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PREFACE 

Epidemiological context of the leishmaniasis  

Leishmaniasis is a complex parasitic disease with diverse clinical manifestations and epidemiology that 

is caused by protozoan belonging to the genus Leishmania. These parasites are transmitted to the 

mammalian host by the bite of infected phlebotomine Lutzomyia sand flies in the New World and 

Phlebotomus in the Old World. 

The leishmaniasis is spread in more than 98 countries worldwide putting 350 million people at risk of 

infection and causing more than 1.5 new million cases per year (Murray et al., 2005; Alvar et al., 2012) 

(Preface: Figure 1). Currently, this infection is considered as an emergent and re-emergent disease and 

there is increased concern about its progressive adaptation into urban environments, the effects of 

human migration, climate change and co-infection with other diseases (Desjeux, 2004).   

 

Preface: Figure 1  

Geographic distribution of the leishmaniasis. Source: World Health Organization, October 2010 

An important characteristic of the leishmaniasis is its wide spectrum of clinical manifestations that 

have been classified into tegumentary leishmaniasis (TL), mucosal leishmaniasis (ML) and visceral 

leishmaniasis (VL) (Murray et al., 2005; David e Craft, 2009) (Preface: Figure 2). These distinct diseases 

can be caused by up to 20 different Leishmania species. 

Epidemiological data show that six countries hold around 90% of all VL in the world (India, Bangladesh, 

Sudan, South Sudan, Brazil and Ethiopia), whereas 75% of all TL cases are reported in Afghanistan, 



- 10 - 
  

Algeria, Colombia, Brazil, Iran, Syria, Ethiopia, North Sudan, Costa Rica and Peru (Desjeux, 2004; Alvar 

et al., 2012) constituting an important public health problem in these areas.  

TL can be sub classified into three distinct subtypes that are referred as cutaneous leishmaniasis (CL), 

mucosal leishmaniasis (ML) and diffuse cutaneous leishmaniasis (DCL). TL is widely distributed in the 

Old and New World and is characterized by a progressive destruction of tissues with the appearance 

of papules and ulcerative lesions with keratotic plates near the sand fly bite (Murray et al., 2005). ML 

usually appears after a first cutaneous lesion and affects the nares and pharyngeal cavity causing 

important respiratory complications and disfigurement (Goto e Lindoso, 2010).  

Diffuse disease has been associated with L. (L.) amazonensis and L. (L.)  aethiopica infection in the 

New and Old World and results in disseminated non-ulcerative lesions on the patient’s body (Akuffo 

et al., 1997; Sinha et al., 2008). 

Visceral disease is the most important form of leishmaniasis and can be deadly if remains untreated. 

The range of symptoms of VL can vary from subclinical to fully established infection leading to fever, 

general weakness, weight loss and more complex symptoms like multi-organ failure (hepatomegaly 

or splenomegaly (Murray et al., 2005; Banuls et al., 2007). The two most important etiological agents 

of VL are L. (L.) donovani and L. (L.) infantum that are present in the Americas, Europe, Asia and 

Africa (Murray et al., 2005; Alvar et al., 2012). 

 

Preface: Figure 2 

Clinical manifestations of the leishmaniasis. CL: cutaneous leishmaniasis; ML: mucosal leishmaniasis; 
DCL: diffuse cutaneous leishmaniasis 
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The life cycle of Leishmania 

Leishmania is a digenetic protozoan that develops part of its lifecycle on an invertebrate female 

phlebotomine and the other on a vertebrate host (Preface: Figure 3). This characteristic of the 

lifecycle exposes the parasite to two distinct environments within their hosts and results in two 

different parasite forms. On the sand fly, the parasite develops into a flagellated motile extracellular 

form called promastigote whereas in the vertebrate host it presents a non-motile intracellular stage 

named amastigote (Banuls et al., 2007). 

The lifecycle begins when a non-infected female sand fly ingests Leishmania amastigotes from an 

infected reservoir. While more than 500 different sand fly species have been reported in South 

America, only 30 have been incriminated as putative vectors (Killick-Kendrick, 1990; Kato et al., 

2010). Inside the sand fly tract, amastigotes rapidly differentiate into promastigotes (up to 24 hours 

after blood is ingested) and start to multiply by binary fission. 

Many authors consider up to five different promastigote forms inside the invertebrate host: procyclic 

promastigotes, nectomonads, haptomonads, paramastigotes and metacyclic promastigotes (Kato et 

al., 2010).  The latter is considered the infective form for the vertebrate host. 

The lifecycle continues when an infected female feeds on a non-infected vertebrate host and 

regurgitates metacyclic promastigotes. These promastigotes are rapidly phagocytized by the host 

macrophages and inside parasitophorous vacuoles they start to develop into amastigotes that are 

adapted to the acidic pH conditions of the macrophage (Banuls et al., 2007). Amastigotes start to 

multiplicate by binary fission leading to a large population of parasites that eventually burst the cell 

and infect other macrophages.  Eventually a non-infected female sand fly bites an infected host and 

the cycle starts again. 
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Preface: Figure 3 

The life cycle of Leishmania. Source: Centers of Disease Control and Prevention. 

 

Taxonomy of Leishmania 

The Leishmania genus belongs to the Trypanosomatidae family sharing its taxonomic position with 

other genus of public health importance like Trypanosoma. The Leishmania genus is comprised of more 

than 35 different species, of which at least 20 are pathogenic to humans and are classified in three 

subgenera (Leishmania, Viannia and Sauroleishmania) (Preface: Figure 4). The classification of these 

species has been debated for a long time in the scientific community and is not fully resolved. 

Leishmania was first classified based on ecobiological criteria including vectors, geographic distribution 

and clinical manifestations (Lainson e Shaw, 1979; Lainson et al., 1987; Desjeux, 2004; Murray et al., 

2005; Goto e Lindoso, 2010). In this sense, Lainson and Shaw identified distinct patterns in the 

development of some species inside the sand fly tract and classified them based on their location as 

suprapylaria, peripylaria and hypopylaria (Killick-Kendrick et al., 1977; Lainson et al., 1977; Lainson et 

al., 1979). 

Based on these criteria, the two most important subgenus (Viannia and Leishmania) present distinct 

sites of development. The Viannia subgenus that includes species exclusively from the New World is 
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characterized by a phase of development at the hindgut, multiplication at the midgut and subsequent 

invasion of the foregut (peripylaria) (Lainson et al., 1979) . The Leishmania subgenus belong to a 

common monophyletic lineage that includes New World and Old World species with a phase of 

intraluminal development in the midgut (suprapylaria)(Lainson et al., 1977). 

These extrinsic classification criteria were later complemented with the use of biochemical and 

molecular tools includying the use of multilocus enzyme electrophoresis to distinguish species 

complexes within both subgenera (Rioux et al., 1990) and the detection of polymorphisms in the 

kinetoplast DNA and nuclear genes among species (Tsukayama et al., 2009; Van Der Auwera et al., 

2014). 

 

Preface: Figure 4 

Classification of Leishmania. Adapted from: Real et al., 2013 (Real et al., 2013) 

Genomics of Leishmania 

The availability of genomic sequences of several Trypanosomatid species has greatly contributed to a 

better understanding of the biology of these parasites. 

Leishmania genome endeavors have resulted in the sequencing of several species of Leishmania 

including L. (L.) major Friedlin (Ivens et al., 2005), L. (L.) infantum JPCM5, L. (L.) braziliensis M2904 

(Peacock et al., 2007), L. (L.) amazonensis M2269 (Real et al., 2013) and several other draft assemblies 

that are available to the scientific community through the Tritryp database (Aslett et al., 2010).  
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The genomes of Leishmania differ from other eukaryotic organisms in terms of their organization and 

transcription. Unlike most eukaryotes, there are very few introns and genes are grouped into 

bidirectional gene clusters that can comprise hundreds of genes located at the same DNA strand and 

are separated by strand switch regions (Myler et al., 1999; Ivens et al., 2005)(Preface: Figure 5). 

Some of the multigene families are distributed in tandem gene arrays (Myler et al., 1999).  

Transcription in these organisms is polycistronic in a similar way as operons in prokaryotes. The 

polycistrons are post-transcriptionally processed through polyadenylation and trans-splicing of the 

spliced-leader sequence containing CAP to the 3’ and 5’ end the messenger RNA, respectively (Peacock 

et al., 2007). 

The analysis of Leishmania genomes have revealed important similarities as well as structural 

differences among species. These studies have shown a high degree of synteny across species despite 

a breach of 36-46 million years of divergence between New World and Old World species (Lukes et al., 

2007). Importantly, approximately 200 genes have been identified with differential distributions across 

L. (L.) major, L. (L.) infantum, and L. (V.) braziliensis (Peacock et al., 2007). 

 

Preface: Figure 5 

Genomic organization and transcription in Leishmania. 

 

The genomes of L. (L.)  donovani, L. (L.)  major and L. (L.) infantum are organized into 36 chromosomes 

(Wincker et al., 1996) whereas New World species L. (V.) braziliensis and L. (L.) mexicana present of 35 

and 34 chromosomes respectively, due to fusion events between chromosomes 20 and 34 in L. (V.)  
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braziliensis and chromosomes 8 and 29 and 20 and 36 in L. (L.) mexicana (Britto et al., 1998; Peacock 

et al., 2007). 

Recently, gene duplication and tandem gene arrays have been proposed as a form to increase gene 

expression in the absence of a regulatory transcriptional mechanism with numerous gene 

amplifications of species-specific genes (Rogers et al., 2011).  Analyses of chromosomal content from 

different cells within the same isolate have led to conclude that Leishmania presents a mosaic 

structure; this is referred as neighboring cells within the same isolate presenting different 

chromosomal content (Sterkers et al., 2012). 

Increased gene copy number (CN) due to this mosaic composition may contribute to gene expression 

modulation in response to environmental changes (Rogers et al., 2011; Sterkers et al., 2012), although 

this needs to be further investigated. As a consequence, mosaic aneuploidy appears to be unstable 

within the same isolate as has been shown to occur in the L. major Friedlin strain (Sterkers et al., 2012).  
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JUSTIFICATION 

The leishmaniasis constitute a major health problem worldwide with an increase in its incidence and 

distribution with more than 98 endemic countries and 1.5 million documented cases per year. 

Clinical manifestations of this disease are diverse and can lead to disfigurement, functional 

impairment and even death.  In this line, it is known that this wide range of symptoms are mainly 

associated with the infecting Leishmania species and the host immune response. 

However, genomics studies have shown few inter-species differences in terms of gene content, a 

high degree of genomic conservation and synteny in these parasites. This evidence suggests the 

presence of other parasite related factors that might contribute for the distinct disease outcomes. 

A better understanding of such aspects might be useful for identifying new targets for vaccines and 

drug development as well as to assess the structure of the parasite population in endemic foci with 

the ultimate goal to improve and design better strategies for controlling this devastating disease. 

GENERAL OBJECTIVE 

The overall goal of this research is to identify specific feature of the genomes of Leishmania that may 

contribute to the distinct clinical presentation, mediate host parasite interaction and assess the 

population structure in endemic foci with a special interest in New World Leishmania species. 

For this purpose, we employed a comparative genomics approach (Chapter 1), a phylogenomics 

method (Chapter 2) and a population genomics study (Chapter 3). 
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CHAPTER I: Comparative genomic analysis of Leishmania (Viannia) 

peruviana and Leishmania (Viannia) braziliensis 

Justification 

The L. (V.) braziliensis complex is among the most important Leishmania groups in the New World 

(Mimori et al., 1989). This complex comprises two closely related species (L (V.). peruviana and L. (V.) 

braziliensis) whose status as distinct species have been debated (Fraga et al., 2013).  

Phylogeny studies on L. (V.) peruviana have given contradictory results regarding its position as a 

distinct species or as a sub-species of L. (V.) braziliensis, whereas studies using multi-locus enzyme 

electrophoresis have treated them as closely related but still different species (Arana et al., 1990; 

Banuls et al., 2000).  

In this study we have conducted a comparative genomics analysis of two L. (V.) peruviana isolates 

against the closely related L. (V.) braziliensis reference strain M2904 in order to better understand 

species-specific variation that could influence different disease phenotypes that are typical of this 

complex and shed lights into its phylogenetic relationship. 

The results of this study were published in BMC Genomics: DOI: 10.1186/s12864-015-1928-z. 

Objectives 

General Objective 

The main objective of this chapter was to identify differences in the genomes of L. (V.) braziliensis and 

L. (V.) peruviana and determine their phylogenetical status. 

Specific Objectives 

To accomplish our main objective we worked on the following specific aims: 

 Assembly the L. (V.) peruviana genome and transfer functional annotations from the L. (V.) 

braziliensis M2904 reference genome. 

 Analyze variants in terms of Single Nucleotide Polymorphisms (SNPs) and Insertions and 

Deletions (INDELS) and assess their effects on coding sequences (CDS). 
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 Determine chromosome copy number variations (CNV) between L. (V.) peruviana and L. (V.) 

braziliensis. 

 Characterize tandem duplicated gene arrays and dispersed duplicated genes. 
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Chapter 1: Supplementary Table 1 

SNPs analysis in L. (V.) peruviana. Only shared SNPs between both isolates are reported. Number of SNPs 
and gene length are presented in nucleotides. Haploid copy number (HCN) estimated for the genome of 
PAB-4377 (PAB) and LEM-1537 (LEM). Of these, 14,244 SNPs (53.24%) were synonymous mutations and 
12,462 (46.59%) were non-synonymous mutations.  Additionally, eight SNPs mutating the annotated start 
codon (0.03%) and 36 mutating the annotated stop codon were found (0.13%). Only the 30 top genes out 
of the 6,114 are shown.  

    HCN     

Gene Id Product Description PAB4377 LEM1537 
Number of 

SNPs 
Gene 

length 

LbrM.33.3060  hypothetical protein, conserved  0.97 0.87 135 14943 

LbrM.30.2340  hypothetical protein, conserved  0.98 0.75 83 11340 

LbrM.34.5330  hypothetical protein, conserved  1.07 1.25 82 19875 

LbrM.16.0180  hypothetical protein, conserved  0.82 0.79 69 13302 

LbrM.35.1580  hypothetical protein, conserved  1.01 0.76 68 16767 

LbrM.14.0770  hypothetical protein, conserved  0.68 0.39 63 12570 

LbrM.35.3160  hypothetical protein, conserved  1.05 0.98 43 12582 

LbrM.30.2160 
 endosomal trafficking protein RME-8, 
putative  1.2 1.19 40 7335 

LbrM.02.0130 
 phosphatidylinositol kinase related 
protein, putative  0.51 0.47 39 14775 

LbrM.30.1620  protein kinase, putative  1.3 1.23 38 5112 

LbrM.33.3190  hypothetical protein, conserved  0.55 0.4 38 8253 

LbrM.25.1000  hypothetical protein, conserved  0.56 0.33 37 19518 

LbrM.16.1320  hypothetical protein, conserved  0.55 0.37 36 6750 

LbrM.30.1440  hypothetical protein, conserved  0.58 0.51 36 6534 

LbrM.08.0390  hypothetical protein, conserved  0.36 0.37 35 8442 

LbrM.20.5140  protein kinase, putative  0.93 0.86 35 10629 

LbrM.33.2620  hypothetical protein, unknown function  1.28 1.19 35 3492 

LbrM.27.2140  calpain-like cysteine peptidase  0.9 0.8 34 16749 

LbrM.31.1440  hypothetical protein, conserved  0.98 0.71 34 14886 

LbrM.13.1230  hypothetical protein, conserved  0.36 0.21 33 16791 

LbrM.19.1240  hypothetical protein, conserved  0.68 0.36 33 17184 

LbrM.27.1700  diacylglycerol acyltransferase, putative  1.46 1.21 33 4887 

LbrM.30.2290  zinc-finger protein, conserved  0.88 0.68 33 3534 

LbrM.35.1630  hypothetical protein, conserved  1 0.7 33 3939 

LbrM.33.3370  hypothetical protein, unknown function  0.7 0.69 32 6765 

LbrM.20.3790 
 Cytoplasmic dynein 2 heavy chain 
(DYNC2H1), putative  1.05 0.82 31 12729 

LbrM.27.0600  calpain-like cysteine peptidase  0.71 0.75 31 14919 

LbrM.29.1940  hypothetical protein, conserved  1 0.8 31 5886 

LbrM.31.1610  hypothetical protein, unknown function  1.44 1 31 3330 

LbrM.31.2350  hypothetical protein, unknown function  1.42 1.36 31 3144 
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Chapter 1: Supplementary Table 2 

Indel analysis in L. (V.) peruviana. Only shared Indels between both isolates are reported. Gene length is 
presented in nucleotides. HCN estimated for the haploid genome of PAB-4377 (PAB) and LEM-1537 (LEM).  
A total of 1,014 (67.0%) variants were deletions, 146 (9.6%)  insertions, 351 (23.19%) frameshifts and two 
stop codons (0.1%) were gained. Only the 30 top genes out of the 408 are shown.  

    HCN     

Gene Id Product Description PAB4377 LEM1537 

Number of 
nucleotides 
affected 

Gene 
length 

LbrM.17.0390  hypothetical protein, conserved  0.63 0.52 57 3480 

LbrM.21.1080  hypothetical protein, conserved  0.76 0.56 42 2895 

LbrM.34.2710  hypothetical protein, conserved  1.43 1.6 24 2133 

LbrM.31.1470  hypothetical protein, conserved  0.82 0.66 21 4089 

LbrM.32.3450  hypothetical protein, conserved  0.74 0.54 21 2469 

LbrM.33.2950  hypothetical protein, conserved  0.91 0.77 21 3582 

LbrM.07.1050  RNA binding protein-like protein  1.02 1.21 19 1377 

LbrM.25.1000  hypothetical protein, conserved  0.56 0.33 18 19518 

LbrM.34.4910  hypothetical protein, conserved  0.8 1.17 18 627 

LbrM.29.0400  hypothetical protein, conserved  1.05 1.08 15 2127 

LbrM.31.1230  hypothetical protein, conserved  0.71 0.43 15 2706 

LbrM.32.2900 
 L-Lysine transport protein, putative 
(AAT16)  1.73 1.79 15 1416 

LbrM.04.0920  hypothetical protein  0.57 0.21 12 1992 

LbrM.05.0890  CYC2-like cyclin, putative  0.62 0.46 12 4248 

LbrM.10.0340  hypothetical protein, conserved  0.76 0.71 12 6258 

LbrM.13.0830  hypothetical protein, unknown function  0.76 0.69 12 3525 

LbrM.17.0220  hypothetical protein, conserved  0.3 0.27 12 3750 

LbrM.19.0680  protein kinase, putative  0.84 0.59 12 5604 

LbrM.21.0610 
 dihydrolipoamide acetyltransferase 
precursorlike protein  0.78 1.13 12 789 

LbrM.21.1230  hypothetical protein, unknown function  0.82 0.59 12 6261 

LbrM.26.1200  hypothetical protein, conserved  0.54 0.42 12 2046 

LbrM.26.1320  hypothetical protein, conserved  0.66 0.6 12 3570 

LbrM.30.1620  protein kinase, putative  1.3 1.23 12 5112 

LbrM.31.1060  hypothetical protein, conserved  1.06 0.86 12 5115 

LbrM.32.2540  hypothetical protein, conserved  1.31 1.15 12 3684 

LbrM.12.0370  hypothetical protein, unknown function  0.67 0.53 11 6204 

LbrM.30.1560  p1/s1 nuclease  1.62 2.01 11 987 

LbrM.06.0950  hypothetical protein, conserved  0.49 0.33 10 4965 

LbrM.12.0200  hypothetical protein, conserved  0.57 0.43 10 2742 

LbrM.22.0105  hypothetical protein  0.69 1.62 10 1470 
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Chapter 1: Supplementary Table 3 

Gene regions presenting high SNPs density. Conserved SNPs in PAB-4377 and LEM-1537 were selected 
using a sliding window of 1000 nucleotides in order to report the region with the highest SNPs density. 
Only the 30 top genes out of 270 are shown.  

Gene Id 
Gene 
length 

SNPs 
Count SNPs positions in gene 

LbrM.33.3060 14943 23 
8752 8755 8778 8849 8862 8884 9011 9047 9059 9139 9179 9182 9232 9275 
9294 9379 9480 9557 9695 9704 9717 9718 9747 

LbrM.26.1480 1524 21 
438 455 574 685 713 773 810 821 864 919 930 941 975 1000 1008 1041 1077 
1083 1187 1418 1435 

LbrM.10.0670 3135 19 
2002 2005 2022 2056 2063 2126 2127 2190 2209 2227 2230 2231 2303 2307 
2349 2404 2503 2680 2942 

LbrM.33.0170 1344 17 339 407 421 599 616 626 673 778 846 925 993 998 1012 1032 1061 1105 1128 

LbrM.33.2550 4278 17 
2046 2075 2084 2281 2310 2329 2409 2551 2568 2587 2589 2643 2694 2697 
2928 2957 3036 

LbrM.11.1070 1335 16 306 315 318 417 549 574 623 702 830 913 921 937 1164 1191 1279 1302 

LbrM.33.1090 1743 16 371 380 654 672 725 726 768 804 832 912 1087 1215 1220 1264 1299 1356 

LbrM.35.1610 3513 16 
1265 1330 1332 1390 1573 1592 1667 1708 1714 1766 1854 1879 1947 2072 
2074 2215 

LbrM.10.1420 942 15 26 34 129 195 197 281 320 324 325 468 511 681 830 847 859 

LbrM.16.0160 1047 15 97 292 333 434 448 472 560 573 604 625 867 871 950 987 1015 

LbrM.31.1200 3453 15 614 772 783 785 898 919 1121 1261 1299 1373 1414 1452 1484 1526 1614 

LbrM.34.2730 1947 15 128 265 419 605 682 799 836 839 847 868 890 892 949 1102 1125 

LbrM.06.0030 1998 14 308 327 377 378 381 384 396 686 993 996 1158 1174 1244 1267 

LbrM.27.1700 4887 14 2215 2265 2444 2487 2555 2558 2582 2599 2605 2883 2903 2936 3063 3165 

LbrM.29.0470 8751 14 3850 3900 4069 4099 4214 4281 4300 4527 4531 4542 4591 4729 4776 4844 

LbrM.30.1620 5112 14 3373 3385 3388 3491 3545 3590 3653 3660 4003 4036 4063 4124 4186 4353 

LbrM.30.2290 3534 14 69 72 109 135 249 265 302 382 396 398 426 534 658 986 

LbrM.33.3190 8253 14 6200 6297 6303 6330 6346 6351 6423 6456 6954 6985 6992 7005 7026 7200 

LbrM.34.4830 3045 14 1459 1617 1620 1752 1791 1895 1940 1960 1977 2201 2290 2364 2382 2411 

LbrM.34.4970 1485 14 207 254 345 346 374 399 475 520 613 615 997 1021 1121 1152 

LbrM.06.0350 1140 13 174 273 291 330 348 353 363 367 477 495 706 864 1074 

LbrM.14.0770 12570 13 7774 8035 8066 8122 8247 8272 8300 8328 8357 8653 8662 8710 8737 

LbrM.16.1320 6750 13 2806 2852 2906 2976 3303 3305 3323 3371 3372 3445 3588 3594 3612 

LbrM.20.1530 3504 13 251 254 459 481 621 750 834 872 903 957 959 1045 1138 

LbrM.27.1560 1929 13 604 670 716 729 739 941 1025 1078 1149 1200 1252 1319 1566 

LbrM.30.2340 11340 13 3670 3681 3687 3879 4063 4064 4144 4176 4298 4311 4325 4344 4402 

LbrM.31.0540 1017 13 31 85 93 216 222 401 546 591 604 645 712 819 849 

LbrM.31.1610 3330 13 818 892 1078 1095 1189 1208 1214 1450 1478 1515 1583 1613 1795 

LbrM.31.2350 3144 13 711 779 886 1039 1048 1092 1158 1242 1267 1334 1403 1625 1709 

LbrM.31.2750 1122 13 124 135 343 483 504 588 805 932 948 975 1069 1114 1119 
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Chapter 1: Supplementary Table 4 

Gene Ontology analysis for chromosome 31. Statistical significant results were reported for 2 iron, 2 sulfur 
cluster binding and other related molecular functions. P-value after Benjamini and Hochberg false 
discovery rate correction. 

GO-Id p-value GO Description Gene Id 

51537 1.08E-03 2 iron, 2 sulfur cluster binding LbrM.31.2820;LbrM.31.2830;LbrM.31.2790; 
LbrM.31.2840;LbrM.31.2780;LbrM.31.2770 

9055 1.85E-02 electron carrier activity LbrM.31.2820;LbrM.31.2830;LbrM.31.2790; 
LbrM.31.0550;LbrM.31.2840;LbrM.31.2780; 
LbrM.31.2850;LbrM.31.2770 

4198 1.85E-02 calcium-dependent cysteine-type 
endopeptidase activity 

LbrM.31.0590;LbrM.31.0620;LbrM.31.0600; 
LbrM.31.0520;LbrM.31.0580;LbrM.31.0510 

51536 1.85E-02 iron-sulfur cluster binding LbrM.31.2820;LbrM.31.2830;LbrM.31.2790; 
LbrM.31.2840;LbrM.31.2780;LbrM.31.2850; 
LbrM.31.2770 

51540 1.85E-02 metal cluster binding LbrM.31.2820;LbrM.31.2830;LbrM.31.2790; 
LbrM.31.2840;LbrM.31.2780;LbrM.31.2850; 
LbrM.31.2770 

4148 1.85E-02 dihydrolipoyl dehydrogenase activity LbrM.31.2980;LbrM.31.2990;LbrM.31.0230 

4197 3.81E-02 cysteine-type endopeptidase activity LbrM.31.0590;LbrM.31.0620;LbrM.31.0600; 
LbrM.31.0520;LbrM.31.0580;LbrM.31.0510 

8234 4.94E-02 cysteine-type peptidase activity LbrM.31.0590;LbrM.31.0620;LbrM.31.0600; 
LbrM.31.0520;LbrM.31.0580;LbrM.31.0510 

 

Chapter 1: Supplementary Table 5 

Expanded tandem gene arrays in L. (V.) peruviana PAB-4377 and LEM-1537.  HCN represents the mean 
HCN of each gene in the array.  

L. (V.) peruviana PAB-4377 

OrthoMCL Id Chromosome Product Description HCN 
Genes in 
Array 

OG5_126601 LbrM.01  long-chain-fatty-acid-CoA ligase 3 2 

OG5_132061 LbrM.03  TATE DNA transposons 10 2 

OG5_129349 LbrM.03  hypothetical protein, conserved  4 2 

OG5_127165 LbrM.05  ATPase alpha subunit  3 2 

OG5_126659 LbrM.06  60S ribosomal protein L23a, putative  2 2 

OG5_130995 LbrM.07  3-hydroxyacyl-ACP dehydratase, putative  2 2 

OG5_143904 LbrM.08  amastin-like surface protein, putative  4 3 

OG5_127795 LbrM.09  hypothetical protein, conserved  2 3 

OG5_129998 LbrM.10  zinc binding dehydrogenase-like protein 2 2 

OG5_126605 LbrM.13  alpha tubulin  5 2 

OG5_138263 LbrM.14  calpain-like cysteine peptidase,  2 2 

OG5_142220 LbrM.15  ribonucleoprotein p18, mitochondrial precursor 2 2 

OG5_128521 LbrM.21  DNA polymerase eta, putative  3 2 

OG5_127374 LbrM.21  xanthine phosphoribosyltransferase (XRPT) 2 2 

OG5_130211 LbrM.22  NADH-cytochrome b5 reductase, putative  2 2 

OG5_140483 LbrM.24  hypothetical protein, conserved 2 2 



- 38 - 
  

OG5_126711 LbrM.26  glutathione peroxidase-like protein, putative  4 2 

OG5_126623 LbrM.33  heat shock protein 83 (HSP83-2) 6 3 

OG5_126611 LbrM.33  beta-tubulin  3 2 

OG5_128620 LbrM.34  NADH-dependent fumarate reductase-like protein 8 3 

        

L. (V.) peruviana LEM-1537 

OrthoMCL Id Chromosome Product Description HCN 
Genes in 
Array 

OG5_126601 LbrM.01  long-chain-fatty-acid-CoA ligase, putative 3 2 

OG5_132061 LbrM.03  TATE DNA transposons 23 2 

OG5_129349 LbrM.03  hypothetical protein, conserved  5 2 

OG5_127165 LbrM.05  ATPase alpha subunit  5 2 

OG5_126659 LbrM.06  60S ribosomal protein L23a, putative  4 2 

OG5_132061 LbrM.07  hypothetical protein  3 2 

OG5_130995 LbrM.07  3-hydroxyacyl-ACP dehydratase, putative  5 2 

OG5_140911 LbrM.09  hypothetical protein  2 2 

OG5_127795 LbrM.09  hypothetical protein  3 3 

OG5_129998 LbrM.10  hypothetical protein  2 2 

OG5_145879 LbrM.10  zinc binding dehydrogenase-like protein 2 2 

OG5_139854 LbrM.14  calpain-like cysteine peptidase 3 2 

OG5_138263 LbrM.14  hypothetical protein  4 2 

OG5_142220 LbrM.15  ribonucleoprotein p18 2 2 

OG5_127365 LbrM.16  cytochrome c, putative  2 2 

OG5_126617 LbrM.17  receptor-type adenylate cyclase b (RAC-B2) 2 5 

OG5_127703 LbrM.17  zinc-finger protein ZPR1, putative  2 2 

OG5_143079 LbrM.17  hypothetical protein 3 2 

OG5_143904 LbrM.20.1  amastin-like surface protein 6 2 

OG5_143904 LbrM.20.1  amastin-like surface protein 4 3 

OG5_127374 LbrM.21  xanthine phosphoribosyltransferase (XRPT) 3 2 

OG5_126922 LbrM.25  eukaryotic initiation factor 5a, putative (EIF5A2) 3 4 

OG5_126611 LbrM.33  beta-tubulin  3 3 

OG5_126623 LbrM.33  heat shock protein 83 6 3 

OG5_127220 LbrM.34  mitochondrial phosphate transporter 2 2 

OG5_128620 LbrM.34  NADH-dependent fumarate reductase-like protein 5 3 
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Chapter 1: Supplementary Table 6 

Expanded tandem gene arrays in L. (V.) peruviana and L.(V.) braziliensis.  HCN represents the mean 
haploid copy number of each gene in the array.  

L. (V.) peruviana  

OrthoMCL Id Chromosome Product Description HCN 
Genes in 
Array 

OG5_128620 LbrM.03 TATE DNA transposon 6.5 2 

OG5_126623 LbrM.34 
NADH-dependent fumarate reductase-like 
putative  

6.2 3 

OG5_132061 LbrM.33 heat shock protein 83 6 3 

OG5_126611 LbrM.03 hypothetical protein 5.3 2 

OG5_138263 LbrM.05 ATPase alpha subunit  4 2 

OG5_129349 LbrM.07 3-hydroxyacyl-ACP dehydratase, putative  3.1 2 

OG5_127165 LbrM.14 calpain-like cysteine peptidase, putative 3.1 2 

OG5_126659 LbrM.06 60S ribosomal protein L23a, putative  3 2 

OG5_130995 LbrM.01 long-chain-fatty-acid-CoA ligase, putative 2.9 3 

OG5_127795 LbrM.33 beta-tubulin  2.9 3 

OG5_127374 LbrM.09 hypothetical protein, conserved  2.7 3 

OG5_142220 LbrM.21 xanthine phosphoribosyltransferase (XRPT)  2.3 2 

OG5_129998 LbrM.15 ribonucleoprotein p18, 2.2 2 

OG5_126601 LbrM.10 zinc binding dehydrogenase-like protein 2 2 

          

L. (V.) braziliensis  

OrthoMCL Id Chromosome Product Description HCN 
Genes in 
Array 

OG5_126605 LbrM.13  alpha tubulin  8.6 2 

OG5_143904 LbrM.08  amastin-like surface protein, putative  6.4 3 

OG5_143904 LbrM.20.1  amastin-like surface protein, putative  5.6 3 

OG5_126623 LbrM.33  heat shock protein 83-1 (HSP83-1)  4.4 3 

OG5_143904 LbrM.20.1  amastin-like surface protein, putative  4.4 2 

OG5_126588 LbrM.28  heat-shock protein hsp70, putative  3.8 2 

OG5_128620 LbrM.34  NADH-dependent fumarate reductase, putative  3.7 3 

OG5_126611 LbrM.33  beta-tubulin  3.6 2 

NO_GROUP LbrM.08  amastin-like protein  3.0 2 

OG5_144952 LbrM.15  hypothetical protein  2.9 2 

OG5_137181 LbrM.19  ATG8/AUT7/APG8/PAZ2, putative (ATG8B.1)  2.9 2 

OG5_148241 LbrM.04  hypothetical protein, conserved in leishmania  2.9 4 

NO_GROUP LbrM.33  beta-tubulin  2.8 3 

NO_GROUP LbrM.04  hypothetical protein, conserved in leishmania  2.4 2 

OG5_130385 LbrM.16  paraflagellar rod protein 2C  2.3 2 

OG5_130729 LbrM.20.1  amastin-like surface protein, putative  2.2 3 

OG5_157998 LbrM.32  3-hydroxyisobutyryl-coenzyme a  2.1 2 

OG5_127518 LbrM.16  hypothetical protein  2.0 2 
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Chapter 1: Supplementary Table 7 

Expanded genes in L. (V.) peruviana PAB-4377. Only the top 30 out of 398 genes are shown. 

Orthomcl ID Chromosome Gene Id Product Description HCN 

OG5_128620 LbrM.34 LbrM.34.0820 
 NADH-dependent fumarate reductase-like protein ,  
NADH-dependent fumarate reductase, putative  23.02 

OG5_166669 LbrM.01 LbrM.01.0390  hypothetical protein, conserved  9.56 

OG5_128334 LbrM.01 LbrM.01.0360  poly(A) export protein, putative  9.45 

OG5_127067 LbrM.26 LbrM.26.1590 
 thimet oligopeptidase, putative,metallo-peptidase, 
Clan MA(E), Family M3  9.26 

OG5_127295 LbrM.01 LbrM.01.0140  monothiol glutaredoxin, putative  9.22 

OG5_126601 LbrM.01 LbrM.01.0520 
 long-chain-fatty-acid-CoA ligase, putative ,  fatty 
acyl CoA syntetase 1, putative  8.98 

OG5_126613 LbrM.01 LbrM.01.0300  thioredoxin, putative  8.85 

OG5_183236 LbrM.08 LbrM.08.0650  tuzin, putative  8.24 

OG5_145016 LbrM.01 LbrM.01.0420  hypothetical protein, conserved  8.12 

OG5_148121 LbrM.01 LbrM.01.0640  hypothetical protein, conserved  8.10 

OG5_128371 LbrM.01 LbrM.01.0380  hypothetical protein, conserved  7.86 

OG5_129543 LbrM.01 LbrM.01.0340  acidocalcisomal exopolyphosphatase, putative  7.11 

OG5_126837 LbrM.01 LbrM.01.0210  CLC-type chloride channel, putative  7.10 

OG5_148228 LbrM.01 LbrM.01.0320  hypothetical protein, conserved  6.69 

OG5_126626 LbrM.01 LbrM.01.0080  carboxylase, putative  6.51 

OG5_183100 LbrM.01 LbrM.01.0040  hypothetical protein, unknown function  5.98 

OG5_127200 LbrM.01 LbrM.01.0060  MCAK-like kinesin, putative  5.78 

OG5_183101 LbrM.01 LbrM.01.0070  hypothetical protein, unknown function  5.67 

OG5_126967 LbrM.02 LbrM.02.0070  cytochrome b-domain protein, putative  5.48 

OG5_183104 LbrM.01 LbrM.01.0350  hypothetical protein, conserved  5.16 

OG5_129784 LbrM.01 LbrM.01.0310  pseudouridylate synthase-like protein  4.97 

OG5_154526 LbrM.03 LbrM.03.0870  hypothetical protein, conserved  4.89 

OG5_135379 LbrM.03 LbrM.03.0860  hypothetical protein, conserved  4.69 

OG5_126657 LbrM.03 LbrM.03.0030  hypothetical protein  4.67 

OG5_145811 LbrM.01 LbrM.01.0620 
 mitochondrial RNA editing ligase 1,RNA-editing 
complex protein,RNA editing ligase  4.53 

OG5_154519 LbrM.03 LbrM.03.0660  hypothetical protein, conserved  4.37 

OG5_148238 LbrM.02 LbrM.02.0540  protein kinase, putative  4.32 

OG5_148223 LbrM.01 LbrM.01.0050  hypothetical protein, conserved  4.32 

OG5_145841 LbrM.01 LbrM.01.0160  hypothetical protein, conserved  4.22 

OG5_142669 LbrM.01 LbrM.01.0770  calcium/potassium channel (CAKC), putative  4.13 
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Chapter 1: Supplementary Table 8 

Expanded genes in L. (V.) peruviana LEM-1537. HCN shows the haploid copy number for the gene. Only 
the top 30 out of 942 genes are shown. 

Orthomcl ID Chromosome Gene Id Product Description HCN 

OG5_126613 LbrM.01 LbrM.01.0300  thioredoxin, putative  29.55 

OG5_179440 LbrM.04 LbrM.04.1050  acyltransferase-like protein, copy 1  24.72 

OG5_148121 LbrM.01 LbrM.01.0640  hypothetical protein, conserved  22.14 

OG5_145016 LbrM.01 LbrM.01.0420  hypothetical protein, conserved  19.39 

OG5_128334 LbrM.01 LbrM.01.0360  poly(A) export protein, putative  19.24 

OG5_148228 LbrM.01 LbrM.01.0320  hypothetical protein, conserved  17.07 

OG5_166669 LbrM.01 LbrM.01.0390  hypothetical protein, conserved  16.96 

OG5_127295 LbrM.01 LbrM.01.0140  monothiol glutaredoxin, putative  14.97 

OG5_128620 LbrM.34 LbrM.34.0820 
 NADH-dependent fumarate reductase-like protein 
,  NADH-dependent fumarate reductase, putative  14.22 

OG5_154519 LbrM.03 LbrM.03.0660  hypothetical protein, conserved  13.41 

OG5_129543 LbrM.01 LbrM.01.0340  acidocalcisomal exopolyphosphatase, putative  12.29 

OG5_151265 LbrM.03 LbrM.03.0880  hypothetical protein, conserved  12.27 

OG5_183100 LbrM.01 LbrM.01.0040  hypothetical protein, unknown function  11.81 

OG5_154526 LbrM.03 LbrM.03.0870  hypothetical protein, conserved  11.65 

OG5_126837 LbrM.01 LbrM.01.0210  CLC-type chloride channel, putative  10.30 

OG5_128371 LbrM.01 LbrM.01.0380  hypothetical protein, conserved  9.79 

OG5_144559 LbrM.04 LbrM.04.0120  hypothetical protein, conserved  9.33 

OG5_135379 LbrM.03 LbrM.03.0860  hypothetical protein, conserved  9.14 

OG5_126967 LbrM.02 LbrM.02.0070  cytochrome b-domain protein, putative  8.80 

OG5_166673 LbrM.03 LbrM.03.0040  hypothetical protein, conserved  8.75 

OG5_183104 LbrM.01 LbrM.01.0350  hypothetical protein, conserved  8.43 

OG5_151443 LbrM.05 LbrM.05.0240  hypothetical protein, conserved  8.30 

OG5_127006 LbrM.03 LbrM.03.0050  D-3-phosphoglycerate dehydrogenase-like protein  8.13 

OG5_128104 LbrM.01 LbrM.01.0030  DNA-damage inducible protein DDI1-like protein  7.89 

OG5_154505 LbrM.02 LbrM.02.0300  hypothetical protein, conserved  7.87 

OG5_128482 LbrM.03 LbrM.03.0830  hypothetical protein, conserved  7.86 

OG5_143192 LbrM.06 LbrM.06.0570 
 deoxyuridine triphosphatase, putative,dUTP 
diphosphatase  7.50 

OG5_145846 LbrM.04 LbrM.04.0650  hypothetical protein, conserved  7.38 

OG5_126626 LbrM.01 LbrM.01.0080  carboxylase, putative  7.32 

OG5_151438 LbrM.04 LbrM.04.1220  hypothetical protein, conserved  7.15 
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Chapter 1: Supplementary Table 9 

Single copy genes estimated by OrthoMCL. These genes were selected based in the presence of orthologs 
across all analyzed Leishmania species and the absence of paralogs in any of these species. Only 30 out of 
6,899 ortholog groups are shown. 

              

OrthoMCL Id 
L. (V.) 
braziliensis L. (L.) mexicana L. (L.) donovani L. (L.) infantum L. (L.) major 

L. (S.) 
tarentolae 

LEISH1433: LbrM.16.0860 LmxM.16.0850 LdBPK_160850.1 LinJ.16.0850 LmjF.16.0850 LtaP16.0830 

LEISH1434: LbrM.29.1760 LmxM.08_29.1650 LdBPK_291790.1 LinJ.29.1790 LmjF.29.1650 LtaP29.1810 

LEISH1435: LbrM.31.0130 LmxM.30.0130 LdBPK_310140.1 LinJ.31.0140 LmjF.31.0130 LtaP31.0140 

LEISH1436: LbrM.29.2130 LmxM.08_29.2150 LdBPK_292260.1 LinJ.29.2260 LmjF.29.2150 LtaP29.2270 

LEISH1437: LbrM.16.0260 LmxM.16.0250 LdBPK_160260.1 LinJ.16.0260 LmjF.16.0250 LtaP16.0250 

LEISH1438: LbrM.05.0900 LmxM.05.0920 LdBPK_050920.1 LinJ.05.0920 LmjF.05.0920 LtaP05.0990 

LEISH1439: LbrM.16.0720 LmxM.16.0730 LdBPK_160730.1 LinJ.16.0730 LmjF.16.0730 LtaP16.0700 

LEISH1440: LbrM.27.2490 LmxM.27.2305 LdBPK_272230.1 LinJ.27.2230 LmjF.27.2305 LtaP27.2380 

LEISH1441: LbrM.29.2240 LmxM.08_29.2260 LdBPK_292370.1 LinJ.29.2370 LmjF.29.2260 LtaP29.2420 

LEISH1442: LbrM.31.0420 LmxM.30.0310 LdBPK_310330.1 LinJ.31.0330 LmjF.31.0310 LtaP31.0330 

LEISH1443: LbrM.29.1290 LmxM.08_29.1210 LdBPK_291300.1 LinJ.29.1300 LmjF.29.1210 LtaP29.1370 

LEISH1444: LbrM.32.1990 LmxM.31.1810 LdBPK_321900.1 LinJ.32.1900 LmjF.32.1810 LtaP32.1930 

LEISH1445: LbrM.32.1100 LmxM.31.1000 LdBPK_321060.1 LinJ.32.1060 LmjF.32.1000 LtaP32.1090 

LEISH1446: LbrM.30.2600 LmxM.29.2640 LdBPK_302630.1 LinJ.30.2630 LmjF.30.2640 LtaP30.2620 

LEISH1447: LbrM.30.2650 LmxM.29.2690 LdBPK_302690.1 LinJ.30.2690 LmjF.30.2690 LtaP30.2680 

LEISH1448: LbrM.30.2190 LmxM.29.2240 LdBPK_302250.1 LinJ.30.2250 LmjF.30.2240 LtaP30.2270 

LEISH1449: LbrM.30.2560 LmxM.29.2610 LdBPK_302600.1 LinJ.30.2600 LmjF.30.2610 LtaP30.2580 

LEISH1450: LbrM.24.1760 LmxM.24.1700 LdBPK_241770.1 LinJ.24.1770 LmjF.24.1700 LtaP24.1850 

LEISH1451: LbrM.24.1810 LmxM.24.1750 LdBPK_241820.1 LinJ.24.1820 LmjF.24.1750 LtaP24.1900 

LEISH1452: LbrM.34.5200 LmxM.34.5260 LdBPK_355230.1 LinJ.35.5230 LmjF.35.5260 LtaP35.5220 

LEISH1453: LbrM.34.4780 LmxM.34.4820 LdBPK_354880.1 LinJ.35.4880 LmjF.35.4820 LtaP35.4810 

LEISH1454: LbrM.17.0520 LmxM.17.0530 LdBPK_170590.1 LinJ.17.0590 LmjF.17.0530 LtaP17.0560 

LEISH1455: LbrM.02.0440 LmxM.02.0460 LdBPK_020430.1 LinJ.02.0430 LmjF.02.0460 LtaP02.0390 

LEISH1456: LbrM.02.0590 LmxM.02.0610 LdBPK_020580.1 LinJ.02.0580 LmjF.02.0610 LtaP02.0530 

LEISH1457: LbrM.02.0600 LmxM.02.0620 LdBPK_020590.1 LinJ.02.0590 LmjF.02.0620 LtaP02.0540 

LEISH1458: LbrM.03.0590 LmxM.03.0690 LdBPK_030670.1 LinJ.03.0670 LmjF.03.0690 LtaP03.0640 

LEISH1459: LbrM.19.0560 LmxM.19.0250 LdBPK_190240.1 LinJ.19.0240 LmjF.19.0250 LtaP19.0210 

LEISH1460: LbrM.24.0800 LmxM.24.0780 LdBPK_240800.1 LinJ.24.0800 LmjF.24.0780 LtaP24.0860 

LEISH1461: LbrM.20.6010 LmxM.12.1320 LdBPK_120910.1 LinJ.12.0910 LmjF.12.1320 LtaP12.1130 

LEISH1462: LbrM.24.1130 LmxM.24.1120 LdBPK_241140.1 LinJ.24.1140 LmjF.24.1120 LtaP24.1230 
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CHAPTER II: The Leishmania metaphylome: a comprehensive survey of 

Leishmania protein phylogenetic relationships 

Justification 

As has been already mentioned, the leishmaniasis are characterized by their wide spectrum of clinical 

manifestations with different lines of evidence suggesting an association with the infecting Leishmania 

species and the host immune response (Murray et al., 2005; David e Craft, 2009; Queiroz et al., 2012). 

Genomic studies have shown a high conservation in the genomes of Leishmania, however there is a 

lack of studies regarding the organization of genes into families and their distribution across the 

different species. 

In this chapter we employed a phylogenomics approach to analyze the distribution of genes across 

families in distinct Leishmania genomes in order to identify species specific expansions and other 

features that may be responsible for distinct clinical presentations, virulence and parasitism. 

The results of this project were published on BMC genomics: doi:10.1186/s12864-015-2091-2. 

Objectives 

General Objective 

The main objective described in this chapter was to characterize the methaphylome of Leishmania and 

identify features associated with parasite adaptations and disease phenotypes. 

Specific Objectives 

In order to achieve our proposed main goal, we followed these specific aims: 

 Generate the phylomes of L. (L.) infantum, L. (L.) donovani, L. (L.) major, L. (V.) braziliensis, L. (L.) 

mexicana and L. (S.) tarentolae. 

 Analyze presence and absence of gene families and assess species-specific expansions. 

 Detect families important for parasitism in these species. 
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Chapter 2: Supplementary Table 1 

This table contains proteins that were included in the analysis but that did not form part of any 
tree. It is highly possible that this set include species unique proteins, incomplete sequences and 
errors in the gene model. Only the first 30 lines of the table are shown (The complete table has 
573 lines) 

Gene Identifier Product Description 

LbrM.01.0260 long-chain-fatty-acid-CoA ligase, putative 

LbrM.02.0710 repeat gene hypothetical protein 

LbrM.02.0780 repeat gene hypothetical protein 

LbrM.03.0010 hypothetical protein 

LbrM.03.0960 hypothetical protein 

LbrM.03.0970 hypothetical protein 

LbrM.04.0020 hypothetical protein 

LbrM.04.0830 hypothetical protein, conserved 

LbrM.04.1180 31-O-demethyl-FK506 methyltransferase 

LbrM.05.0240 hypothetical protein, conserved 

LbrM.05.1110 DNA-directed RNA polymerase I largest subunit 

LbrM.06.0420 60S ribosomal protein L19, putative 

LbrM.06.1180 hypothetical protein 

LbrM.07.0155 hypothetical protein, conserved 

LbrM.07.0510 hypothetical protein 

LbrM.07.0520 hypothetical protein, conserved 

LbrM.08.0200 hypothetical protein, unknown function 

LbrM.08.0370 hypothetical protein, conserved 

LbrM.08.0400 hypothetical protein, conserved 

LbrM.08.0560 hypothetical protein, conserved 

LbrM.09.0470 hypothetical protein, conserved 

LbrM.10.1030 hypothetical protein 

LbrM.10.1720 GP63, leishmanolysin (GP63-2) 

LbrM.11.0360 argonaute-like protein (AGO1) 

LbrM.11.1100 hypothetical protein 

LbrM.11.1130 hypothetical protein 

LbrM.12.0320 hypothetical protein, conserved 

LbrM.14.0480 hypothetical protein, conserved 

LbrM.14.0940 Hypothetical repeat protein 

LbrM.14.1690 proteophosphoglycan ppg1 
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Chapter 2: Supplementary Table 2 

Species-specific protein expansions for each species. These expansions were defined as duplications 
that only comprised paralogs detected by the species overlap algorithm. Only the first 30 lines of the 
table are shown (The complete table has 1316 lines). 

Seed Identifier Species 

Protein 

Length Product Description 

Number of 

expansions 

LbrM.34.0020 L. (V.) braziliensis 908  TATE DNA Transposon  30 

LbrM.25.2610 L. (V.) braziliensis 1115  TATE DNA Transposon  30 

LbrM.30.3220 L. (V.) braziliensis 953  TATE DNA transposons  30 

LbrM.32.0040 L. (V.) braziliensis 767  TATE DNA Transposon  29 

LbrM.25.2620 L. (V.) braziliensis 928  TATE DNA Transposon  29 

LbrM.08.1140 L. (V.) braziliensis 209  amastin-like protein  28 

LbrM.20.1060 L. (V.) braziliensis 192  amastin-like surface protein, putative  28 

LbrM.08.1030 L. (V.) braziliensis 210  amastin-like protein  28 

LbrM.08.1120 L. (V.) braziliensis 207  amastin-like surface protein, putative  28 

LbrM.20.2390 L. (V.) braziliensis 192  amastin-like surface protein, putative  28 

LbrM.13.1330 L. (V.) braziliensis 194  amastin  28 

LbrM.20.0780 L. (V.) braziliensis 211  amastin-like surface protein, putative  28 

LbrM.20.4310 L. (V.) braziliensis 192  amastin-like surface protein, putative  28 

LbrM.20.4300 L. (V.) braziliensis 192  amastin-like surface protein, putative  28 

LbrM.08.1130 L. (V.) braziliensis 212  amastin-like surface protein, putative  28 

LbrM.08.0670 L. (V.) braziliensis 195  amastin-like protein  28 

LbrM.20.2410 L. (V.) braziliensis 193  amastin-like surface protein, putative  28 

LbrM.30.3200 L. (V.) braziliensis 1634  TATE DNA Transposon  27 

LbrM.35.0030 L. (V.) braziliensis 1639  TATE DNA Transposon  27 

LbrM.20.6070 L. (V.) braziliensis 1649  TATE DNA Transposon  27 

LbrM.20.6140 L. (V.) braziliensis 1486  TATE DNA Transposon  27 

LbrM.20.6120 L. (V.) braziliensis 1604  unspecified product  27 

LbrM.05.1240 L. (V.) braziliensis 1531  hypothetical protein  27 

LbrM.08.0310 L. (V.) braziliensis 231  amastin-like surface protein, putative  27 

LbrM.31.1860 L. (V.) braziliensis 1639  TATE DNA Transposon  27 

LbrM.30.3800 L. (V.) braziliensis 1336  TATE DNA transposons  27 

LbrM.34.2200 L. (V.) braziliensis 1639  TATE DNA transposons  27 

LbrM.20.6110 L. (V.) braziliensis 1722  TATE DNA Transposon  27 

LbrM.24.2430 L. (V.) braziliensis 1639  TATE DNA Transposon  27 
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Chapter 2: Supplementary Table 3 

Species-specific trees for each Leishmania species. They are defined as trees with nodes belonging to 

the same species.  

Seed ID Species 

Protein 

Length Product Description 

Proteins in 

tree 

LbrM.25.2610 L. (V.) braziliensis 1115  TATE DNA Transposon  30 

LbrM.25.2620 L. (V.) braziliensis 928  TATE DNA Transposon  29 

LbrM.05.1240 L. (V.) braziliensis 1531  hypothetical protein  27 

LbrM.20.6070 L. (V.) braziliensis 1649  TATE DNA Transposon  27 

LbrM.20.6140 L. (V.) braziliensis 1486  TATE DNA Transposon  27 

LbrM.07.0500 L. (V.) braziliensis 2052  hypothetical protein  26 

LbrM.30.3210 L. (V.) braziliensis 1397  TATE DNA transposons  26 

LbrM.11.1170 L. (V.) braziliensis 2025  TATE DNA transposons  25 

LbrM.18.0010 L. (V.) braziliensis 629  TATE DNA Transposon  24 

LbrM.20.6090 L. (V.) braziliensis 1470  TATE DNA Transposon  22 

LbrM.29.0010 L. (V.) braziliensis 954  TATE DNA Transposon  21 

LbrM.02.0550 L. (V.) braziliensis 1148  Retrotransposable element SLACS  7 

LbrM.02.0750 L. (V.) braziliensis 1870 

 SLACS like gene retrotransposon 

element  6 

LbrM.16.0780 L. (V.) braziliensis 977  hypothetical protein  6 

LbrM.02.0690 L. (V.) braziliensis 526 

 SLACS like gene retrotransposon 

element  5 

LbrM.08.0700 L. (V.) braziliensis 1783  SLACS  5 

LbrM.16.1730 L. (V.) braziliensis 854  hypothetical protein  5 

LbrM.02.0770 L. (V.) braziliensis 399  repeat gene hypothetical protein  4 

LbrM.05.1230 L. (V.) braziliensis 491  hypothetical protein  4 

LbrM.22.1370 L. (V.) braziliensis 152  hypothetical protein  4 

LbrM.02.0680 L. (V.) braziliensis 514  hypothetical protein  3 

LbrM.02.0700 L. (V.) braziliensis 318  hypothetical protein  3 

LbrM.03.0020 L. (V.) braziliensis 181  hypothetical protein  3 

LbrM.13.1570 L. (V.) braziliensis 378  hypothetical protein  3 

LbrM.18.0500 L. (V.) braziliensis 269 

 phosphatidic acid phosphatase, 

putative  3 

LdBPK_100380.1 L. (L.) donovani 168 

 folate/biopterin transporter, 

putative  5 

LdBPK_351140.1 L. (L.) donovani 178 

 oligosaccharyl transferase-like 

protein  3 

LmjF.12.0995 L. (L.) major 558  hypothetical protein  4 
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Chapter 2: Supplementary Table 4 

Trees shared by pathogenic leishmania species without orthologs in L. (S.) tarentolae. 

The table show the tree and the number of homologs in in:        

1) L. (V.) braziliensis, 2) L. (L.) major, 3) L. (L.) mexicana, 4) L. (L.) donovani,  5) L. (L.) infantum 
Only the first 30 lines of the table are shown (The complete table has 299 lines) 
                

Seed Identifier Length Product Description Lbr1 Lma2 Lme3 Ldo4 Lin5 

LmjF.06.0010 100  histone H4  9 3 4 5 3 

LmjF.15.0010 100  histone H4  9 3 4 5 3 

LmjF.36.0020 100  histone H4  9 3 4 5 3 

LmjF.14.1120 2976  kinesin K39, putative  4 4 7 1 4 

LmjF.12.0950 482  hypothetical protein, cons 1 11 1 1 3 

LmjF.12.1050 439  hypothetical protein, cons  1 11 1 1 3 

LmjF.12.0840 314  hypothetical protein, cons  1 11 1 1 3 

LmjF.12.0970 584  hypothetical protein, cons  1 11 1 1 3 

LmjF.12.0770 482  hypothetical protein, cons  1 11 1 1 3 

LmjF.12.0895 482  hypothetical protein, cons  1 11 1 1 3 

LmjF.12.0820 482  hypothetical protein, cons  1 11 1 1 3 

LmjF.12.1030 435  hypothetical protein, cons  1 11 1 1 3 

LmjF.12.0715 482  hypothetical protein, cons  1 11 1 1 3 

LmjF.12.0800 477  hypothetical protein, cons  1 11 1 1 3 

LmjF.12.0930 482  hypothetical protein, cons  1 11 1 1 3 

LmjF.36.4840 1207  hypothetical protein, cons  2 1 2 2 2 

LmjF.29.0250 319 
 thymine-7-hydroxylase, 
putative  1 1 2 1 1 

LmjF.33.0410 939 
 DNA mismatch repair protein, 
putative  3 2 2 2 2 

LmjF.31.2520 847  hypothetical protein, cons  2 3 2 2 3 

LmjF.31.2530 825  hypothetical protein, cons  2 3 2 2 3 

LmjF.31.2540 845  hypothetical protein, cons  2 3 2 2 3 

LmjF.27.2050 388 
 ribonucleoside-diphosphate 
reductase small chain, putative  2 2 2 1 2 

LmjF.19.0570 548  hypothetical protein, cons  1 2 2 1 2 

LmjF.19.0540 530  hypothetical protein, cons  1 2 2 1 2 

LmjF.32.2950 151 
 nucleoside diphosphate kinase 
b  3 2 2 2 2 

LmjF.27.0490 4553 
 calpain-like cysteine peptidase, 
putative  3 3 2 1 3 

LmjF.32.3490 684 
 DEAD/DEAH box helicase, 
putative  2 2 2 2 2 

LmjF.27.0510 5358 
 calpain-like cysteine peptidase, 
putative  3 3 1 1 3 

LmjF.28.0780 455  RNA polymerase I  1 2 2 2 2 

LmjF.20.0375 1399  hypothetical protein, cons  2 2 2 2 2 
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Chapter 2: Supplementary Table 5 

Trees with orthologs across visceral Leishmania species 

Total homologous proteins in:    

1) L. (L.) mexicana       

2) L. (L.) donovani       

3) L. (L.) infantum       

Seed 
Identifier 

Protein 
Length Product Description Lme1 Ldo2 Lin3 

LinJ.08.0140 585  hypothetical protein, conserved  1 1 1 

LinJ.15.0900 461  nucleotide sugar transporter, putative  1 1 1 

LinJ.01.0720 521  hypothetical protein, unknown function  0 1 2 

LinJ.02.0720 433  hypothetical protein  1 0 2 

LinJ.13.1450 327  alpha tubulin  1 0 2 

LinJ.14.0020 1047  phosphatidylinositol 3-kinase 2, putative  1 1 1 

LinJ.22.0670 487  A2 protein  2 0 1 

LinJ.24.1510 3372  multi drug resistance protein-like  1 1 1 

LinJ.28.3170 514  hypothetical protein, unknown function  1 1 1 

LinJ.31.2550 497  hypothetical protein, conserved  1 1 1 

LinJ.34.2330 259  hypothetical protein  1 1 1 
 

Chapter 2: Supplementary Table 6 

Trees with orthologs across cutaneous Leishmania species     
Total  homologous proteins in:        
1) L. (V.) braziliensis         
2) L. (L.) major         
3) L. (L.) mexicana         
5) L. (L.) infantum         

Seed 
Identifier 

Protein 
Length Product Description Lbr1 Lma2 Lme3 Lin4 

LbrM.24.0470 658  hypothetical predicted transmembrane protein  3 3 3 1 

LbrM.20.5340 341  calpain-like cysteine peptidase 2 2 2 2 

LbrM.02.0170 368  RNA helicase, putative  2 3 2 0 

LbrM.31.1840 487  thiolase protein-like protein  2 2 2 1 

LbrM.25.2450 874  hypothetical protein, conserved  2 1 1 1 

LbrM.33.1340 290  hypothetical protein, conserved  2 1 1 1 

LbrM.13.0660 793  hypothetical protein, conserved  1 1 1 1 

LbrM.15.0490 718  hypothetical protein, conserved  1 1 1 1 

LbrM.22.0970 814  hypothetical protein, conserved  1 1 1 1 

LbrM.24.0430 1331  hypothetical protein, unknown function  1 1 1 1 

LbrM.31.1000 114  hypothetical protein, conserved  1 1 1 1 

LbrM.32.3440 2412  hypothetical protein, conserved  1 1 1 1 

LbrM.33.1350 470  hypothetical protein, conserved  1 1 1 1 

LbrM.16.1120 2341  hypothetical protein, unknown function  1 1 1 0 

LbrM.28.3150 140  hypothetical protein, unknown function  1 1 1 0 
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CHAPTER III: Comparative genomic analysis of Leishmania from an 

endemic focus in Governador Valadares 

Background 

The leishmaniasis are an important health problem in Brazil that presents both forms of disease (TL 

and VL). Data from geoestatistical modeling suggest that more than 30,189 TL and 4.889 VL cases 

occurred in 2010 across 3,895 and 4,889 municipalities (Karagiannis-Voules et al., 2013). The highest 

number of TL cases occurred in the state of Pará (4,332), while Minas Gerais was the state with the 

most number of VL cases (693)(Karagiannis-Voules et al., 2013).  

In Minas Gerais, the municipality of Governador Valadares in the southeastern Brazilian state of 

Minas Gerais is an endemic area for TL and a focus of intense transmission of VL with more than 127 

reported cases from 2007 to 2013 and up to 30% of domestic dogs positive by serology (Barata et al., 

2013). In this focus, human VL cases affect mainly males and children from 0-9 years with a lethality 

rate of 16% (Barata et al., 2013).  

In this chapter, we focused on the study of canine leishmaniasis in Governador Valadares using 

genomic data to study the dynamics of disease transmission and reveal the parasite population 

structure on this city. 

Objectives 

General Objective 

The main objective of this chapter was to characterize the Leishmania population structure and 

dynamics in Governador Valadares. 

Specific Objectives 

In order to accomplish our main objective, we worked on the following specific aims: 

 Analyze variants across isolates collected on this focus. 

 Assess the parasite population structure. 

 Determine the effective population size and evolutionary history of the parasites in this foci. 

 Determine chromosome copy number variations. 
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 Characterize tandem duplicated gene arrays and dispersed duplicated genes. 

Due to the results obtained during the execution of the project described in this chapter, we will 

divide it into two sections. The first section in the form of a manuscript that will be probably 

submitted by the time of the thesis defense describing the first isolation and a comparative genomic 

analysis of L. (L.) amazonensis in Governador Valadares and the second section of a population 

genomics study on L. (L.) infantum isolates from this focus. 
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Comparative genomics of canine isolated Leishmania (Leishmania) amazonensis from an endemic focus of visceral leishmaniasis in Governador Valadares, sou
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Chapter 3: Supplementary Figure 1 
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Chapter 3: Supplementary Figure 4 

 

Chapter 3: Supplementary Figure 5 
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Chapter 3: Supplementary Figure 6 
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Chapter 3: Supplementary Table 1 

Clinical symptomatology of dogs from Governador Valadares. Numbers indicate the following 

symptoms. 1: Loss of weight; 2: Linfadenopathy; 3: Conjunctivitis; 4: Keratitis; 5: Anaemia; 6: 

Ulcers/Nodules; 7: Alopecia; 8: Dermatitis; 9: Onychogryphosis; 10: Vasculitis 

Sample code Clinical symptoms Neighborhood 

C40 1, 2 Nossa Senhora das Graças 

C41 1, 2, 6, 10 Santa Helena 

C42 1, 2, 7 Grã-Duquesa 

C43 1, 2, 3, 6, 7, 9, 10 Santa Helena 

C46 1, 2 Santa Helena 

C47 - Santa Helena 

C48 - Grã-Duquesa 

C49 - Nossa Senhora das Graças 

C50 - Grã-Duquesa 

J1 2, 5, 6, 8 Maravilha 

J2 1, 2, 3, 4, 6, 8, 9, 10 Jardim Atalaia 

J3 1, 2, 5, 8, 9 Jardim Atalaia 

J4 1, 2, 5, 6, 7, 8 Nossa Senhora das Graças 

J5 1, 2, 3, 4, 6, 7, 8, 9, 10 Jardim Atalaia/Azteca 

J6 2, 6, 7, 8, 9, 10 Jardim do Trevo 

J7 1, 2, 5, 8 Maravilha/Palmeiras 

J8 1, 2, 5, 6, 8, 9, 10 Vila Mariquita 

S-1 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 Altinópolis 

S-10 1, 2, 5, 7, 8 Vila Isa/Vila Parque Ibituruna 

S-11 1, 2, 6, 7, 8 Turmalina 

S-12 1, 2, 3, 4, 8, 9, 10 Mãe de Deus 

S-13 2, 3, 4, 6, 7, 10 Esperança 

S-14 1, 2, 3, 4, 6, 8, 9 Jardim do Trevo 

S-2 1, 2, 5, 6, 7, 9, 10 Chácara Braúna 

S-3 2,3, 5, 6, 7, 8, 9, 10 Vila Mariana 

S-4 1, 2, 5, 7, 8, 9 Vitória 

S-5 2, 5, 6, 7, 8 Santa Rita 

S-6 1, 2,3, 4, 5, 6, 7, 8, 9, 10 Santa Helena 

S-7 1, 2, 3, 4, 5, 7, 8, 9, 10 Altinópolis 

S-8 2, 3, 4, 5, 9 Altinópolis 

S-9 1, 2, 3, 4, 5, 6, 7, 8 Altinópolis 

V1 6, 8 Turmalina 

V11 1, 2, 3, 5, 6, 7, 8, 9, 10 Turmalina 

V13 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 Turmalina 

V14 2,3, 5, 6, 7, 8, 9, 10 São Paulo 

V4 2, 6, 8 Turmalina 

 

 



- 90 - 
  

Chapter 3: Supplementary Table 2 

Expanded  genes in L. (L.) amazonensis isolates S3 and S6.  Due to the absence of reference CDS for L. 

(L.) amazonensis, IDs correspond to the ortholog in L. (L.) mexicana. Only the top 30 genes out of 115 

are shown. 

Sample Gene Position HCN 

S6 LmxM.33.2070 LmxM.33_725558-728944 13.46096415 

S3 LmxM.33.2070 LmxM.33_725558-728944 13.1720777 

S3 LmxM.33.2040 LmxM.33_713213-714463 12.89297599 

S6 LmxM.33.1990 LmxM.33_686832-689879 12.58013452 

S3 LmxM.33.1990 LmxM.33_686832-689879 12.54335843 

S3 LmxM.33.2060 LmxM.33_722991-723923 12.50612606 

S6 LmxM.33.2040 LmxM.33_713213-714463 12.23178738 

S6 LmxM.33.2060 LmxM.33_722991-723923 12.12420033 

S3 LmxM.33.2050 LmxM.33_719840-722254 11.99601444 

S6 LmxM.33.2050 LmxM.33_719840-722254 11.86561392 

S3 LmxM.33.2000 LmxM.33_693151-693984 11.53244328 

S6 LmxM.33.2000 LmxM.33_693151-693984 11.11774763 

S3 LmxM.33.2020 LmxM.33_698252-700141 9.163110905 

S3 LmxM.33.2010 LmxM.33_695934-696431 8.740015838 

S3 LmxM.33.2030 LmxM.33_701680-705198 8.598561054 

S6 LmxM.33.2020 LmxM.33_698252-700141 8.52789881 

S6 LmxM.33.2010 LmxM.33_695934-696431 8.121249134 

S6 LmxM.33.2030 LmxM.33_701680-705198 8.039877254 

S6 LmxM.12.0867 LmxM.12_380281-381600 8.000643231 

S3 LmxM.12.0867 LmxM.12_380281-381600 6.57789427 

S6 LmxM.13.0280 LmxM.13_90325-91971 6.011368574 

S6 LmxM.13.0390 LmxM.13_93414-95060 5.841662067 

S6 LmxM.08.1171 LmxM.08_1668001-1669332 5.497551294 

S3 LmxM.13.0280 LmxM.13_90325-91971 5.205761709 

S3 LmxM.13.0390 LmxM.13_93414-95060 5.166413867 

S6 LmxM.15.1050 LmxM.15_408603-408953 4.634631872 

S6 LmxM.30.0480 LmxM.30_179649-180803 4.52306012 

S6 LmxM.15.1160 LmxM.15_412848-413447 4.488707764 

S6 LmxM.10.0390 LmxM.10_180317-182125 4.288285147 

S3 LmxM.15.1050 LmxM.15_408603-408953 4.287645412 
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Chapter 3: Supplementary Table 3 

Expanded common genes in L. (L.) amazonensis isolates S3 and S6.  HCN represents the mean haploid 

copy number for each gene. Due to the absence of reference CDS for L. (L.) amazonensis, IDs 

correspond to the ortholog in L. (L.) mexicana. Only the top 30 genes out of 47 are shown 

Ortholog ID in L. (L.) 
mexicana Annotation HCN 

LmxM.33.2070  hypothetical protein, conserved  13.3 

LmxM.33.2040  hypothetical protein, unknown function  12.6 

LmxM.33.1990  hypothetical protein, conserved  12.6 

LmxM.33.2060  hypothetical protein, conserved  12.3 

LmxM.33.2050  ATP-dependent RNA helicase, putative  11.9 

LmxM.33.2000 
 Cysteine peptidase, Clan CF, family C15, pyroglutamyl-peptidase I, 
putative (PPI)  11.3 

LmxM.12.0867  hypothetical protein, conserved  9.1 

LmxM.33.2020  hypothetical protein, conserved  8.9 

LmxM.33.2010  hypothetical protein, conserved  8.4 

LmxM.33.2030  hypothetical protein, conserved  8.3 

LmxM.13.0280  alpha tubulin  5.6 

LmxM.13.0390  alpha tubulin  5.5 

LmxM.15.1050  developmentally regulated protein, putative  4.5 

LmxM.08.1171  unspecified product  4.4 

LmxM.15.1160  tryparedoxin peroxidase  4.3 

LmxM.30.0480  unspecified product  4.2 

LmxM.10.0390  GP63, leishmanolysin  3.9 

LmxM.29.1500  p1/s1 nuclease  3.5 

LmxM.14.0400  hypothetical protein, conserved  3.5 

LmxM.28.2770  heat-shock protein hsp70, putative  3.1 

LmxM.22.1290  ribonucleoside-diphosphate reductase small chain, putative  3.0 

LmxM.10.0470  GP63, leishmanolysin  3.0 

LmxM.15.0440  unspecified product  2.8 

LmxM.33.0960  amastin-like surface protein, putative  2.8 

LmxM.15.1040  tryparedoxin peroxidase  2.7 

LmxM.09.0891  polyubiquitin, putative  2.7 

LmxM.30.0490  hypothetical protein, unknown function  2.7 

LmxM.27.1570  hypothetical protein, conserved  2.5 

LmxM.36.1280  tuzin-like protein  2.5 

LmxM.27.0680  amino acid permease, putative  2.5 
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Chapter 3: Supplementary Table 4 

Tandem gene arrayss in L. (L.) amazonensis isolates S3 and S6.  HCN represents the mean haploid 

copy number for the whole array in both isolates. 

Chr 
Genes in 

Array 
Annotation Ortholog IDs in L. mexicana HCN 

12 5  surface antigen protein 2, 
putative  

LmxM.12.0870partial, 
LmxM.12.0890,LmxM.12.0891,
LmxM.12.0980,LmxM.12.0990 

5.6 

17 5  elongation factor 1-alpha  LmxM.17.0080, 
LmxM.17.0081,LmxM.17.0082, 
LmxM.17.0084, LmxM.17.0085 

3.0 

29 2  ama1 protein, putative  LmxM.29.1410, LmxM.29.1420 4.0 

32 3  heat shock protein 83-1  LmxM.32.0312, LmxM.32.0314, 
LmxM.32.0316 

3.6 

32 2  beta tubulin  LmxM.32.0792, LmxM.32.0794 3.8 
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Population genomics and evidence of clonal replacement in a canine-isolated 

population of Leishmania (Leishmania) infantum from Governador Valadares. 

Abstract 

Visceral leishmaniasis is a major health problem in Brazil, being highly endemic in the State of Minas 

Gerais, in particular affecting people with limited resources and little access to adequate health care.  

The region of Governador Valadares is a reemerging focus of intense transmission of VL and TL with 

more than 127 cases reported since 2007 to 2013 and 30% of positive domestic dogs. 

In this subsection we will present the results of a study aimed at understanding the parasite 

population structure in the city using comparative genomic analysis of 36 samples from domestic 

dogs collected from 2008 to 2015. 

Analyses of this data were focused on the use of phylogenetic and population genetics methods to 

understand the evolution and the recent demographic history of parasites in this focus. Our results 

reveal the presence of two distinct sub-populations associated with two isolation periods and 

suggest a potential effect of climate on changes in the parasite population in this focus. 

Methods 

Study site and sample collection 

Bone marrow and serum from each dog were collected in 2008, 2012 and 2015 from domestic dogs 

with clinical VL symptoms from Governador Valadares  

Chapter 3: Figure 1) as already described in the previous section.  
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Chapter 3: Figure 1 

Map of the city of Governador Valadares. Inset shows the location of the Minas Gerais State in Brazil 
and the city of Governador Valadares City (upper right) and a city map showing the neighborhoods 
where isolates were collected. 
 

Parasite isolates and sequencing 

We generated libraries of 350bp that were subsequently used to generate 100bp paired end reads at 

the Wellcome Trust Sanger Institute’s sequencing facility by Illumina HiSeq.  

The reference genomes of L. (L.) infantum JPCM5, L. (L.) mexicana U1103 and L. (L.) amazonensis 

M2269 (version 10) were downloaded from the Tritryp database (http://tritrypdb.org/) for all 

subsequent bioinformatics analyses. 
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Filtering and mapping 

Reads filtered by quality using Trimmomatic (Bolger et al., 2014) with minimum base quality cutoff of 

30, leading and trailing base qualities of 28, minimum per base average quality of 20 and a minimum 

read length of 70bp. 

Filtered reads were then mapped onto the L. (L.) infantum JPCM5, reference genome using Bowtie2 

(Langmead e Salzberg, 2012). The fraction of reads mapped to each species was plotted using R and 

later used for CN analysis and variant calling. 

Population structure analysis 

SNPs among the isolates were called using the recommended parameters of GATK (Mckenna et al., 

2010). Briefly, mapped bam files were filtered for redundant reads and indels were re-evaluated via a 

local realignment. SNPs were called using the haplotype caller module and raw variants were filtered 

selecting sites with minimum raw coverage of 10, Root Mean Square mapping quality of 40, quality 

by depth greater than 2 and haplotype score greater than 13. Filtered SNPs were used  to generate 

genomic sequence for each isolate in GATK (Mckenna et al., 2010). These sequences were aligned 

among isolates with MAFFT (Katoh et al., 2002), trimmed with TrimAL (Capella-Gutierrez et al., 2009) 

and processed with a custom perl script to select non-biallelic SNPs that discriminate among isolates 

and create a numerical matrix for principal component analysis (PCA) and hierarchical clustering (HC) 

in R (Team, 2014).  

The SNPs matrix of the L. (L.) infantum isolates was used for population analyses in Structure 

(Pritchard et al., 2000) in a two-step process. First, we used 20 independent Markov Chain Monte 

Carlo (MCMC) runs with 10,000 burnin and a length of 100,000 for a range of population of one to 

eight. Then we re-executed Structure with the number of populations selected by the Delta K and 

Evanno methods with 20 MCMC runs of 500,000 burning and length of 750,000 in order to ensure 

convergence between runs. 
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Phylogenetic analysis 

For all L. (L.) infantum isolates, alternate nuclear genome sequences were generated in GATK 

(Mckenna et al., 2010) and aligned in MAFFT (Katoh et al., 2002).  The combined multiple sequence 

alignment was analyzed on jModelTest (Darriba et al., 2012) for statistical selection of the best-fit 

models according to the Akaike Information Criterion (AIC), Decision Theory Method (DT) and 

Bayesian Information Criterion (BIC). Phylogenetic analysis of the concatenated dataset was based on 

Maximum Likelihood in PhyML 3.0 with 1,000 pseudoreplicates (Criscuolo, 2011) including the 

sequence of L. (L.) infantum JCPM5 as a reference. 

Genome-wide assessment of within-host diversity 

The within-host diversity (FWs) is a metric that describes the relation between the individual 

diversity to that of the population using estimations of heterozygosity (Auburn et al., 2012; Manske 

et al., 2012). This metric captures the overall diversity at the individual level and also the similarity 

between parasites and their relative proportions. 

In order to estimate the FWs, we extracted biallelic SNPs with SAMtools to minimize confounding 

due to aneuploidy in Leishmania. We then employed Perl and R scripts to obtain the within-individual 

(Hs) and within-population heterozygosity (Hp). 

Briefly, at each SNPs, we estimated heterozygosity as the proportion of reads mapping to reference 

and alternate alleles (p and q respectively) and the sample heterozygosity (Hs) was derived Hs=1-

(p2+q2). At the population level, the allele frequencies at each SNP were estimated as the total read 

counts for the two alleles across all samples in the population and the population heterozygosity was 

estimated (Hw).  

Then, we extracted the minimum allele frequency (MAF) at each position and grouped them into ten 

bins ranging from 0 to 0.5. Then, we estimated within-individual and within-population 

heterozygosity for each MAF bins as the mean across the corresponding interval. 

Within-host estimates were plotted against the corresponding within-population estimate for all 

intervals and the slope was used to calculate the FWs for each individual (FWs=1-(Hw/Hs)). 
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Recombination analysis 

Heterozygous SNPs were phased in GATK (Mckenna et al., 2010) using 5Kb windows and a custom 

Perl script to retrieve the two corresponding sequences for the phased region. Then, we performed a 

blast search against the L. (L.) infantum JPCM5 and L. (L.) donovani BPK282A1 reference genomes 

and extracted the sequence of the best match for the two reference strains for maximum likelihood 

phylogenetic analysis in PHYML using the GTR model with 100 pseudoreplicates. Median joining 

networks were constructed for phased haplotypes in PopArt. 

Chromosome and gene copy number analysis 

To estimate haploid chromosome copy number, gene copy number variations, expanded tandem 

gene arrays and gene enrichment we employed the same methodologies as described on the L. (L.) 

amazonensis section. 

Allele frequency distribution 

Allele frequencies for all isolates were generated from filtered SAMtools results (Li et al., 2009). 

Briefly, for each heterozygous site we estimated the number of reads mapping to the alternate and 

reference bases. Counts were grouped in bins from 0.01 to 1.0 and we took the proportion 

respective to the sum of all allele frequencies by each chromosome and generated plots of the 

distribution of allele frequencies in R. 

Divergence Time Estimation 

Referenced-generated sequences of the L. (L.) infantum isolates were aligned against the L. (L.) 

infantum JCPM5 reference on MUSCLEv3.84 (Edgar, 2004) and poorly aligned regions were removed 

with trimALv1.4 (Capella-Gutierrez et al., 2009).  

The alignment was then run under a coalescent model on Beast2 (Bouckaert et al., 2014)  under the 

strict and relaxed log normal clocks in a MCMC run of 40 million. The calibration points were 

provided from divergence dates already estimated between Old World and New World L (L.). 

infantum (500 ya, SD 200 years) under a normal distribution model. 
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All information produced by BEAST was summarized onto a single “target” tree using the 

TreeAnnotator module of BEAST with Burnin of 30% of the samples and tree topology was 

represented using Figtree. 

Bayesian skyline analysis were run for the Governador Valadares isolates to infer the effective 

population size on a 10,000,000 generation chain using the root calibration point estimated during 

the divergence analysis. 

Climate data analysis 

Daily precipitation and temperature data from 2008-2014 were obtained from the Instituto Nacional 

de Meteorologia (INMET). Mean daily values were obtained and used for cumulative and 3d surface 

plots on R.  

In order to evaluate if there were substantial variation of precipitation through these years we 

employed TREND for statistical analysis of annual and seasonal rainfall time series using the Worsley 

likelihood ratio test. 

  



- 99 - 
  

Results 

Phylogenetic and clustering analysis show the presence of two distinct sub-populations in Governador 

Valadares 

We assessed the relatedness of the Governador Valadares isolates using 3,950 polymorphic sites 

using PCA, maximum likelihood, hierarchical clustering and Structure (Chapter 3: Figure 2). The best-

fit model for the data according to the Akaike and Bayesian Information Criteria (AIC and BIC) and 

Decision Theory method (DT) was the GTR (generalised time reversible) substitution model with four 

rate categories. This model was used on maximum likelihood analysis and our results provided 

statistical reliability to basal nodes of the tree with bootstrap values of 1000 and support a closer 

relationship among the Governador Valadares isolates than to the Old World L. (L.) infantum 

reference. Moreover, our findings show two well-defined sub-populations of L. (L.) infantum that 

correspond to two isolation periods (before 2015 and since 2015). The strength of the association 

between time of isolation and sub-population structure is statistically significant by Fisher exact test 

(p<0.001) whereas we did not see any association with geographical location of the isolates. 
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Chapter 3: Figure 2 

(A) Hierarchical clustering (HC) with 1,000 bootstraps, the y-axis denotes the closeness of either 

individual point. (B) Principal component analysis (PCA), x and y axes show the first and second 

principal components, respectively. (C) Maximum likelihood phylogeny, size of black dots represent 

bootstrap support. (D) Structure results.  

Figure shows that samples from 2008 and 2012 cluster together while samples isolated in 2015 

cluster into different group.  

Green and red colors in figures A, B and C represent samples from 2008 and 2012, respectively. 

Red color bars in figure D represent samples from 2008 and 2012. 

Blue denote samples collected in 2015. 

There are fixed SNPs in coding sequences that differentiate among both populations 

Given the presence of two sub-populations, we sought to assess the presence and location of fixed 

SNPs in each group. In this sense we found 86 and 45 SNPs that were exclusively present in the 2015 

and the 2008-2012 sub-populations, respectively. In the 2015 sub-population, there were 30 SNPs 

located in 22 coding regions that comprise hypothetical proteins, phosphatases and transport 
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proteins. The gene that gathered the highest number of SNPs in the 2015 group corresponds to a 

ferric iron reductase whose sequence is altered in 6 amino acids. In the 2008-2012 population there 

were 15 SNPs affecting nine CDS that include surface antigen proteins, kinesins and hypothetical 

proteins (Chapter 3: Table 1). 

2015 

Gene IDS Annotation SNPs 

LinJ.34.0240, LinJ.08.0360, LinJ.09.0501, 
LinJ.12.0570, LinJ.14.0370, LinJ.17.1010, 
LinJ.24.0290, LinJ.24.1000, LinJ.26.1410, 
LinJ.29.2240, LinJ.29.2840, LinJ.35.3920 

hypothetical protein 

1 SNP 
each 

LinJ.19.0800 ABC transport system ATP-binding protein 
(ABCF2) 

LinJ.34.1720 amastin-like surface protein 

LinJ.14.0020 phosphatidylinositol 3-kinase 2, putative 

LinJ.07.0330 protein kinase, putative 

  

LinJ.24.0260 protein phosphotase, putative 

LinJ.28.0690 protein transport protein SEC13, putative 

LinJ.22.0300 kinesin K39 2 

LinJ.30.1630  ferric reductase transmembrane protein, 
putative (FR1) 

8 

 

2008-2012 

Gene IDS Annotation SNPs 

LinJ.31.1660 3-ketoacyl-CoA thiolase-like 3 

LinJ.12.0663 surface antigen protein 2 3 

LinJ.14.1180 kinesin K39 1 

LinJ.29.1600 Hypothetical protein 1 

LinJ.20.0440 Metallo-dependent phosphatase-like 1 

LinJ.22.0660 5'a2rel-related 1 

LinJ.06.1360 Hypothetical 2 

LinJ.34.1720 amastin-like surface protein 2 

LinJ.34.2660 amastin-like surface protein 1 

Chapter 3: Table 1 

Fixed SNPs in CDS for the sub-populations of 2015 and 2008-2012. The table indicates the 

corresponding gene identifier, the respective annotation and the number of SNPs. 
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FWs shows lower within-host heterozygosity consistent  

To characterize within-host diversity we used the FWs statistics using 9,119 biallelic sites. This metric 

that ranges from 0 to 1 evaluates the probability of parasites carrying different alleles at a given 

locus. Moreover, it captures the overall diversity within an individual and the similarity among the 

population. In the specific case of Leishmania, this metric will also be an indirect reflect of the levels 

of mosaic aneuploidy in the population. We observe that the Governador Valadares population 

presented FWs of 0.8 (Chapter 3: Figure 3) that serves as an indicator of low risk of outcrossing and 

low within-host diversity. 

 

Chapter 3: Figure 3 

Boxplot showing the distribution of FWs in the Governador Valadares isolates 

Recombination analysis 

To explore the ancestry of the Governador Valadares L. (L.) infantum isolates we reconstructed the 

haplotypes of phased heterozygous regions of the genome and compared them with one ancestor 

represented by the Old World JPCM5 line and another by the L. (L.) donovani BPK282 isolate based 

on a previous study (Auburn et al., 2012). The inference of haplotypes was restricted to regions with 

equal or more than 4 phased heterozygous positions in at least one Governador Valadares isolate. 

Based on these criteria, six regions were selected and analyzed phylogenetically. 

Our results show that two distinct clades among the haplotypes of the L. (L.) infantum isolates 

(Chapter 3: Figure 4). One clade is similar to the JPCM5 line whereas the other is somewhat related 

to the L. (L.) donovani BPK282 reference.  
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Chapter 3: Figure 4 

Median joining networks of phased haplotypes for six regions show two evolutionary lineages 
belonging to L. (L.) infantum and L. (L.) donovani. Size of the circles correspond to the number of 
similar samples in the respective node of the network. Blue and orange circles indicate the position 
of the L. (L.) infantum and L. (L.) donovani reference sequences, respectively. 
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The Governador Valadares population presents a heterogeneous pattern of chromosomal and gene 

copy number amplifications with an overall disomic tendency 

Aneuploidy has been extensively described in Leishmania (Rogers et al., 2011; Rogers et al., 2014; 

Valdivia, Reis-Cunha, et al., 2015) and we have also observed it in the Governador Valadares 

population (Chapter 3: Figure 5 A,B,C). Allele frequency and read depth based analyses allowed us to 

predict the ploidy of all chromosomes in the population.  

In this analysis only three out of 36 chromosomes were diploid in all the GV isolates (17,19, 28) and 

this number increases to seven (7, 17, 19, 27, 28, 34, 36) if we take out isolate S9 (Chapter 3: Figure 5 

C). Our results show that chromosome 31 has the highest aneuploidy been pentasomic in all isolates. 

This chromosome has been previously shown to be expanded in all Leishmania species so far 

sequenced and has been suggested to confer some selective advantage to the parasite(Valdivia, Reis-

Cunha, et al., 2015). Other chromosomes that are expanded on most isolates are chromosome 8 and 

23 whose ploidies range from tetrasomy to pentasomy (Chapter 3: Figure 5 C).  

Importantly, read depth on these chromosomes is uniformly distributed refuting region-specific 

amplification (Chapter 3: Figure 5 D). This highly heterogeneous pattern has been also shown by 

other studies and indicates that some degree of aneuploidy is common among L. (L.) infantum and 

the rest of the genus (Rogers et al., 2014).  
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Chapter 3: Figure 5 

Chromosome copy number analyses. Figures show read depth and allele frequency based 

estimations of chromosome ploidy in the Governador Valadares isolates.  

A) Chromosome copy number (CCN) in the Governador Valadares L. (L.) infantum population. This 

graph shows the mean and standard deviation of the CCN estimated from the read depth analysis. A 

dotted line indicates the median haploid ploidy for all the genomes. The y-axis denotes the haploid 

CCN and the x-axis the respective chromosome. 

B) Allele frequency of expanded and disomic chromosomes for all isolates. This figure shows 

tetrasomic and pentasomic profiles for chromosome 31; trisomic and tetrasomic profiles for 

chromosome 27 and chromosome 8 as well as a clear disomic trend for the rest of the chromosomes. 

C) Heat map of individual ploidies for each sample. This figure shows the haploid CCN at the 

individual level, the y-axis indicates the isolate and the x-axis the chromosome. 

D) Mean read depth at each chromosome, this figure shows the mean read depth for all isolates 

representing regions with increased read depth as red. 

Gene copy number variations  

Results from the CNV analyses were separated into expanded genes present in all the isolates tested 

and the ones expanded in each sub-populations (Chapter 3: Table 2). 

We only found two and one sub-population expanded genes in the 2008-2012 and 2015 groups, 

respectively. These genes are annotated as elongation factor 1-alpha, phosphoglycan beta 1,3 (SCG6) 

and paraflagellar rod protein. EF1-alpha has been described on the L. (L.) amazonensis chapter as a 

protein that favors parasite survival inside macrophages. The side chains galactose genes are a 

glycosylation gene family crucial for midgut attachment that modifies the phosphoglycan repeats of 

lipophosphoglycan (LPG)(Sacks et al., 2000). These modified phosphoglycans promote the survival of 

the parasite within the vertebrate and invertebrate host and confer the ability of the natural sand fly 

D 
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vector to transmit Leishmania (Dobson et al., 2003). The paraflagellar rod proteins are a network of 

filaments that are located along the axoneme of trypanosomatids and are required for cell motility 

(Maga et al., 1999). 

CNV variations in Leishmania may contribute with the different tropism that is seen in this genus. In 

this sense, we aimed to explore expanded genes in all L. (L.) isolates to get a deeper understanding of 

species-specific expansions that may be only present in New World L. (L.) infantum. We found up to 

40 expanded genes in all isolates distributed in 13 chromosomes.  

Among the most expanded proteins we found a glucose transporter, an rrp6p homologue, many 

hypothetical proteins, amastins, GP63, among others. As it has been mentioned in the previous 

chapters, members from the amastin, GP63 and cysteine peptidase gene families have important 

roles as virulence factors permitting infection, immune evasion and parasite survival inside the 

vertebrate and invertebrate hosts. The other hypothetical proteins in this set remain to be 

characterized.  

A 

Subpopulation Gene ID Annotation 
Normalized 
mean HCN 

2008-2012 LinJ.25.2570 elongation factor 1-alpha 2.4 

2008-2012 LinJ.17.0110 
phosphoglycan beta 1,3 galactosyltransferase 6 
(SCG6) 2.2 

2015 LinJ.29.1880 paraflagellar rod protein 1D, putative 2.2 

 

B 

Gene ID Annotation 
Normalized 
mean HCN 

LinJ.36.6550 glucose transporter 2 (GT2) 2.6 

LinJ.34.4330 exosome subunit rrp6p homologue, putative 2.5 

LinJ.34.4320 phosphatidylinositol-4-phosphate-5-kinase-likep ro tein 2.7 

LinJ.34.4310 hypothetical protein, conserved 2.6 

LinJ.34.4300 hypothetical protein, conserved 2.9 

LinJ.34.4290 lipophosphoglycan biosynthetic protein (lpg2) (LPG2) 2.8 

LinJ.34.2660 amastin-like surface protein, putative 4.4 

LinJ.34.2650 amastin-like surface protein, putative 3.2 

LinJ.34.2390 hypothetical protein, conserved 2.4 

LinJ.34.1730 amastin-like surface protein, putative 9.8 
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LinJ.34.1680 amastin-like surface protein, putative 3.5 

LinJ.33.0860 beta-tubulin 2.8 

LinJ.33.0370 heat shock protein 83 (HSP83-3) 4.7 

LinJ.33.0360 heat shock protein 83 (HSP83-2) 4.8 

LinJ.31.1660 3-ketoacyl-CoA thiolase-like protein, putative 2.9 

LinJ.29.2240 hypothetical protein, conserved 2.2 

LinJ.29.1890 paraflagellar rod protein 1D, putative 2.3 

LinJ.28.2060 Zinc transporter 3B (ZIP3B) 3.2 

LinJ.28.2050 Zinc transporter 3A (ZIP3A) 3.4 

LinJ.23.1060 
beta-fructosidase-like protein, invertase-like protein, sucrose 
hydrolase-like protein 2.6 

LinJ.22.0300 hypothetical protein 8.1 

LinJ.21.2240 beta tubulin 3.2 

LinJ.17.0200 elongation factor 1-alpha 2.8 

LinJ.17.0190 elongation factor 1-alpha 2.6 

LinJ.17.0170 elongation factor 1-alpha 2.8 

LinJ.17.0100 elongation factor 1-alpha 2.8 

LinJ.17.0090 elongation factor 1-alpha 2.8 

LinJ.15.0730 hypothetical protein 3.4 

LinJ.15.0490 hypothetical protein (pseudogene) 4.2 

LinJ.13.1460 alpha tubulin 3.8 

LinJ.13.0330 alpha tubulin 3.8 

LinJ.10.0530 
GP63, leishmanolysin, metallo-peptidase, Clan MA(M), Family M8 
(GP63-4) 2.6 

LinJ.10.0521 hypothetical protein, unknown function 2.8 

LinJ.10.0520 
GP63, leishmanolysin, metallo-peptidase, Clan MA(M), Family M8 
(GP63-3) 3.8 

LinJ.10.0510 
GP63, leishmanolysin, metallo-peptidase, Clan MA(M), Family M8 
(GP63-3) 2.2 

LinJ.10.0500 
GP63, leishmanolysin, metallo-peptidase, Clan MA(M), Family M8 
(GP63-2) 7.7 

LinJ.10.0490 GP63, leishmanolysin (GP63-1) 7.1 

LinJ.08.1280 beta tubulin 1.9 

LinJ.08.0960 cathepsin L-like protease 3.9 

LinJ.08.0950 cathepsin L-like protease 2.2 
Chapter 3: Table 2 

CNV in Governador Valadares isolates. This table shows expanded genes in in the distinct sub-

populations (A) and gene expansions in all isolates (B). 

Divergence and skyline analysis suggest clonal replacement rather than in situ divergence and 

stabilization of the effective population size 

Bayesian based divergence time analysis using the strict and relaxed clock models resulted in fairly 

similar dates. The ages of divergences were inferred from 3,950 non-biallelic genotyped sites along 
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the genomes and calibrated against the timing of the split between Old World and New World L. (L.) 

infantum.  

Dates estimated with this Bayesian approach points towards an earlier divergence of both 

populations after the introduction of L. (L.) infantum into the New World (Chapter 3: Figure 6 A, B). 

In order to determine the parasite population history, we have constructed a Bayesian skyline plot 

(Chapter 3: Figure 6 C). This plot shows that the Governador Valadares L. (L.) infantum population 

might have expanded since the 1600 up to 1800. Furthermore, the effective population size was 

estimated in 6.1 x 104 (95% HPD; 1.8x104-28x104) and the time of the most recent common ancestor 

between both populations was inferred between 697-541 and 525-388 years ago according to the 

relaxed and the strict clock models, respectively (Chapter 3: Figure 6 A, B). This value is a reflect of 

the single geographic location under investigation and is similar to values obtained in Old World 

populations (Rogers et al., 2014).  

In summary, the time of divergence confirms that the changes we are seen in the L. (L.) infantum 

genotypes circulating in Governador Valadares are due to clonal replacement rather than recent in-

situ divergence.  
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Chapter 3: Figure 6 

Bayesian dating of L. (L.) infantum isolates. Figures A and B show the trees corresponding to the 

relaxed and strict clock models. Nodes are located at the mean divergence and numbers represent 

95% confidence intervals. The result shows an earlier divergence of both L. (L.) infantum sub-

populations in Governador Valadares. Figure C presents the Bayesian skyline plot showing changes in 

the effective population size through time. The Y-axis describes the Log scale population size 

whereas the X-axis show the time in years. 

Climate data shows a significant change in precipitation during 2014 

Analysis of daily temperature collected since 2008 up to 2014 by the INMET shows that temperature 

in Governador Valadares presents two distinct phases along the year (Chapter 3: Figure 7). There is 

one colder season that starts in May and ends in August and a warmer season from September to 

April. However, we were not able to find any statistical significant difference in temperature cycles 

during these years. 
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Chapter 3: Figure 7 

Heatmap of mean monthly temperatures since 2008 to 2014. Figure shows the presence of two 

cycles of colder and warmer temperatures in this region. 

In terms of precipitation analysis, we found that precipitation also appears to be cyclic with a rainy 

season that starts in September and move up to March (Chapter 3: Figure 8 A). Cumulative and 

annual precipitation plots suggest a decrease in the total rainfall in 2014 (Chapter 3: Figure 8 Chapter 

3: Figure 8B,C). In order to assess if this difference in total rainfall are significant we compared annual 

precipitations since 2008 up to 2014 using he Worsley likelihood ratio test implemented in TREND. 

The result of this analysis shows a statistical significant result (p<0.05) for changes in the mean 

precipitation of 2014 compared to the other years evaluated. 
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Chapter 3: Figure 8 

Precipitation data in Governador Valadares. Figure show the monthly (A), annual (B) and cumulative 

precipitation (C) in Governador Valadares since 2008 to 2014. The data shows a decay in the total 

rainfall during 2014. 
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Discussion 

Among the leishmaniasis, VL is considered as the most aggressive form of these diseases and can be 

deadly if untreated (Murray, 2004; Murray et al., 2005). VL is a serious problem in Brazil that is 

among the six countries that hold more than 90% of all VL cases in the world (Bangladesh, Brazil, 

Ethiopia, India, Nepal and Sudan) (Alvar et al., 2012). 

In Brazil VL is caused by L. (L.) infantum that is transmitted by the bite of infected Lutzomyia 

longipalpis sand flies been dogs the main reservoirs of the disease. Currently there is increased 

concern about the urbanization of VL in Brazil and the effects of climate change and human 

migration (Harhay et al., 2011). These factors may have led to the emerging of foci of transmission in 

distinct cities in the country and have posed a challenge for control programs in the country. 

The analysis of the Governador Valadares isolates represents to our knowledge the first genome-

wide analysis of New World Leishmania and has increased our understanding of the Leishmania 

population structure that deserve to be explored in other endemic sites in the New World. 

The city of Governador Valadares is an emerging focus of transmission of VL with both, L (L.) 

infantum and L. (L.) amazonensis species circulating in the area causing similar clinical 

symptomatology in infected dogs. 

Our population structure analyses show the presence of two distinct sub-populations of L. (L.) 

infantum that are associated with the time of isolation. Importantly divergence dating on these 

isolates showed that both subpopulations diverged hundreds of years ago with no apparent crossing 

among them. This result supports recent clonal replacement in this city and discard the effects of in-

situ divergence.  

Within-host diversity in the parasite population is relatively low that is consistent with the 

predominant clonal mode of reproduction in Leishmania. However, FWs the value obtained of 0.8 

indicates some level of recombination.  It is worth noting that the FWs metric may be biased in 

Leishmania due to the effects of mosaic aneuploidy. 
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A previous study conducted with Old World L. (L.) infantum isolates found the presence of two 

distinct ancestor lineages, one similar to the JPCM5 L. (L) infantum line and the other closely related 

to L. (L.) donovani (Rogers et al., 2014). Haplotype reconstruction at highly heterozygous regions 

conducted by us in Governador Valadares also corroborates this finding and show that New World L. 

(L.) infantum isolates share this common hybrid ancestry.  

Chromosome and gene copy number variations are a major source of intra and interspecific 

variability in Leishmania and have been suggested to be an adaptation that favors parasitism and 

reflects a constitutive (unregulated) transcription in Leishmania (Rogers et al., 2011; Sterkers et al., 

2012; Valdivia, Reis-Cunha, et al., 2015). The GV population present a highly diverse pattern of 

ploidies with extensive variability among isolates regardless of their clustering in the two 

subpopulations described and the very recent divergence inside each subpopulation. 

An important consequence of our findings is the rapid change in the predominant L. (L.) infantum 

population in GV. This rapid replacement may be due to significant lower rainfall that occurred in 

2014 that may have affected the distribution of vectors in the city favoring one sub-population rather 

than the other. Another possibility that should be considered is the introduction of a different strain 

of L. (L.) infantum into this city. In this sense, further studies are needed to explore the effect that 

changes in rainfall or other variables have in the vector-reservoir-parasite triad.  
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GENERAL DISCUSSION 

Leishmaniasis is a major health problem in endemic countries in tropical and sub-tropical areas and 

has been linked to poverty and little access to adequate health care. Control of these diseases has been 

difficult to achieve as evidenced by outbreaks in several countries (Silveira et al., 2002; Velez et al., 

2012; Arce et al., 2013; Uranw et al., 2013) and an increase of endemic areas to 98 countries.  

These diseases are characterized by a wide range of clinical symptoms associated to the more than 20 

species of Leishmania pathogenic to human. This high species diversity is thought to be caused by 

gradual accumulation of mutations rather than sexual recombination. This premise is supported by the 

clonal theory of Leishmania that has been proposed a long time ago and affirms that asexual 

reproduction is the sole or main reproductive mechanism in this parasite (Tibayrenc e Ayala, 2002). 

This theory was founded on the high similarity among the offspring and their parents and other criteria 

like genetic markers and fixed heterozygosity (Tibayrenc et al., 1993). 

However, different lines of evidence have emerged that challenge this theory and suggest that sexual 

reproduction can occur in Leishmania. For instance, recent population studies have shown that 

Leishmania can experience sexual recombination events within and between species with distinct 

haplotypes coming from both parents (Rogers et al., 2014; Seblova et al., 2015; Kato et al., 2016). This 

finding is further supported by evidence of Leishmania hybrids generated under controlled 

experiments as well as putative hybrids found in the nature that present different chromosomal 

contributions from each parent (Romano et al., 2014; Seblova et al., 2015; Kato et al., 2016). 

Furthermore, evidence from a genomic population study shows a recent recombination event 

between L. (L.) infantum and L. (L.) donovani (Rogers et al., 2014). Although further studies are needed 

to assess the relevance and frequency of sexual reproduction in Leishmania, these data challenge the 

traditional view of Leishmania as exclusively clonal parasite.  Moreover, the finding of inter-species 

sexual recombination makes more complicated an accurate classification of species and adds an 

important cause of variability that has been largely overlooked.  
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During the last decade and thanks to the development of high throughput sequencing technologies, 

many genomic projects have been executed in Leishmania. These efforts have resulted in the 

availability of massive amounts of data for the scientific community. In this context, the growing 

number of genomic, transcriptomic and proteomic data has opened opportunities for broader and 

more extensive analysis that have increased our understanding of these complex parasites. 

One of the most important characteristics revealed by genomics is the high degree of genomic 

conservation and synteny in Leishmania with a low number of species-specific genes despite a time 

of divergence of 36-46 million years between New World and Old World species (Peacock et al., 

2007).  

This information has led to explore other mechanisms that could explain the distinct clinical 

manifestations, distribution, vectors and reservoirs that are seen in endemic regions. In the chapters 

presented in this thesis, we have used genomic and phylogenomic approaches aiming at a better 

understanding of the complexity of Leishmania and reveal some of the basis of variability.  

The case of L. (V.) peruviana and L. (V.) braziliensis has been debated for a long time in the scientific 

community. These organisms are so closely related phylogenetically to the point that they were 

considered by some as a single species (Odiwuor et al., 2012; Fraga et al., 2013). Nevertheless, they 

are associated with different clinical symptomatology, vectors, reservoirs and distribution (Lainson et 

al., 1979; Llanos-Cuentas et al., 1999). Our results presented in chapter one strongly support 

maintaining the current classification as distinct species and show for the first time the high variability 

in chromosome and gene copy numbers in L. (V.) peruviana.  

Further studies including a greater number of isolates of L. (V.) peruviana and L. (V.) braziliensis are 

needed to confirm the stability of CCN, CNV and SNPs seen in our study. 

In this regard, previous evidence mainly from studies in Old World Leishmania, have shown that 

genome plasticity is an important source of heterogeneity at the intra and inter species level 

(Downing et al., 2011; Rogers et al., 2011; Rogers et al., 2014). The analysis of genome structure in 

single cells using fluorescence in situ hybridization (FISH) and the use of next-generation sequencing 
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technologies have shown a wide range of variations in chromosomal content from cell to cell in a 

population generating an intra-strain genomic heterogeneity (Sterkers et al., 2012) (Sterkers et al., 

2011). This high variation has been referred as mosaic aneuploidy and is proposed as a powerful 

adaptive mechanism in Leishmania to cope with the highly variable selective pressures in the vector 

and vertebrate hosts (Sterkers et al., 2014). 

Our results have also shown this high variability among closely related L. (V.) peruviana and L. (V.) 

braziliensis and even among more phylogenetically close isolates like the L. (L.) infantum from 

Governador Valadares. The theoretical wide range of ploidies seen on these isolates may confer a 

selective advantage for those individuals with the best-fit ploidy for distinct conditions contributing 

to parasite survival (Sterkers et al., 2012). However additional studies are needed to confirm this 

premise given the potential deleterious effects of aneuploidy. 

Additionally, further studies are needed to address the dynamics of mosaic aneuploidy during the 

interaction of the parasite with the vector and vertebrate hosts and assess the levels of ploidy in 

primary samples to rule out the effects of long term culturing. 

Although there are not major differences in terms of gene content in the genomes of Leishmania, 

few studies have been conducted to explore the organization of gene families in these species and 

assess expansions and diversity among orthologous groups. 

Identification of homolog genes is a critical step to understand the evolutionary context of an 

organism given the fact that duplication events can result in posterior functional divergence 

(Gabaldon et al., 2009). For this reason, it is important to develop strong methods for accurate 

prediction of homology. 

Traditional homology prediction approaches rely solely on sequence similarity and while they are fast 

and efficient, are also prone to errors in the homology assessment (Eisen e Wu, 2002). This occurs 

specially when there are multiple matches for the target gene as in the case of highly expanded 

families. For this reason, phylogenomic approaches constitute a robust platform that overcome 
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sequence similarity based methods and can provide additional information from a phylogenetic 

context. 

Our results from the phylogenomics and comparative genomic studies showed extensive variability in 

the number of expanded genes among species and within strains. Importantly, several gene 

duplications and species-specific expansions affect gene families that mediate invasion, immune 

evasion and parasite survival (Valdivia, Scholte, et al., 2015). Consequently, these duplications might 

be important contributors for the diversity and tropism seen in Leishmania. This extensive variability 

in multicopy genes have been reported in other studies across many Leishmania species (Rogers et 

al., 2011) and may respond to the lack of transcriptional control in Leishmania acting as a mechanism 

to increase gene dosage of key genes.  

Although there is some evidence retrieved from an RNA-sequencing study of increased RNA levels in 

expanded families (Rastrojo et al., 2013), further studies are needed to assess the correlation 

between DNA and RNA levels and changes in expression among members of expanded families.  

In spite of the increasing use of “OMICS” approaches, most genes associated to Leishmania virulence 

remain uncharacterized; limiting our understanding of the disease and hampering an efficient use of 

these results. Following this line, we have selected members of the Cathepsin-L family from our 

phylogenomics study for functional characterization.  

We have chosen this family based on the finding of species-specific expansions in L. (L.) mexicana, L. 

(L.) major and L. (V.) braziliensis, increased RNA levels during the amastigote stage and the presence 

of related cysteine peptidases with characterized immunomodulatory roles in Th1 suppression.  

We are currently generating knockout and superexpressors parasites whose pattern of infectivity will 

be compared with WT parasites in in vitro and in vivo experiments. Given our phylogenomics results 

for this family, we expect to find related functions in members of the Viannia subgenus. 

Improved functional characterization of these and other genes with an increased focus on 

hypothetical, uncharacterized and species-specific expansions will provide useful insights for vaccine 
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design, novel therapies and increase our understanding of the mechanisms of Leishmania infection 

and immune evasion. 

Currently, there is increasing concern regarding the effects that climate change, human activities and 

co-infection might have on the leishmaniasis. For instance, migration and urbanization with their 

implicit effects (deforestation, establishment of settings near the forest and breeding of animals) 

have led to an increase of TL and VL cases. Additionally, there is growing evidence of expansion of 

sand fly vectors, pathogenic Leishmania species and the re-emergence of infections in previously 

controlled areas (Desjeux, 2004; Arce et al., 2013; Barata et al., 2013).  

It has been demonstrated that an improved knowledge of the population structure of pathogens can 

provide insights into transmission patterns, epidemiological features and insight into diagnostic 

development. In this sense the use of population genomics can be a valuable ally in the study of 

leishmaniasis in emergent and re-emergent foci.   

The region of Governador Valadares is a re-emergent focus of leishmaniasis regardless the intense 

control efforts in this area. Our study in this city has revealed a dramatic shift in the L. (L.) infantum 

population in less than two years. Although we have not yet conclusive evidence, it is possible that 

changes in precipitation during 2014 have influenced on the sand fly population in the area and in 

turn selected strains from one parasite population over the other.  

Regardless of the causes of this variation, the evidence of rapid clonal replacement is an important 

finding and underscores the need to consider other variables like climate change and migration in 

the study of the leishmaniasis as well as the potential effects of this rapid population change. 

Previous evidence from a spatial-temporal analyses in French Guiana show a negative correlation 

between rainfall and the number of TL infections. This finding suggest that rainfall could be an 

indicator for risk in endemic sites with an increase in the number of cases of Leishmania after 2 

months of relative decrease in rainfall (Roger et al., 2013). Contrastingly, in the study described on 

the third chapter we did not find this correlation with the number cases. These contradictory results 

reveal the complexity of the leishmaniasis at each endemic site.  
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The finding of L. (L.) amazonensis is also another important consequence of our research, 

complementing previous studies that have isolated this species from previously unreported areas in 

Brazil in different ecological niches than the one originally described (Tolezano et al., 2007; Oliveira 

et al., 2015). This result also highlights the lack of studies in the New World regarding the distribution 

of Leishmania. For instance, previous evidence from Peru suggest a high diversity of species with 

areas of co-occurrence in the Andean and Amazon regions that has not been explored in other 

countries (Lucas et al., 1998). 

It is known that some vectors can transmit only certain species of Leishmania due to differences in 

proteolytic enzymes in the gut, parasite inability to escape from the peritrophic matrix, or inefficient 

midgut attachment (Pimenta et al., 1994). In this regard, there is an urgent need to identify the 

putative vector of L. (L.) amazonensis in these new foci given the challenge to control activities due 

to differences in sand fly distribution and infectivity. Additionally, it is also crucial to determine if 

there are permissive vectors in these foci that could contribute to the spread of both L. (L.) infantum 

and L. (L.) amazonensis. 

The presence of L. (L.) amazonensis in dogs from a domestic environment is also critical from an 

epidemiological point given the fact that dogs are the most important reservoirs of VL in domestic 

environments maintaining the parasite population and acting as a source of transmission. 

Finally, the similar clinical signs from the ones shown in L. (L.) infantum may indicate the potential of 

visceralization of this species. This hypothesis is supported by the finding of L. (L.) amazonensis  from 

dogs of a peridomestic environment in the Sao Paulo state with clinical signs undistinguishable from 

VL (Tolezano et al., 2007).  Importantly, that study has also shown issues with the specificity of 

serological tests used for VL. This cross reactivity may have led to misreporting of L. (L.) amazonensis 

and an underrepresentation of the distribution and cases associated to this species. 

The importance and complexity of the leishmaniasis herein shown demand more integrated 

approaches to understand disease transmission and develop efficient intervention strategies, 

especially in emergent and re-emergent foci like Governador Valadares. In this sense, the use of 
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mathematical modelling, niche modelling and population genomics appear as promising areas of 

research. 

We believe that these approaches can complement each other and in turn will allow a better 

understanding of the transmission of leishmaniasis in endemic sites. The information that can be 

provided by this endeavors is greatly needed in endemic settings to assess the impact of vector and 

reservoir control on disease prevalence and on the parasite population. Moreover, these efforts 

could offer the possibility of designing better control strategies and predict the potential effects of 

their implementation (Rock et al., 2015). 
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CONCLUSIONS 

In the context of Leishmania genomics, we have explored distinct Leishmania species through 

comparative genomics, phylogenomics and population genomics. In this process, we have: 

- Detected important differences in SNPs, gene and chromosome copy numbers in L. (V.) 

peruviana and L. (V.) braziliensis. 

- Provided support for the current classification of L. (V.) peruviana as a distinct species from L. 

(V.) braziliensis. 

- Identified species-specific adaptations in pathogenic Leishmania species potentially acting on 

virulence factors and revealing the evolutionary history of these parasites. 

- Show variation in species-specific expansions across various Leishmania species and the 

potential importance of these differences. 

- Report the first detection of L. (L.) amazonensis in Governador Valadares. 

- Identified L. (L.) amazonensis specific genomic features. 

- Detected high levels of heterogeneity in chromosome copy numbers in a population of L. (L.) 

infantum in Governador Valadares. 

- Evaluate the presence of two distinct sub-populations of L. (L.) infantum and a process of 

rapid clonal replacement. 
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