BSD+ ND H H H H H Sd 2n

LSD5 8 HYG+ BSD+ H H ND H H H Sd 2n

LSD6 8 HYG+ BSD+ H H ND H H H Sd 2n

H, hybrid; ND, not determined.
doi:10.1371/journal.pgen.1003672.t005

Table 6. Summary of Ry/Sat6LV39c5/Hyg hybrid genotypes generated in P. duboscqi.

Line name

Day of hybrid

recovery

HYG marker

Chr 24

SAT marker

Chr 27 Chr 21 Chr 25 Chr 31 Chr 36 Chr 35 Maxi circle Ploidy

Ry/Sat - HYG2 SAT+ Ry Ry Ry Ry Ry Ry 2n

Lv39c5/Hyg - HYG+ SAT2 Lv Lv Lv Lv Lv Lv 2n

RLV1 10 HYG+ SAT+ H H H H H Ry 2n

RLV2 10 HYG+ SAT+ H H H H H Ry 2n

RLV3 10 HYG+ SAT+ H H H H H Ry 2n

RLV4 10 HYG+ SAT+ H H H H H Ry 2n

RLV5 10 HYG+ SAT+ H H H H H Ry 2n

H, hybrid.
doi:10.1371/journal.pgen.1003672.t006
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meiotic forms in T. brucei are also present in the L. major genome

[27], and we are currently investigating their expression during

development of midgut forms in vivo.

The second major finding arising from our studies pertains to

the timing and developmental stage associations of hybrid

formation in P. duboscqi sand flies. In 3 independent mating

experiments investigating the timing of hybrid generation, only 1

hybrid was recovered amongst the 100 co-infected midguts

dissected prior to day 6 (1%). Ten hybrids were recovered

amongst the 134 guts dissected on days 6–9 (7.5%), and 15 of 112

(13.4%) on days 10–15. The delay in hybrid recovery strongly

suggests that the rapidly dividing procyclic forms predominating in

the midgut during days 1–2 post-infection are unlikely to be

mating competent, especially as these forms have completely

transitioned into nectomonads by days 4–5. The increased

frequency of hybrid recovery on days 6–9 coincides with the

colonization of the posterior midgut by primarily nectomonad

forms and their initial migration to the thoracic midgut. The

highest rate of hybrid recovery observed at later time points (days

10–15) might implicate more mature stages, e.g. haptomonads or

metacyclics, as mating competent forms, or simply reflect the

greater opportunity that nectomonads that are maintained in

variable numbers even at late time points might have to mate,

especially as they become more densely packed in the anterior gut.

Since the flies from which hybrids were recovered days 5–9 post-

infection harbored few and in most cases no metacyclics, it can be

concluded that metacyclogenesis is not a pre-requisite for mating

to occur. The intensity of infections at the time of dissection was

also not a good predictor of mating success, as the total number of

promastigotes per midgut was no higher in flies yielding hybrids

compared to those that did not, and in some cases hybrids were

recovered from flies that had very light infections (,2000

promastigotes/midgut). In summary, neither the earliest dividing

procyclic forms, nor the late developing, resting metacyclic forms,

appear to be associated, or uniquely so, with hybrid formation,

consistent with the evidence against mating involving these

analogous life cycle stages in T. brucei [26,28,29]. We favor a role

for nectomonad-related forms in mating based not only on the

timing of hybrid recovery, but also the fact that these forms are

unique to L. major stage differentiation in vivo and are not observed

amongst the pleopmorphic promastigotes that appear during

growth in culture, which have so far remained mating incompe-

tent. Nectomonads also share with T. brucei epimastigotes the

ability of their flagellum to mediate attachment to the substratum,

which involves adhesion to the midgut epithelium for Leishmania,

and to the salivary gland epithelium for African trypanosomes. By

analogy with the process of gamete activation and fusion in other

flagellates, e.g. Chlamydomonas [30], such junctional complexes may

inititate the signaling events that are required for hybrid formation

in Leishmania and African trypanosomes to occur [29].

Despite the fact that Lu. longipalpis, which is a natural vector of L.

infantum in the new world, does not naturally transmit L. major, it is

permissive to the full development of this species in the laboratory

[19]. The current studies confirm that it also supports genetic

exchange in L. major. Genotype analysis of 61 hybrids revealed that

in each case they were full genomic hybrids, since they possessed

both parental alleles at unlinked loci on 7 different chromosomes,

but again with the caveat that heterozygosity appears to have been

lost at a number of loci. The inheritance bias of Fn maxicircle

kDNA observed in hybrids generated in P. duboscqi was for the L.

longipalpis hybrids complete, with all 61 progeny clones inheriting

maxicircle kDNA exclusively from the Fn parent. The mechanisms

that might account for the elimination of one of the kinetoplast

organelles pre- or post-fusion, and how this process can be so

selective, are currently unknown.

In an initial series of experiments involving flies dissected only at

late time points, the efficiency of hybrid recovery was roughly

comparable to that observed in P. duboscqi, with an average of 15%

of flies with mature infections yielding at least one hybrid progeny.

When a time course study was carried out in Lu. longipalpis in order

to determine when hybrid formation might begin to occur in these

flies, we were surprised to recover hybrids from a high proportion

of flies (45%) already by day 3. This remarkable rate of hybrid

recovery was maintained or increased at the later time points. In

subsequent experiments involving different populations of released

adults from the same colony, we failed to observe such a high rate

of hybrid recovery (data not shown). While we cannot explain

what remains so far a unique experience involving these flies, we

note that the released adults used in the successful time course

experiment were unusual in the virtual absence of any midguts

harboring commensal bacteria that overgrew the promastigote

growth medium containing penicillin and streptomycin. The

possible influence of the midgut microbiota on promoting or

inhibiting hybrid formation is currently being investigated.

Regarding the early appearance of hybrids by day 3, we and

others [19,20] have observed that the sequence of promastigote

stage differentiation proceeds more rapidly in Lu. longipalpis

compared with P. duboscqi or P. papatasi, with nectomonads the

dominant stage already by day 3, and fully mature metacyclics the

predominant stage already by day 8. Nonetheless, we cannot rule

out the contribution of the earliest procylic promastigote stage to

hybrid formation in Lu. longipalpis, which would be consistent with

the timing and morphology of the putative L. donovani hybrid

Table 7. Summary of Fn/Sat6Lv39c5/Hyg crosses in Lu. Longipalpis.

Expt # Day post-infection No. midguts dissected No. clean midguts No. hybrids recovered % hybrid recovery

1 14 16 8 1 12

2 14 16 8 2 25

2 18 37 22 4 18

3 11 31 13 1 8

3 14 21 13 2 15

4 3 20 20 9 45

4 7 31 30 12 40

4 10 47 46 30 65

doi:10.1371/journal.pgen.1003672.t007
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Table 8. Summary of hybrid genotypes generated in Lu. Longipalpis.

Line name

Day of hybrid

recovery

HYG marker

Chr 24

SAT marker

Chr 27 Chr 35 Chr 7 Chr 25 Chr 36 Chr 2 Maxi circle ploidy

Fn/Sat - HYG2 SAT+ Fn Fn Fn Fn Fn Fn 2n

Lv39c5/Hyg - HYG+ SAT2 Lv Lv Lv Lv Lv Lv 2n

1.1 14 HYG+ SAT+ H H H H H Fn 2n

2.2 14 HYG+ SAT+ H H H H H Fn 2n

2.3 14 HYG+ SAT+ H H H H H Fn 2n

2.4 18 HYG+ SAT+ H H H H H Fn 2n

2.5 18 HYG+ SAT+ H H H H H Fn 2n

2.6 18 HYG+ SAT+ H H H H H Fn 2n

2.7 18 HYG+ SAT+ H H H H H Fn 2n

3.8 11 HYG+ SAT+ H H H H H Fn 2n

3.9 14 HYG+ SAT+ H H H H H Fn 2n

3L3L6 3 HYG+ SAT+ H H H H H Fn 2n

3L3A7 3 HYG+ SAT+ H H H H H Fn 2n

3L3B4 3 HYG+ SAT+ Fn H H Fn H Fn 2n

3L3B5 3 HYG+ SAT+ H H H H H Fn 2n

3L3B11 3 HYG+ SAT+ H H H H H Fn 2n

3L3C1 3 HYG+ SAT+ H H H H H Fn 2n

3L3C6 3 HYG+ SAT+ H H H H H Fn 2n

3L3C7 3 HYG+ SAT+ Fn H H Fn H Fn 2n

3l3C8 3 HYG+ SAT+ H H H H H Fn 2n

3L3D6 3 HYG+ SAT+ H H H H H Fn 2n

3L3D7 3 HYG+ SAT+ H H H H H Fn 2n

3L3E6 3 HYG+ SAT+ H H H H H Fn 2n

3L7B4 7 HYG+ SAT+ H H H H H Fn 2n

3L7B7 7 HYG+ SAT+ H H H H H Fn 2n

3L7B9 7 HYG+ SAT+ H H H H H Fn 2n

3LB11 7 HYG+ SAT+ H H H H H Fn 2n

3L7C6 7 HYG+ SAT+ H H H H H Fn 2n

3L7D8 7 HYG+ SAT+ H H H H H Fn 2n

3L7D9 7 HYG+ SAT+ H H H H H Fn 2n

3L7D10 7 HYG+ SAT+ H H H H H Fn 2n

3L7D11 7 HYG+ SAT+ H H H H H Fn 2n

3L7E6 7 HYG+ SAT+ H H H H H Fn 2n

3L10A1 10 HYG+ SAT+ H H H H H Fn 2n

3L10A2 10 HYG+ SAT+ H H Fn H Fn Fn 2n

3L10A4 10 HYG+ SAT+ Fn H Fn Fn Fn Fn 2n

3L10A5 10 HYG+ SAT+ H H H H H Fn 2n

3L10A6 10 HYG+ SAT+ H H H H H Fn 2n

3L10A8 10 HYG+ SAT+ H H H H H Fn 2n

3L10A10 10 HYG+ SAT+ H H H H H Fn 2n

3L10B3 10 HYG+ SAT+ H H H H H Fn 2n

3L10B7 10 HYG+ SAT+ Fn H H Fn H Fn 2n

3L10B10 10 HYG+ SAT+ H H H H H Fn 2n

3L10B11 10 HYG+ SAT+ H H H H H Fn 2n

3L10B12 10 HYG+ SAT+ H H H H H Fn 2n

3L10C1 10 HYG+ SAT+ H H H H H Fn 2n

3L10C4 10 HYG+ SAT+ H H H H H Fn 2n

3L10C8 10 HYG+ SAT+ H H H H H Fn 2n

3L10C11 10 HYG+ SAT+ H H H H H Fn 2n
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observed in the single Lu. longipalpis fly reported by Sadlova et al.

[15].

In summary, our analysis of a large number of hybrid progeny

generated between multiple strains of L. major substantiates that sex

is a normal aspect of their reproductive strategy. The timing of

hybrid recovery in a natural vector implicates the involvement of

nectomonad forms in hybrid formation. Our finding that

Leishmania crosses can be achieved experimentally in a proven

vector of the genus Luztomyia, is highly relevant to a number of

population studies showing the widespread occurrence of hybrid

genotypes in New World Leishmania [3–8].

Materials and Methods

Ethics statement
This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of

Laboratory Animals of the National Institutes of Health. The

protocol was approved by the Animal Care and Use Committee of

the NIAID, NIH (protocol number LPD 68E). Invertebrates are

not covered under NIH guidelines.

Parasites
L. major Fn/Sat was derived from a strain (MHOM/IL/80/

Friedlin) originally isolated from a patient with cutaneous

Leishmaniasis acquired in the Jordan Valley, and contains a

heterozygous nourseothricin–resistance (SAT) marker, integrated

along with a linked firefly luciferase reporter gene into one allele of

the ,20 rRNA cistrons located on chromosome 27 [31] using

constructs and methods described previously [13]; L. major

LV39c5/Hyg was derived from a strain originally isolated from

a reservoir rodent host in southern Russia (MHOM/Sv/59/P)

[32] and is heterozygous for an allelic replacement of the LPG5A

on chromosome 24 by a hygromycin B–resistance cassette [16]; L.

major Sd/Hyg was derived from a strain isolated from a patient

with cutaneous lesions acquired in Senegal (MHOM/SN/74/SD)

[33], and is also heterozygous for an allelic replacement of the

LPG5A on chromosome 24 by a hygromycin B–resistance cassette

[16]; L. major Sd/Bsd is derived from the same Sd strain from

Senegal and is heterozygous for allelic replacement of the LPG5B

on chromosome 18 by a blastocidin-resistance cassette [16]; L.

major Ry/Sat was derived from a strain originally isolated from a

lesion biopsy of a laboratory worker accidentally exposed to sand

flies that were experimentally infected with a strain of L. major

(WR2885) originating in Iraq [34], and also contains a heterozy-

gous SAT–resistance marker, integrated into one allele of the

rRNA cistrons located on chromosome 27 using constructs and

methods described previously [13]. All parasites were grown at

26uC in complete medium 199 (CM199) supplemented with 20%

heat-inactivated FCS, 100 U/ml penicillin, 100 mg/ml strepto-

mycin, 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 ug/ml blasticidin S

(Invitrogen, Carlsbad, CA), 25 ug/ml hygromycin B (EMD

Biosciences, San Diego, CA) or 100 ug/ml SAT (Jena Bioscience,

Germany), or combinations of these antibiotics as necessary.

Sand fly infections and hybrid recovery
Three to five day old female P. duboscqi or L. longipalpis sand flies,

obtained from colonies initiated from field specimens collected in

Mali and Brazil, respectively, were fed through a chick skin

membrane on heparinized mouse blood containing 1–46106/ml

logarithmic phase promastigotes of each parental line of L. major.

At various days after the infective feed (3–18 days), the sand flies

were anesthetized with CO2, their midguts dissected and

homogenized in 100 ml CM199, and the number of viable

promastigotes and the percentage of each promastigote develop-

mental stage were determined by counting under a hemacytom-

eter. Promastigote stages were identified based on the morphologic

criteria previously described [35]. For isolation of hybrids,

individual midgut homogenates from co-infected flies were

transferred to a single well of a 96 well flat bottom plate, and

incubated at 26uC over night. An equal volume of CM199

containing 26 of the appropriate antibiotics was added on the

following day for the selection of hybrids. Doubly drug-resistant

promastigotes were cloned by distribution in 96 well blood agar

plates in 0.1 ml CM199 containing both antibiotics. Poisson

analysis was used to determine the percentage probability of

clonality, and was in each case .95%.

DNA extraction, PCR and genotyping of hybrids
Parasite DNA was extracted as follows: cell extracts were

suspended in TELT (0.05 M Tris, 005 M EDTA, 0.25 M LiCl

and Triton X-4) and supplemented with an equal Volume of

Phenol Chloroform isoamyl alcohol (25:24:1). Cell suspensions

were centrifuged (159 16,000 g 4uC) and the aqueous phase was

transferred to a new tube. DNA was precipitated in 96% ethanol

and washed with 70% ethanol. DNA was then eluted with 100 ul

of nuclease free water. For hybrids genotyping, a set of marker

genes (Table S1) was amplified by polymerase chain reaction

Table 8. Cont.

Line name

Day of hybrid

recovery

HYG marker

Chr 24

SAT marker

Chr 27 Chr 35 Chr 7 Chr 25 Chr 36 Chr 2 Maxi circle ploidy

3L10D2 10 HYG+ SAT+ H H Fn H Fn Fn 2n

3L10D3 10 HYG+ SAT+ H H H H H Fn 2n

3L10D5 10 HYG+ SAT+ H Fn Fn Fn Fn Fn 2n

3L10D7 10 HYG+ SAT+ H H Fn Fn Fn Fn 2n

3L10D9 10 HYG+ SAT+ H Fn H Fn Fn Fn 2n

3L10D12 10 HYG+ SAT+ Fn Fn H Fn H Fn 2n

3L10E1 10 HYG+ SAT+ H H ND H H Fn 2n

3L10E2 10 HYG+ SAT+ H H H H H Fn 2n

H, hybrid; ND, not determined.
doi:10.1371/journal.pgen.1003672.t008
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Figure 4. Infection levels at time of dissection in Lu. longipalpis midguts with and without hybrids. Midguts were dissected on the
indicated times post-feeding and scored for the number of viable promastigotes. Bars represent the median numbers of promastigotes per midgut.
doi:10.1371/journal.pgen.1003672.g004

Figure 5. Proportion of promastigote developmental stages at the time of hybrid recovery in Lu. Longipalpis. Midguts were dissected
on the indicated times post-feeding and scored for the proportion of each developmental stage.
doi:10.1371/journal.pgen.1003672.g005
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(PCR) using Applied Biosystems 26 geneAmpPCR mix, 25 pmol

of each primer and 10 ng of the DNA. PCR products were

cleaned with ExoSAP-IT kit (USB), and sequences confirmed with

forward and/or reverse reads by Rocky Mountain Laboratory

Genomics Unit DNA Sequencing Center, Division of Intramural

Research, Hamilton, Montana. The sequences were analyzed

using ‘‘Lasergene’’ software. SNP-CAPS analysis was performed as

previously described [9] and was based on SNPs identified in the

sequence analysis. Glucose phosphate dehydrogenase (G6PD-

LmjF34.0080) was PCR-amplified and cleaned using gel and PCR

clean up system (Promega). The clean PCR product (500 ng) was

digested with 15 units of SACII (Thermo scientific) for 16 hours.

Cleaved DNA was then loaded on ethidium bromide gel. Band

intensity quantification was done using image J software (http://

rsbweb.nih.gov/ij, National Institutes of Health, Bethesda, MD,

USA).

DNA content
DNA content was determined using flow cytometry as

previously described [21]. Briefly, 2.56106 log-phase promasti-

gotes were permeabilized with 4% paraformaldehide solution for

1 minute. Cells were centrifuged, re-suspended in PBS and fixed

with absolute methanol for 15 minutes on ice. Cells were washed

and resuspended in PBS at room temperature for 10 minutes

followed by RNAseA treatment (200 mg/ml RNase A) and

propidium iodide (20 mg/ml) staining for 30 minutes at room

temperature. Data were acquired on a FacsCANTO 2 flow

cytometer (BD Bioscience), counting at least 10,000 cells per

sample, and analyzed using FlowJo 9.5.2 software.

SNP analysis
The full methods and analysis of the parental and hybrid L.

major lines studied here will be presented elsewhere (J. Shaik, N.

Akopyants, D. Dobson, P. Lawyer, D. Elnaiem, D. Sacks, and S.

Beverley, in preparation). Briefly, Leishmania nuclear DNA was

isolated and subjected to deep-sequencing using Illumina Hi-seq

2000 machine, yielding approximately 606coverage. Reads were

aligned to the L. major reference genome (REF) using novoalign

MPI version 2.07.07 (Novocraft, 2012); ‘‘NovoAlign (http://www.

novocraft.com).’’) and SNPs were identified using the Samtools

pileup function using SOAP SNP consensus model [36]. Custom

scripts were developed for subsequent analysis and display. SNPs

were filtered to remove those falling within regions of low coverage

(read depth less than 10) and to remove SNPs heterozygous within

either parent. For the remaining homozygous SNPs, an ‘allelic’

density at each homozygous SNP position was estimated, assuming

an average ploidy of 2n across the L. major genome. While not

strictly true for any given parent or hybrid line (all of which vary

from each other), the error introduced by this assumption is small.

The results of these analyses are displayed as ‘bottlebrush’ plots

(Fig. 3, Fig. S4) where at each SNP position the inferred allelic

density is displayed on the Y-axis.

Statistics
To test if there is a change over time in the proportion of

hybrids recovered within each cross, we used an exact two-sided

Cochran-Armitage test for trend using the day as the score

combining across experiments and assuming no experiment

effects. To compare the number of promastigotes per gut between

flies yielding hybrids versus those not yielding hybrids, we used a

stratified (by day) Wilcoxon-Mann-Whitney test. Tests were

performed using SAS Version 9.3 (Cochran-Armitage) or the

coin package in Hothorn et al. [37]. URL http://www.jstatsoft.

org/v28/i08/.].

Supporting Information

Figure S1 PCR for parental selectable drug markers. Samples

are (A) Fn, Fn/Sat; Sd, Sd/Hyg; -, no template control; (B) Ry,

Ry/Sat; Lv, Lv39/Hyg; -, no template control; (C) Lv, Lv39/Hyg;

Sd, Sd/BSD; -, no template control; (D) Fn, Fn/Sat; Lv, Lv39/

Hyg; -, no template control.

(PDF)

Figure S2 Plot of nonparametric maximum likelihood estima-

tors of the proportion of flies with any hybrid by day for each of

the crosses (solid lines), along with 95% pointwise confidence

intervals (dotted lines). The confidence intervals use nonparamet-

ric bootstrap with a necessary adjustment for the upper interval for

early days using an exact binomial upper interval.

(PDF)

Figure S3 DNA sequence traces of PCR-amplified chromosom-

al genes showing inheritance of both parental alleles. DNA

sequence traces are shown for 4 representative loci and 16

representative 2n hybrids and their respective parents. SNPs are

identified by the boxed regions.

(PDF)

Figure S4 Comparison of homozygous parental SNPs on

chromosome 17 for four additional representative hybrids. Please

refer to the legend for Figure 3 for a description of the methods

and symbols used. Panel A and B, hybrids recovered from P.

duboscqi (1_10_B12 and 4_7_A3). Panel C and D, hybrids

recovered from L. longipalpais (LL1_3 and 3L3c1).

(PDF)

Figure S5 DNA sequence traces of PCR-amplified maxicircle

genes showing inheritance of a single parental allele. DNA

sequence traces are shown for representative loci in the maxicircle

genes (1 SNP in the 12S rRNA locus, and 2 SNPs in the ND-5

locus) and 16 representative 2n hybrids and their respective

parents. SNPs are shown in boxed regions.

(PDF)

Figure S6 DNA contents of parental Fn/Sat and Sd/Hyg (A) ,

and representative ‘2n’ (B), ‘3n’ (C), and ‘4n’ (D) hybrid clones. DNA

content was measured in log phase cells by flow cytometry after

staining RNase treated permeabilized cells with propidium iodide.

(PDF)

Figure S7 SNP-CAPS analysis of triploid hybrids. (A,B)

Digestion with SACII of the G6PD-LmjF34.0080 divergent region

PCR product is shown. (C,D) The graph shows the ratio between

the intensity of the uncut upper band from Fn (F) and the middle

band from either Lv39 (L) or Sd (S), and compares the various

hybrids with controls.

(PDF)

Table S1 The PCR primer sequences for each allelic marker, their

chromosomal location, and the conditions used for their amplifica-

tion are shown. D - Genebank: M10126.1; nd, not determined.

(PDF)

Table S2 The chromosomal location, position and description

of each SNP are shown. Position of SNPs in the maxicircle genes

refer to L .tarentolae kDNA. Genbank: M10126.1.

(PDF)
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