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Abstract 

Background  Drug-resistant strains of Leishmania infantum challenge the effectiveness of treatments for clinical 
leishmaniosis and may lead to more frequent relapses. Copy number variation (CNV) at specific genetic loci is associ‑
ated with drug resistance and virulence, but information about its prevalence in endemic regions is limited. This study 
examines the drug resistance and virulence status of Leishmania strains in human and canine isolates from the Medi‑
terranean region.

Methods  Forty-eight Leishmania infantum isolates were whole-genome sequenced with nanopore long reads, fol‑
lowed by de novo assembly. We analyzed chromosomal aneuploidies and gene copy number variation in loci linked 
to drug resistance and virulence in Leishmania, alongside the genomic structure and rearrangements responsible 
for these variations.

Results  Complete genomes were de novo assembled for 35 L. infantum isolates (22 from dogs and 13 from humans), 
revealing significant chromosomal variability. We assessed copy number variation for 22 potential biomarkers: 15 
genes related to drug resistance to first-line drugs (METK for allopurinol; LdSMT for amphotericin B; AQP1 and H-locus 
for antimonials; LdMT, LdRos3, and MSL for miltefosine; and PPM for paramomycin) and 7 genes related to virulence 
(lipophosphoglycan and proteophosphoglycan biosynthesis, and the Lack protein).

Drug-resistance biomarkers were identified in 80% of the isolates. Canine strains primarily showed resistance 
to allopurinol and antimonials, while human isolates exhibited a broader resistance spectrum, especially to antimoni‑
als and paromomycin. The co-occurrence of resistance biomarkers was common, especially for allopurinol and anti‑
monial resistance. Distinct mechanisms underlie the observed copy number variations. Virulence-associated genes 
were less variable among isolates.
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Conclusions  The prevalence of drug-resistance biomarkers in Leishmania infantum strains from the Mediterranean 
region, as revealed by this study, underscores the critical need for routine resistance surveillance in managing clinical 
leishmaniosis. These findings not only inform current clinical practice but also pave the way for more effective man‑
agement strategies in the future.

Keywords  Leishmania infantum, Copy number variation, Drug-resistance biomarkers, Virulence biomarkers, Canine 
leishmaniosis, Human leishmaniosis

Background
Treatment failure in canine (CanL) and human zoonotic 
visceral leishmaniosis (HumL) might be influenced by the 
parasite (inherent virulence and drug resistance acquisi-
tion) and factors in the host (i.e., immunity) [1]. Leishma-
nia (L.) infantum is the only autochthonous Leishmania 
species in the Mediterranean and peri-Mediterranean 
regions, causing both HumL and CanL. In these regions, 
WHO reported 8367 cases of HumL over a 15-year 
period (2005–2020) [2] and CanL affects approximately 
2.5 million dogs annually [3]; both caused by L. infan-
tum. The inherent virulence of each Leishmania strain 
depends on the parasite’s ability to adhere to and enter 
neutrophils and macrophages, protect against host fac-
tors, and prevent lysosome fusion. Thus, the parasite has 
evolved significant membrane-bound or secreted viru-
lence factors, such as the glycocalyx molecules lipophos-
phoglycan (LPG) and proteophosphoglycan (PPG) [4].

For HumL in the Mediterranean region, liposomal 
amphotericin B (first registered in 1996 and exclusive to 
HumL use) is now the treatment of choice, replacing pen-
tavalent antimonials (sodium stibogluconate and meglu-
mine antimoniate) as the first-line drug, which had been 
in use since the 1920s [5]. Other alternatives to pentava-
lent antimonials now include miltefosine (first registered 
in India in 2002 [6] but with efficacy not proven in the 
treatment of European visceral leishmaniosis [VL]) and 
paromomycin (incorporated in 2006) [7]. The stand-
ard treatment for CanL combines leishmanicidal drugs, 
such as meglumine antimoniate or miltefosine (approved 
in Europe in 2007), with the off-label leishmaniostatic 
drug allopurinol, administered for long-term treatment 
(6–12 months) [8].

The increasing emergence of antileishmanial drug-
resistant L. infantum isolates is becoming a severe chal-
lenge to human and veterinary medicine, particularly in 
endemic regions [1, 9–11], rendering current antileish-
manial drugs less effective. This situation requires 
increases in dose or prolonged treatment times, which 
can lead to associated side effects (e.g., nephrotoxicity). 
Resistant Leishmania strains to antimonials [12], allopu-
rinol [13, 14], and miltefosine and amphotericin B [15] 
have been identified in infected dogs after treatment, as 
well as in humans [16]. These clinical cases underscore 

the role of drug resistance in disease relapse and reinforce 
the importance of antileishmanial-resistant Leishmania 
characterization to design effective disease control strate-
gies aimed at informing therapeutic decision-making to 
reduce complications and treatment failure due to drug 
resistance.

Thus far, numerous studies have reported genomic 
information regarding gene copy number variation 
(CNV) associated with drug resistance and virulence. For 
instance, amplification into circular [17] or linear [18] 
minichromosomes of the multidrug-resistance protein A 
gene (mrpa) is associated with trivalent antimonial resist-
ance, the active form resulting from the reduction of the 
pentavalent antimonial prodrug. A reduction in the L. 
donovani miltefosine transporter gene (LdMT) decreases 
flippase activity, diminishing miltefosine accumula-
tion [19], and a reduction in metk copy number reduces 
allopurinol sensitivity [20]. Current evidence indicates 
that Leishmania strains deficient in LPG and PPG syn-
thesis genes, as well as those lacking lack coding genes, 
result in attenuated virulence and non-viable parasites, 
respectively [4, 21–24].

In this context, this study aimed to describe and char-
acterize the status of drug resistance and virulence bio-
markers in a population of L. infantum isolated from 
the Mediterranean endemic area. Thus, we conducted a 
comprehensive genomic analysis of the de novo assem-
bled genomes from  L. infantum using nanopore long 
reads whole-genome sequencing (WGS). In addition, we 
defined a panel of 15 drug-resistance biomarkers for the 
most common treatments for leishmaniosis, along with 
7 virulence biomarkers, and screened the cohort of 35 L. 
infantum isolates with LeishGenApp [25] to describe the 
state of drug resistance and provide relevant information 
for optimizing treatment selection for CanL and HumL.

Methods
Samples
Sixty L. infantum samples from promastigote cultures 
with parasite loads of 106–108 parasites/mL or Leishma-
nia DNA were collected from reference collections or 
grown from clinical samples. In addition, American Type 
Culture Collection (ATCC) control DNA was obtained 
from reference L. infantum strain Nicolle (ATCC 50134D, 
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MHOM/TN/80/IPT-1). Out of 60 L. infantum sam-
ples, 48 were whole genome sequenced, and 35 isolates 
exceeded the quality threshold for CNV analysis (see 
below). These 35 isolates were obtained from different 
hosts and locations: 22 from dogs and 13 from humans, 
all sourced from Italy (Sicily 15), Spain (13), Portugal (4), 
Israel (2), and Tunis (1; the ATCC MHOM/TN/80/IPT-1 
control DNA).

The cultured samples were propagated in different 
media depending on their institution of origin: M199 
medium, Novy–MacNeal–Nicolle (NNN) medium (cryo-
preserved in RMPI medium with 20% fetal bovine serum 
[FBS] and 10% dimethyl sulfoxide [DMSO]), Evans’ 
modified Tobie’s medium, or Schneider medium (S0146-
500ML, Sigma-Aldrich, St. Louis, MO, USA) supple-
mented with 20% FBS, 1% human urine, and 25 mg/mL 
gentamicin, corresponding to cultures grown in institu-
tions from Israel, Portugal, Sicily or Spain, respectively.

DNA extraction and nanopore sequencing
DNA was extracted using the ZymoBIOMICS DNA 
Miniprep Kit (D4300; Zymo Research Corporation; Los 
Angeles, CA, USA). DNA quality and quantity were 
determined using a NanoDrop 2000 Spectrophotom-
eter and a Qubit dsDNA HS Assay Kit (Fisher Scientific). 
Nanopore sequencing libraries with up to two barcoded 
samples per sequencing run were prepared using the 
Rapid Barcoding Sequencing Kit (SQK-RBK004; Oxford 
Nanopore Technologies, ONT) and loaded in a Min-
ION FLO-MIN106 v9.4.1 flowcell, or using the Native 
Barcoding Kit 24 V14 (SQK-NBD114.24; Oxford Nano-
pore Technologies, ONT) into a MinION FLO-MIN114 
v.10.4.1 flowcell, respectively. Sequencing was performed 
on a GridION (GridION, ONT, Oxford, UK) for 48  h. 
The fast5 files were basecalled and demultiplexed, and 
the adapters were trimmed using Guppy (v6.1.2–v7.1.4; 
“SUP” model) or Dorado (v7.2.13; “SUP” model).

Chromosomal somy and gene copy number variation 
analysis
Chromosomal somy and gene copy number variation 
(CNV) were determined using the LeishGenApp v2.2.0 
analysis platform (Nano1Health S.L., Barcelona, Spain), 
as previously described [25]. Briefly, uncorrected nanop-
ore reads were mapped against a L. infantum reference 
(L. infantum JPCM5 v2/2018, http://​leish-​esp.​cbm.​uam.​
es/l_​infan​tum_, accessed during 1 April 2022) [26] using 
LRA v1.3.7.2 [27]. The read alignments were processed 
by SAMTools v1.19.2 [28].

The detection of chromosomal somy and copy num-
ber variations (CNV) was done using CNVkit v0.9.10.1 
[29]. Briefly, whole-genome sequencing (WGS) data 
were divided into consecutive bins of 10 kb and 1 kb for 

somy and CNV detection, respectively. For each isolate, 
a flat reference was generated, assigning a neutral state 
(log2 = 0.0) to all bins and incorporating GC content and 
RepeatMasker annotations from the reference genome 
to enable bias correction (- gc—rmask -o reference.cnn). 
The observed read depths were calculated with coverage 
function and normalized with the fix command, which 
median-centers and bias-corrects the data, as well as 
subtracts the expected log2 values from the reference.
cnn file, yielding to.cnr files containing corrected bin-
level log2 ratios with associated weights. The bin-level 
ratios were then segmented, producing cns files that 
summarized contiguous genomic regions with homoge-
neous log2 ratios. Finally, the robustness of each segment 
was evaluated with segmetrics, which reports residual 
variability and confidence intervals for segment means, 
providing additional support for CNV calls. Therefore, 
a genomic coordinate of an isolate is considered as one 
with “CNV” if it shows a significant change in median-
centered, bias-corrected log2 ratio in a window length of 
1  kb compared with its flat reference at the same given 
genomic coordinate (Additional file 2: Table S2).

The chromosome copy number was determined by cal-
culating the median of all the log2 ratio values derived 
for all 10-kb bin measurements of each chromosome. 
The somy values were defined as S < 1.5, 1.5 < S < 2.5, 
2.5 < S < 3.5, and 3.5 < S < 4.5 for for monosomy, disomy, 
trisomy, and tetrasomy, respectively, as described in [30]

Gene copy number was calculated by the logarithmic 
transformation of the log2 ratio measurements corre-
sponding to genomic coordinates of the 15 drug target 
and transporter genes and 7 virulence genes. A thresh-
old for biomarker detection of ± 0.50 from the sensitive-
linked copy number (two, three, or four copies) was used 
(Table 1), considering a 5% natural polymorphism within 
the population [31] and the LeishGenApp-associated 
variability (± 0.38; data not shown). Samples with less 
than 10× coverage for chromosomes with resistance bio-
marker genes were excluded from the analysis.

METK, LdMT, and mrpa gene copy numbers were 
verified by using LeishGenR™ (Nano1Health SL, Barce-
lona, Spain) based on a molecular quantitative genomic 
approach.

Genome de novo assembly and annotation
Genomes were de novo assembled using N1H-Assembla-
tron v2.1.1 (Nano1Health SL, Barcelona, Spain) discard-
ing reads with Phred-scores lower than 10 by Filtlong 
v0.2.1. Data summary statistics were obtained using Nan-
oplot v1.42.0 [32]. Flye v2.9.1–v2.9.3 [33] was used for 
de novo assembly (-nano-hq) and contigs were polished 
using Medaka v1.7.2–2.0.0 (https://​github.​com/​nanop​
orete​ch/​medaka) (-m r941_min_sup_g507). Genome 

http://leish-esp.cbm.uam.es/l_infantum_downloads.html
http://leish-esp.cbm.uam.es/l_infantum_downloads.html
https://github.com/nanoporetech/medaka
https://github.com/nanoporetech/medaka
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completeness was assessed using Busco v5.4.45–v5.8.0 
[34]. Genomes were annotated using the online Compan-
ion platform v2.2.8 [35].

Identification of repeated sequences in the drug resistance 
associated loci of L. infantum
Unknown and described repeats were screened within 
the extended H-locus regions: LinJ.23:59772–106565, 
the METK locus: LinJ.30:1280005–1294327, and the 
SMT locus: LinJ.36:952046–960534 in the L. infantum 
reference genome JPCM5 (GenBank accession number 
GCA_000002875.2). Locations of the repeated sequences 
were identified with nucmer (−l 50) [36] and BLASTn 

(part of BLAST+) [37]. We filtered repeated sequences 
longer than 0.5 kb. The repeated sequences observed in 
the reference genome JPCM5 were identified in the de 
novo assemblies of our 35 isolates using the same align-
ment tools. IGV v2.16.1 [38] was used to visualize, ana-
lyze, and describe the structure of regions with repeated 
sequences.

Data analysis and visualization
A linear regression model assessed whether mid-term 
culturing significantly explains aneuploidy levels. The 
model included one factor with two levels: clinical iso-
lates (< 10 passages, n = 10) and culture lines (10–33 

Table 1  CNVs linked to drug resistance and virulence in L. infantum treatment

Summary of resistance and virulence, biomarkers, gene IDs, gene names, functions, and reported gene CNV as resistance biomarkers for the eight loci analyzed with 
LeishGenApp. R resistant, TF treatment failure, CNV copy number variation. References are provided for studies showing threshold effects by CNV

Resistance/virulence Biomarker Gene ID Gene name Function Gene CNV Refs.

Miltefosine R Miltefosine transporter 
LdMT
LdRos3 (associated gene)

LinJ.13.1590 LdMT Phospholipid transport Deletion (−1, −2) [19, 42]

LinJ.32.1040 LdRos3 Phospholipid transport 
Vps23 core domain

Miltefosine TF Miltefosine sensitivity locus 
(MSL)

LinJ.31.2370 LinJ.31.2370 3’-nuclease Deletion (−2) [43]

LinJ.31.2380 LinJ.31.2380 3′-nuclease

Allopurinol R METK locus LinJ.30.3560 metk1 S-adenosylmethionine 
synthetase

Deletion (−1) [20]

LinJ.30.3580 metk2 S-adenosylmethionine 
synthetase

Trivalent antimonials R Extended H-locus LinJ.23.0230 abcc1 ABC-transporter [44]

LinJ.23.0240 abcc2 ABC-transporter Expansion (+1) [45]

LinJ.23.0290 mrpa ABC-thiol transporter [46]

LinJ.23.0310 ptr1 Pteridine reductase 1 [47]

AQP1 LinJ.31.0030 aqp1 Aquaglyceroporin 1 Deletion (−1) [48, 49]

Amphotericin R and triva‑
lent antimonials R

LdSMT locus LinJ.36.2510 smt1 Sterol 24-c-methyltrans‑
ferase

Deletion (−1) [50]

LinJ.36.2520 smt2 Sterol 24-c-methyltrans‑
ferase

[51]

Paramomycin R Paramomycin resistant 
locus

LinJ.27.1940 d-ldh d-lactate dehydrogenase-
like protein

Expansion (+1) [50]

LinJ.27.1950 b-cat putative branched-chain 
amino acid aminotrans‑
ferase

Parasite–host interaction PPG and LPG synthesis LinJ.25.0010 lpg1 beta galactofuranosyl 
transferase

Deletion (−2) [21–24, 52–54]

LinJ.34.4290 lpg2 lipophosphoglycan biosyn‑
thetic protein

LinJ.29.0790 lpg3 heat shock protein 90—
putative

LinJ.36.2070 ppm phosphomannomutase—
putative

LinJ.36.0240 dpms dolicholphosphate-man‑
nose synthase

Viability, replicability, 
and immunogenicity

LACK antigen LinJ.28.2940 lack1 Receptor for activated C 
kinase 1

Deletion (−3) [55–59]

LinJ.28.2970 lack2 Receptor for activated C 
kinase 1
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passages and/or subjected to a freezing step, n = 9). See 
Table 3 for detailed sample information. Assumptions of 
homoscedasticity (Bartlett’s test: K2 = 0.345, P = 0.556) 
and residual normality (Shapiro–Wilk: W = 0.967, 
P = 0.229) were met. Wilson’s method was used to cal-
culate 95% confidence intervals (95% CIs) for drug 
resistance biomarker prevalence. Data analysis and visu-
alization were performed using R-packages, including 
tidyverse [39] and BioCircos [40], using R studio interface 
running R version 4.4.1.

Results
Detection of aneuploidies and genome plasticity in the L. 
infantum genome by nanopore‑only whole‑genome 
sequencing
To characterize the status of drug resistance and viru-
lence biomarkers in L. infantum isolates, we collected 
60 isolates from either dogs or humans within the Medi-
terranean basin, an area endemic to CanL and HumL. 
The isolates came from Italy (20), Portugal (20), Spain 
(13), and Israel (7), with titers ranging from 106 to 108 
parasites/mL. Forty-three isolates with titers higher 
than 107 parasites/mL were whole genome sequenced, 
with an N50 ranging between 6 and 9  kb. After qual-
ity filtering, 35 isolates—22 canine and 13 humans—
with sufficient parasite load (> 107 parasites/mL) and 
sequencing depth (average sequencing depth of 58×; 
genome coverage 97%) were retained for downstream 
analysis. Eight isolates were excluded owing to insuffi-
cient depth across chromosomes (< 10×). Data is avail-
able in the DDBJ/ENA/GenBank repository under the 
BioProject PRJNA881045 with the following accession 
numbers: JAZFNU000000000–JAZFNZ000000000, 
JAZFOA000000000–JAZFOZ000000000, and 
JAZFPA000000000–JAZFPC000000000. Assembly met-
rics are in Additional file 1: Table S1.

The detailed analysis of the assembled L. infantum 
genomes revealed significant structural variability at 
the chromosomal levels, with just one canine isolate 
(LCAN/ES/2024/CATB110) exhibiting the expected 
karyotype—disomy across all chromosomes, except for 
tetrasomy of chromosome 31 (Fig. 1a), and high kary-
otypic diversity between isolates. Read-depth analy-
sis reveals isolate-specific variations in some of the 36 
chromosomes, showing either increases or decreases in 
coverage across the entire chromosome. For instance, 
chromosome 31 consistently showed a two-fold 
increase (Fig. 1a). On the basis of chromosomal somy, 
three groups were identified: (i) stable disomy in at 
least 95% of isolates for chromosomes 7, 14, 18, 19, 27, 
28, 34, and 36; (ii) consistent tetrasomy of chromosome 
31 in 88% of isolates (standard deviation [SD] = 0.29) 

as expected for L. infantum [41]; and (iii) variable 
somy observed in the remaining 27 chromosomes. Our 
approach revealed that trisomy was common for chro-
mosomes 8, 20, and 23 (Fig.  1b). However, high inter-
isolate variability was noted for chromosomes 8 and 
23, with a standard deviation (SD) ≥ 0.87 and a notable 
difference between the mean (2.80) and median somy 
values (2.48) of chromosome 23. Notably, aneuploidies 
in chromosomes 23 and 31 are of particular interest, as 
they code 7 of the 15 genes of whose CNV are linked to 
drug resistance (Table 1).

Overall, polyploidy was common, with 12 isolates 
(33%) having ≥ 10 chromosomes with somy > 2, while 
monosomy was rare and restricted to three events 
across two isolates. Intermediate somy values, non-
integer copy numbers, were frequently observed, con-
sistent with mosaic aneuploidy (Fig. 1b).

A comparison of clinical isolates (≤ 10 in  vitro pas-
sages, n = 10) with mid-passage cultures (10–33 pas-
sages, n = 9) did not yield significant differences in 
aneuploidy levels resulting from mid-term culturing 
(F = 2.383, R2 = 0.122, P = 0.141). Nevertheless, higher 
aneuploidy was observed in the long-passaged refer-
ence strain L. infantum IPT-1 (10 aneuploid chromo-
somes) and sample MCAN/IT/2020/1265 (68 passages; 
11 aneuploid chromosomes), which were excluded 
from the analysis as they were considered clonal lines 
because of their extensive passage history (Table 3).

Selection of CNVs as drug resistance and virulence 
biomarkers in L. infantum
We selected CNVs in genes present at low copy num-
ber (1–2 copies) in the genome that have previously 
been linked to drug resistance and virulence in  Leish-
mania infantum  (Table  1). We identified 22 CNVs as 
potential biomarkers in  L. infantum; 15 related to 
drug resistance and seven related to virulence. The 
drug resistance panel includes genes from eight loci: 
METK, LdSMT, AQP1, LdMT, LdRos3, MSL, PPM, and 
the extended H-locus (38  kb), which contains abcc1, 
abcc2, mrpa, and ptr1. CNVs in these genes are asso-
ciated with responses to the five main drugs used for 
treating leishmaniosis: allopurinol, amphotericin B, 
pentavalent antimonial, miltefosine, and paramomycin. 
The seven virulence-linked CNVs are involved in early 
infection steps (i.e., neutrophil phagocytosis, entry into 
macrophages, and resistance to complement-mediated 
lysis) (five out of the seven), as well as in aspects of 
parasite viability, replication, and immunogenicity (two 
out of the seven) (Table 1). This panel of 22 CNV bio-
markers forms the core of LeishGenApp (25) and was 
screened against the 35 L. infantum isolates.
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Fig. 1  Aneuploidies and mosaicism in the genomes of Leishmania infantum isolates. (a) Circular representation of whole-genome coverage 
by BioCircos. The outer circle represents the 36 chromosomes, and the inner circle represents the coverage along each chromosome. Sample 
LCAN/ES/2024/CATB110 has the expected disomic background except for tetrasomic chromosome 31. Sample LCAN/ES/2023/CATB108 shows 
aneuploidy for chromosomes 13, 20, 23, 24, 26, and 35 (trisomy) and 8 and 31 (tetrasomy). (b) Violin plots showing the chromosome copy number 
for each of the 35 L. infantum chromosomes across all samples. The median somy for each chromosome, calculated as the median copy number 
across the 35-sample cohort, is shown by the bigger rhombus
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L. infantum isolates from dogs and humans show distinct 
drug‑resistance biomarker status while mostly preserving 
virulence
Across the L. infantum mediterranean cohort, 80% 
(28/35) of isolates harbored at least one drug-resistance 
biomarker, with an average of 2.4 biomarkers per isolate 

(SD = 2.2), ranging from 8 (MHOM/TN/80/IPT-1) to 0 (7 
isolates) (Fig. 2a, c; Table 3; Additional file 2: Table S2).

The prevalence of drug-resistance biomarkers to the 
five first-line drugs varied across the cohort. Antimonial 
resistance was the most common (54.2%), followed by 
allopurinol resistance (37.1%), paromomycin resistance 

Fig. 2  Prevalence of drug-resistance biomarkers in L. infantum. (a) Percentage of drug-resistance biomarkers detected for each studied drug 
(allopurinol, amphotericin B, antimonial, miltefosine, and paromomycin). (b) The 13 drug-resistance biomarkers profiles described in the cohort: 8 
in HumL isolates (A–H) and 8 in CanL (A, B, E, and I–M). Each profile is defined by a unique drug-resistance biomarkers status (presence/absence). 
Size is related to the prevalence of the drug resistance profiles. (c) Heatmap showing the presence/absence of drug-resistance biomarkers (x-axis) 
within the L. infantum isolates identified in this study (y-axis). The presence of biomarkers is shown in orange, and absence in light yellow
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(22.8%), and resistance biomarkers for both miltefos-
ine and amphotericin B (8.5% each) (Table  2). Notably, 
antimonial resistance biomarkers were frequently found 
in CanL and HumL isolates (61% in humans and 50% in 
dogs). Although host-specific patterns seem to emerge, 
with 50% of canine isolates testing positive for allopuri-
nol resistance biomarkers, compared with 15% of human 
isolates, no statistical difference was found between the 
host groups (P = 0.07) (Table  2). Meanwhile, resistance 
to paromomycin (38% versus 14%) and amphotericin B 
(15% versus 4.5%) was more common in human isolates. 
Hierarchical clustering suggested a tendency for resist-
ance profiles to cluster by host (F = 1.87, P = 0.088), with 
a distinct canine cluster characterized by the presence of 
the METK deletion (see Results section below), a known 
marker for allopurinol resistance, and, in some cases, the 
presence of H-locus amplification, a marker for antimo-
nial resistance, also found in the high-passage reference 
strain IPT-1 (Fig. 2c).

We assessed the drug-resistance biomarker status for 
each isolate and categorized them into profiles to ana-
lyze the similarities and differences between CanL (22) 
and HumL (13). Thirteen distinct resistance profiles 
(labeled A–M) were identified (Fig.  2b). Three profiles 
(A: no resistance, B: antimonial resistance, and E: dual 
resistance to antimonials and allopurinol) were shared 
between dogs and humans, and were the most common, 

accounting for 54% of all isolates. The remaining ten pro-
files were host-specific, with five exclusive to dogs and 
five to humans (Fig. 2b), which aligns well with the clus-
tering results.

The eight HumL profiles were distributed heteroge-
neously (mean = 1.62, SD = 0.85, Coefficient of Varia-
tion = 53%). The most prevalent profiles were negative 
(A; 23%) and those exhibiting resistance to antimoni-
als (B; 23%) (Fig.  2b). Likewise, CanL profiles exhibited 
a heterogeneous distribution (mean = 2.75, SD = 1.29, 
Coefficient of Variation = 47%). However, they appeared 
to be more clustered, with 73% of the isolates distributed 
across four profiles: A (negative for drug-resistance bio-
markers), B (antimonials), E (antimonials and allopuri-
nol), and I (allopurinol), each encompassing four isolates. 
It is noteworthy that 50% of CanL isolates were associ-
ated with resistance to allopurinol (Fig.  2b). Moreover, 
biomarkers for resistance to allopurinol and antimonials 
co-occurred in 32% of isolates. These biomarkers consist-
ently clustered together in the dendrogram (Fig. 2c).

The biomarkers for resistance to allopurinol and anti-
monials determined by sequencing were verified by 
quantitative PCR (qPCR) using LeishGenR™, demon-
strating high reliability (k > 0.8) and strong correlation for 
metk and mrpa copy numbers (metk: r = 0.914, P < 0.001; 
mrpa: r = 0.94, P < 0.001).

In parallel, virulence-associated CNVs were mainly 
conserved. Nine isolates (25%) showed a deletion in at 
least one gene of the mannose-containing glycocalyx 
biosynthesis pathway (lpg1, ppm, or dpms), which are 
essential for the complete synthesis of lipophosphogly-
can (LPG) and proteophosphoglycan (PPG). Specifically, 
we observed a reduction to one copy of lpg1 (lpg1 ±) in 
4 out of 35 isolates (11%), dpms (dpms ±) in 1 isolate 
(3%), and ppm (ppm ±) in 5 isolates (14%). Among these, 
only CATB-102 exhibited a reduction in the copy num-
ber of two genes: lpg1 (lpg1 ±) and ppm (ppm ±), with 
no null mutants detected. All isolates retained both lack 
gene copies (lack1 and lack2), which are implicated in 
virulence and immune response and are essential for 
vertebrate infection; therefore, the CNV (lack +−/−−) 
associated with attenuation was not present in our 
cohort. However, isolates MCAN/IT/2020/1265 and 
MCAN/IT/2022/2885 exhibited an amplified lack gene 
copy number (five copies).

Locus‑specific structure and repeat‑driven rearrangements 
underpin the co‑occurrence of drug resistance biomarkers 
in L. infantum
Hierarchical clustering of drug-resistance biomarkers 
revealed structured co-occurrence patterns, particu-
larly among genes located within the same functional 
locus. The biomarkers for the extended H-locus and 

Table 2  Prevalence of drug-resistance biomarkers in L. infantum 
and comparison of each antileishmanial resistance prevalence 
between host groups

Variable/category Positive for drug-resistance 
biomarker(s) n (%, 95% IC)

P-value

Five antileishmanial drugs 28 (80, 64.1–89.9) P = 1

Human 18 (81, 61.4–92.6)

Dog 10 (76, 49.7–91.8)

Allopurinol 13 (37.1, 23.1–53.6) P = 0.07

Human 2 (15.4, 4.3–42.2)

Dog 11 (50, 30.7–69.3)

Amphotericin B 3 (8.5, 2.9–22.3) P = 0.54

Human 2 (15.4, 4.3–42.2)

Dog 1 (4.5, 0.8–21.8)

Antimonials 19 (54.2, 38.1–69.5) P = 0.72

Human 8 (61.5, 35.5–82.2)

Dog 11 (50, 30.7–69.3)

Miltefosine 3 (8.5, 2.9–22.3) P = 1

Human 1 (7.7, 1.4–33.3)

Dog 2 (9.1, 2.5–27.8)

Paromomycin 8 (22.8, 12–39) P = 0.43

Human 5 (38.4, 17.7–64.4)

Dog 3 (13.6, 4.7–33.3)
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Table 3  Sample ID and metadata used in this study

Sample ID Host species Collection 
year

Location Resistance biomarkers

Passages Allopurinol Amphotericin 
B

Antimonials Miltefosine Paromomycin

MCAN/PT/2012/
IMT397

Canis lupus 
familiaris

2012 Portugal 
(Setúbal)

– METK – – – –

MHOM/MA/67/
ITMAP-263

Homo sapi-
ens sapiens

2023 Portugal – METK – aqp1 – –

MHOM/MA/67/
ITMAP-264

Homo sapi-
ens sapiens

2023 Portugal – – smt1 abcc1, abcc2, 
mrpa

– –

MHOM/MA/67/
ITMAP-265

Homo sapi-
ens sapiens

2023 Portugal – – – abcc1, abcc2, 
mrpa, aqp1

– –

LCAN/ES/1992/
CATB011

Canis lupus 
familiaris

1992 Spain (Cata‑
lonia)

– – – abcc1, abcc2, 
mrpa, ptr1, 
aqp1

– –

MCRI/ES/2006/
CATB033

Canis lupus 
familiaris

2006 Spain (Cata‑
lonia)

– – – – LdMT –

MHOM/ES/2016/
CATB101

Homo sapi-
ens sapiens

2016 Spain (Mal‑
lorca)

11 – – aqp1 – b-cat

LCAN/ES/2020/
CATB102

Canis lupus 
familiaris

2020 Spain 
(Zaragoza)

8 – – – – b-cat, d-ldh

LCAN/ES/2020/
CATB103

Canis lupus 
familiaris

2020 Spain 
(Zaragoza)

7 – – aqp1 – –

LCAN/ES/2022/
CATB104

Canis lupus 
familiaris

2022 Spain (Valen‑
cia)

4 – – – – –

LCAN/ES/2023/
CATB105

Canis lupus 
familiaris

2023 Spain (Barce‑
lona)

5 – – – – –

LCAN/ES/2023/
CATB108

Canis lupus 
familiaris

2023 Spain (Barce‑
lona)

11 – – – – –

LCAN/ES/2023/
CATB109

Canis lupus 
familiaris

2023 Spain (Barce‑
lona)

15 – – – – –

LCAN/ES/2024/
CATB110

Canis lupus 
familiaris

2024 Spain (Valen‑
cia)

5 – – aqp1 – –

MCAN/IL/2011/NT2 Canis lupus 
familiaris

2011 Israel – METK smt1 abcc1, mrpa, 
ptr1, aqp1

– b-cat

MHOM/TN/80/IPT-1 Homo sapi-
ens sapiens

1980 Tunisia 
(Monastir)

– METK smt1, smt2 abcc1, abcc2, 
mrpa, ptr1

– d-ldh

MHOM/ES/2022/
LLM-2503

Homo sapi-
ens sapiens

2022 Spain 
(Zaragoza)

– – – – – –

MCAN/IT/2011/8283 Canis lupus 
familiaris

2011 Italy (Sicily, 
Palermo)

11 METK – – – –

MCAN/
IT/2022/21SCIACCA​

Canis lupus 
familiaris

2022 Italy (Sicily, 
Agrigento)

6 METK – abcc1, abcc2, 
mrpa, ptr1, 
aqp1

– –

MHOM/
IT/2017/1533U

Homo sapi-
ens sapiens

2017 Italy (Sicily, 
Agrigento)

6 – – aqp1 – b-cat, d-ldh

MCAN/IT/2018/4586 Canis lupus 
familiaris

2018 Italy (Sicily, 
Palermo)

20 – – aqp1 – –

MCAN/IT/2018/1380 Canis lupus 
familiaris

2018 Italy (Sicily, 
Palermo)

33 METK – – – –

MHOM/IT/2008/31U Homo sapi-
ens sapiens

2008 Italy (Sicily, 
Palermo)

7 – – – – –

MCAN/IT/2020/1265 Canis lupus 
familiaris

2020 Italy (Sicily, 
Palermo)

– METK – abcc2, mrpa – –

MCAN/IT/2022/2885 Canis lupus 
familiaris

2022 Italy (Sicily, 
Palermo)

26 METK – aqp1 – b-cat, d-ldh

MCAN/IT/2020/4299 Canis lupus 
familiaris

2020 Italy (Sicily, 
Palermo)

10 METK – – – –
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METK locus genes consistently clustered together, while 
aqp1 and LdMT genes displayed independent variation 
(Fig.  2c). To further understand the genomic basis of 
these CNVs, we assessed whether local genomic rear-
rangements or broader chromosomal changes drove 
them. The analysis revealed three distinct correlation pat-
terns when comparing gene copy numbers with chromo-
some somy. CNV at the extended H-locus (chromosome 
23) and LdMT (chromosome 13) were strongly correlated 
with chromosomal somy (r = 0.88 and 0.76, respectively; 
P < 0.001), indicating that aneuploidy is a major driver 
of gene copy number alteration. In contrast, LdRos3, 
LdSMT, METK, and PMM showed little or no correlation 
with somy, supporting a model of local structural rear-
rangement. Lastly, AQP1 and MSL, located on tetrasomic 
chromosome 31, displayed moderate correlations, sug-
gesting a complex interaction between chromosomal and 
sub-chromosomal events contributing to CNV (Addi-
tional file 3: Fig. S1).

Biomarker for antimonial resistance: amplification 
of the extended H‑locus and reduction of the aqp1 CNV
The extended H-locus biomarker, consisting of abcc1, 
abcc2, mrpa, and ptr1 genes, was detected when the 
average gene copy number was > 3.5, occurring in 9 of the 
35 isolates. Individually, abcc1 and mrpa had > 3.5 copies 
in nine isolates, abcc 2 in eight, and ptr1 in six. Notably, 
the nine isolates with the mrpa biomarker also had the 
extended H-locus biomarker (> 3.5 copies) and > 3 copies 

of chromosome 23, possibly indicating a sentinel marker 
for locus-wide amplification in cultures grown without 
drug stressors. These four biomarkers consistently co-
occurred and formed a tight cluster in the heatmap anal-
ysis (Fig. 2 c), suggesting co-amplification as a resistance 
mechanism.

In contrast, aqp1 CNV reduction (< 3.5) was detected 
in 13 isolates, clustering independently from the 
extended H-locus in the heatmap analysis (Fig. 2c), sug-
gesting a mechanistically distinct resistance pathway. 
Among the 19 isolates positive for antimonial resistance 
biomarkers, the following profiles were detected: both 
extended H-locus and aqp1 (4); extended H-locus only 
(5); aqp1 only (8); abcc1, mrpa, and aqp1 (1); and abcc2 
(1) (Table 3).

To explore the structural basis of extended H-locus 
amplification, we analyzed the genomic context of chro-
mosome 23 (coordinates 59,772–106,565; JPCM5 refer-
ence) (see Methods). Three repeated elements > 0.5  kb 
were identified in the reference genome and in the in sil-
ico analysis of the 35 de novo assembled genomes. First, 
a 1.44 kb intergenic repeat sequence was identified three 
times (Rep01.01, Rep05.01, and Rep06.01) with a nucleo-
tide identity of greater than 99.5%. Rep01.01 was found to 
be an inverted repeat (IR), while Rep05.01 and Rep06.01 
were direct repeats (DR) (Fig.  3). Similar repeats have 
been reported previously [17, 18]. Second, a 0.5  kb 
sequence with 85% identity corresponding to an ATP-
binding cassette domain, and third, a 0.9  kb sequence 

Table 3  (continued)

Sample ID Host species Collection 
year

Location Resistance biomarkers

Passages Allopurinol Amphotericin 
B

Antimonials Miltefosine Paromomycin

MCAN/
IT/2021/18017

Canis lupus 
familiaris

2021 Italy (Sicily, 
Palermo)

8 METK – abcc2 – b-cat

MCAN/IT/2019/3299 Canis lupus 
familiaris

2019 Italy (Sicily, 
Palermo)

19 – – – LdMT –

MCAN/IT/2019/4549 Canis lupus 
familiaris

2019 Italy (Sicily, 
Palermo)

9 METK – abcc1, abcc2, 
mrpa, ptr1

– –

MHOM/ES/2022/
LLM-2505

Homo sapi-
ens sapiens

2022 Spain 
(Toledo)

– – – aqp1 – –

MHOM/IT/90/ISS509 Homo sapi-
ens sapiens

1990 Italy (Sicily, 
Catania)

– – – – – b-cat, d-ldh

MHOM/IT/91/ISS666 Homo sapi-
ens sapiens

1991 Italy (Sicily, 
Catania)

– – – – – –

MHOM/IT/93/ISS828 Homo sapi-
ens sapiens

1993 Italy (Sicily, 
Catania)

– – – – LdRos3 b-cat

MHOM/ES/2021/
LLL-2500

Homo sapi-
ens sapiens

2021 Spain 
(Madrid)

– – – abcc1, aqp1 – –

MCAN/IL/2011/NT6 Canis lupus 
familiaris

2011 Israel – METK – abcc1, ptr1 – –

Thirty-five L. infantum samples were used in this study. Columns represent the relation with their original host, collection year, geographical location, and detected 
resistance biomarkers using LeishGenApp
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with 90% identity across abcc1, abcc2, and mrpa, cor-
responding to an ABC transporter integral membrane 
type-1 and ATP-binding cassette conserved domains 
(Fig. 3).

Despite detecting these genome repeats, no poten-
tial extrachromosomal amplification elements from DR 
and IR were observed in our cohort’s de novo assembled 
genomes, further supporting the notion that extended 
H-locus copy number correlates with chromosome 23 
somy.

Biomarker for allopurinol resistance: reduction of the METK 
locus CNV
A total of 13 out of 35 isolates (37%) were positive for the 
allopurinol resistance biomarker, defined as having fewer 
than 1.5 copies of either metk1 or metk2, encoding for a 
S-adenosylmethionine synthetase. All 13 were also posi-
tive for the METK locus resistance biomarker (< 3 cop-
ies of metk1 and metk2), reinforcing the reliability of this 
locus as a predictive biomarker. Notably, 85% (11/13) 
of these isolates were collected from dogs, highlight-
ing a potential host-specific selection pressure. Among 
them, seven (63%) also tested positive for pentavalent 
antimonial biomarkers (Table  4). Hierarchical cluster-
ing supported this association, with METK and extended 
H-locus biomarkers often clustering together (Fig.  2c). 
No isolates exhibited concurrent biomarkers for the 
combined treatment of allopurinol and miltefosine.

The reduction in metk genes CNV results from a 5.1 kb 
deletion observed when mapping sequencing reads 
from the 13 samples to the JPCM5 reference genome. 
To understand the structural basis underlying the rear-
rangement of the METK locus, we conducted an in 

silico analysis of the JPCM5 reference sequence (Ref-
Seq: GCF_000002875.2 ASM287v2), revealing the pres-
ence of two identical 5120  bp repeat units (Rep.01.01 
and Rep.01.02), each encompassing a Lorien protein-
coding gene (LinJ.30.3550/LinJ.30.3570) and a metk gene 
(LinJ.30.3560/LinJ.30.3580). Furthermore, the initial and 
final 218 bp of the 5120 bp repeat are identical, indicating 
potential recombination hotspots (Fig. 4). Read mapping 
revealed that positive isolates for the METK biomarker 
had lost one of the two repeat units. However, no precise 
breakpoint was defined, resulting in a hemizygous state 
on a disomic chromosome. Conversely, upon mapping 
the sequencing reads from the same isolates to their de 
novo assembled genomes, no evidence of deletion was 
observed, demonstrating continuous coverage and the 
absence of structural gaps. These findings suggest that 
the allopurinol resistance marker arises through a pre-
cise deletion event affecting one of the tandem 5120 bp 
METK units, either the first or the second repeat unit on 
each chromosome.

Biomarker for amphotericin B resistance: reduction 
of the LdSMT locus CNV
Genomic resistance biomarkers for amphotericin B are 
the LdSMT genes, smt1 and smt2, at < 1.5 copies (encod-
ing sterol 24-C-methyltransferases) and found in three 
(9%) isolates. Structural analysis and mapping of the 
sequencing reads of positive isolates to the SMT locus 
in the JPCM5 reference genome revealed that the reduc-
tion of smt genes copy number was a result of a 3789 bp 
deletion (3786–3792 bp) in the SMT locus mediated by 
homologous recombination between flanking repeats. 
The two near-identical (99.84% identity) smt genes were 

Fig. 3  Extended H-locus structure in L. infantum and within the cohort. Genomic organization of the extended H-locus in L. infantum, with genes 
in white and intergenic repeats in orange (DR: Rep05.01 and Rep06.01; IR: Rep01.01). Homologous regions of 0.5 kb and 0.9 kb between genes are 
in light orange

Table 4  Drug-resistance biomarkers to the combined allopurinol–antimonial treatment is the most frequent in allopurinol-resistant L. 
infantum CanL isolates

Summary of genomic resistance predisposition profiles to recommended combined drugs. Percentages are based on allopurinol-resistant isolates (n = 11)

Genomic resistance predisposition Resistance biomarker Samples (%)

Allopurinol + antimonials METK + extended H-locus/aqp1 63

Allopurinol + miltefosine METK locus + LdMT/LdRos3/MSL locus 0

Allopurinol only METK locus 37
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arranged in tandem and differ by a nucleotide at position 
923 of the gene coordinate (smt1: [C], smt2: [T]). Each 
was encoded within a 1268 bp repeat unit oriented in the 
same direction and including one smt gene, along with 
26 nucleotides at the 5′ and 181 nucleotides at the 3′ end 
of the gene. A unique 2521 bp intergenic sequence sepa-
rated the two repeats, forming a total region of ~3.8  kb 
(Fig. 5).

Two positive isolates were from HumL, one of which 
(MHOM/TN/80/IPT-1) was positive for both biomark-
ers, while the other (MHOM/MA/67/ITMAP-264) tested 
positive only for the smt1 gene. The third case, a canine 
isolate (MCAN/IL/2011/NT2), was near the positivity 

threshold for the smt1 biomarker, with chromosome cov-
erage approaching the quality inclusion criteria for Leish-
GenApp (1.33 copies, chromosome coverage = 16×). 
Sequence alignment of deletion-containing reads of the 
three isolates revealed the highest identity with smt2 
(XM_001469794.1), which presented a thymine (T) at 
position 923, confirming that smt1 (cytosine at position 
923) was the gene lost.

Drug‑resistance biomarkers to miltefosine: LdMT 
and LdRos3 genes
Drug resistance biomarkers to miltefosine were detected 
in 3 of the 35 L. infantum isolates through CNVs detected 

Fig. 4  Extended H-locus structure in L. infantum and within the cohort. (a) Characterization of the METK locus region of L. infantum and coverage 
decrease in the METK locus area owing to a 5.1 kb deletion, unlike the even coverage seen in samples with both constructs. (b) CNV in the METK 
locus

Fig. 5  LdSMT locus structure in L. infantum and within the cohort. Genomic organization of the LdSMT locus
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in the LdMT (2 isolates with < 1.5 copies) and the LdRos3 
(1 isolate with < 1.5 copies) genes. LdMT encodes for a 
P-type ATPase phospholipid translocase, while LdRos3 
encodes for the β subunit of LdMT. Both proteins are 
part of the same flippase machinery, and not individually 
sufficient for the translocation of miltefosine [6]. There-
fore, these three samples would be similarly resistant to 
miltefosine owing to a decrease in drug accumulation, as 
they are defective in the uptake of miltefosine by being 
deficient in one of the required genes, namely LdMT and 
LdRos3 [6].

Drug‑resistance biomarkers to paromomycin: b‑cat 
and d‑ldh genes
The drug resistance biomarker for paromomycin was 
determined as < 1.5 copies of b-cat and < 1.5 copies of 
d-ldh (Table  3). Overall, 8 of 35 samples were positive 
for at least one resistance biomarker, and 4 had both bio-
markers. Across the positive isolates, 62,5% (5/8) were 
from HumL, while 37.5% were from CanL. Significantly, 
three positive HumL isolates were also positive for anti-
monial, present in profiles C and D.

Discussion
Detection of aneuploidies and genome plasticity in L. 
infantum genomes by nanopore‑only whole‑genome 
sequencing
Whole-genome sequencing with long-read nanopore 
technology revealed pervasive aneuploidy and wide-
spread mosaicism across the 35 L. infantum isolates, 
providing sufficient resolution to reconstruct karyotypes. 
The diverse range of aneuploidies observed in this study 
is consistent with previous studies using next-generation 
sequencing data from Leishmania spp., which report fre-
quent aneuploidies in this species [60, 61], even without 
drug pressure [41]. Only one isolate exhibited the canoni-
cal disomic karyotype with tetrasomy of chromosome 
31, emphasizing the degree of genomic plasticity within 
the field population. Not all chromosomes hold the same 
aneuploidy turnover potential. A subset of chromosomes 
(7, 14, 18, 19, 27, 28, 34, and 36) remained disomic and 
stable, while chromosomes 8 and 23 were potentially 
aneuploid. The results are consistent across five of the 
stable chromosomes (19, 27, 28, 34, and 36), as well as in 
both chromosomes (8 and 23), which exhibit significant 
CNV when compared with a study involving 161 cultured 
samples [60]. Trisomy of chromosomes 8, 20, and 23, 
and tetrasomy of chromosome 31, were frequent across 
the dataset, consistent with previous reports [60, 62]. In 
agreement with those studies, monosomy was rare and 
often transient. Our analysis further supports the model 
of mosaicism, where non-integer somy values reflect a 
population-level mixture of karyotypes within the same 

isolate, which is important in stress adaptation and natu-
ral selection [62].

The present data suggest that mid-term culturing 
(up to 33 passages) does not have a significant effect on 
aneuploidy levels compared with cultured clinical iso-
lates (< 10 passages), with culturing beyond 30 passages 
potentially affecting chromosomal plasticity, as seen 
in long-established clonal lines MHOM/TN/80/IPT-1 
and MCAN/IT/2020/1265 with 10 and 11 supernumer-
ary chromosomes, respectively. This is beneficial for cli-
nicians, suggesting that in  vitro isolates resemble the 
Leishmania population in the infected host. For instance, 
aneuploidy in chromosome 23 is one of the most com-
mon variations observed in field isolates, and one of the 
rapidly established types of trisomy in vitro [62]. Longi-
tudinal studies monitoring clinical isolates and in  vitro 
aneuploidy dynamics are of interest [62]. Assessing the 
potential effect of different culture media would also be 
valuable in clarifying the thresholds at which culturing 
may impact Leishmania.

As aneuploidy could contribute to parasite resist-
ance, monitoring of karyotype patterns could inform 
treatment protocols. In the context of antimonial resist-
ance, it is associated with aneuploidy of chromosomes 
1, 11, and 25 [17]. The authors reported an increase in 
the total DNA content of the chromosomes, which cor-
relates with the mRNA profile and gene overexpression. 
The cultures MHOM/MA/67/ITMAP-264 and MHOM/
MA/67/ITMAP-265 exhibited polyploid characteris-
tics in chromosomes 1 and 11. Both cultures derived 
from the same starting population, although the latter 
underwent ten more passages. Gene CNV, identified 
as biomarkers for antimony resistance, were present in 
MHOM/MA/67/ITMAP-264 (abcc1, abcc2, and mrpa) 
and MHOM/MA/67/ITMAP-265 (abcc1, abcc2, mrpa, 
and aqp1). Conversely, no aneuploidy for chromosomes 
1, 11, or 25 was observed in other cultures presenting 
CNV. According to collaborators [17], the withdrawal of 
drug pressure resulted in the reversion of supernumerary 
chromosomes 1, 11, and 25 to their original somy levels. 
This observation suggests that these chromosomal adap-
tations were not actively developed in our isolates, as our 
cultures were not subjected to drug pressure during the 
culturing process.

L. infantum isolates from dogs and humans show distinct 
drug‑resistance biomarker status while mostly preserving 
virulence
In the current study, 80% (28/35) of L. infantum isolates 
harbored at least one drug resistance-associated genomic 
biomarker, with non-negligible values of genomic resist-
ance biomarker prevalence in L. infantum isolates across 
the Mediterranean. It is worth considering that the drug 
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resistance biomarkers detected in our study rely on in 
silico prediction, without experimental validation (i.e., 
inhibitory concentrations, IC50) for all the samples 
tested, which may represent a limitation of our study. 
The observed prevalences could not be compared with 
existing data owing to the lack of published literature 
assessing the drug-resistance status of L. infantum strains 
circulating in the Mediterranean.

When considering the prevalence of drug resistance 
biomarkers, it is noteworthy to consider sample size 
limitations and potential geographic representation bias. 
In addition, the type of culture media used by different 
institutions could also interfere with Leishmania CNV, 
representing a source of bias in the analysis. Culture-
independent approaches for biomarker detection direct 
from clinical samples, such as gene CNV detection by 
real-time PCR or sequencing, should be of interest for 
further studies to avoid culture adaptation changes and 
culture media effects on CNV associated with Leishma-
nia genome plasticity.

The observation that there were differences in genomic 
resistance biomarkers among the five studied drugs was 
of interest, as it underscores the importance of drug pres-
sure, sand fly transmission implications, and targeted 
drug policies in mitigating the dissemination of resist-
ance. Antimonial resistance biomarkers appeared to be 
the highest in both canine (50%) and human (61%) L. 
infantum isolates. The most likely explanation for this is 
the earlier use of pentavalent antimonials for CanL and 
HumL treatment [5], the retention of the resistant phe-
notype through sand flies, and demonstrated enhanced 
fitness compared with sensitive strains [63] This scenario 
places antimonial-resistant strains as a substantial threat 
in areas where antimony drug pressure is sought to be 
low and underscores the need for careful regulation of 
antimonial use to control the spread of resistance; par-
ticularly in dogs, highlighting their role as primary reser-
voirs, lessening clinical relapses owing to resistance, and 
their implications in sand fly transmission. Conversely, 
miltefosine resistance was notably low (9%), likely owing 
to two factors: (i) miltefosine-resistant parasites exhibit 
reduced fitness in mammalian hosts, limiting their spread 
despite maintaining their phenotype through the vector 
[64], and (ii) miltefosine is not used in HumL treatment, 
reducing selective pressure [5]. These findings support 
the WHO recommendations to restrict miltefosine use 
to CanL, thereby preventing the emergence of resistance 
in humans while preserving its efficacy in dogs. For paro-
momycin, the observed resistance prevalence was higher 
in humans (38%) than in dogs (14%). Resistant para-
sites maintain their phenotype through sand flies [65], 
but reduced fitness in the absence of drug pressure may 
explain their limited dissemination in CanL.

The pairwise comparison reported herein for drug-
resistance positivity between dogs and humans revealed 
that host-specific patterns seem to emerge for the resist-
ance profiles (P = 0.08) and the allopurinol resistance 
biomarker (P = 0.07), despite no statistically significant 
differences being found. Our study would have benefited 
from an increase in sample size and a balanced number of 
samples from each host group. Additional studies with an 
increased sample size will be able to confirm the insights 
extracted from our studied cohort. These marked differ-
ences between host groups potentially reflect therapeutic 
practice and host-specific drug exposure while partially 
explaining the clinical performance of each L. infantum 
strain.

Scanning the drug resistance biomarkers in canine iso-
lates revealed that allopurinol and antimonials were the 
most common, each at a frequency of 50%. Allopurinol 
is the primary medication for the long-term management 
of CanL cases [66]. Notably, there is evidence suggest-
ing that allopurinol exerts a pressure effect as a driver of 
METK locus CNV. METK positivity in HumL isolates is 
significantly lower at 15%, probably owing to the limited 
use of allopurinol for HumL management [5].

This study aimed to investigate the potential link 
between the recommended combined therapy for CanL, 
which includes the leishmaniostatic drug allopuri-
nol and either meglumine antimoniate or miltefosine 
as leishmanicidal drugs, and the natural emergence of 
genomic resistance in field isolates. Notably, the cur-
rent data showed that among isolates with allopurinol 
resistance biomarkers, a high proportion (63%) also 
possessed genomic resistance biomarkers to the com-
bined therapy of antimonial and allopurinol, aligning 
well with the earliest use of these drugs [67]. However, 
our results showed no isolates showing genomic resist-
ance biomarkers to the combined therapy of allopuri-
nol and miltefosine, supporting the continued efficacy 
of this combination therapy in CanL. We detected only 
one in vitro clinical isolate with biomarkers of miltefos-
ine resistance (MCAN/IT/2019/3299). Sample 3299 was 
isolated in 2019 after the acceptance of miltefosine for 
CanL treatment. Knowing whether this canine subject 
had been treated with miltefosine before sample collec-
tion would be valuable as miltefosine has a long half-life 
in the treated host, possibly leading to the retention of 
sub-therapeutic levels in the body [6], which may trigger 
the development of resistance [15]. The prevalence of low 
miltefosine resistance biomarkers aligned with the later 
approval of miltefosine for CanL treatment in Europe 
(2007) and the few existing clinically resistant cases in lit-
erature, the first reported in 2020 [15].

Regarding HumL, genomic resistance biomark-
ers to antimonials were the most common, followed by 
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resistance to paramomycin. These findings align with 
current treatment guidelines for both visceral (VL) and 
cutaneous leishmaniosis (CL). Pentavalent antimoni-
als and liposomal amphotericin B are the primary treat-
ments for VL. Concerning CL caused by L. infantum 
in the Mediterranean basin, paromomycin ointment, 
despite its late approval in 2006, and intralesional anti-
monials are used as topical treatments, while pentavalent 
antimonials continue to be the first-line systemic option 
[5]. Notably, our research revealed an interestingly low 
prevalence of genomic resistance biomarkers to ampho-
tericin B (15%). This underscores the importance of the 
WHO recommendations for European veterinarians to 
avoid using this drug, particularly as efficacy is not com-
pletely clear in dogs [68], and they may develop higher 
fitness-resistant parasites [69] that can be transmitted to 
humans.

Hierarchical clustering uncovered potentially differ-
ent drug-resistance profiles between hosts. Dogs pre-
dominantly exhibited monoresistance (50%), especially 
to allopurinol, while resistance to two drugs was more 
frequently detected in human isolates (38%). Treatment 
guidelines for CanL recommend combined therapy with 
at least two drugs with different mechanisms of action 
to delay drug resistance [70, 71], while for HumL, mon-
otherapy is the recommended treatment approach [5]. 
Our findings support the effectiveness of the veterinar-
ian’s strategy. However, resistance to combination ther-
apy is also possible, with 31% of canine isolates showing 
genomic resistance to two or three drugs, consistent with 
previous reports [72]. Differences with HumL isolates 
suggest a potential influence of therapeutic strategies 
on the emergence of resistance. However, since a sig-
nificant portion of two-drug resistant strains (80%) had 
antimonial resistance biomarkers, it suggests preadapta-
tion, possibly caused by historical drug exposure in old-
world Leishmania circulating in humans [46, 73]. This 
potential preadaptation could act as a confounding fac-
tor in assessing the effect of treatment guidelines on the 
development of drug resistance. Therefore, further clini-
cal trials on combination therapy for HumL in the Medi-
terranean region are necessary to clarify how therapeutic 
strategies influence resistance profiles.

A limited number of attenuation and virulence bio-
markers were identified in the studied isolates, even in 
the presence of drug-resistance biomarkers. A reduction 
of one copy in ppm, dpms, and lpg1 was observed in some 
of the isolates. The ppm gene encodes phosphomanno-
mutase, an enzyme essential for GDP-mannose (Man) 
synthesis and indirectly involved in LPG and PPG biosyn-
thesis [21]. The dpms gene encodes Dol-P-Man synthase, 
while the lpg1 gene encodes a galactofuranosyltrans-
ferase; the former supplies the β-Man donor necessary 

for initial LPG mannose [21] and the latter adds side 
chains essential for mature LPG structure [22, 53, 54]. 
Null mutants of these genes lack or produce truncated 
PPG and LPG molecules [21]. Investigating the potential 
impact of a single-copy reduction on the disruption of 
side-chain formation and subsequent alterations in gly-
cocalyx surface composition will be of particular interest, 
as these changes may influence sand fly midgut adhesion, 
macrophage recognition, or immune evasion. Notably, all 
isolates preserved two intact copies of lack1 and lack2, 
supporting previous evidence that the Lack protein is 
essential for intracellular survival and infectivity in mam-
malian hosts [55–57, 59]. Further studies to understand 
the role of increased lack gene copy number in parasite 
virulence and its potential link to higher parasite loads 
and clinical stage will be of particular interest.

CNV for drug resistance biomarkers in L. infantum
The present study also investigated whether exclusively 
local genomic rearrangements drift the CNV in key drug 
target and transporter genes or if they are influenced by 
the already discussed aneuploidy, detecting three differ-
ent correlation patterns.

Of interest, the chromosome 23 somy showed a 
strong positive correlation with the copy number of the 
extended H-locus genes, suggesting that aneuploidy 
events are drivers of these genes’ CNV, with nine isolates 
having > 3 copies of both chromosome 23 and extended 
H-locus. Although described as a highly unstable chro-
mosome, L. infantum isolates with up to three copies of 
chromosome 23 are known to be sensitive to antimoni-
als without extrachromosomal amplifications [46]. On 
the basis of the evidence from literature, the genomic 
resistance biomarkers threshold was set as > 3.5 copies 
for the four extended H-locus genes in chromosome 23, 
contrary to other biomarkers encoded in disomic chro-
mosomes (Table  1). Chromosome 23 consistently dis-
played an increase in copy number in in vitro populations 
selected for antimonial resistance in which mrpa was 
artificially deleted [47], suggesting an adaptive advantage 
as it is known as a rapid way to amplify a cassette of genes 
involved in the antimonials pathway. Our results pointed 
out that, beyond the intrinsic variability of the chromo-
some, the widespread increase in the dosage of chromo-
some 23 observed in the cohort may represent a form of 
preadaptation to trivalent antimonials, likely driven by 
the sustained antimonial pressure exerted over decades 
in the Mediterranean basin [73].

Structural analysis of the extended H-locus revealed the 
presence of a sequence repeated three times (Rep01.01, 
Rep05.01, and Rep06.01) in the intergenic region, con-
sistent with previous studies [17, 18]. Also, the presence 
of two sequences repeated twice in the coding regions. 
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It is well described that widely distributed repeated 
sequences, mainly in noncoding regions of the Leishma-
nia genome, lead to stochastic genome rearrangements 
[18, 62] playing a crucial role in gene amplification or 
expansion and gene deletion, determining the parasite’s 
adaptability to drug stress. The three repeated sequences 
described in the extended H-locus suggest the potential 
formation of four circular episomes and two linear mini-
chromosomes, depending on the stochastic rearrange-
ment. However, no episomal amplification was detected 
in our cohort. The promastigote cultures analyzed were 
grown under natural conditions. In contrast, experimen-
tal episomal amplification has mainly been detected in 
cultures grown under drug pressure and demonstrated 
that it generally disappears rapidly when the drug pres-
sure is removed [17, 18, 74, 75]. However, we cannot dis-
card the effect of the DNA extraction procedure used as a 
drawback to episomal recovery.

Concerning allopurinol resistance, a 5.12  kb repeated 
sequence flanked by 218  bp repeats was detected on 
chromosome 30 in the METK locus. This 218  bp inter-
genic repeated sequence may have been a determinant 
in the rearrangement of the L. infantum METK locus 
structure, as observed in the reference genome and 21 
samples (containing two identical 5.12 kb copies in tan-
dem). That 218  bp repeat might be sufficient in length 
for the loss of a 5.12  kb METK region by homologous 
recombination, similar to the 220 bp direct repeat at the 
start codon of the tartrate-sensitive acid phosphatase 
(LdBPK_366740) and histidine secretory acid phos-
phatase (LdBPK_366770, which enables MAPK locus 
gene amplification in antimonial resistant lines, main-
tained as a 1700  bp episomal DNA [76]. Moreover, a 
minimum identity of 85% is required for recombination 
in Leishmania [77], and our results showed a 97–100% 
identity. Therefore, the METK and the SMT locus stud-
ied are examples of gene amplification strategies, as two 
identical copies are in tandem.

Leveraging WGS, our approach provides a methodo-
logical advantage by complementing CNV analysis with 
detailed read sequence profiling, with significant impli-
cations for the SMT locus. We confirmed smt1 loss and 
distinguished it from smt2, which differs by a single 
nucleotide. This finding may have drug-resistance impli-
cations, as a previous study described smt1 loss as the 
cause of amphotericin B resistance, with smt2 potentially 
compensating [51].

Conclusions
Detecting resistance biomarkers in L. infantum could 
improve patient management by enabling timely and pre-
cise therapy by identifying resistant parasites and subpop-
ulations in CanL and HumL. This allows case selection on 

the basis of genomic resistance, potentially reducing the 
risk of relapses and the spread of resistance, and thereby 
prolonging the therapeutic lifespan of current drugs. 
Resistant L. infantum strains in canines, the primary host 
and main reservoir, hinder the control of these strains by 
facilitating transmission to dogs and humans. Expanding 
the spectrum of gene CNVs described as genomic resist-
ance and pathogenicity biomarkers, combined with the 
detection of single-point mutations associated with drug 
resistance, can improve LeishGenApp’s accuracy, aid-
ing therapy decisions. In addition, conducting molecu-
lar in vitro analysis (i.e., inhibitory concentrations, IC50) 
of the studied cultures may be of interest to establish a 
robust correlation between genomic resistance biomark-
ers identified through WGS and phenotypic traits.
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