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We discovered a hybrid Leishmania parasite in Costa
Rica that is genetically similar to hybrids from Panama.
Genome analyses demonstrated the hybrid is triploid
and identified L. braziliensis and L. guyanensis—related
strains as parents. Our findings highlight the existence of
poorly sampled Leishmania (Viannia) variants infectious
to humans.

eishmania are intracellular protozoan parasites

that cause the vectorborne disease leishmaniasis,
which occurs in ~88 countries (1). Human infection
can result in 2 main forms of disease, cutaneous and
visceral leishmaniasis, and different Leishmania spe-
cies cause diverse clinical manifestations and sequel-
ae (1). Correct species typing is thus required to clini-
cally manage leishmaniasis (2).

In August 2020, a patient returning from Costa
Rica sought care at the Hospital St. Pierre (Brussels,
Belgium) with a single, well-demarcated, ulcerated ery-
thematous plaque on the left flank indicative of cutane-
ous leishmaniasis. Molecular diagnosis confirmed the
presence of Leishmania parasites on the basis of 185 ribo-
somal DNA (3). A 1,245-bp fragment of the multicopy
heat-shock protein 70 gene (hsp70) was sequenced for
species typing (4). This sequencing revealed an atypical
sequence related to both the L. guyanensis and L. bra-
ziliensis species that showed sequence variation across
copies at 10 positions, suggesting either a mixed infec-
tion or hybrid parasite. Despite the atypical nature of
the infecting species, the patient had good therapeutic
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response after 5 intralesional injections with meglu-
mine antimoniate (Glucantime, Sanofi, https://www.
sanofi.com), leaving only a slightly hyperpigmented
scar. The clinical sample was cultured in vitro (referred
to as MHOM/CR/2020/StPierre) and subjected to
HSP70 typing (4) and whole-genome sequencing (5).

Compared with results for the clinical sample, the
consensus sequence of the hisp70 locus in the cultured
isolate revealed sequence variation in 1 extra site, bring-
ing the total to 11 (Appendix 1, https://wwwnc.cdc.
gov/EID/article/29/5/22-1456-Appl.pdf). Of those
sites, 10 were shared with 6 cutaneous leishmaniasis
strains described from Panama (6). Comparison with
all available Leishmania hsp70 sequences from GenBank
(Appendix 1) revealed 2 monophyletic groups as the
possible origin of the different isp70 copies in the Costa
Rica sequence: first, a subgroup of the L. guyanensis spe-
cies complex found in Ecuador, Panama, and Colom-
bia; and second, a subgroup of the L. braziliensis spe-
cies complex described from Panama, Guatemala, and
Brazil. Even though such analysis is biased by available
sequences and the use of a single chromosomal locus,
the geography of the hypothetical parents is compati-
ble with Costa Rica. To further investigate the nature of
the Costa Rica isolate, we resorted to genome analysis.

We identified 125,632 single-nucleotide poly-
morphisms (SNPs) within the sample from Costa
Rica after mapping genomic sequences against the
L. braziliensis M2904 reference genome (5) (Appendix
2,  https://wwwnc.cdc.gov/EID/article/29/5/22-
1456-App2.pdf). This total included 21,168 homo-
zygous SNPs (both haplotypes were different from
M2904) and 104,464 heterozygous SNPs (one haplo-
type was similar to M2904 and the other different).
Chromosomes 1 and 11, the first 140 kb of chromo-
some 20, and the last 60 kb of chromosome 27 were
highly homozygous, almost completely lacking in
heterozygous variants, whereas most variants in the
rest of the genome were heterozygous (Appendix 2).
This observation of a largely heterozygous genome
that is interrupted by homozygous stretches strongly
suggests that the isolate is a hybrid parasite, rather
than the result of a mixed infection (7).

We investigated chromosome copy numbers by
using the distribution of allelic read depth frequen-
cies at heterozygous sites (7), which should be cen-
tered around 0.5 in diploid organisms (both alleles
represented equally). However, we discovered a bi-
modal distribution with modes 0.33 and 0.67 (Appen-
dix 2), suggesting that the hybrid is triploid (7).

We analyzed the genomic ancestry of the hybrid
compared with 40 genomes of 7 Leishmania (Viannia)
species (Appendix 2) using phylogenies based on ge-
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Figure. Midpoint rooted maximum-likelihood phylogenetic trees based on single-nucleotide polymorphisms called in chromosome 1 and
the first 140kb of the telomeric region of chromosome 20 of a hybrid Leishmania parasite from Costa Rica. For each strain, sequences
were composed based on concatenated single-nucleotide polymorphisms that were each coded by 2 base pairs, after which invariant
sites were removed, resulting in 2,382 bp sequences for chromosome 1 and 3,015 bp sequences for chromosome 20. Consensus
phylogenetic trees were generated from 1,000 bootstrap trees using IQ-TREE (http://www.igtree.org) with 37 taxa (excluding L. naiffi and
L. lainsoni strains) under the transversion with empirical base frequencies, ascertainment bias correction, and discrete gamma with 4
rate categories substitution model, which was the best-fit model revealed by ModelFinder as implemented in IQTREE. Branch support
values are presented near each node following 1,000 bootstrap replicates; bootstrap values within the clade containing L. panamensis
strains were omitted for clarity reasons. Scale bar indicates number of substitutions per site. Appendix 2 (https://wwwnc.cdc.gov/EID/
article/29/5/22-1456-App2.pdf) includes a description of the L. braziliensis 1—4 lineages.

nomic regions that were homozygous in the hybrid
(where both haplotypes originate from the same pa-
rental species). In the chromosome 20 phylogeny, the
Costa Rica hybrid clusters with L. braziliensis 1 strain
Lb8102 from Colombia (Figure; Appendix 2 Figure 8),
which could be close to one of the parental strains.
The ancestry of the other parental genome remains
unclear, because in the chromosome 1 phylogeny it
clusters with L. panamensis strains from Colombia and
Panama (Figure), even though it is also tightly linked
with a cluster of L. guyanensis strains from Venezuela,
Brazil, and French Guiana in the mitochondrial max-
icircle phylogeny (Appendix 2 Figures 3, 9). We could
not resolve the geographic origin of the 2 parents in
greater detail because of the lack of available Leishma-
nia (Viannia) genomes.
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Our study provides a detailed genomic de-
scription of a hybrid between the L. braziliensis and
the L. guyanensis species complexes. The first report
of such hybrids in Central America dates back to
the early 1990s, concerning putative L. braziliensis-
L. panamensis hybrids from the north of Nicaragua
(8). Those hybrids were reported again in 2021 in
Panama (6). Further, parasites with signatures
from both L. braziliensis and L. guyanensis relatives
have been described in South America, more spe-
cifically from Ecuador, Peru, Brazil, and Venezuela
(9,10). Together with our report from Costa Rica,
these reports point to a widespread circulation in
the Neotropical region of recombinant strains, the
epidemiology and clinical significance of which
remain elusive.
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Genome Analysis of Triploid Hybrid
Leishmania Parasite from Neotropics

Appendix 1

The following pages provide further details from the Asp70 analysis of a hybrid L.

guyanensis complex—L. braziliensis complex strain isolated in 2020 from Costa Rica.
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Heat-shock protein 70 gene analysis of isolate MHOM/CR/2020/StPierre

Returning cutaneous leishmaniasis patient from Costa Rica.

Partial heat-shock protein 70 gene (hsp70) sequence (1245 bp) of the isolated parasite contained fER:LHLE with
more than 1 nucleotide present, resulting from sequence variation between the multiple copies of the tandemly

repeated gene (GenBank accession 0Q200658):

GGCCTRGAGG
TCGACCTTGG
GGACTTTGAC
CGCACGGCGT
TCACGCGCGC
CGTGCACGAC
AACCCCGACG
CGCCGCTGAC
GTACGCGGAC
ATCCCGCCAG
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GTGCTCATCT 100
TTGGCGGCGA 200
GCGCCGCCTG 300
CAGGCCAACA 400
ACAAGCGCTC 500
CAAGAGCATC 600
CTGGATGTGA 700
TCTTCTCGAC 800
CTTGTCCGGC 900
GGCACCGGCA 1000

AGGCCGACAA 1100
CAAGCTGGAG 1200
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= Sequence comparison excluding the ambiguous sites from the alignment links the isolate with the L. guyanensis and
L. braziliensis species complexes.

83

631EU599094 MHOM/PA/71/LS94 L. panamensis

.

FN395055 MCHO/PA/00/M4039 L. panamensis

FN395051 MHOM/PE/02/LH2372 L. guyanensis
FN395052 MHOM/GF/85/LEM699 L. guyanensis

FN395053 MHOM/BR/07/029-ZAV L. guyanensis

EU599093 MHOM/BR/75/M4177 L. guyanensis

FN395046 MHOM/PE/90/LC468 L. peruviana

FN395045 MHOM/PE/03/LH2439 L. peruviana

FN395044 MHOM/PE/03/LH2864 L. peruviana L
EU599089 MHOM/PE/90/LCAO8CL2 L. peruviana

XM 001566275.1 MHOM/BR/75/M2904 L. braziliensis L
M87878 MHOM/BR/--/M2903 L. braziliensis L
FN395043 MHOM/BR/06/ICA L. braziliensis

FN395042 MHOM/PE/91/LC2177 L. braziliensis L
FN395041 MHOM/BO/94/CUM29 L. braziliensis

FN395040 MHOM/PE/02/LH2182 L. braziliensis

FN395039 MHOM/BO/--/CUM180 L. braziliensis

EU599088 MHOM/PE/91/LC2177cl2 L. braziliensis

FR872765 MHOM/PE/90/HB22 L. peruviana

FR872759 UA2813 27 L. braziliensis

FR872758 MHOM/BO/--/CUM68 L. braziliensis

B MHOM/CR/2020/stpierre COSTa Rica isolate

braziliensis
peruviana
guyanensis
panamensis

Evolutionary relationships of taxa

The evolutionary history was inferred using the Neighbor-Joining method [1]. The
optimal tree with the sum of branch length = 0,02257800 is shown. The percentage of
replicate trees in which the associated taxa clustered together in the bootstrap test
(2000 replicates) are shown next to the branches [2]. The tree is drawn to scale, with
branch lengths in the same units as those of the evolutionary distances used to infer
the phylogenetic tree. The evolutionary distances were computed using the p-distance
method [3] and are in the units of the number of base differences per site. The analysis
involved 34 nucleotide sequences. Codon positions included were
1st+2nd+3rd+Noncoding. All positions containing gaps and missing data were
eliminated. There were a total of 1218 positions in the final dataset. Evolutionary
analyses were conducted in MEGA?7 [4].

1. Saitou N. and Nei M. (1987). The neighbor-joining method: A new method for
reconstructing phylogenetic trees. Molecular Biology and Evolution 4:406-425.

2. Felsenstein J. (1985). Confidence limits on phylogenies: An approach using the
bootstrap. Evolution 39:783-791.

3. Nei M. and Kumar S. (2000). Molecular Evolution and Phylogenetics. Oxford
University Press, New York.

4. Kumar S., Stecher G., and Tamura K. (2016). MEGA7: Molecular Evolutionary
Genetics Analysis version 7.0 for bigger datasets.Molecular Biology and Evolution
33:1870-1874.

Disclaimer: Although utmost care has been taken to ensure the correctness of the
caption, the caption text is provided "as is" without any warranty of any kind. Authors
advise the user to carefully check the caption prior to its use for any purpose and
report any errors or problems to the authors immediately (www.megasoftware.net). In
no event shall the authors and their employers be liable for any damages, including but
not limited to special, consequential, or other damages. Authors specifically disclaim all
other warranties expressed or implied, including but not limited to the determination of
suitability of this caption text for a specific purpose, use, or application.
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(see Odiwuor et al. 2012; DOI 10.1016/j.meegid.2012.03.028)
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L. lainsoni

0,01 Distance

= This indicates either a hybrid strain or mixed infection.



= To identify the parental sequences of the hybrid or the mix, all hsp70 sequences spanning the full 1245 bp fragment
from GenBank were analyzed (January 31, 2022), supplemented with patient sequences from the Institute of Tropical
Medicine (Antwerp, Belgium).

* |n the 11 ambiguous positions, several nucleotides were found only in a subset of L. guyanensis from Ecuador
(further called parent 1b), and equally so in an unidentified group of sequences from Panama (published in Miranda
et al. 2021) (parent 1a).

= |f these sequences are indeed a parent, all other nucleotides in the ambiguous positions need be accounted for by
the second parent, leaving only a subgroup of L. braziliensis as the second possible parent (called further parent 2).

Table: comparison of MHOM/CR/2020/StPierre with putative parental sequences at the 11 ambiguous sites. Identification of the parental sequences: please
refer to legend of figure on next page. Number of identical sequences in the analysis is in brackets following sequence descriptions.

Position in partial 1245 bp fragment of hsp70 -> 6 233 264 675 1078 1102 1134 1168 1171 1181 1236
Position in HSP70 CDS of whole genome -> 504 731 762 1173 1576 1600 1632 1666 1679
MHOM/CR/2020/StPierre R S R R K R Y R K R S
Parent1b 1 L guyanensis complex Panama(1) A C G A G G T A G G G
Parent1b 2 L guyanensis complex Panama(22) A C G A G G T A G G G
Parent1b 3 L guyanensis complex Panama(1) A C G A G G T A G “ G
Parent1b 4 L guyanensis complex Panama(13) A C G A G G T A G G G
Parent1b 5 L guyanensis complex Colombia(1) A C G m T A G R S
Parent1a 6 L guyanensis complex Ecuador(1) A C G A G G T A R R G
Parent1a 7 L guyanensis complex Ecuador(1) A C G A G G T A G R G
Parent1a 8 L guyanensis complex Ecuador(2) A C G A G G T A R R G
Parent1a 9 L guyanensis complex Ecuador(1) A C G A G G T A G G G
Parent1a 10 L guyanensis complex Ecuador(2) A C G A G G T A G n G
Parent2 11 L brazliensis Guatemala(3) G G A G T A C G T A (o}
Parent2 12 L brazliensis Panama(1) G G A G T A (¢} G T A C
Parent2 13 L brazliensis Panama(1) G G A G T A (¢} G T A C
Parent2 14 L brazliensis(1) G G A G T A C G T A C
Parent2 15 L brazliensis Brazil(7) Panama(1) G G A G T A C G T A C

= Not only could the hypothetical parental lines account for all 11 of the ambiguous positions, but conversely, every
single one of the 1245 positions in the mix/hybrid showed the nucleotide(s) present in both parents. In other words:
all sequence variation in the parents was accounted for in the hybrid/mix sequence.

= Phylogenetic analysis of these hypothetical parental sequences gave the following results:
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93 FR872767 MDAS/BR/79/M5533 L. naiffi
\_ 65' HF586373 MHOM/GF/97/CRE88 L. naiffi

L. naiffi

HF586374 MHOM/00/94/CRE58 L. naiffi

FN395045 MHOM/PE/03/LH2439 L. peruviana
FN395046 MHOM/PE/90/LC468 L. peruviana
FN395044 MHOM/PE/03/LH2864 L. peruviana
EU599089 MHOM/PE/90/LCAO8CL2 L. peruviana
FR872765 MHOM/PE/90/HB22 L. peruviana
FN395041 MHOM/BO/94/CUM29 L. braziliensis
FR872758 MHOM/BO/--/CUMG6S8 L. braziliensis
FN395039 MHOM/BO/--/CUM180 L. braziliensis
EU599088 MHOM/PE/91/LC2177cl2 L. braziliensis
FN395042 MHOM/PE/91/LC2177 L. braziliensis
XM 001566275.1 MHOM/BR/75/M2904 L. braziliensis
FR872759 UA2813 27 L. braziliensis
FN395040 MHOM/PE/02/LH2182 L. braziliensis
FN395043 MHOMY/BR/06/ICA L. braziliensis
M87878 MHOM/BR/--/M2903 L. braziliensis
M Parent2 13 L braziliensis Panama(1)
B Parent2 15 L braziliensis Brazil(7) Panama(1) L. braziliensis
e M Parent2 11 L braz?l?ens?s Guatemala(3) complex pa rent
M Parent2 12 L braziliensis Panama(1)
M Parent2 14 L braziliensis(1)

Parentla 9 L guyanensis Ecuador(1)
65 Parentlb 1 L guyanensis complex Panama(1)
Parentlb 4 L guyanensis complex Panama(13)

Parentlb 2 L guyanensis complex Panama(22)
Parentla 10 L guyanensis Ecuador(2)
Parentla 7 L guyanensis Ecuador(1)
Parentlb 3 L guyanensis complex Panama(1)
Parentla 6 L guyanensis Ecuador(1)

Parentla 8 L guyanensis Ecuador(2)
72 Parentlb 5 L guyanensis complex Colombia(1)

FN395055 MCHO/PA/00/M4039 L. panamensis
83/EU599094 MHOM/PA/71/LS94 L. panamensis

L. braziliensis
L. peruviana

94
85

91 FN395052 MHOM/GF/85/LEM699 L. guyanensis L. guyanensis

5|FN395053 MHOM/BR/07/029-ZAV L. guyanensis

EU599093 MHOM/BR/75/M4177 L. guyanensis
FN395047 MHOM/BO/95/CUMT71 L. lainsoni
FN395048 MHOM/PE/91/LC1581 L. lainsoni

FN395051 MHOM/PE/02/LH2372 L. guyanensis L panameny

\J

1001 FN395049 MHOM/PE/02/LH2344 L. lainsoni L. 1@INSONI
FN395050 MHOM/PE/03/LC2525 L. lainsoni

0.01 Distance

Figure legend: next page



Only 15 unique parental sequences were retained, each of these is identified as follows:

Parent (1a/1b/2) — unique sequence number (1-15) — species — country of origin (number of identical sequences represented in brackets).

Dendrogram method

The evolutionary history was inferred using the Neighbor-Joining method [1]. The optimal tree with the sum of branch length = 0.04003125 is shown. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (2000
replicates) are shown next to the branches when exceeding 50% [2]. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using
the p-distance method [3] and are in the units of the number of base differences per site. The analysis involved 48 nucleotide sequences. Codon positions included were 1st+2nd+3rd+Noncoding. All ambiguous positions were removed for each sequence
pair. There were a total of 1245 positions in the final dataset. Evolutionary analyses were conducted in MEGA7 [4].

1. Saitou N. and Nei M. (1987). The neighbor-joining method: A new method for reconstructing phylogenetic trees. Molecular Biology and Evolution 4:406-425.

2. Felsenstein J. (1985). Confidence limits on phylogenies: An approach using the bootstrap. Evolution 39:783-791.

3. Nei M. and Kumar S. (2000). Molecular Evolution and Phylogenetics. Oxford University Press, New York.

4. Kumar S., Stecher G., and Tamura K. (2016). MEGA7: Molecular Evolutionary Genetics Analysis version 7.0 for bigger datasets.Molecular Biology and Evolution 33:1870-1874.

Disclaimer: Although utmost care has been taken to ensure the correctness of the caption, the caption text is provided "as is" without any warranty of any kind. Authors advise the user to carefully check the caption prior to its use for any purpose and report
any errors or problems to the authors immediately (www.megasoftware.net). In no event shall the authors and their employers be liable for any damages, including but not limited to special, consequential, or other damages. Authors specifically disclaim all
other warranties expressed or implied, including but not limited to the determination of suitability of this caption text for a specific purpose, use, or application.

KX574005.1:1-1245_Leishmania_sp._isolate_PA_444_heat_shock_protein_70_(hsp70)_gene_partial_cds
KX574006.1:1-1245_Leishmania_sp._isolate_PA_445_heat_shock_protein_70_(hsp70)_gene_partial_cds
KX574012.1:1-1245_Leishmania_sp._isolate_PA_469_heat_shock_protein_70_(hsp70)_gene_partial_cds

The following entries are represented by sequences 1-15:
(if from GenBank, description starts with accession number)

1_L_guy is_t lex_F (1) KX574014.1:1-1245_Leishmania_sp._isolate_PA_530_heat_shock_protein_70_(hsp70)_gene_partial_cds
KX574009.1:1-1245_Leishmania_sp._isolate_PA_462_heat_shock_protein_70_(hsp70)_gene_partial_cds KX574015.1:1-1245_Leishmania_sp._isolate_PA_539_heat_shock_protein_70_(hsp70)_gene_partial_cds

2_L_guy is_complex_P (22) 5_L_guy is_complex_Colombia(1)
KX573944.1:1-1245_Leishmania_sp._isolate_PA_026_heat_shock_protein_70_(hsp70)_gene_partial_cds LN907837.1:1-1245_Leishmania_sp._MHOM/CO/88/UA316_partial_hsp70_gene_for_heat-
KX573946.1:1-1245_Leishmania_sp._isolate_PA_066_heat_shock_protein_70_(hsp70)_gene_partial_cds shock_protein_70_kDa_strain_MHOM)/CO/88/UA316
KX573947.1:1-1245_Leishmania_sp._isolate_PA_067_heat_shock_protein_70_(hsp70)_gene_partial_cds 6_L_guy is_c lex_Ecuador(1)
KX573949.1:1-1245_Leishmania_sp._isolate_PA_073_heat_shock_protein_70_(hsp70)_gene_partial_cds MHOMY/EC/2015/ITM15102466_organism_Leishmania_guyanensis
KX573952.1:1-1245_Leishmania_sp._isolate_PA_086_heat_shock_protein_70_(hsp70)_gene_partial_cds 7_L_guy is_C lex_Ecuador(1)
KX573953.1:1-1245_Leishmania_sp._isolate_PA_090_heat_shock_protein_70_(hsp70)_gene_partial_cds MHOM/EC/2015/ITM15121151_organism_Leishmania_guyanensis_complex
KX573957.1:1-1245_Leishmania_sp._isolate_PA_108_heat_shock_protein_70_(hsp70)_gene_partial_cds 8_L_guy is_ lex_| dor(2)
KX573959.1:1-1245_Leishmania_sp._isolate_PA_113_heat_shock_protein_70_(hsp70)_gene_partial_cds MHOM/EC/2015/ITM15121974_organism_Leishmania_guyanensis
KX573961.1:1-1245_Leishmania_sp._isolate_PA_119_heat_shock_protein_70_(hsp70)_gene_partial_cds MHOMY/EC/2017/ITM17113319_organism_Leishmania_guyanensis
KX573964.1:1-1245_Leishmania_sp._isolate_PA_131_heat_shock_protein_70_(hsp70)_gene_partial_cds 9_L_guy is_ lex_| dor(1)
KX573965.1:1-1245_Leishmania_sp._isolate_PA_133_heat_shock_protein_70_(hsp70)_gene_partial_cds MHOM/EC/2018/ITM18093159_organism_Leishmania_guyanensis_complex
KX573966.1:1-1245_Leishmania_sp._isolate_PA_137_heat_shock_protein_70_(hsp70)_gene_partial_cds 10_L_guyanensis_complex_Ecuador(2)
KX573967.1:1-1245_Leishmania_sp._isolate_PA_145_heat_shock_protein_70_(hsp70)_gene_partial_cds MN688569.1:1-1245_Leishmania_guyanensis_isolate_ MHOM/EC/2016/BCN-885_heat-shock_protein_70_(hsp70)_gene_partial_cds
KX573969.1:1-1245_Leishmania_sp._isolate_PA_162_heat_shock_protein_70_(hsp70)_gene_partial_cds MT498900.1:1-1245_Leishmania_guyanensis_isolate_ MHOM/EC/2016/BCN-885_heat_shock_protein_70_(hsp70)_gene_partial_cds
KX573970.1:1-1245_Leishmania_sp._isolate_PA_163_heat_shock_protein_70_(hsp70)_gene_partial_cds 11_L_braziliensis_Guatemala(3)
KX573972.1:1-1245_Leishmania_sp._isolate_PA_169_heat_shock_protein_70_(hsp70)_gene_partial_cds MHOM/GT/2018/ITM18070595_organism_Leishmania_braziliensis

MN688566.1:1-1245_Leishmania_braziliensis_isolate_ MHOM/GT/2005/BCN-717_heat-shock_protein_70_(hsp70)_gene_partial_cds
MT498877.1:1-1245_Leishmania_braziliensis_isolate_ MHOM/GT/2005/BCN-717_heat_shock_protein_70_(hsp70)_gene_partial_cds

KX573973.1:1-1245_Leishmania_sp._isolate_PA_171_heat_shock_protein_70_(hsp70)_gene_partial_cds
KX573976.1:1-1245_Leishmania_sp._isolate_PA_197_I2_heat_shock_protein_70_(hsp70)_gene_partial_cds

KX573978.1:1-1245_Leishmania_sp._isolate_PA_224_|1_heat_shock_protein_70_(hsp70)_gene_partial_cds 12_L_braziliensis_Panama(1)
KX573980.1:1-1245_Leishmania_sp._isolate_PA_233_heat_shock_protein_70_(hsp70)_gene_partial_cds KX573943.1:1-1245_Leishmania_sp._isolate_PA_024_heat_shock_protein_70_(hsp70)_gene_partial_cds
KX573982.1:1-1245_Leishmania_sp._isolate_PA_284_heat_shock_protein_70_(hsp70)_gene_partial_cds 13_L_braziliensis_Panama(1)
KX573988.1:1-1245_Leishmania_sp._isolate_PA_357_heat_shock_protein_70_(hsp70)_gene_partial_cds KX573956.1:1-1245_Leishmania_sp._isolate_PA_107_heat_shock_protein_70_(hsp70)_gene_partial_cds
3_L_guy is_t plex_P (1) 14_L_braziliensis(1)
KX573990.1:1-1245_Leishmania_sp._isolate_PA_368_heat_shock_protein_70_(hsp70)_gene_partial_cds MHOM)/--/2017/ITM17092834_organism_Leishmania_braziliensis

4_L_guy i plex_P (13) 15_L_braziliensis_Brazil(7)_Panama(1)

KX573993.1:1-1245_Leishmania_sp._isolate_PA_397_heat_shock_protein_70_(hsp70)_gene_partial_cds
KX573994.1:1-1245_Leishmania_sp._isolate_PA_407_heat_shock_protein_70_(hsp70)_gene_partial_cds
KX573997.1:1-1245_Leishmania_sp._isolate_PA_415_heat_shock_protein_70_(hsp70)_gene_partial_cds
KX573998.1:1-1245_Leishmania_sp._isolate_PA_418_heat_shock_protein_70_(hsp70)_gene_partial_cds
KX573999.1:1-1245_Leishmania_sp._isolate_PA_425_heat_shock_protein_70_(hsp70)_gene_partial_cds
KX574002.1:1-1245_Leishmania_sp._isolate_PA_438_heat_shock_protein_70_(hsp70)_gene_partial_cds
KX574003.1:1-1245_Leishmania_sp._isolate_PA_439_heat_shock_protein_70_(hsp70)_gene_partial_cds
KX574004.1:1-1245_Leishmania_sp._isolate_PA_443_heat_shock_protein_70_(hsp70)_gene_partial_cds

KX573991.1:1-1245_Leishmania_sp._isolate_PA_372_heat_shock_protein_70_(hsp70)_gene_partial_cds
MH745179.1:1-1245_Leishmania_braziliensis_strain_MHOM/BR/2001/BA788_heat_shock_protein_70_gene_partial_cds
MH745180.1:1-1245_Leishmania_braziliensis_strain_IWELL/BR/1981/M8401_heat_shock_protein_70_gene_partial_cds
MH745181.1:1-1245_Leishmania_braziliensis_strain_MHOM/BR/1996/M15991_heat_shock_protein_70_gene_partial_cds
MH745182.1:1-1245_Leishmania_braziliensis_strain_MHOM/BR/1995/RR80_heat_shock_protein_70_gene_partial_cds
MH745183.1:1-1245_Leishmania_braziliensis_strain_MHOM/BR/2008/426_heat_shock_protein_70_gene_partial_cds
MH745184.1:1-1245_Leishmania_braziliensis_strain_MHOM/BR/1995/RR051_heat_shock_protein_70_gene_partial_cds
MH745185.1:1-1245_Leishmania_braziliensis_strain_ MHOM/BR/1975/M2903_heat_shock_protein_70_gene_partial_cds



= The putative parental haplotypes were confirmed partly by whole genome sequencing, using sequence reads
covering several ambiguous sites.

» |nterestingly, 7 sequences previously reported from Panama (3 of which published in Miranda et al. 2021) share
up to 10 ambiguous positions with the Costa Rica sequence.

» The following figure shows (dash representing similarity with top sequence)
o The ambiguous sites in the Costa Rica sequence.

o The nucleotides in the 7 previously reported sequences from Panama (identified with GenBank entry).

Position in partial 1245 bp fragment of hsp70 > 6 233 264 675 1078 1102 1134 1168 1171 1181 1236
Position in HSP70 CDS of whole genome - 504 731 762 1173 1576 1600 1632 1666 1669 1679 1734
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Genome Analysis of Triploid Hybrid
Leishmania Parasite from Neotropics

Appendix 2

Genome sequence analyses of MHOM/CR/2020/StPierre

PART A: Decomposing of haplotype sequences for the HSP70 gene

The ambiguity of bases at 11 positions in the HSP70 fragment (Table 1) prompted us to
decompose haplotype sequences to infer the parental species of MHOM/CR/2020/StPierre. To
this end, 150bp read sequences were mapped with SMALT against one of the HSP70 genes
within the L. braziliensis M2904 reference genome. Sequence data spanning all six neighboring
ambiguous positions (1576—1679) in one read were extracted. This revealed five sets of identical
sequences (i.e., haplotypes) found within a total of 83 high-quality read sequences. Haplotype 1
(H1) was found in 26 read sequences (32%) and has alleles equal to the L. braziliensis M2904
reference (Table 1). Haplotype 2 (H2) was found in 31 read sequences (38%) and contains alleles
specific to L. guyanensis (Table 1). The remaining 3 haplotypes (26 sequences) showed

signatures of mosaic ancestry, with allelic combinations similar to haplotypes 1 and 2.

PART B: Whole genome sequence analyses

Publicly available sequence data

To capture as much as possible the genome diversity of Leishmania (Viannia) in South-
America, we included publicly available sequence data from 35 strains and generated sequence
data for 5 strains. Specifically, we included sequence data of the following seven Leishmania

(Viannia) species: L. lainsoni (N = 1) (1), L. naiffi (N = 3) (2—4), L. shawi (N =1) (4), L.

Page 1 of 17


https://doi.org/10.3201/eid2905.221456

guyanensis (N = 3) (2-5), L. panamensis (N = 15) (4,6-8), L. peruviana (N = 2) (7) and L.
braziliensis (N = 15) (7,9) (Table 2).

The three L. guyanensis strains originated from French Guiana, Brazil and Venezuela.
The 15 L. panamensis strains originated from Colombia (N = 13) and Panama (N = 2) (Table 2).
Note that one strain (LgCLO085) was previously considered as L. guyanensis (3), but was here

classified as L. panamensis following the phylogenomic analyses presented below.

We considered a total of four genetically divergent subgroups within the L. braziliensis
species complex. The first subgroup, here-after referred to as L. braziliensis 1, is regarded as the
main L. braziliensis species and is responsible for human (muco-)cutaneous leishmaniasis. The
second subgroup, here-after referred to as L. braziliensis 2, has been occasionally diagnosed in
Peru and Bolivia (/0—12). The third subgroup, here-after referred to as L. braziliensis 3, was
described within a geographically restricted ecotype in the Pernambuco state in Brazil (/3). The
fourth subgroup, here-after referred to as L. braziliensis 4, includes two strains from Colombia

(9), and was classified as such by us following the phylogenomic analyses presented below.

Genome sequencing of five L. braziliensis strains

Sequence data was generated for three L. braziliensis 2 strains (CUMS55, CUM663 and
PER163) and two L. braziliensis 3 strains (HBO and LIS) (Table 2). To this end, parasites were
grown in culture medium for 3 to 4 days at the Antwerp Institute of Tropical Medicine or
FIOCRUZ in Brazil, and their DNA was extracted using a commercial column DNA extraction
protocol. At the Wellcome Sanger Institute, genomic DNA was sheared into 400 to 600 bp
fragments by focused ultrasonication (Covaris Inc.), and amplification-free Illumina libraries
were prepared (/4). One hundred base pair paired end reads were generated on the HiSeq 2000,
and 150 bp paired end reads were generated on the HiSeq x10 according to the manufacturer’s

standard sequencing protocol.

Bioinformatic analyses

Genomic sequence reads of all strains were mapped against the L. braziliensis M2904

reference genome (available on https://tritrypdb.org as LbraziliensisMHOMBR75M2904 2019)

using SMALT v0.7.6 (https://www.sanger.ac.uk/tool/smalt-0/). This reference includes 35 major

chromosomes (32.73Mb) and a complete mitochondrial maxicircle (27.69kb) (7).
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Given the diversity of species included in this study, we tested the quality of sequence
alignments against the M2904 reference by characterizing the accessible genome (/5), i.e.,
genomic regions with a minimum read depth of 5, mapping quality of 25 and base quality of 25.
The coverage of the accessible genome ranged between 28.6Mb (87.2% of the chromosomal
region) for L. shawi strain M8408 and 30.4Mb (92.9%) for L. braziliensis strain Lb8025 (Table
3). The coverage for strain MHOM/CR/2020/StPierre was equal to 30.0 Mb (91.8%) (Table 3).
These results showed that a substantial fraction of the reference genome can be used for
genotyping and ancestry analyses.

Large number of heterozygous sites (where one haplotype is similar to M2904) points to a member

of the L. braziliensis species complex as one of the parents

A total of 125,632 SNPs were identified within the strain from Costa Rica, including
21,168 homozygous SNPs (where both haplotypes were different to the consensus sequence of
M2904) and 104,464 heterozygous SNPs (where one haplotype was similar to M2904 and the

other different). This latter observation indicates L. braziliensis as one of the species that

contributed sequences. This number of heterozygous SNPs was at least 4.1 and 16.4 times higher
compared to the numbers observed for L. braziliensis and L. guyanensis respectively (Figure 1),
confirming that the Costa Rica strain is either the result of hybridization or a mixed infection.
Phylogenetic analyses based on the mitochondrial maxicircle points to a member of the L.
guyanensis species complex as one of the parents

Single Nucleotide Polymorphisms (SNPs) were called jointly across all genomes using
beftools mpileup/call (16), retaining only SNPs with a minimum SNP quality (QUAL) of 100,
mapping quality of 50 and genotype quality of 60. Genotyping uncovered - across all genomes -
a total 1,103,461 SNPs within the 35 major chromosomes and 467 SNPs within the coding
region of the mitochondrial maxicircle. A phylogenetic network reconstructed with SplitsTree
(17) using nuclear SNPs showed that the Costa Rica strain occupied a central position between
the L. guyanensis and L. braziliensis species complexes, highlighting its uncertain ancestry
(Figure 2). A phylogeny based on the uniparentally inherited mitochondrial maxicircles (7,18,19)
showed that the Costa Rica strain clustered with L. guyanensis (Figure 3), pointing to a member

of the L. guyanensis species complex as one of the parental species.
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Genomic distribution of heterozygous sites suggests that MHOM/CR/2020/StPierre is a hybrid

parasite, rather than the result of a mixed infection

When analyzing the genome-wide SNP distribution in non-overlapping 10kb windows
(3,091 windows in total), 2,890 windows (93.5%) were found where at least half the SNPs were
heterozygous (Figure 4), and only 108 windows (3.5%) were entirely homozygous. The majority
of homozygous 10kb windows (95/108, 88%) covered almost entirely chromosomes 1 and 11,
the first 140 kb of chromosome 20 and the last 60kb of chromosome 27 (Figure 5). The
observation of a largely heterozygous genome that is interrupted by homozygous stretches
strongly suggests that the isolate is a hybrid parasite, rather than the result of a mixed infection.
Distribution of allelic read depths at heterozygous sites shows that the hybrid is a triploid
parasite, and reveals major recombination breakpoints

The genetic complexity of Leishmania infections is of particular interest because of the
existence of aneuploidy, which was genomically inferred by investigating allelic read depth
frequencies (ARDF) at heterozygous sites and standardized chromosomal read depths (20). The
genome-wide ARDF distribution was bimodal for the hybrid parasite, with modes 0.33 and 0.67
(Figure 6) suggesting that the hybrid is triploid (27), with the exceptions of chromosomes 1 and
11 (no distribution because of absence of heterozygous sites), 3 and 12 (trimodal distributions).
Assuming triploidy, standardized chromosomal read depths showed that chromosome 10 was
trisomic, chromosomes 1, 3 and 12 were tetrasomic and chromosome 31 was hexasomic (Table
4). Shifts in the ARDF distribution of species-specific alleles between the two modes along
chromosomes (Figure 7) represent recombination events that occurred since the hybridization

event (/8) and further exclude the possibility of a mixed infection.

Neighbor-Joining phylogenetic trees

The low bootstrap estimates in the ML phylogenetic trees based on SNPs detected in the
telomeric region of chromosome 20 (Figure in main article) and the maxicircle coding region
(Figure 3) prompted us to reconstruct a different type of phylogeny for complementary insights.
To this end, we reconstructed Neighbor-Joining phylogenetic trees based on the number of
nucleotide differences between Leishmania strains using the R package ape (23), which are

shown in Figures 8 and 9.
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Table 1. Sequence variation across 11 positions in the multicopy heat-shock protein 70 gene (hsp70)*

POSITION on full CDS SANGER WGS H1 (M2904) H2 (L. guyanensis)
504 R G, A NA NA
731 S G,C NA NA
762 R G, A NA NA
1173 R G, A NA NA
1576 K T,G T G
1600 R A G A G
1632 Y C,T C T
1666 R G A G A
1669 K T,G T G
1679 R A G A G
1734 S C,G NA NA

*A 1,245 bp fragment of the hsp70 locus was sequenced for species typing, revealing ambiguous bases at 11 positions (column 'SANGER").
Underlying alleles were identified through genotyping of Single Nucleotide Polymorphisms (SNPs) after mapping sequencing reads against a single
hsp70 gene sequence of the M2904 reference genome. This revealed heterozygous SNPs at all 11 ambiguous positions: the two alleles in column
'WGS' represent the reference allele (similar to the M2904 consensus sequence) and alternate allele (different to the M2904 consensus sequence),
respectively. Haplotypes (columns 'H1' and 'H2') were decomposed for six neighboring ambiguous positions (1576—1679) by extracting 150bp
sequence reads covering all six positions.
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Table 2. List of 40 publicly and in-house available sequence data from seven Leishmania (Viannia) species that were used for

whole genome sequence analyses*

SRA Run Accession Number Name Species Country References
ERR471302 Cum29 L. braziliensis 1 Bolivia (7)
ERR3988461 Lb7529 L. braziliensis 1 Colombia 9)
ERR3988463 Lb7740 L. braziliensis 1 Colombia 9)
ERR3988465 Lb7933 L. braziliensis 1 Bolivia 9)
ERR3988466 Lb8025 L. braziliensis 1 Colombia 9)
ERR3988467 Lb8102 L. braziliensis 1 Colombia 9)
ERR377654 LC1565 L. braziliensis 1 Peru (7)
ERR3150801 RO393 L. braziliensis 1 Brazil (7)
ERR877281 CUM555 L. braziliensis 2 Bolivia this study
ERR877282 CUM663 L. braziliensis 2 Bolivia this study
ERR467298 PER163 L. braziliensis 2 Peru this study
ERR3150831, ERR3150735 HBO L. braziliensis 3 Brazil this study
ERR3150728, ERR3150824 LIS L. braziliensis 3 Brazil this study
ERR3988462 Lb7616 L. braziliensis 4 Colombia 9)
ERR3988464 Lb7864 L. braziliensis 4 Colombia 9)
SRR8179913 204-365 L. guyanensis French Guyana (5)
SRR1662195 M4147 L. guyanensis Brazil (4)
ERR6188759 S8104 L. guyanensis Venezuela (2)
SRR8179821 216_34 L. lainsoni Peru (1)
ERR6188758 HOMI-81 L. naiffi Colombia (2)
ERR205764 LnCL223 L. naiffi Colombia (3)
SRR1657911 M5533 L. naiffi Brazil (4)
ERR205773 LgCL085 L. panamensis Colombia (3)
ERR3648455 LpS7762 L. panamensis Colombia (8)
ERR3648456 LpS7842 L. panamensis Colombia (8)
ERR3648457 LpS8036 L. panamensis Colombia (8)
ERR3648458 LpS8046 L. panamensis Colombia (8)
ERR3648459 LpS8049 L. panamensis Colombia (8)
ERR3648460 LpS8056 L. panamensis Colombia (8)
ERR3648461 LpS8061 L. panamensis Colombia (8)
ERR3648463 LpS8087 L. panamensis Colombia (8)
ERR3648466 LpS8117 L. panamensis Colombia (8)
ERR3648467 LpS8124 L. panamensis Colombia (8)
ERR3648469 LpS8136 L. panamensis Colombia (8)
SRR1552486 PSC1 L. panamensis Panama (6)
ERR3656054 REST417 L. panamensis Colombia (7)
SRR1662198 WR120 L. panamensis Panama (4)
ERR662608 HB83 L. peruviana Peru (7)
ERR662626 LCAO4 L. peruviana Peru (7)
SRR1657909 M8408 L. shawi Brazil (4)

*R0O393, LIS and HBO are Leishmania strains available at the Leishmania collection from the Oswaldo Cruz Foundation, Rio de Janeiro, Brazil

(http://clioc.fiocruz.br/).

Table 3. Coverage and number of accessible genomic regions in each of the 41 Leishmania strains

Species Strain Coverage Fraction Number of regions
Leishmania shawi M8408 28552102 87,23% 65585
Leishmania panamensis WR120 28586898 87,34% 64401
Leishmania naiffi M5533 28604295 87,39% 61373
Leishmania panamensis REST417 28765477 87,88% 77484
Leishmania lainsoni 216_34 28788593 87,96% 94726
Leishmania naiffi LnCL223 28832216 88,09% 94858
Leishmania guyanensis M4147 28867457 88,20% 50537
Leishmania naiffi HOMB81 29366435 89,72% 38873
Leishmania panamensis LgCL085 29410263 89,85% 41655
Leishmania panamensis PSC1 29501473 90,13% 30825
Leishmania guyanensis 204_365 29585997 90,39% 62565
Leishmania panamensis LpS8124 29638319 90,55% 24813
Leishmania panamensis LpS8136 29642314 90,56% 25099
Leishmania panamensis LpS8117 29646217 90,58% 23988
Leishmania panamensis LpS8049 29661360 90,62% 23912
Leishmania panamensis LpS8061 29678344 90,67% 24194
Leishmania panamensis LpS8046 29682946 90,69% 24614
Leishmania guyanensis S8104 29684216 90,69% 23465
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Species Strain Coverage Fraction Number of regions

Leishmania panamensis LpS8056 29686912 90,70% 24218
Leishmania panamensis LpS7762 29692655 90,72% 21681
Leishmania panamensis LpS7842 29715153 90,79% 22423
Leishmania panamensis LpS8087 29716249 90,79% 21868
Leishmania panamensis LpS8036 29728357 90,83% 21984
Leishmania braziliensis 2 PER163 29791821 91,02% 32749
Leishmania braziliensis 4 Lb7864 29815765 91,09% 17887
Leishmania braziliensis 1 LC1565 29861013 91,23% 27927
Leishmania braziliensis 2 CUM663 29872352 91,27% 32131
Leishmania braziliensis 2 CUMb55 29887936 91,31% 31159
Leishmania braziliensis 4 Lb7616 29944008 91,49% 15486
Leishmania peruviana HB83 29984415 91,61% 29030
Leishmania peruviana LCA04 30014816 91,70% 25532
Leishmania braziliensis 1 CUM29 30025178 91,73% 21921
Hybrid strain MHOM/CR/2020/StPierre 30032613 91,76% 16291
Leishmania braziliensis 3 HBOA1 30039532 91,78% 28782
Leishmania braziliensis 3 LISA1 30046468 91,80% 27611
Leishmania braziliensis 1 Lb8102 30054846 91,82% 11135
Leishmania braziliensis 1 Lb7740 30062478 91,85% 11505
Leishmania braziliensis 1 Lb7529 30082397 91,91% 10581
Leishmania braziliensis 1 Lb7933 30129942 92,05% 10957
Leishmania braziliensis 1 RO393 30160429 92,15% 27477
Leishmania braziliensis 1 Lb8025 30412185 92,92% 8012

Table 4. Somy variation was genomically inferred by investigating allelic read depth frequencies (ARDF) at heterozygous sites and
standardized chromosomal read depths assuming triploidy (20)

Haploid Chromosomal Read Somy based on read depths,

Chromosome Depths assuming triploidy Somy based on ARDF
1 1,4 4,3 NA
2 0,9 2,6 3
3 1,3 3,9 4
4 1,0 29 3
5 1,0 3,1 3
6 1,0 3,0 3
7 1,0 3,0 3
8 1,0 29 3
9 1,0 3,0 3
10 0,9 2,8 3
11 1,1 3,2 NA
12 1,4 41 4
13 1,0 29 3
14 1,0 3,0 3
15 1,0 3,1 3
16 1,0 3,0 3
17 1,0 3,1 3
18 1,0 3,0 3
19 1,0 29 3
20 1,0 2,9 3
21 1,0 3,0 3
22 1,0 3,0 3
23 1,0 3,1 3
24 1,0 3,0 3
25 1,0 3,1 3
26 1,0 3,0 3
27 1,0 3,0 3
28 1,0 3,0 3
29 1,0 3,0 3
30 1,0 3,0 3
31 2,0 6,0 6
32 1,0 3,0 3
33 1,0 3,0 3
34 1,0 3,0 3
35 1,0 3,0 3
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Appendix 2 Figure 1. Number of heterozygous versus homozygous sites for each of the 41 Leishmania

genomes included in this study. ALT = alternate alleles, i.e., alleles different to the reference genome.
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Appendix 2 Figure 2. Phylogenetic network as obtained with SplitsTree (77) using 1,103,461 genome-
wide SNPs called across 41 Leishmania genomes. The star indicates the position of
MHOM/CR/2020/StPierre. For each strain, sequences were composed based on concatenated SNPs that

were each coded by two base pairs, resulting in sequences of 2,206,922 nt. The distance scale on top
shows substitutions/sites.
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Appendix 2 Figure 3. Midpoint rooted Maximum Likelihood phylogenetic trees based on 467 SNPs
called within the mitochondrial maxicircle coding region. Consensus phylogenetic trees were generated
from 1,000 bootstrap trees using IQTREE (22) under the TN+F+ASC substitution model (TN = unequal
transition/transversion rates and unequal purine/pyrimidine rates, F = empirical base frequencies,

ASC = ascertainment bias correction), which was the best-fit model revealed by ModelFinder as
implemented in IQTREE. Assuming that the maxicircle is haploid and because we observed no
signatures of heteroplasmy (all SNPs were homozygous), SNPs were coded by one base pair, resulting
in sequences of 467 nt. The distance scale (bottom) shows substitutions/sites. Branch support values are
presented near each node following 1000 bootstrap replicates. Note that the L. braziliensis lineage 2 is
closely related to L. shawi and positioned with low bootstrap support (41%) within the L. guyanensis
species complex. This discrepancy between the nuclear (Figure 2) and maxicircle (Figure 3) phylogenies
suggest a complex ancestry for the L. braziliensis lineage 2, an observation that warrants more detailed

analyses in future research.
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Appendix 2 Figure 5. Fraction of heterozygous sites (y-axis) per 10kb window (x-axis) along each of the
35 chromosomes. The majority of homozygous 10kb windows (95/108, 88%) covered almost entirely
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Appendix 2 Figure 6. Genome-wide distribution of read depth frequencies of alternate alleles at
heterozygous sites for MHOM/CR/2020/StPierre.
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Appendix 2 Figure 7. Distribution of read depth frequencies of all alternate alleles (gray and red dots) at
heterozygous sites for each of the 35 chromosomes in the hybrid genome. Red dots reflect alternate
alleles that were specific to the L. guyanensis species complex, i.e., alleles found in L. guyanensis and/or
L. panamensis and/or L. shawi strains and not in any other Viannia species. Black bars denote position of
maijor shifts in read depth frequencies, which represent recombination events since the initial

hybridization event.
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Appendix 2 Figure 8. Neighbor-Joining tree based on the number of nucleotide differences between
Leishmania strains. Sequences contained 3,015 nt from the telomeric region of chromosome 20 and are

the same as used in Figure 1 of the main text. Node support is based on 1,000 bootstrapped phylogenetic

trees.
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Appendix 2 Figure 9. Neighbor-Joining tree based on the number of nucleotide differences between
Leishmania strains. Sequences contained 467 nt from the maxicircle coding region and are the same as

used in Figure 3 of Appendix 2. Node support is based on 1000 bootstrapped phylogenetic trees.
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