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Leishmania parasites are the causative of leishmaniasis, a group of potentially fatal human diseases.
Control strategies for leishmaniasis can be enhanced by genome based investigations. The publication
in 2005 of the Leishmania major genome sequence, and two years later the genomes for the species
Leishmania braziliensis and Leishmania infantum were major milestones. Since then, the L. infantum
genome, although highly fragmented and incomplete, has been used widely as the reference genome
to address whole transcriptomics and proteomics studies. Here, we report the sequencing of the L.
infantum genome by two NGS methodologies and, as a result, the complete genome assembly on 36
contigs (chromosomes). Regarding the present L. infantum genome-draft, 495 new genes have been
annotated, a hundred have been corrected and 75 previous annotated genes have been discontinued.
These changes are not only the result of an increase in the genome size, but a significant contribution
derives from the existence of a large number of incorrectly assembled regions in current chromosomal
scaffolds. Furthermore, an improved assembly of tandemly repeated genes has been obtained. All these
analyses support that the de novo assembled L. infantum genome represents a robust assembly and
should replace the currently available in the databases.

Protists of the genus Leishmania belong to the order Trypanosomatida, an early-branching line from the eukary-
otic tree'. Many species of the genus are highly pathogenic for humans and other mammals, causing several clini-
cal manifestations that are globally known as leishmaniasis. These pathogenic Leishmania species are transmitted
by phlebotomine sand flies?. Although it is not absolute, there exists an association between the clinical forms of
leishmaniasis and the infecting Leishmania species®. Thus, the clinical spectrum of leishmaniasis encompasses
subclinical (asymptomatic) infections, self-healing cutaneous lesions, and disseminated forms (diffuse cutane-
ous, mucosal, or visceral leishmaniasis). Leishmania major is the prototypical species associated with cutaneous
leishmaniasis in the Old World, mucosal affections (also known as mucocutaneous leishmaniasis) are hallmarks
of Leishmania braziliensis infection, whereas Leishmania donovani and Leishmania infantum are the causative
agents of visceral leishmaniasis (VL). The latter species are closely related, according to molecular genetic crite-
ria, even though they are found in different geographical regions: L. donovani is the primary cause of VL in the
Indian subcontinent and East Africa, and L. infantum is the causative agent of VL in the Mediterranean basin, the
Middle East, and Latin America®.

The medical relevance, together with the peculiarities in molecular mechanisms and biological structures
present in this group of microorganisms¢, justified efforts leading to determine their precise genome sequence.
L. major was the first species of them to have its genome sequenced’, and it provided the model/template for
subsequent genomic analyses of other Leishmania species. Afterwards, in 2007, the sequences of the L. brazil-
iensis and L. infantum genomes were published®. During the last decade, the extraordinary progress in genome
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sequencing technologies’, together with a significant reduction of sequencing costs, has speeded up the devel-
opment of sequencing projects. As a positive consequence of this, an exponential increase in the number and
diversity of sequenced genomes is taking place. In particular, based on the use of these new technologies, genomic
drafts for several Leishmania species (and strains) have been published'®-'® and/or are publically available in data-
bases (e.g., TriTrypDB.org). Nevertheless, although these genomic sequences are providing valuable data, the L.
major (Friedlin strain) genome, decoded ten years ago using classical Sanger sequencing, continues to be the best
assembled genome for the genus Leishmania. In fact, given the remarkable degree of synteny observed between
the genomes of the different Leishmania species, the L. major genome is being used as the reference for building
the chromosomal scaffolds of the other Leishmania species. However, apart from the L. major (Friedlin) genome,
the rest of Leishmania genomes sequenced to date must be considered as draft assemblies, taking into account
that they have been assembled in a number of contigs (between 562 and 10305) that vastly outnumbers the
haploid set of chromosomes (34-36, depending on the Leishmania species'®). The existence of a large number of
repetitive DNA sequences, which are scattered along the Leishmania genomes®-?2, prevents the complete assem-
bly of the Leishmania chromosomes when using short-read sequencing approaches. Another challenging issue to
resolve during the genomic assemblies is the precise determination of the gene copy number in loci consisting of
multiple tandemly arranged identical genes, a common feature of the Leishmania gene organization®. In fact, as
we recently reported, these issues were the cause of assembly collapses affecting seven genomic regions that were
missed at the time of the L. major (Friedlin) genome assembly**.

For sequencing the genome of the L. infantum species, the JPCM5 strain (MCAN/ES/98/LLM-724) was
selected®. This strain was first isolated in Madrid (Spain) from a naturally infected dog that developed VL?. This
strain was cryopreserved at the Centro Nacional de Microbiologia (Instituto de Salud Carlos III, Madrid, Spain)
and distributed to different laboratories around the world. This strain showed a high degree of virulence when
assayed for experimental infections of dogs®®. Furthermore, it was found to be suitable for genetic manipulations,
and importantly that the laboratory-modified parasites retained their virulence?’. All these studies supported the
selection of this strain for the generation of the first genome draft of a viscerotropic Leishmania species®. Genome
sequences were produced by the whole-genome shotgun method, achieving a mean coverage of five-fold. The
sequences reads were assembled into 562 contigs, which finally were grouped into 36 chromosomal scaffolds
using as reference the L. major (Friedlin) genome’. At that time, the authors estimated that the missing genomic
regions would account for at least 150,519 bases®.

Here, due to the clinical relevance of L. infantum together with the fact that this species is a widely used model
for molecular biology purposes, we undertook the aim to improve its genome assembly, currently formed by
several hundreds of contigs. For that objective, we sequenced the L. infantum (JPCMS5 strain) genome using two
different platforms, the Pacific Biosciences (PacBio) technology, used to produce sequencing reads of 10-15kb in
lengths, and the Illumina technology to generate paired-end short-reads. As a result, we are providing one of the
most comprehensive reference genomes available, having a quality at least comparable to the L. major (Friedlin)
genome assembly, and clearly better than the current L. infantum (JPCM5) one.

Results and Discussion

Illumina sequencing and assembly results. Total DNA isolated from L. infantum (JPCM5) promastig-
otes was sequenced with the Illumina high-throughput sequencing technology. A total of 56,327,604 paired-end
126 bp sequence reads with an average insert size of 310 bp were obtained. Thus, according to the estimated
genome size of this Leishmania strain (32,134,935bp?), these reads would correspond to a sequencing coverage
above 400x. A de novo assembly from these data was tried using several assemblers, and the best results were
achieved with the CLC Genomics Workbench software (CLC Bio; version 5.0). After several refinements, the
final assembly yielded 1874 scaffolds with a size of the longest contig of 363,515-bp and a total genome size
of 31,179,733-bp. Thus, in spite of having a better sequence-depth, the assembly did not substantially improve
the current draft for the L. infantum genome®. L. infantum and other Leishmania species contain many repeti-
tive sequences, with sizes around 500-600 bp, scattered throughout the genome?*-22. The high sequence identity
shared by some of these repeated elements is a cause of conflicts for assemblers?® when using short reads as those
generated by Illumina and other sequencing platforms’. A strategy often followed to circumvent this drawback
consists in ordering the contigs into scaffolds using a well-assembled genome from a related organism as the refer-
ence. In this context, the L. major (Friendly) genome has been used to assemble most of the Leishmania genomes
currently available at the TriTryDB database. However, this is a risky strategy that could induce misassembling
in divergent regions. In addition, a large number of tandemly repeated, multi-copy genes exist in the Leishmania
genomes®, and to determine the exact copy number of those genes is another challenge to resolve, when working
with short reads, since repetitive sequence regions tend to collapse into a single copy if no nucleotide differences
exists to distinguish among the gene copies®. On the other hand, to define the copy number by comparison with
areference, assuming that the copy number is conserved among different Leishmania species, is not accurate.

PacBio sequencing is a key technology for Leishmania genome assembly. As short-read
paired-end Illumina technology resulted insufficient to achieve a full assembly of the L. infantum genome, it was
decided to generate long-read sequences based on the single-molecule real-time (SMRT) sequencing technology
developed by Pacific Biosciences (PacBio?). A total of 311,471 reads with an average length of 11700- bp were
obtained. A coverage of around 100 was estimated, taking into account the size of the L. infantum genome cur-
rently available at GeneDB. Interestingly, de novo genome assembly using the RS_HGAP_Assembly.3 protocol of
the Pacific Biosciences SMRT Analysis Software v2.3.0% yielded 85 contigs, a number closer to the real number of
L. infantum chromosomes, i.e. 36°. Of these, 41 were discarded as “spurious or artefactual”, some of which corre-
sponded to maxicircle sequences and others were short sequences showing low read coverage and high sequence
similarity with regions present in the long contigs (see Materials and Methods for further details).
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Figure 1. Schematic overview of the workflow leading to the L. infantum genome assembly. Input files (Raw
Reads) are represented as yellow rhomboids. All the different software and processes are shown in blue boxes.
Output files are represented in green rhomboids. Discarded data are shown in red rhomboids. See Materials and
Methods section for additional details.

From the 44 remaining contigs, with the aid of the contigs generated from the Illumina reads data (see above)
and using different assemblers and other bioinformatics tools, it was possible to join some of them, and finally
reducing the total number of contigs to 36. Chromosomes 7, 12, 15, 22, 26, 28, 33 and 35 resulted by joining two
contigs, but the rest of chromosomes were directly assembled from PacBio reads as a sole contig. Figure 1 shows
the pipeline followed to achieve the final assembly (further technical details have been provided in the Materials
and Methods section).

The accuracy of the assembled 36 contigs was assessed by alignment of both Illumina and PacBio reads to the
assembled chromosomes. The read distribution on those chromosomes formed by two PacBio-derived contigs
is shown in Fig. 2. It was observed a homogeneous distribution of reads along the joined regions, suggesting that
the assembly was properly performed.

In summary, our results demonstrated that PacBio sequencing is appropriate for achieving an effective assem-
bly of Leishmania genomes, but Illumina sequencing was relevant for accurately joining some contigs and for
extending the chromosomal ends of chromosomes (Fig. 1).

Improvements in the L. infantum genome assembly. Table 1 summarizes major changes intro-
duced in the new genome assembly regarding the previous one®. The total size of the genome (32,802,969-bp)
has increased in 680,199-bp, and the number of undetermined nucleotides has been reduced from 20,399 in the
current genome to zero in the new assembly. In addition, the chromosome 0, a chromosome created by the arti-
ficial joining of 34 genomic regions that could not be assigned with certainty to any of the 36 chromosomes, has
disappeared after the de novo assembly reported here.

In agreement with the increase in the genomic size, the number of annotated genes has increased in 601,
growing from 8195 (ref.%) to 8796 (including also non-coding RNAs), in the de novo assembly reported here. In
particular, we have identified 495 new protein-coding genes (Table 2). An important fraction of these new genes
corresponds to tandemly repeated genes that collapsed into one or two copies in the assembly of the current ref-
erence genome due to the relatively short size of the cloned fragments (4-kb or lower) and the sequence lengths
(600-800bp®). Thus, a significant increase in the number of annotated genes has been determined in the loci cod-
ing for cysteine peptidase B (CPB; LinJ.08), ATG8 (LinJ.09 and Lin].19), GP63 - leishmanolysin (Lin].10), alpha
tubulin (Lin].13), elongation factor 1-alpha (Lin]J.17), glycerol uptake protein (Lin]J.19), calpain-like cysteine pep-
tidase (LinJ.27), putative Snf7 (Lin].27), HSP70 (LinJ.28), paraflagellar rod protein (Lin].29), 3-ketoacyl-CoA
thiolase-like protein (Lin].31), HSP83/90 (LinJ.33), beta tubulin (Lin].33; Fig. 3), flagellar member 8 (Lin].33),
amastin-like surface protein (LinJ.34), 60 S ribosomal protein L2 (Lin].35), glucose transporter 2 (LinJ.36; Fig. 4),
and several hypothetical proteins (Lin].21, Lin].22, Lin].27 and Lin].31). As Leishmania parasites lack transcrip-
tional control for gene expression, the presence of tandemly organized copies of the same gene has been suggested
to serve as a way of increasing the expression level of critical proteins®’.
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Figure 2. Read-depth analysis along the chromosomes formed by the fusion of two PacBio-assembled
contigs. Coverage was determined by sliding window analysis (bin 200 pb) with either Illumina (in blue) or
PacBio (in red) reads, along chromosomes 7, 12, 15, 22, 26, 28, 33 and 35. The sizes of the contigs are shown
by lines with arrow-heads. Chromosomes 7 (panel A) and 35 (panel H) were joined by the SSPACE-standard
tool. Chromosomes 12, 15, 22, 26 and 28 (panels B-F) were joined using the minimus 2 assembler. Finally,
chromosome 33 (panel G) was joined by the SSPACE-LongRead tool.

Number of chromosomes (scaffolds) | 37 36

Number of contigs 562 36

Annotated genes 8195 8796

Number of gaps 470 0

Number of Ns 20399 0

Genome size (bp) 32122770 32802969

Coverage mean 5 x (Sanger sequencing) | 370 x (Illumina)/97.43 x (PacBio)

Table 1. Comparison of L. infantum genome assemblies.

Figures 3 and 4 illustrate the corrections introduced regarding the copy number in the loci for beta-tubulin
and glucose transporter 2, respectively. For comparison, it is shown the structure of these loci in L. major
(Friedlin) and in the current reference L. infantum (GeneDB.org) genomes, together with the one derived from
the new assembly described here (panels A). The homogeneous distribution of reads (either from Illumina or
PacBio data) along the new assembled genome (panels C) contrast with the irregular distribution found when the
reference genome (GeneDB.org) was used for reads-alignment (panels D). In the current L. infantum assembly
(LinJ-Ref), a sole beta-tubulin gene was assembled, whereas six genes were assembled in the L. infantum genome
reported in this work (LinJ-New). Noticeably, 16 beta-tubulin genes are assembled in the L. major (Friendly)
genome (see Fig. 3). By contrast, for the glucose transporter 2 the current (LinJ-Ref) and L. major genomes
show three copies, but in the new assembly (LinJ-New) six copies were detected (see Fig. 4). For most of the loci
containing tandemly repeated genes, it is likely that the correct number of genes has been assembled, as reads
coverage was found to be quite homogeneous along the 36 chromosomes of the new assembled L. infantum
genome (Fig. 2, and data not shown). The sole exception is the rDNA locus, for which our assembly contains three
tandemly linked copies of the 18 S rRNA- 5.8 S rRNA-24S o/3 rRNA unit; however, by measuring the mean read
depth of this genomic region and normalization with the mean read coverage of chromosome 27, it was deter-
mined that the total number of rDNA units would be between 6 and 9 copies. The size of repetition unit (~10.5
Kbp) justifies that the PacBio reads also collapsed during the assembly of the rDNA locus. In current L. infantum
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Lin].00 197816 —
Lin].01 277951 (202) 278268 86 1
Lin].02 334113 (6) 356299 79 7
Lin].03 382367 (203) 389660 101 3
Lin].04 475338 (707) 466506 129 4
Lin].05 449024 (306) 467711 150 3
LinJ.06 523352 525234 143 7
Lin].07 592382 (1321) 592865 136 6
Lin].08 495393 (5) 515744 130 13
Lin].09 572115 (6) 581921 184 10
Lin].10 547235 (518) 588571 166 18
Lin].11 575792 (204) 568610 152 6
Lin].12 568477 (1508) 593479 129 18
LinJ.13 645761 (814) 659809 176 17
Lin].14 639279 (711) 656122 168 10
LinJ.15 617636 (825) 650312 190 26
Lin].16 698903 (907) 688194 181 10
LinJ.17 667340 (805) 690898 173 14
Lin].18 720194 (412) 720421 177 8
Lin].19 742501 (13) 706116 184 17
Lin].20 732590 (503) 731246 183 5
LinJ.21 759899 (407) 764851 240 6
LinJ.22 659512 (656) 782138 183 18
Lin].23 774004 786675 220 10
Lin].24 867075 (53) 863800 252 2
Lin].25 886912 (706) 895070 273 14
LinJ.26 1050165 (1109) 1055294 282 8
Lin].27 1043947 (531) 1175405 300 19
Lin].28 1163438 (64) 1205018 338 19
Lin].29 1221905 (713) 1272412 317 16
Lin].30 1365115 (201) 1353282 389 9
LinJ.31 1468864 (708) 1529233 370 31
Lin].32 1547509 1544753 427 17
LinJ.33 1448148 (830) 1532280 381 36
Lin].34 1668239 (1697) 1852060 481 40
LinJ.35 2068523 (1720) 2019666 548 15
Lin].36 2673956 (1028) 2743046 778 32
Genome 32122770 (20399) 32802969 8796 495

Table 2. Size of chromosomes and annotated genes in the new assembly of L. infantum (JPCM5) genome. For
comparisons, current version (2015-12-07) of L. infantum genome (Ref), available at TriTrypDB, was used.
This version contains a chromosome Lin]J.00 that is formed by 34 genomic regions of uncertain chromosomal
location. The number of undetermined nucleotides in the Ref genome is indicated in brackets.

genome database (GeneDB.org), no annotation on the rDNA locus exists; nevertheless, visual analysis of the
assembled sequence indicated that only an rDNA unit was assembled.

Nomenclature of the new assembled genome and synteny analysis. Among the new genes identi-
fied in the de novo assembled genome (Table 2) there are some genes that were not annotated in current databases
because the corresponding genomic regions were missed. In addition, the new genome sequence has allowed to
complete partial gene sequences and correct some sequence uncertainties (Ns) or errors. Current ID nomen-
clature of L. infantum genes (GeneDB.org) has been maintained as much as possible, as it is widely used and
there are many publications having relevant data referring to that nomenclature. Hence, the former ID names
have been kept even when some genes were found to be located at a different chromosome in the new assembly,
regarding current reference genome. When new genes were needed to be named, the same nomenclature rules
were used, and intercalated ID numbers were assigned to name these new genes. Finally, a total of 75 previously
annotated genes have been excluded from the annotation of the new L. infantum genome. Some of the eliminated
ID names corresponded to genes that were annotated as tandem gene duplications, but such gene duplications
were not found in the new assembly. Other previous annotations were based on genomic regions that were bound
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Figure 3. Gene copy number in the beta-tubulin locus at the chromosome 33. Panel (A): Genomic structure of
the region containing the beta-tubulin locus in the L. major Friedlin genome (LmjF), in the L. infantum genome
assembled in this work (LinJ-New) and in the current L. infantum assembly (Lin]-Ref).The identity percentage
of the BLAST alignment (using the tab —format output of BLAST) is shown by shading with brown hue (scale at
top left ranges from 90 to 100% of sequence identity). (B) Distribution of L. major Illumina reads (unpublished
laboratory data) along the beta-tubulin locus in the L. major current genome (GeneDB.org). (C) Distribution of
L. infantum sequence-reads (Illumina in blue and PacBio in red) along the beta-tubulin genomic region using
as reference the L. infantum genome assembled in this work. (D) Distribution of L. infantum reads (Illumina

in blue and PacBio in red) along the region containing the beta-tubulin locus in current L. infantum genome
(version 9; Tritryp.org).

in an artefactual manner (see below). In summary, we have tried to maintain as much as possible the former gene
IDs, even when the ORFs had to be partially corrected. For a few cases, the former IDs were eliminated to avoid
confusion, as the new ORFs were very different to the previously annotated.

On the other hand, a comparison between the current genome and the de novo annotated one highlighted
important reorganizations in most of the chromosomes. In Fig. 5, two illustrative examples, affecting chromo-
somes 7 and 13, are shown. In these cases, the synteny of the homologous chromosomes in the L. major (Friedlin)
genome is also shown. Remarkably, the de novo assembled genome is more syntenic when compared to the L.
major assembly than when compared to the L. infantum reference genome, further supporting the view that some
of these segments were incorrectly placed during the current L. infantum genome assembly®. In summary, all
these analyses support the conclusion that the de novo assembled L. infantum genome described in this work rep-
resents a robust assembly. Full synteny maps comparing L. major (Friedlin) genome and the L. infantum genomes
(new and reference) are provided in Supplementary Figures S1-S36.

Conclusions. The availability of a robust genome sequence is a valuable resource for studies addressing
whole-organism aspects following either genomics, transcriptomics or proteomics approaches. Advances in
sequencing technologies have greatly facilitated genome sequencing tasks. However, genome sequencing data by
themselves may have a limited utility unless they are adequately assembled in order to define the arrangement of
genes and genome architecture. An enormous effort was invested to elucidate the genome structure and sequence
of L. major, a milestone achieved in 2005. Genome comparison among the Leishmania species has shown a high
degree of genome conservation in terms of both gene content and gene synteny across the genus. This finding led
to the use of L. major (Friedlin) genome as a template to facilitate the assembly process of most of the Leishmania
genomes reported afterwards. However, as demonstrated in this and other works®, that approach may lead
to introduce assembly errors that would compromise future studies regarding gene content, gene models and
genome architecture. Here, we present a de novo assembly of the L. infantum (JPCM5) genome based on sequence
data derived from both long (PacBio) and short (Illumina) reads that yielded the expected 36 chromosomal-size
contigs, without discontinuities and undetermined sequence (Ns), which are abundant in the current genome
(GeneDB.org). Furthermore, this work is providing a methodological pipeline to obtain a full closed genome of a
Leishmania species (or related kinetoplastids).

The new L. infantum genome sequence and annotations will be available at EBI databases, and also at the
Leish-ESP web site (https://leishseq.neocities.org/). Moreover, the complete annotation of the new genome is
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Figure 4. Gene copy number in the glucose transporter 2 locus. (A) Genomic structure of the region
containing the glucose transporter 2 locus in the L. major Friedlin genome (LmjF), in the L. infantum genome
assembled in this work (LinJ-New) and in the current L. infantum assembly (Lin]-Ref). See legend to Fig. 3 for
the meaning of color codes. (B) Distribution of L. major Illumina reads along the glucose transporter 2 region
in the L. major current genome (GeneDB). (C) Distribution of L. infantum sequence-reads (Illumina in blue
and PacBio in red) along the glucose transporter 2 genomic region using as reference the L. infantum genome
assembled in this work. (D) Distribution of L. infantum reads (Illumina in blue and PacBio in red) along the
region containing the glucose transporter 2 locus in current L. infantum genome (version 9; Tritryp.org).

provided in the Supplementary file 1. This complete annotation will considerably help to understanding the
molecular processes underlying the biology of this malignant parasite and to the development of more effective
control strategies.

Methods

Parasites and DNA isolation. The L. infantum reference strain, JPCM5 (MCAN/ES/98/LLM-724), was iso-
lated by Dr J. Moreno’s group (WHO Collaborating Centre for Leishmaniasis, Centro Nacional de Microbiologia,
Instituto de Salud Carlos IIII, Madrid, Spain) from a dog suffering from visceral leishmaniasis. Promastigotes
were cultured at 26 °C in RPMI 1640 medium (Sigma-Aldrich), supplemented with 20% heat-inactivated foetal
calf serum (Sigma-Aldrich). Genomic DNA was isolated following the classical phenol-chloroform-isoamyl alco-
hol extraction method as described previously™®.

lllumina sequencing and reads assembly.  Library construction and paired-end library sequencing were
performed at the Centro Nacional de Analisis Genémico (CNAG-CRG, Spain) using Illumina HiSeq. 2000 tech-
nology. A total of 56,327,604 paired-end, 126 bp sequence reads were generated.

PrinseqQuality (http://prinseq.sourceforge.net/) was applied to quality filtering/trimming of reads (cut-oft
value, 20), and only reads with length >60-nt were used. Reads were assembled using the CLC Genomics
Workbench version 5.0 (CLC Bio).

PacBio sequencing and de novo assembly. The single-molecule real-time (SMRT) sequencing tech-
nology developed by Pacific Biosciences (PacBio)* was used for long reads sequencing. A total of 311,471
pre-filtered reads were generated on a PacBio RS II sequencing instrument. The sequencing service was provided
by the Norwegian Sequencing Centre (www.sequencing.uio.no), a national technology platform hosted by the
University of Oslo and supported by the “Functional Genomics” and “Infrastructure” programs of the Research
Council of Norway and the Southeastern Regional Health Authorities.

De novo genome assembly was carried out following a hierarchical genome-assembly process (HGAP), using
the RS_HGAP_Assembly-3 protocol included in the PacBio SMRT Analysis Software v2.3.0 (Ref.*’), with default
settings and considering 35 Mb as expected genome size. Quality trimming of PacBio reads was done by default
as part of the HGAP pipeline (P_filter Module).
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Figure 5. Schematic illustration of mis-assembled regions in the current L. infantum genome. Synteny blocks,
represented by different colors, in chromosome 7 (panel A) and chromosome 13 (panel B) after pair-wise
comparisons between the L. major Friedlin genome (top), the L. infantum newly assembled genome (middle)
and L. infantum reference genome (bottom). Pairwise alignments were generated by the progressive MAUVE
algorithm, which uses color codes to depict blocks of conserved regions. Sections located underneath the x-axis
show inversion events.

Assembly refinements. The 85 contigs, initially assembled by HGAP from the PacBio reads, were reanaly-
zed in order to discard those having a disproportionately low coverage (<40x) or short length (<15-Kb). Hence,
41 of those contigs were found to represent “spurious or artefactual” contigs, and were consequently discarded.
After filtering, a total of 44 contigs were selected as bona fide genomic sequences. Twenty-eight of these contigs
were found to correspond to complete chromosomes. For accurately assembling of the rest of chromosomes,
different software packages and approaches were used*. Firstly, the Illumina paired sequencing reads were used
to assess the possibility of joining some contigs by the SSPACE tool*. This approach allowed the complete assem-
bly of chromosomes 7 and 35. The accuracy of these and the rest of assemblies was monitored by alignment of
sequencing reads and its visualization by IGV?®. Contigs belonging to the chromosomes 12, 15, 22, 26 and 28,
were joined by the minimus2 assembler®”, which uses an algorithm that calculates overlaps between contigs. On
the other hand, the two contigs forming the chromosome 33 could be joined by means of the SSPACE-LongRead
tool, which selects and uses only the longest PacBio reads to construct a scaffolding. Finally, the gap size between
pairs of contig was calculated (lower than 5-Kb in all cases) and closed with Gapfiller®, using the distance infor-
mation derived from the paired-read data.

The contigs generated from the Illumina sequencing reads were aligned to the de novo assembled chromo-
somes using LAST aligner (http://last.cbrc.jp/). This allowed the identification of some Illumina contigs that
aligned with the chromosomal ends but had overhanging sequences. In those cases, several tools were used to fur-
ther extend the chromosomal ends. Thus, for chromosomes 4, 14 and 24, the optimal extension was attained with
MAFFT multiple-aligner software®’. For chromosomes 34 and 15, the best extension was obtained by minimus2.
Finally, SSPACE-standard was found useful to extend a few nucleotides at the ends of the rest of chromosomes. A
scheme of the complete pipeline is shown in Fig. 1.

Finally, a coverage analysis on the newly assembled chromosomes was performed using both Illumina and
PacBio reads. [llumina reads were aligned by Bowtie2 (ref.*!), and PacBio bax.h5 reads were aligned by pbalign
(which uses the BLASR method*?). Coverage analysis was done from each alignment along the 36 chromosomes
using the GenomeCoverageBed tool (http://bedtools.readthedocs.io/en/latest/content/tools/genomecov.html).
The graphical coverage plots files were generated with GNUPLOT (http://www.gnuplot.info/).

Annotation of protein-coding genes and known non-coding RNAs.  Bulk annotation of the assem-
bled L. infantum genome was performed using Companion web server®, using the default settings and select-
ing the L. major (Friedlin strain) annotation as a reference. Given the importance of maintaining current L.
infantum gene ID names, OrthoMCL*, BLAST searches were performed to assign correspondences between the
Companion annotated genes and current L. infantum gene names (version 9, TriTrypDB.org). These additional
data were combined with those provided by Companion annotation into a GFF3 file using an in-house Python
script. Finally, the GFF3 file was manually curated to resolve ambiguous annotations and to name those new
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genes uncovered in the new assembled L. infantum genome. The complete annotation of the new genome (GFF3
file) is provided in the Supplementary file 1 in Excel format.

Synteny analysis. Synteny was evaluated via SyMAP* and progressive MAUVE® algorithms using current
L. infantum (v.9, GeneDB.org) and L. major** genomes as reference. Synteny graphs were prepared by geno-
PlotR¥, and provided as Supplementary Figures S1-S36.

Data availability. The Illumina paired ends reads (FASTQ) and PacBio bax.h5 reads of L. infan-
tum (JPCMS5 strain) generated for this study are available at The European Nucleotide Archive (ENA;
http://www.ebi.ac.uk/ena/). Also, the assembled genome sequence and an annotation file were uploaded.
All data have been deposited under the Study accession number PRJEB20254 and Study unique name:
ena-STUDY-CBMSO-04-04-2017-10:39:08:689-498. The new L. infantum genome sequence will also be available
at the Leish-ESP web site (https://leishseq.neocities.org/).

References
1. Moreira, D., Lopez-Garcia, P. & Vickerman, K. An updated view of kinetoplastid phylogeny using environmental sequences and a
closer outgroup: proposal for a new classification of the class Kinetoplastea. Int J Syst Evol Microbiol 54, 1861-1875, https://doi.
0rg/10.1099/ijs.0.63081-0 (2004).
2. Akhoundi, M. et al. A Historical Overview of the Classification, Evolution, and Dispersion of Leishmania Parasites and Sandflies.
PLoS neglected tropical diseases 10, €0004349, https://doi.org/10.1371/journal.pntd.0004349 (2016).

. Murray, H. W,, Berman, J. D., Davies, C. R. & Saravia, N. G. Advances in leishmaniasis. Lancet 366, 15611577 (2005).

4. Fraga, J. et al. Evolution and species discrimination according to the Leishmania heat-shock protein 20 gene. Infect Genet Evol 18,
229-237, https://doi.org/10.1016/j.meegid.2013.05.020 (2013).

5. Lukes, J. et al. Evolutionary and geographical history of the Leishmania donovani complex with a revision of current taxonomy. Proc
Natl Acad Sci USA 104, 9375-9380 (2007).

6. Donelson, J. E., Gardner, M. J. & El-Sayed, N. M. More surprises from Kinetoplastida. Proc Natl Acad Sci USA 96, 2579-2581 (1999).

7. Ivens, A. C. et al. The Genome of the Kinetoplastid Parasite, Leishmania major. Science 309, 436-442, https://doi.org/10.1126/
science.1112680 (2005).

8. Peacock, C. S. et al. Comparative genomic analysis of three Leishmania species that cause diverse human disease. Nat Genet 39,
839-847, https://doi.org/10.1038/ng2053 (2007).

9. Goodwin, S., McPherson, J. D. & McCombie, W. R. Coming of age: ten years of next-generation sequencing technologies. Nat Rev
Genet 17, 333-351, https://doi.org/10.1038/nrg.2016.49 (2016).

10. Downing, T. et al. Whole genome sequencing of multiple Leishmania donovani clinical isolates provides insights into population
structure and mechanisms of drug resistance. Genome Res 21, 2143-2156, https://doi.org/10.1101/gr.123430.111 (2011).

11. Gupta, A. K, Srivastava, S., Singh, A. & Singh, S. De Novo Whole-Genome Sequence and Annotation of a Leishmania Strain Isolated
from a Case of Post-Kala-Azar Dermal Leishmaniasis. Genome Announc 3, 00809, https://doi.org/10.1128/genomeA.00809-15
(2015).

12. Llanes, A., Restrepo, C. M., Del Vecchio, G., Anguizola, E. J. & Lleonart, R. The genome of Leishmania panamensis: insights into
genomics of the L. (Viannia) subgenus. Sci Rep 5, 8550, https://doi.org/10.1038/srep08550 (2015).

13. Raymond, F. et al. Genome sequencing of the lizard parasite Leishmania tarentolae reveals loss of genes associated to the intracellular
stage of human pathogenic species. Nucleic Acids Res 40, 1131-1147, https://doi.org/10.1093/nar/gkr834 (2012).

14. Real, F. et al. The genome sequence of Leishmania (Leishmania) amazonensis: functional annotation and extended analysis of gene
models. DNA Res 20, 567-581, https://doi.org/10.1093/dnares/dst031 (2013).

15. Tschoeke, D. A. et al. The Comparative Genomics and Phylogenomics of Parasite. Evol Bioinform Online 10, 131-153, https://doi.
org/10.4137/EBO.S13759 (2014).

16. Imamura, H. et al. Evolutionary genomics of epidemic visceral leishmaniasis in the Indian subcontinent. Elife 5, €12613, https://doi.
org/10.7554/eLife.12613 (2016).

17. Valdivia, H. O. et al. Comparative genomics of canine-isolated Leishmania (Leishmania) amazonensis from an endemic focus of
visceral leishmaniasis in Governador Valadares, southeastern Brazil. Sci Rep 7, 40804, https://doi.org/10.1038/srep40804 (2017).

18. Coughlan, S. et al. The genome of Leishmania adleri from a mammalian host highlights chromosome fission in Sauroleishmania. Sci
Rep 7,43747, https://doi.org/10.1038/srep43747 (2017).

19. Britto, C. et al. Conserved linkage groups associated with large-scale chromosomal rearrangements between Old World and New
World Leishmania genomes. Gene 222, 107-117, https://doi.org/10.1016/S0378-1119(98)00472-7 (1998).

20. Smith, M., Bringaud, F. & Papadopoulou, B. Organization and evolution of two SIDER retroposon subfamilies and their impact on
the Leishmania genome. BMC Genomics 10, 240 (2009).

21. Ubeda, J. M. et al. Genome-wide stochastic adaptive DNA amplification at direct and inverted DNA repeats in the parasite
Leishmania. PLoS Biol 12, €1001868, https://doi.org/10.1371/journal.pbio.1001868 (2014).

22. Requena, J. M. et al. Genomic cartography and proposal of nomenclature for the repeated, interspersed elements of the Leishmania
major SIDER2 family and identification of SIDER2-containing transcripts. Mol Biochem Parasitol 212, 9-15, https://doi.
org/10.1016/j.molbiopara.2016.12.009 (2017).

23. Requena, J. M. Lights and shadows on gene organization and regulation of gene expression in Leishmania. Front Biosci 17,
2069-2085, https://doi.org/10.2741/3840 (2011).

24. Alonso, G., Rastrojo, A., Lopez-Perez, S., Requena, . M. & Aguado, B. Resequencing and assembly of seven complex loci to improve
the Leishmania major (Friedlin strain) reference genome. Parasites & vectors 9, 74, https://doi.org/10.1186/s13071-016-1329-4
(2016).

25. Moreno, J. et al. Inmunization with H1, HASPB1 and MML Leishmania proteins in a vaccine trial against experimental canine
leishmaniasis. Vaccine 25, 5290-5300 (2007).

26. Poot, J., Rogers, M. E., Bates, P. A. & Vermeulen, A. Detailed analysis of an experimental challenge model for Leishmania infantum
(JPC strain) in dogs. Vet Parasitol 130, 41-53 (2005).

27. Denise, H. et al. Studies on the CPA cysteine peptidase in the Leishmania infantum genome strain JPCM5. BMC Mol Biol 7, 42
(2006).

28. Treangen, T. ]. & Salzberg, S. L. Repetitive DNA and next-generation sequencing: computational challenges and solutions. Nat Rev
Genet 13, 36-46, https://doi.org/10.1038/nrg3117 (2011).

29. Eid, J. et al. Real-time DNA sequencing from single polymerase molecules. Science 323, 133-138, https://doi.org/10.1126/
science.1162986 (2009).

30. Chin, C. S. et al. Nonhybrid, finished microbial genome assemblies from long-read SMRT sequencing data. Nature methods 10,
563-569, https://doi.org/10.1038/nmeth.2474 (2013).

w

SCIENTIFICREPORTS| (2017) 7:18050 | DOI:10.1038/s41598-017-18374-y 9


http://www.ebi.ac.uk/ena/
https://leishseq.neocities.org/
http://dx.doi.org/10.1099/ijs.0.63081-0
http://dx.doi.org/10.1099/ijs.0.63081-0
http://dx.doi.org/10.1371/journal.pntd.0004349
http://dx.doi.org/10.1016/j.meegid.2013.05.020
http://dx.doi.org/10.1126/science.1112680
http://dx.doi.org/10.1126/science.1112680
http://dx.doi.org/10.1038/ng2053
http://dx.doi.org/10.1038/nrg.2016.49
http://dx.doi.org/10.1101/gr.123430.111
http://dx.doi.org/10.1128/genomeA.00809-15
http://dx.doi.org/10.1038/srep08550
http://dx.doi.org/10.1093/nar/gkr834
http://dx.doi.org/10.1093/dnares/dst031
http://dx.doi.org/10.4137/EBO.S13759
http://dx.doi.org/10.4137/EBO.S13759
http://dx.doi.org/10.7554/eLife.12613
http://dx.doi.org/10.7554/eLife.12613
http://dx.doi.org/10.1038/srep40804
http://dx.doi.org/10.1038/srep43747
http://dx.doi.org/10.1016/S0378-1119(98)00472-7
http://dx.doi.org/10.1371/journal.pbio.1001868
http://dx.doi.org/10.1016/j.molbiopara.2016.12.009
http://dx.doi.org/10.1016/j.molbiopara.2016.12.009
http://dx.doi.org/10.2741/3840
http://dx.doi.org/10.1186/s13071-016-1329-4
http://dx.doi.org/10.1038/nrg3117
http://dx.doi.org/10.1126/science.1162986
http://dx.doi.org/10.1126/science.1162986
http://dx.doi.org/10.1038/nmeth.2474

www.nature.com/scientificreports/

31. Rogers, M. B. et al. Chromosome and gene copy number variation allow major structural change between species and strains of
Leishmania. Genome Res 21, 2129-2142, https://doi.org/10.1101/gr.122945.111 (2011).

32. Pawar, H., Kulkarni, A., Dixit, T., Chaphekar, D. & Patole, M. S. A bioinformatics approach to reanalyze the genome annotation of
kinetoplastid protozoan parasite Leishmania donovani. Genomics 104, 554-561, https://doi.org/10.1016/j.ygen0.2014.09.008 (2014).

33. Requena, J. M., Lopez, M. C,, Jimenez-Ruiz, A., de la Torre, J. C. & Alonso, C. A head-to-tail tandem organization of hsp70 genes in
Trypanosoma cruzi. Nucleic Acids Res 16, 13931406 (1988).

34. Hunt, M., Newbold, C., Berriman, M. & Otto, T. D. A comprehensive evaluation of assembly scaffolding tools. Genome Biol 15, R42,
https://doi.org/10.1186/gb-2014-15-3-r42 (2014).

35. Boetzer, M., Henkel, C. V., Jansen, H. J., Butler, D. & Pirovano, W. Scaffolding pre-assembled contigs using SSPACE. Bioinformatics
27, 578-579, https://doi.org/10.1093/bioinformatics/btq683 (2011).

36. Thorvaldsdottir, H., Robinson, J. T. & Mesirov, J. P. Integrative Genomics Viewer (IGV): high-performance genomics data
visualization and exploration. Brief Bioinform 14, 178-192, https://doi.org/10.1093/bib/bbs017 (2013).

37. Sommer, D. D., Delcher, A. L., Salzberg, S. L. & Pop, M. Minimus: a fast, lightweight genome assembler. BMC Bioinformatics 8, 64,
https://doi.org/10.1186/1471-2105-8-64 (2007).

38. Boetzer, M. & Pirovano, W. SSPACE-LongRead: scaffolding bacterial draft genomes using long read sequence information. BMC
Bioinformatics 15, 211, https://doi.org/10.1186/1471-2105-15-211 (2014).

39. Nadalin, E, Vezzi, F. & Policriti, A. GapFiller: a de novo assembly approach to fill the gap within paired reads. BMC Bioinformatics
13(Suppl 14), S8, https://doi.org/10.1186/1471-2105-13-514-S8 (2012).

40. Katoh, K., Kuma, K., Toh, H. & Miyata, T. MAFFT version 5: improvement in accuracy of multiple sequence alignment. Nucleic
Acids Res 33, 511-518, https://doi.org/10.1093/nar/gki198 (2005).

41. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2. Nature methods 9, 357-359, https://doi.org/10.1038/
nmeth.1923 (2012).

42. Chaisson, M. J. & Tesler, G. Mapping single molecule sequencing reads using basic local alignment with successive refinement
(BLASR): application and theory. BMC Bioinformatics 13, 238, https://doi.org/10.1186/1471-2105-13-238 (2012).

43. Steinbiss, S. et al. Companion: a web server for annotation and analysis of parasite genomes. Nucleic Acids Res 44, W29-34, https://
doi.org/10.1093/nar/gkw292 (2016).

44. Li, L., Stoeckert, C. J. Jr. & Roos, D. S. OrthoMCL: identification of ortholog groups for eukaryotic genomes. Genome Res 13,
2178-2189, https://doi.org/10.1101/gr.1224503 (2003).

45. Soderlund, C., Bomhoff, M. & Nelson, W. M. SyMAPv3.4: a turnkey synteny system with application to plant genomes. Nucleic Acids
Res 39, 68, https://doi.org/10.1093/nar/gkr123 (2011).

46. Darling, A. E., Mau, B. & Perna, N. T. progressiveMauve: multiple genome alignment with gene gain, loss and rearrangement. PLoS
One 5, e11147, https://doi.org/10.1371/journal.pone.0011147 (2010).

47. Guy, L., Kultima, J. R. & Andersson, S. G. genoPlotR: comparative gene and genome visualization in R. Bioinformatics 26, 2334-2335,
https://doi.org/10.1093/bioinformatics/btq413 (2010).

Acknowledgements

The authors appreciate the advice and helpful comments received from members of the Genomics and Next
Generation Sequencing Service at the CBMSO. Genome sequence data from the Sanger Institute sequencing
projects (GeneDB.org) and the TriTrypDB database were invaluable for this work and their provision in the
public domain is gratefully acknowledged. This work was supported by grants from Proyecto del Ministerio
de Economia y Competitividad (SAF2013-47556-R, co-financed with FEDER funds), and the Fondo de
Investigaciones Sanitarias (ISCIII-RETIC RD16/0027/0008-FEDER). The CBMSO receives institutional grants
from the Fundacién Ramén Areces and from the Fundacién Banco de Santander.

Author Contributions

Experiments were designed by A.R., EC.R., ]JM.R. and B.A.; Leishmania culture and DNA preparations were
performed by .M. and .M.R.; EC.R., .M.R. and B.A. managed the sequencing services; S.G.E, RP.P. and A.R.
analyzed the data; S.G.E, ].M.R. and B.A. wrote the manuscript. The final manuscript was read and approved by
all the authors.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-18374-y.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS| (2017) 7:18050 | DOI:10.1038/s41598-017-18374-y 10


http://dx.doi.org/10.1101/gr.122945.111
http://dx.doi.org/10.1016/j.ygeno.2014.09.008
http://dx.doi.org/10.1186/gb-2014-15-3-r42
http://dx.doi.org/10.1093/bioinformatics/btq683
http://dx.doi.org/10.1093/bib/bbs017
http://dx.doi.org/10.1186/1471-2105-8-64
http://dx.doi.org/10.1186/1471-2105-15-211
http://dx.doi.org/10.1186/1471-2105-13-S14-S8
http://dx.doi.org/10.1093/nar/gki198
http://dx.doi.org/10.1038/nmeth.1923
http://dx.doi.org/10.1038/nmeth.1923
http://dx.doi.org/10.1186/1471-2105-13-238
http://dx.doi.org/10.1093/nar/gkw292
http://dx.doi.org/10.1093/nar/gkw292
http://dx.doi.org/10.1101/gr.1224503
http://dx.doi.org/10.1093/nar/gkr123
http://dx.doi.org/10.1371/journal.pone.0011147
http://dx.doi.org/10.1093/bioinformatics/btq413
http://dx.doi.org/10.1038/s41598-017-18374-y
http://creativecommons.org/licenses/by/4.0/

	Resequencing of the Leishmania infantum (strain JPCM5) genome and de novo assembly into 36 contigs

	Results and Discussion

	Illumina sequencing and assembly results. 
	PacBio sequencing is a key technology for Leishmania genome assembly. 
	Improvements in the L. infantum genome assembly. 
	Nomenclature of the new assembled genome and synteny analysis. 
	Conclusions. 

	Methods

	Parasites and DNA isolation. 
	Illumina sequencing and reads assembly. 
	PacBio sequencing and de novo assembly. 
	Assembly refinements. 
	Annotation of protein-coding genes and known non-coding RNAs. 
	Synteny analysis. 
	Data availability. 

	Acknowledgements

	Figure 1 Schematic overview of the workflow leading to the L.
	Figure 2 Read-depth analysis along the chromosomes formed by the fusion of two PacBio-assembled contigs.
	Figure 3 Gene copy number in the beta-tubulin locus at the chromosome 33.
	Figure 4 Gene copy number in the glucose transporter 2 locus.
	Figure 5 Schematic illustration of mis-assembled regions in the current L.
	Table 1 Comparison of L.
	Table 2 Size of chromosomes and annotated genes in the new assembly of L.




