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Abstract 30 

Among the 20 or so Leishmania spp. described as pathogenic for humans, those of the Leishmania 31 

donovani complex are the exclusive causative agents of systemic and fatal visceral leishmaniasis. 32 

Although well studied, the complex is taxonomically controversial, which hampers clinical and 33 

epidemiological research. In this work, we analysed 56 Leishmania strains previously identified as 34 

L. donovani, Leishmania archibaldi or Leishmania infantum, isolated from humans, dogs and 35 

sandfly vectors throughout their distribution area. The strains were submitted to biochemical and 36 

genetic analyses and the resulting data were compared for congruence. Our results show: i) a partial 37 

concordance between biochemical and genetic-based data, ii) very limited genetic variability within 38 

the L. donovani complex, iii) footprints of frequent genetic exchange along an east-west gradient, 39 

marked by a widespread diffusion of alleles across the geographical range, and iv) a large-scale 40 

geographical spreading of a few genotypes. From a taxonomic point of view, considering the 41 

absence of relevant terminology in existing classes, the L. donovani complex could be treated as a 42 

single entity.  43 

 44 
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1. Introduction 52 

Leishmaniasis, a disease caused by protozoa of the Leishmania genus, is endemic in 97 53 

countries around the world, with an estimated 700,000 - 1,000,000 new cases and 26,000 to 65,000 54 

deaths per year (World Health Organization, https://www.who.int/leishmaniasis/en/, 55 

https://www.who.int/news-room/fact-sheets/detail/leishmaniasis). The two main clinical 56 

manifestations described are tegumentary (cutaneous and mucocutaneous) and a visceral form (VL) 57 

that is systemic and potentially lethal if untreated (Burza et al., 2018). The clinical presentation and 58 

therefore the prognosis, management and treatment of the disease are largely species-dependent 59 

(WHO, 2010). Among the 20 Leishmania spp. described as pathogenic for humans, those of the 60 

Leishmania donovani complex are the exclusive causative agents of systemic and fatal VL (WHO, 61 

2010), and they have consequently been the focus of considerable research. However, from the 62 

taxonomic standpoint, the complex remains controversial and there are still doubts about its 63 

substructure and how clinical and epidemiological data should be linked to these taxa (Maurício, 64 

2018). 65 

From a historical perspective, the etiological agent of kala-azar disease (VL) in India was 66 

definitively named, in 1903, as Leishmania donovani Laveran & Mensil, 1903 (Ross, 1903). Five 67 

years later, based on epidemiological and clinical criteria, Nicolle described a new species causing 68 

the disease in the Mediterranean region, mainly in children, and named it Leishmania infantum 69 

Nicolle, 1908 (Nicolle, 1908). In 1919, Castellani and Chalmers described a variant of L. donovani 70 

in Sudan, Leishmania var. archibaldi Castellani & Chalmers, 1919 (Castellani and Chalmers, 71 

1919), and later Cunha and Chagas proposed a new species, Leishmania chagasi Cunha & Chagas, 72 

1937, responsible for VL in South America (Cunha and Chagas, 1937). In the following years, the 73 

taxonomic status of the different species was questioned many times (Brumpt, 1936; Da Cunha, 74 

1938; Nicoli, 1963; Lainson and Shaw, 1987) and in the 1970s, L. donovani, L. infantum, L. 75 

archibaldi and L. chagasi were merged into the Leishmania donovani species complex (Lainson 76 

and Shaw, 1987).  77 
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The development of biochemical taxonomic tools in the 1980s (i.e. multilocus enzyme 78 

electrophoresis, MLEE) revived discussions on Leishmania taxonomy. A distinction between L. 79 

donovani, L. infantum and L. archibaldi was proposed based on the differential electrophoretic 80 

mobility of a single isoenzyme, glutamate-oxaloacetate transaminase (GOT) (mobility values of 81 

113, 100 and 110, respectively) (Rioux et al., 1990). However, the relationship between the 82 

previously defined taxa and the biochemical characters was not straightforward and some 83 

discrepancies were identified. For instance, no enzymatic differences were observed between L. 84 

chagasi and L. infantum, the first considered a synonymous species of L. infantum (Rioux et al., 85 

1990). Furthermore, all GOT110 strains were considered as L. archibaldi, a term originally 86 

associated with geographical distribution, regardless of further evidence. Although the taxonomic 87 

position of this group was not clear, it was included as a sub-group of L. donovani (Rioux et al., 88 

1990; Pratlong et al., 2001; Jamjoom et al., 2004). Later, it was observed that the intermediate 89 

mobility of the L. archibaldi strains was produced by a heterozygous pattern (Piarroux et al., 1994). 90 

Examples of both synonymous mutations on isoenzyme-coding genes showing identical 91 

mobilities and post-translational modifications altering the migration of the enzymes were spotted, 92 

jeopardising the phylogenetic value of these markers in the Leishmania genus (Maurício et al., 93 

2006). Lastly, genetics-based studies have shown that the genetic clusters within the L. donovani 94 

complex do not fully correlate with the taxa defined by isoenzyme criteria (Jamjoom et al., 2004; 95 

Kuhls et al., 2005; Lukes et al., 2007; El Baidouri et al., 2013). Nowadays the synonymy of L. 96 

chagasi and L. archibaldi with L. infantum and L. donovani, respectively, is practically accepted by 97 

the scientific community, but the correct taxonomic relationship between the two main species, L. 98 

donovani and L. infantum, is subject to debate. 99 

With the aim of clarifying these taxonomic issues and establishing a more functional 100 

taxonomy for this important and controversial group of species, we analysed different Leishmania 101 

strains reflecting the geographical and clinical diversity of the L. donovani complex. Firstly, 102 

isoenzyme data underlying the current taxonomy (i.e. GOT) were freshly evaluated by MLEE and 103 
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systematic sequencing of the gene to check for post-translational modifications. Secondly, a global 104 

genetic analysis was performed to evaluate the structure of the complex and allele distribution 105 

associating the data from the got gene with the previous genetic analysis performed by El Baidouri 106 

et al. (2013), where no structure was observed for the L. donovani complex using multilocus 107 

sequence analysis (MLSA), and the hsp70 gene, the most widely validated species typing marker. 108 

Finally, the cultured strains were submitted to mass spectrometry (MALDI-TOF) analysis as an 109 

additional approach to achieve a broader perspective on the complex. 110 

 111 

2. Materials and methods 112 

2.1.Strains 113 

Sixty-four strains belonging to the L. donovani complex were initially selected from those 114 

genetically analysed by El Baidouri et al. (2013). Six were no longer available and two were 115 

rejected due to misidentification by previous isoenzymatic analysis. The 56 Leishmania strains 116 

finally included in this study are summarized in Supplementary Table S1. The strains had been 117 

previously classified by MLEE as L. infantum (n=31), L. donovani (n=20) or L. archibaldi (n=5). 118 

To capture the broadest diversity, the selected strains were isolated from different sand fly species, 119 

dogs and humans in 20 different countries in Africa, Europe and Asia. As those were not previously 120 

sampled in El Baidouri et al. (2013), South American strains were not included in this study. Thirty-121 

seven zymodemes, polymorphic in 11 enzymes, and 56 of the 64 different Leishmania sequence 122 

types (LSTs) described in El Baidouri et al. (2013) (from 128 analysed strains) were represented. 123 

The strains, preserved at the Leishmania French Reference Centre, were cultured in Schneider’s 124 

medium supplemented with 20% FBS and 1% human urine until the exponential growth stage and 125 

then analysed.  126 

 127 

2.2. Isoenzymatic analysis of the GOT enzyme 128 
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The GOT isoenzymatic analysis was repeated in this study, following the procedure 129 

described by Rioux et al. (1990), to confirm the previously reported data. Protein extracts were 130 

migrated in starch gels at pH 8.6 using nicotinamide adenine dinucleotide phosphate (NADP) as the 131 

substrate and stained using fast blue BB salt dye. When it was necessary to enhance the resolution, 132 

isoelectrofocusing (IEF) was performed in acrylamide gels using a pH gradient from 3 to 10 133 

following the methodology described by Piarroux et al. (1994). Gels were prefocused for 15 min at 134 

25 W and samples were run for an additional 15 min at 40 W. To make an inventory of the different 135 

alleles, the GOT electrophoretic mobility in gels was systematically compared with that of reference 136 

strains. Neighbour joining (NJ) trees were constructed using MEGA-X software (Kumar et al., 137 

2018) from the complete MLEE profile of the strains or GOT results based on a presence/absence 138 

matrix. 139 

 140 

2.3. Gene sequencing and genetic clustering 141 

DNA was extracted from cultured Leishmania strains using a QIAamp DNA Mini Kit 142 

(Qiagen, Germany) following the manufacturer’s instructions. For got and heat-shock protein 70 143 

(hsp70) gene sequencing, 1239 bp and 1245 bp fragments were amplified, respectively, as 144 

previously described (Maurício et al., 2006; Van der Auwera et al., 2013). Amplicons were 145 

enzymatically purified using EXOSAP-IT (Affymetrix USB, USA) and double-stranded DNA was 146 

sequenced by the Sanger method at the Scientific and Technologic Centres of the Universitat de 147 

Barcelona, Spain. For the got locus, additional internal primers, got_Inc (5’-148 

GCATGAGACGGCGCTGAT-3’) and got_Fin (5’-TGCGAGATCGAAGATGACATC-3’), were 149 

designed. The obtained sequences were edited using Bionumerics software version 7.6.3 (Applied 150 

Maths, Belgium) and are available in GenBank under the accession numbers MN728685 - 151 

MN728796. In addition, for the 56 strains under study, 392 sequences corresponding to seven 152 
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MLSA loci previously analysed by El Baidouri et al. (2013) were extracted from the GenBank 153 

database (see Supplementary Table S2).  154 

For the clustering analysis, all nucleotides were duplicated to avoid information loss from 155 

ambiguous states (e.g., A to AA or Y to CT). NJ trees were constructed with MEGA-X software 156 

using the p-distance method and a bootstrap of 1000 replicates, got and hsp70 genes, the MLSA 157 

scheme and got allele 823.  158 

In parallel, neighbour-nets (NN) were constructed using Splitstree version 4.14.8 software 159 

(Huson and Bryant, 2006) from MLSA, hsp70 and got datasets using the uncorrected p method and 160 

an equal angles representation. For these analyses, additional sequences from the L. tropica 161 

complex (L. tropica and Leishmania aethiopica) and Leishmania major complex (L. major, 162 

Leishmania turanica, Leishmania arabica and Leishmania gerbilli) were downloaded from 163 

GenBank (see Supplementary Table S3). MLSA, hsp70 and got NN were then built on a total of 164 

132, 90 and 69 strains, respectively.  165 

 166 

2.4. Allele distribution and isolation by distance evaluation 167 

Allele distribution and allelic introgression among the 56 strains were evaluated on 168 

concatenated sequences from the seven loci included in the MLSA scheme plus hsp70 and got 169 

genes. MHOM/FR/78/LEM75 (BCN 527) was used as a reference strain for subsequent analysis. 170 

Being non-contributory for genetic exchange analysis, conserved positions or singletons were not 171 

included in the analysis. Genetic isolation by distance was assessed through a Mantel test using the 172 

ade4 package of R software version 3.6.0 (R Core Team, www.R-project.org). The matrix of 173 

pairwise genetic distances, previously calculated using MEGA-X software with the p-distance 174 

method, was compared with a matrix of geographical distances obtained with the Geographic 175 

Distance Matrix Generator version 1.2.3 application (Ersts, P.J., American Museum of Natural 176 

History, Center for Biodiversity and Conservation, USA) available from 177 
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http://biodiversityinformatics.amnh.org/open_source/gdmg. Test values range from -1 (negative 178 

correlation) to 0 (no correlation) to 1 (positive correlation). To represent identical genotypes found 179 

in different countries, 23 additional strains described in El Baidouri et al. (2013) were included. 180 

 181 

2.5. MALDI-TOF analysis 182 

Sample preparation was done as described by Lachaud et al. (2017). Strain spectra were 183 

acquired with an AutoFlex II MALDI TOF/TOF instrument from Bruker Daltonics (USA). Ten 184 

replicates of each strain were obtained using Flex Control version 3.4 (Bruker Daltonics) software. 185 

Spectra were converted to mzML format using the MSConvertGUI tool (ProteoWizad (Chambers et 186 

al., 2012)) and processed and analysed using Bionumerics software version 7.6.3 (Applied Maths). 187 

Baseline background noise was initially removed from raw spectra using the rolling disk tool (100 188 

points size). Curves were smoothed with a Kaiser window operator (window size of 20 points and 189 

beta of 10) and noise was again removed with a second rolling disk (200 points) after being 190 

computed with a continuous wavelet transformation (CWT) algorithm (scale 1, noise percentile at 191 

50, window size 501 points and minimum noise value of 0.2%). The peak detection threshold was 192 

set on a signal to noise ratio of 5. The 10 spectra replicates of each strain were summarized into an 193 

average spectrum using the “technical replicate” option and revised manually. Peaks from the 194 

average spectra of all strains were matched using a constant tolerance of 5 and linear tolerance of 195 

200. Peaks present in at least 10% of strains were selected for further comparative analysis. 196 

Identification of groups and clustering analysis were performed by both a principal component 197 

analysis (PCA) of quantitative values and by a NJ tree constructed using the Dice similarity 198 

coefficient. Correlation between the resemblance of spectra and geographical distances was 199 

estimated through a Mantel test using the ade4 R package. Taking into account the 200 

absence/presence of the selected peaks, the Jaccard coefficient was used to calculate the matrix of 201 

distance between spectra. 202 
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 203 

2.6. Shimodaira–Hasegawa test 204 

The Shimodaira–Hasegawa (SH) test was used to evaluate the congruence between 205 

phylogenetic trees constructed from genetic (hsp70, got, MLSA), biochemical (MLEE) and mass 206 

spectrometry (MALDI-TOF) data. Maximum likelihood (ML) trees were reconstructed with genetic 207 

data using the GTR+I+G model with a bootstrap of 100 repetitions using PhyML software version 208 

3.1 (Guindon et al., 2010). The SH test was conducted using PAUP* Phylogenetic analysis using 209 

parsimony (*and other methods) version 4.0a165 software (Swofford, D.L., 2003. Sinauer 210 

Associates, Sunderland, Massachusetts) for each ML tree versus the trees obtained using the other 211 

approaches and 100 additional random trees, to avoid bias in the results. Values obtained were P 212 

values for a null hypothesis of no difference between trees. Non-significant P values (>0.05) 213 

indicated no difference between trees, i.e. congruence. 214 

 215 

2.7. Average nucleotide identity calculation 216 

Available and comparable genomes from the L. donovani complex (L. donovani and L. 217 

infantum, n=12), L. tropica complex (L. tropica and L. aethiopica, n=5) and L. major complex (L. 218 

major, L. turanica, L. arabica and L. gerbilli, n=6) were downloaded from GenBank (see 219 

Supplementary Table S4). Average nucleotide identity (ANI) values were obtained by pairwise 220 

comparison of genomes inside each complex using the MUMmer at JSpeciesWS online service 221 

(Ribocon GmbH) available at http://jspecies.ribohost.com/jspeciesws/ (Richter et al., 2016).  222 

 223 

2.8. Data accessibility 224 

Raw data, matrices and command lines used to perform SH and Mantel tests were uploaded 225 

to MendeleyData under the DOI: 10.17632/jdyxs9nzg2.1. 226 
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 227 

3. Results 228 

3.1. Systematic got gene sequencing: full correlation with isoenzyme criteria 229 

For the 56 strains finally included in the study, isoenzymatic analysis of the GOT enzyme 230 

confirmed previous results: 31 L. infantum (GOT100), 20 L. donovani (GOT113) and L. archibaldi 231 

(GOT110). 232 

got sequence analysis revealed 11 different genotypes due to nine polymorphic positions 233 

along the 1239 pb fragment of the full open reading frame. Three of the polymorphic positions 234 

implied non-synonymous substitutions (i.e. positions 352, 419 and 823, see Supplementary Table 235 

S5). Only the change from aspartic acid to tyrosine, determined by a variation at position 823, was 236 

associated with a shift in the electric charge, which altered the protein electrophoretic migration. At 237 

that position, there was a full correlation between the nucleotide sequence and the electrophoretic 238 

mobility. No post-translational modification was detected. Therefore, strains with GOT113 and 239 

GOT100 mobilities were systematically associated with alleles 823G and 823T, respectively. GOT110 240 

was systematically associated with heterozygosity at position 823, where both G and T alleles were 241 

present (noted as K according to the International Union of Pure and Applied Chemistry - 242 

International Union of Biochemistry (IUPAC-IUB) code). Consequently, clusters defined by alleles 243 

823T, 823G and 823K were considered as reference groups in the present work.  244 

 245 

3.2. MALDI-TOF analysis of the L. donovani complex: no evident substructure 246 

MALDI-TOF spectra ranged from 2,000 to 13,000 m/z. Ninety-eight peak classes, mainly 247 

found in the zones of 3,000-4,000, 5,000-6,000 and 10,000-11,000 m/z, were considered for strain 248 

comparison, with an average of 45 analysed peaks per strain. Most of the peak classes (63) were 249 

present in the spectra of less than the 50% of the strains and only 10 peaks were present in all. PCA, 250 
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where the three strongest components explained 89.5% of variance in the input data (76.6% PC1(x), 251 

7.08% PC2 (y) and 5.9% PC3(z)), showed a continuous distribution of the strains, with no evident 252 

substructure grouping (Fig. 1). The Mantel test gave a positive correlation between distances among 253 

strains, based on the presence/absence of the peaks, and geographical distances (r=0.308, P=0.001).  254 

 255 

3.3. Comparative evaluation of genetic distances within different Leishmania complexes: low 256 

genetic variability of the L. donovani complex 257 

Leishmania donovani complex genetic distances were assessed relative to other Leishmania 258 

complexes, i.e. those of L. major and L. tropica, by both NN analysis and systematic pairwise 259 

comparison of whole-genome sequences. Whatever the dataset used (i.e. an MLSA scheme based 260 

on seven genes, partial hsp70 gene or complete got gene sequence), the three NN networks showed 261 

comparable structures, with the three complexes clearly separated (Fig. 2). When complex 262 

structures were compared, those of L. major and L. tropica were clearly more diversified (long 263 

branches) and structured (less boxes) compared with the L. donovani complex. Low genetic 264 

variability in the L. donovani complex did not appear to be related to the number of strains 265 

analysed. The total ratios of genotype number to sequence number were 84% (48/57), 77% (51/66) 266 

and 48% (81/168) for L. tropica, L. major and L. donovani complexes, respectively. 267 

For a broader view of the genetic diversity, a pairwise alignment of full-length genomes 268 

belonging to L. donovani, L. major and L. tropica complexes was performed (Table 1). The intra-269 

complex ANIs were different between complexes. The high L. donovani identity value at the 270 

complex level (99.42 ± 0.56) was comparable to values observed for L. tropica or L. major at the 271 

intraspecific level (L. major 99.38 ± 0.13, L. tropica 98.92 ± 0.24).  272 

 273 

3.4. Comparison of isoenzyme-based taxonomic groups with non-isoenzyme-based clustering: 274 

partial concordance between approaches 275 



13 
 

As described above, isoenzyme-based taxonomic groups inside the L. donovani complex 276 

were correlated with a single nucleotide variation at the got gene position 823. In order to evaluate 277 

conservation of the three allelic groups defined by other approaches, we compared topologies of NJ 278 

phylogenetic trees constructed from isoenzymatic, mass spectrometry and genetic data (Fig. 3). A 279 

preliminary visual comparison revealed that the trees obtained using approaches directly related to 280 

the allelic position 823 (i.e. got and MLEE) were quite similar and supported by moderate bootstrap 281 

values (five out of nine were higher than 50%). Conversely, in trees obtained by approaches non-282 

directly related to allelic position 823 (i.e. MLSA, hsp70 and MALDI-TOF), multiple strains were 283 

reshuffled and the result was correlated with lower bootstrap values (all under 50%). 284 

Similarly, the SH test applied to assess tree topology congruence revealed low non-285 

significant values (P>0.05), indicating topological differences between trees (Table 2). Only the got 286 

tree was congruent with allele 823 and MLEE trees (SH value = 0.22 and SH value = 0.21, 287 

respectively). When position 823 was removed from the analysis, congruence between got and 288 

MLEE decreased to 0.02. 289 

 290 

3.5. Evaluation of allele distribution within the L. donovani complex: large-scale allele exchanges 291 

A total of 7161 bp were analysed from the concatenation of seven coding DNA sequences 292 

included in an MLSA scheme and hsp70 and got genes. Eighty-four polymorphic positions were 293 

detected (65, 10 and nine for MLSA, hsp70 and got, respectively). Being non-contributory for 294 

genetic exchange analysis, 48 singletons were hidden. Allele distribution was evaluated at the 36 295 

remaining positions, and the genotype of the BCN 527 strain (MHOM/FR/78/LEM75), a classical 296 

reference strain for isoenzyme analysis, was arbitrarily selected as a reference (Fig. 4). This analysis 297 

revealed a striking reshuffling of most of the alleles and no substructure was identifiable. 298 

Furthermore, when taxonomic position got 823 was considered (Supplementary Fig. S1), there were 299 

no signs of co-segregation with the other evaluated loci except got position 522. Nearly all 300 

genotypes were unique and only four identical genotypes were shared by at least two and up to four 301 
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strains. In addition, heterozygous alleles were observed in at least one strain at 24 out of the 36 302 

evaluated positions (67%). It should be highlighted that both parental alleles were systematically 303 

found in the studied population except at five positions. Thirty-five of the 56 strains had at least one 304 

heterozygous position and 10 strains had more than 10%, and up to 19%, heterozygosity. 305 

The existence of isolation by distance was evaluated in the aforementioned 56 strains plus 306 

23 additional strains described in El Baidouri et al. (2013) to prevent underrepresentation of 307 

identical genotypes from different countries. The Mantel test showed significant positive correlation 308 

between geographical and genetic distance matrices (r= 0.393, P=0.001). Similarly, it was possible 309 

to observe an east-west gradient across the allelic prevalence map (Fig. 5). Additionally, seven 310 

genotypes were present in at least two countries and up to 16 different countries from eastern 311 

Europe, Africa, the Middle East and Asia. If the most ubiquitous genotype (BCN 527) was removed 312 

from the Mantel test analysis, the correlation coefficient increased up to 0.557 (P=0.001).  313 

 314 

4. Discussion 315 

Clinical, geographical and epidemiological criteria have been used for decades to classify 316 

Leishmania spp. responsible for leishmaniasis. Over time, the L. donovani complex was split into 317 

different species, most of which have subsequently been considered synonymous and dropped, with 318 

only two taxa, L. donovani and L. infantum, currently remaining (Akhoundi et al., 2016). Broadly, 319 

the former includes human-hosted strains that potentially cause post-kala-azar dermal leishmaniasis 320 

(PKDL) and the latter includes canid-hosted strains found in the Mediterranean basin (Pratlong et 321 

al., 2013). The purpose of this taxonomy is to define pragmatic boxes based on clinical and 322 

epidemiological criteria (Maurício, 2018). The isoenzymatic phenotype of the got gene is the sole 323 

intrinsic criterium apparently consistent with this division (Pratlong et al., 2001). 324 

Meanwhile, many exceptions to these clinical, epidemiological and geographical criteria 325 

have been described. PKDL cases associated with L. infantum have been reported, mostly in HIV-326 

infected subjects (Scaglia et al., 1996; Dereure et al., 2003; Calza et al., 2004; Catorze et al., 2006; 327 
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Celesia et al., 2014) and vice versa, L. donovani strains have been isolated from patients suffering 328 

cutaneous leishmaniasis, previously considered typical of L. infantum infection (Pratlong et al., 329 

1995; Karunaweera et al., 2003; Antoniou et al., 2008; Elamin et al., 2008), and from animals 330 

(Dereure et al., 2003; Mohebali et al., 2004). Several authors have reported PCR positivity or 331 

seropositivity in dogs in L. donovani foci, including in Bangladesh, Sri Lanka, India, Sudan and 332 

Ethiopia, suggesting dogs act as L. donovani reservoirs (Rohousova et al., 2015). In turn, non-canid 333 

reservoirs have been described for L. infantum, including mustelids and felids, and more recently 334 

rodents and lagomorphs (Martín-Sánchez et al., 2007; Molina et al., 2012; Jiménez et al., 2014; 335 

Millán et al., 2014; Risueño et al., 2018; Galán-Puchades et al., 2019). Contrary to the widely held 336 

view, transmission of the different Leishmania spp. might only be partially dependent on 337 

phlebotomine sand flies (Antoniou et al., 2013; Seblova et al., 2015). Furthermore, there is no 338 

indication that sand fly species known to transmit L. infantum are not able to transmit L. donovani 339 

under natural conditions and vice versa. The experimental study by Seblova et al. on Phlebotomus 340 

perniciosus showed a comparable susceptibility of the vector for both L. donovani and L. infantum 341 

(Seblova et al., 2015). In the field, although yet to be confirmed, Phlebotomus alexandri is 342 

suspected to transmit L. donovani in Iran, Iraq and Oman, and is a reported vector of L. infantum in 343 

China (Azizi et al., 2006; Maroli et al., 2013). From a geographical point of view, L. infantum and 344 

L. donovani overlap in at least China, Cyprus, Israel, Iraq, Sudan and Yemen (Dereure et al., 2003; 345 

Mazeris et al., 2010; Pratlong et al., 2013). Hence, the number of exceptions to the classical 346 

taxonomy based on clinical, epidemiological and biochemical criteria is growing and they are likely 347 

to be underreported due to potential circular reasoning.  348 

To date, with a few exceptions, taxonomic studies of the L. donovani complex have 349 

generally been based on the analysis of a low number of strains, often from concrete geographical 350 

areas, or discriminatory genetic markers, producing unrepresentative and contradictory results 351 

(Jamjoom et al., 2004; Mauricio et al., 2006; Lukes et al., 2007; Zemanová et al., 2007; Kuhls et al., 352 

2008; Gouzelou et al., 2013; Baleela et al., 2014; Banu et al., 2019). As we show in this work, the 353 
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resolving power of genetic analysis of the L. donovani complex is hampered by very low genetic 354 

diversity compared with other complexes, and especially by the strong genetic flow across its range. 355 

Today, population structure and changes over time are assessed by whole genome analysis 356 

(Imamura et al., 2016; Rai et al., 2017). Depending on the studied foci and the geographical scale, 357 

various competing scenarios have been proposed. For example, in the Indian subcontinent, Imamura 358 

et al. (2016) reported an extremely low level of overall genetic diversity in a study of 204 parasite 359 

isolates obtained from confirmed VL patients (Imamura et al., 2016). The six closely related 360 

monophyletic groups detected by whole genome analysis were present throughout the sampling 361 

window (from 2002 to 2011) and area (both India and Nepal), indicating the weak genetic structure 362 

of the population across this large distribution area (eight of the 204 samples were clearly hybrid 363 

strains and no recombination was detected elsewhere).  364 

A different scenario was described in a smaller focus in Ethiopia, where differences in 365 

ecology and sand fly vectors had been reported (Zackay et al., 2018). A genome-wide comparison 366 

of L. donovani strains revealed two distinct genetic clusters. The correlation between genotypes and 367 

geographical origin (northern versus. southern Ethiopia) was almost perfect (for 38/41 isolates), 368 

demonstrating that the populations are delineated by geography/ecology rather than clinical 369 

presentations. A third interesting example of L. donovani complex genetic structure was described 370 

by Rogers et al. (2014) in southeastern Turkey (Rogers et al., 2014). In this focus, Leishmania 371 

strains were hybrids descended from a single outcrossing between a parent similar to L. infantum 372 

strains described in Spain and another related to L. donovani strains, producing a genome-wide 373 

mosaic of ancestry from the two parents. As pointed out by Rogers et al., the cross was probably 374 

detected because the genetic backgrounds were sufficiently divergent. 375 

The different scenarios and population genetic structures described above are not mutually 376 

exclusive and are compatible with our data. As shown in Figs. 4 and 5, and by the high Mantel test 377 

values, allele frequency was roughly correlated with the geographic distance along an east-west 378 

gradient (e.g. allelic positions 258 and 4287 in the MLSA analysis or position 370 in hsp70). 379 
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However, the most striking fact revealed by these data is a genetic mixing at most of the allelic 380 

positions. For example, allele C at position 1479 was present in strains isolated from China, India, 381 

Israel, Yemen, Turkey, Ukraine, eastern Africa and countries around the Mediterranean basin, 382 

whereas allele T was present in eastern Africa and countries around the Mediterranean basin. In 383 

addition, heterozygous alleles (i.e. C/T) were detected in strains from the Mediterranean basin and 384 

eastern Africa. Similarly, differences in the spectra obtained by MALDI-TOF analysis were 385 

correlated with geographic distances; however, no isolated groups of strains were identifiable.  386 

Although no convincing chronology for the evolution is available, this genetic patchwork is 387 

probably the result of intensive genetic exchange over time. In our data, more than two-thirds of the 388 

allelic positions analysed were heterozygous in at least one strain, and remarkably both parental 389 

alleles were almost systematically found in the studied population. In addition, 62% of the strains 390 

had at least one heterozygous position and heterozygosity in 10 strains was higher than 10% and up 391 

to 19%. The high prevalence of heterozygous strains throughout the geographical range is 392 

congruent with the hypothesis of frequent allelic exchanges and genetic hybridization events within 393 

the population. It might also indicate that the heterozygous positions are stable over time, possibly 394 

selected for a functional role.  395 

A key additional observation is the presence of identical or near-identical genotypes spread 396 

across the geographical range. For example, closely related genotypes BCN 527, 948 and 906 397 

(equivalent to genotypes LST0001, LST0092 and LST0135 from El Baidouri et al. (2013)) were 398 

isolated not only all around the Mediterranean basin but also in central Asia, the Middle East, 399 

eastern and central Africa, Arabia and China. This result is supported by biochemical analysis of the 400 

ubiquitous distribution of zymodeme MON-1 (Kuhls et al., 2008; Pratlong et al., 2013). 401 

Furthermore, although strains from America were not included in our study, previous research has 402 

proved the presence of those ubiquitous genotypes in the continent. The low diversity found among 403 

American strains from the L. donovani complex, together with a full similarity with southwestern 404 
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European strains, lead Kuhls et al. (2011) to conclude that a recent importation had occurred (Kuhls 405 

et al., 2011). 406 

These widespread genotypes have adapted to various ecological conditions, and the mobility 407 

of the reservoirs (i.e. humans and dogs) is probably a contributing factor. However, it is difficult to 408 

make a convincing hypothesis to explain this pattern over several decades (see below). 409 

Overall, the description of the L. donovani complex genetic structure involves 410 

heterogeneous and interlinked scenarios. There is i) a continuum of the different genotypes across 411 

the geographical range of the population; ii) a roughly east-west allele frequency gradient; iii) a 412 

large amount of genetic exchange footprints; iv) the existence of ecotypes (i.e. distinct geographic 413 

varieties genotypically adapted to specific environmental conditions) and local sub-structures, and 414 

v) a large-scale geographical spread of a few genotypes.  415 

Another question concerns evolution over time. The use of phylogenetic models has allowed 416 

evolutionary histories of the L. donovani complex over 150 years to be proposed. For example, 417 

Imamura et al. (2016) reported a divergence of the Indian population in the mid-19th century, which 418 

matches historical large-scale outbreaks, while another divergence coincides with the end of the 419 

dichlorodiphenyltrichloroethane (DDT) spraying campaign in the 1960s (Imamura et al., 2016). 420 

However, on a shorter time-scale, the detection of rapid population change might be more 421 

challenging. Baleela et al. (2014) analysed 124 Leishmania strains isolated between 1954 and 2006 422 

in Sudan and their dataset revealed multiple examples of temporally separated strains which were 423 

closely related genetically, at least on a time-scale of a few dozen years. As noted above, in our data 424 

there are no signs of a recent evolution of the population structure pattern across the L. donovani 425 

complex geographical range. In addition, from a temporal point of view, the analysed strains were 426 

isolated over a 50 year period (1955 to 2005) and there is no evidence of a fast or recent 427 

modification of the genotypes. For example, closely related genotypes BCN 988 and BCN 912 (two 428 

allelic divergences among 7170 allelic positions analysed) were isolated in 1955 in Kenya and in 429 

1990 in Ethiopia, respectively, and other similar examples are included in Fig. 4.  430 
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In conclusion, although there are obvious differences between foci, including in clinical 431 

presentations, reservoirs, vectors, etc., there is no genetic evidence for separating the two species 432 

within the L. donovani complex (at least if using the phylogenetic definition of species) ( Staley, 433 

2009; Maurício, 2018). The term ‘sub-species’ is too vague to take into account the network of 434 

genetic exchanges and introgressions between them. The term ‘ecotype’, which refers to a 435 

genetically distinct geographic population within a species adapted to specific environmental 436 

conditions, should be rejected for the same reason. Due to this absence of relevant terminology in 437 

existing classes, it would probably be more useful to analyse L. donovani as a single entity, as 438 

recently proposed by Maurício (2018). 439 

Although the speciation process within the L. donovani complex can create reproductive 440 

isolation barriers between diverging populations, this might be countered by the increasing mobility 441 

of the reservoirs (i.e. humans and dogs). In addition, advanced sequencing technologies have shed 442 

light on genome-wide divergence between closely related species, revealing heterogeneous 443 

divergence patterns between entities during the speciation process, including in genomic regions 444 

resistant to introgression (Cruickshank and Hahn, 2014). Work on these islands of differentiation 445 

could help to develop a better understanding of the L. donovani complex structure and evolution. 446 
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Legends to Figures 678 

 679 

Fig. 1. Principal component analysis (PCA) of the Leishmania donovani complex MALDI-TOF data. 680 

The PCA is colour-coded according to the allele 823 variations of the glutamate-oxaloacetate 681 

transaminase gene.  682 

 683 

Fig. 2. Genetic distance evaluation of multilocus sequence analysis (MLSA), heat-shock protein 70 684 

(hsp70) and glutamate-oxaloacetate transaminase (got) genes by neighbour-nets (NN) in three 685 

different Leishmania complexes.. The Leishmania major complex gathers L. major, Leishmania 686 

turanica, Leishmania arabica and Leishmania gerbilli taxa. The Leishmania tropica complex gathers 687 

L. tropica, Leishmania killicki and Leishmania aethiopica taxa. The Leishmania donovani complex 688 

gathers L. donovani, Leishmania infantum and Leishmania archibaldi taxa. At the right side of each 689 

NN, a box shows an amplification of the L. donovani complex net regions . The nodes of the 690 

amplification are colour-coded according to the allele 823 variations of the got gene.  691 

 692 

Fig. 3. Tree topology comparison among different approaches. Neighbour joining trees of the 693 

Leishmania donovani complex based on genetic data, multilocus enzyme electrophoresis (MLEE) 694 

and MALDI-TOF were analysed. Colour coding is based on allele 823 variations of the glutamate-695 

oxaloacetate transaminase (got) gene. Bootstrap value was added for remarkable nodes. Distance 696 

values for truncated outgroup branches appear bracketed. hsp70, heat-shock protein 70 gene; MSLA, 697 

multilocus sequence analysis concatenated genes. 698 

 699 

Fig. 4. Allele sharing between the Leishmania donovani complex genotypes. Fifty-six analysed 700 

genotypes (singletons not included) were compared and ordered according to a neighbour joining tree 701 

analysis (represented on the left side and colour-coded according to allele 823 variations of the 702 

glutamate-oxaloacetate transaminase (got) gene). Country and year of isolation are indicated on the 703 
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right side. Genotypes are colour-coded according to BCN 527 (MHOM/FR/78/LEM75) alleles (in 704 

bold) as a reference. M.B., Mediterranean Basin; E.A., East Africa; I.S., Indian subcontinent; M.E., 705 

Middle East and S.E., South Europe. hsp70, heat-shock protein 70 gene; MSLA, multilocus sequence 706 

analysis genes. 707 

 708 

Fig. 5. Geographical allele distribution of the Leishmania donovani complex. Allelic frequencies of 709 

each strain using BCN 527 (MHOM/FR/78/LEM75) as the reference are represented by pie charts. 710 

Genotypes are colour-coded according to BCN 527 alleles. Strains without geographical information 711 

(i.e. BCN 969 and BCN 989) are not represented. Stars indicate added strains analysed in El Baidouri 712 

et al. (2013). Map from the NASA Worldview Snapshots application. 713 

 714 

Legends to Supplementary figures  715 

 716 

Supplementary Fig. S1. Allele sharing between Leishmania donovani complex genotypes 717 

organized by 823 allele variants of the glutamate-oxaloacetate transaminase (got) gene. Fifty-six 718 

analysed genotypes (singletons not included) were compared and ordered according to allele 823 719 

variations of the got gene. Genotypes are colour-coded using BCN 527 alleles (in bold) as a 720 

reference. hsp70, heat-shock protein 70 gene; MSLA, multilocus sequence analysis genes. 721 

 722 

  723 
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Table 1. Comparison of whole genome variability between different Leishmania complexes and 724 

taxa.  725 

Taxa Genomes ANI (%) 

Leishmania donovani 

complex n = 12 99.42 ± 0.56 

Leishmania tropica 

complex n = 5 97.55 ± 1.62 

Leishmania major 

complex n = 6 96.50 ± 3.015 

L. donovani n = 8 99.57 ± 0.42 

Leishmania infantum n = 4 99.80 ± 0.17 

Leishmania tropica n = 3 98.92 ± 0.24 

Leishmania 

aethiopica n = 2 99.12 

L. major n = 3 99.38 ± 0.13 

Leishmania turanica n = 1 NA 

Leishmania arabica n = 1 NA 

Leishmania gerbilli n = 1 NA 

Interval of average nucleotide identity (ANI) values obtained by genome comparison within each 726 

taxon. Pairwise comparison was performed with MUMmer using the JSpeciesWS web application 727 

on complete Leishmania genomes available in GenBank (listed in Supplementary Table S4).  728 

NA, not applicable. 729 

 730 

  731 
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Table 2. Shimodaira-Hasegawa test for tree congruence. 732 

 

 
got 

 

got w/o 823 

 

MLSA 

 

hsp70 

Tree 

topology Diff  -ln L 

SH-test 

P values 

 

Diff  -ln L 

SH-test 

P values 

 

Diff  -ln L 

SH-test 

P values 

 

Diff  -ln L 

SH-test 

P values 

Allele got-

823 57.0450 0.22 

 

61.9450 0.02 

 

824.4488 0.00 

 

93.4464 0.00 

MLEE 55.0232 0.21  58.6352 0.02  543.4564 0.00  61.9529 0.02 

got Best NA  8.1739 0.62  765.0142 0.00  78.6692 0.00 

got w/o 823 20.6977 0.55  Best NA  857.5685 0.00  83.1619 0.00 

MLSA  142.3409 0.00  90.1543 0.01  Best NA  55.0976 0.07 

hsp70 166.5193 0.00  106.4447 0.00  706.1710 0.00  Best NA 

MALDI 142.8053 0.00  100.8120 0.00  642.4023 0.00  68.0326 0.00 

Pairwise likelihood-score differences (Diff -ln L) between topologies of the trees listed in the first 733 

column and the glutamate-oxaloacetate transaminase (got) gene, got gene without position 823 (i.e. 734 

got w/o 823), multilocus sequence analysis (MLSA, i.e. concatenation of seven loci 03.0980-735 

31.2610) and heat-shock protein 70 (hsp70) gene trees. Shimodaira-Hasegawa (SH) P values were 736 

considered significant when <0.05. In bold, non-significant values indicate no significant difference 737 

between trees, i.e. congruence.  738 

NA, not applicable; MLEE, multilocus enzyme electrophoresis. 739 

 740 

 741 
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