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We report the sequencing and assembly of the PH8 strain of Leishmania amazonensis one of the etiological agents
of leishmaniasis. After combining data from long Pacbio reads, short Illumina reads and synteny with the
Leishmania mexicana genome, the sequence of 34 chromosomes with 8317 annotated genes was generated.
Multigene families encoding three virulence factors, A2, amastins and the GP63 metalloproteases, were identi-
fied and compared to their annotation in other Leishmania species. As they have been recently recognized as

virulence factors essential for disease establishment and progression of the infection, we also identified 14 genes
encoding proteins involved in parasite iron and heme metabolism and compared to genes from other Trypa-
nosomatids. To follow these studies with a genetic approach to address the role of virulence factors, we tested
two CRISPR-Cas9 protocols to generate L. amazonensis knockout cell lines, using the Miltefosine transporter gene

as a proof of concept.

1. Introduction

Leishmaniasis is considered a neglected tropical disease caused by
several species of Leishmania spp. Transmitted to mammalian hosts by
infected female sand flies, the disease is widespread in the tropical and
subtropical areas of the world [1]. Due to the large heterogeneity of
Leishmania parasites, different clinical and pathological forms of tegu-
mentary leishmaniasis (TL) and visceral leishmaniasis (VL) are observed
[2]. In addition to the infecting parasite species and their tissues’
tropism and virulence factors, development of each clinical manifesta-
tion depends on other factors that include the biology of the vector, the
genetics of the host and its immune system. The combination of these
elements results in the wide spectrum of clinical manifestations of TL,
diffuse  cutaneous leishmaniasis (DCL), localized cutaneous

leishmaniasis (LCL) and mucosal leishmaniasis (ML) [2]. Endemic in 92
countries, 700,000 to 1 million new cases of leishmaniasis occur annu-
ally, resulting in 20,000 to 30,000 deaths per year, mainly associated
with VL. Still, around 95% of cases of cutaneous leishmaniasis (CL)
occur in Latin America, the Mediterranean basin and West Asia [1]. In
the last 20 years, 1,067,759 cases of CL were reported to the Pan
American Health Organization (PAHO), with 16,000 new cases reported
in Brazil alone in 2020 [3].

Among twenty Leishmania species that are pathogenic to humans,
Leishmania amazonensis stands out because it can cause virtually all the
clinical forms of TL and also VL in humans [4] and dogs [5,6]. Being a
New World autochthonous species, the fact that L. amazonensis can
cause VL infection is intriguing because VL is caused mainly by Old
World species of the Leishmania donovani complex and Leishmania
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infantum chagasi [4]. Moreover, while LCL or ML caused by Leishmania
braziliensis are characterized by exacerbated T cell responses to the
parasite and early production of excessive amounts of pro-inflammatory
cytokines (eg, IFN-y, TNF-a and IL-6), which are associated with exac-
erbated tissue damage, DCL caused by L. amazonensis correlates with
anergy of T cell responses and large amounts of parasites in lesions [7]. It
is also noteworthy the fact that all mice strains are susceptible to L.
amazonensis, while some strains are resistant to Leishmania major in-
fections and all mice strains are usually resistant to L. braziliensis in-
fections [8,9]. All these different patterns of interactions with the host’s
immune system suggest that L. amazonensis has distinct virulence factors
or may express them differently as compared to other species. To better
understand how L. amazonensis evolved and developed so many strate-
gies to overcome host immune responses and cause the whole spectrum
of disease forms, the availability of complete genome sequences of
reference strains and isolates is very important. However, until recently
very few L. amazonensis genomes were available, some have important
gaps and just one was partially annotated. Although the PHS8 strain has
been employed in several studies aimed at investigating basic aspects of
the infection as well as studies towards vaccine development, the
genome of this strain has not yet been fully sequenced.

Together with experimental studies, genome sequencing became a
powerful tool that largely contributes to a comprehensive understanding
of the biology of Leishmania as well as other protozoan parasites.
Moreover, genome studies allow the identification of parasite factors
involved with interactions with the insect and mammalian hosts and the
pathogenesis of different diseases they cause. Leishmania is a diploid
organism, but several studies have reported the occurrence of aneu-
ploidy in many chromosomes [10-14], depending on the species and
strains analysed [15-17]. Two attempts at sequencing and assembling
the genome of L. amazonensis (MHOM/BR/71973/M2269), which be-
longs to the L. mexicana complex, resulted in the generation of highly
fragmented genomes [18,19]. In 2019, sequencing and assembly of the
genomes of two additional L. amazonensis strains, CDC210-L1346 and
UA301 were also described, with the UA301 strain being the only
published study that reached the number of chromosomes predicted for
the species [20]. Guided by the reference genome of L. mexicana, the
assembly of the L. amazonensis UA301 strain showed that 24 of the 34
chromosomes were disomic, 9 trisomic and 1 tetrasomic. Consistent
with this and other studies, genome analyses of two L. amazonensis
isolates obtained from lymph node aspirates from dogs with clinical
manifestation of VL confirmed that, while most chromosomes are
disomic, chromosome 30 is polysomic [21]. In addition, copy number
variation has been also recognized as an important factor affecting gene
expression levels [22]. It has been shown that variations in the number
of gene copies among multigene families involved with parasite viru-
lence are highly frequent in different Leishmania species
[12,13,18,20,23,24]. However, for a reliable evaluation of gene copy
number variation, it is necessary to have well-assembled and annotated
reference genomes not only for various Leishmania species but also for
different strains and isolates from the same species.

Once a high-quality reference genome is available, efficient genome
manipulation protocols to allow gene knockout of single copy genes as
well as multigene families are essential tools for post-genomic studies
aimed at characterizing parasite molecules that act as virulence factors.
Besides describing the genome of the PH8 strain, we have also described
two protocols that allowed a rapid and efficient generation of L. ama-
zonensis knockout mutants using the CRISPR/Cas9 technology. By
expanding the knowledge about the molecular diversity of this species,
the current work may contribute to a better understanding of the factors
responsible for the broad range of clinical manifestations of
leishmaniasis.
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2. Materials and methods
2.1. Parasites, DNA isolation and genome sequencing

Genomic DNA (gDNA) was obtained from promastigote cultures of L.
amazonensis (strain IFLA/BR/67/PHS8), isolated from Lutzomyia fla-
viscutellata in the city of Belém, Brazil. The extraction and purification of
gDNA were performed using Life Technologies DNA extraction kit and
sequenced using TruSeq™ RNA and DNA Library Preparation Kit v2 to
produce 350 bp-size paired-end reads on the Illumina Hiseq 2000 plat-
form. A second sample of L. amazonensis was obtained from gDNA
extraction and purification of 6 x 10% promastigotes using the Wizard
Genomic DNA Purification kit (Promega). The sample was sequenced
using the Pacbio RS II platform and the DNA Sequencing Reagent kit 4.0
v2.

2.2. Nuclear and maxicircle genome assembly and annotation

The quality of Illumina raw reads was verified using FastQC v0.11.3
[25]. Adapter sequences and poor-quality regions were removed using
Trimmomatic v.0.39 [26] and the following trimming parameters:
ILLUMINACLIP:TruSeq3-PE-2.fa:2:20:10 LEADING: 3, TRAILING: 3,
SLIDINGWINDOW: 3:15, MILEN: 75. The complete genome sequence of
L. amazonensis PH8 strain was obtained through a de novo assembly
approach and correction using short reads. Approximately 86x genome
coverage long Pacbio reads were combined with ~43x genome
coverage short Illumina reads. Canu v.1.5 assembler [27] was used to
assemble initial contigs, considering only Pacbio reads. Later, the
pipeline IPA (https://github.com/ThomasDOtto/IPA) [28] was used to
remove smaller (< 5 kb) and redundant contigs. The scaffolding step was
performed using SSPACE v.3.0 [29] and gap filling with GapFiller v.1.10
[301, based on Illumina reads. Finally, the assembly was polished using
Pilon tool v.1.22 [31], and again [llumina reads were aligned to the pre-
assembled genome. The scaffolds were ordered based on L. mexicana
chromosomes using Abacas v.1.3.1 [32], where a minimum coverage
equal to 20 was considered.

To verify the genome completeness, the Benchmarking Universal
Single-Copy Orthologs (BUSCO, v5.1.2) metric [33] was employed, in
which the single-copy ortholog genes database euglenozoa_odb10 was
selected for the search performed against the PH8 genome. Lastly,
genome coverage was calculated from the mapping of Illumina and
Pacbio read libraries to the PH8 assembly. The BWA-MEM algorithm
[34] was run with standard parameters and the count of reads mapped
to each position in the genome (-d flag) was performed using BED tools
[351.

The automatic annotation of the PH8 genome was performed by
transferring the available annotation of the nuclear genome of the L.
mexicana U1103, using the Rapid Annotation Transfer Tool (RATT)
[36]. In parallel, a de novo annotation step was performed using the
Companion software [37], which runs the AUGUSTUS algorithm,
trained for L. mexicana. On the other hand, to annotate the maxicircle
genome, only RATT tool was used, however, the reference genome used
was L. tarentolae (strain UC), as described by Camacho and co-workers
(2019) [38].

RepeatModeler v2.0.2 (http://www.repeatmasker.org/RepeatMode
ler) [39] was used to build a de novo repeats library using Leishmania
spp. database (TritrypDB Release 52), and then used RepeatMasker
v.4.1.2-p1 [40] (http://www.repeatmasker.org) to annotate all the re-
petitive sequences.

2.3. Chromosome and gene copy number analyses

Ploidy estimation was done using CADIn (Coqueiro-dos-Santos et al.,
submitted), based on the allele frequency of heterozygous positions and
Read Deep Coverage (RDC) variations. Briefly, PH8 Illumina libraries
were mapped in the L. mexicana reference chromosomes using BWA-
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mem v0.7.12 [41]. Reads that mapped to the reference genome were
then filtered by mapping quality 30 using SAMtools v1.1 [42] and the
RDC of each position in each gene in all chromosomes was calculated
using BEDtools genomecov v2.16.2 [35]. Genes with <50% of their
length covered or with outlier coverage compared to other genes in the
chromosomes were excluded. The somy (i.e., chromosome copy number
variation) of each chromosome was calculated by the ratio of the median
coverage of genes in each chromosome and the median genome RDC.
The values of the chromosomal somy were submitted to Mann-Whitney-
Wilcoxon tests and the significance of p < 0.05, as previously described
[43]. To differentiate single-copy and expanded genes, we established a
cut-off of 1.80x the haploid genome copy.

2.4. In silico characterization of genes encoding virulence factors

Members of multigene families encoding virulence factors such as A2
proteins, amastins and GP63 metalloprotease were identified using an
automated pipeline developed by Wei-Wang and co-workers (2021)
[44]. Candidate genes with at least 150 bp are predicted by searching for
annotated members of each of the families in other Leishmania species,
T. cruzi and T. brucei (TriTrypDB release 52). An additional validation
step of the predicted candidate genes was performed using InterProScan
[45].

Alpha, beta, gamma and delta-amastins signatures were identified
according to Jackson (2010) [46]. Alignments between the amastin
signatures and sequences present in the PH8 genome were performed
using Blastp with an e-value set to 1010, A2 proteins, amastins, GP63
and heme and iron amino acid sequences were aligned using the MAFFT
v7 [47] and a search for conserved domains was performed manually for
all families. To analyze the clusters formed between amastin subfamilies
and the evolutionary distances between them, a maximum-likelihood
(ML) phylogenetic reconstruction using PhyML v3.0 [48] was per-
formed. The best substitution model was set to LG + G + I, previously
defined by ProtTest 3.4.2 software [49].

Protein coding sequences related to heme and iron metabolism of L.
braziliensis M2904, L. donovani BPK282A1, L. infantum JPCM5, L. major
Friedlin, L. mexicana U1103, Trypanosoma brucei TREU927, Trypano-
soma cruzi CL Brener and L. amazonensis PH8 were downloaded from the
TriTrypDB (release 52) and were aligned M-Coffee v13.45 [50]. ML tree
were reconstructed using again PhyML (48) v3.0 for the alignment of
107 sequences and the best substitution model was set to JTT + 1 + G
[51] determined using ProtTest 3.4.2 [49] according to the agreement
between the Akaike information criterion and Bayesian information
criterion.

2.5. Parasite culture, plasmids and in vitro transcription of sgRNAs for
CRISPR gene editing

Promastigote forms of L. amazonensis (strain PH8) were grown at
26 °C using medium 199 (Gibco) as previously described [52]. The
pLDCN plasmid, containing the Neomycin resistance gene, was used to
express Streptococcus pyogenes nuclease Cas9 under the control of the L.
donovani ribosome RNA promoter. Two sgRNA sequences containing
sequences of the Miltefosine Transporter (MT) gene were designed with
the aid of the LeishGEdit tool. For the donor sequence, an oligonucleo-
tide containing sequences of the MT gene flanking the Cas9 endonu-
clease cleavage point followed by three tandem stop codons covering all
three possible reading frames was synthetized. Two 30 bp homology
arms corresponding to part of the MT gene was also part of the oligo-
nucleotide donor sequence. The oligonucleotide also contains restriction
sites for Xhol and HindIIl endonucleases, which allowed after PCR
amplification of the edited gene, a confirmation of the disruption of the
gene by enzymatic digestion (Table S1).

In vitro transcription reactions were used to synthesize the sgRNAs
targeting the MT gene, as previously described by Burle-Caldas et al.
(2018) [53]. A PCR fragment generated with a forward primer
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containing the sequence corresponding to the T7 RNA polymerase pro-
moter, a 20-nucleotide specific sequence complementary to the MT gene
target site and a portion of the Cas9 scaffold and a reverse primer con-
taining the sequence to amplify the remaining sgRNA Cas9 scaffold
(Table S1) were used as a template. Following transcription with the
MEGAshortscript™ T7 Kit (Thermo Fischer Scientific — USA), the
products were purified using MEGAclear Kit (Thermo Fischer Scientific —
USA), quantified, analysed in agarose gels and used for transfections.

2.6. Parasite transfection and CRISPR gene editing

A culture with 8 x 107 promastigotes of L. amazonensis was centri-
fuged at 1500 xg, for 10 min at 4 °C. The cell pellet was resuspended with
160 pL of Tb-BSF (90 mM NaPOy, 0.15 mM CaCly, 5 mM KCl, 50 mM
Hepes, pH 7.3), as described by Burle-Caldas et al. (2018) [53]. Ten pg of
pLDCN plasmid containing the Cas9 gene were mixed with the same
buffer, to a final volume of 20 pL. After adding 80 pL of the cell sus-
pension to the DNA mixture the mix was pipetted into an electroporation
cuvette (Gene Pulser 0.2 cm, BioRad). Samples were submitted to the X-
001 program, one pulse, of the Amaxa Nucleofector II (Lonza Bio-
technologies). The contents of the cuvette were transfered to a flask with
5 mL of M199 medium and 48 h after transfection, 20 pg/mL G418 was
added to select for SpCas9 expressing cell lines.

After the selection of L. amazonensis expressing SpCas9, 4 x 107
promastigote forms were centrifuged as described above. The cell pellet
was resuspended in 80 pL of Tb-BSF. Twenty pg of the in vitro tran-
scribed RNA was added to 1 mM of the oligonucleotide donor sequence
in a final volume of 20 pL of Tb-BSF. This mix was added to the cell
suspension, transferred to the electroporation cuvette and submitted
again to the Amaxa Nucleofector II. After the procedure, cells were
transferred to a flask containing M199 medium and 48 h later, 42.5 yM
of Miltefosine was added to select resistant parasites.

For parasite transfection with the ribonucleoprotein complex, 4 x
10° L. amazonensis promastigote forms were centrifuged as described.
The cell pellet was resuspended using 70 pL of Tb-BSF. Fifteen pg of
recombinant SaCas9 and 20 pg of the in vitro transcribed sgRNA were
incubated in 10 pL of Tb-BSF 3x for 10 min at room temperature fol-
lowed by another 10 min at 37 °C, to form the ribonucleoprotein com-
plex. After adding 1mMol of the donor oligonucleotide to the mixture in
a volume of 30 pL, the parasite suspension together with the ribonu-
cleoprotein complex mixture were transferred to the electroporation
cuvette and submitted to the Amaxa nucleofector II. The mixture was
transferred to a flask with 5 mL of M199 medium and 48 h after trans-
fection, 42.5 uM of Miltefosine were added to select resistant parasites.
The recombinant Cas9 nuclease from Staphylococcus aureus (SaCas) was
obtained from E. coli and used in an in vitro activity assay to test the
nuclease activity as previously described [53].

After selecting MT resistant parasites, DNA was extracted using the
Life Technologies DNA extraction kit as previously described [53] and
PCR amplification of part of the MT gene (3.2Kbp) was carried with
primers described in Table S1. The PCR products were submitted to
enzymatic digestion with HindIIl.or Xhol and analysed by electropho-
resis in agarose gels.

3. Results and discussion
3.1. Illumina and Pacbio sequencing and genome assembly

Two libraries, prepared from DNA extracted from promastigote
cultures of L. amazonensis PH8 strain were sequenced using [llumina and
Pacific Biosciences (Pacbio) platforms. The first library, consisting of
paired-end Illumina sequenced fragments of 350 bp medium-sized,
yielded a total of 15,869,052 reads with 100 bp. After quality analysis
and removal of low-quality regions and adapters, the total number of
reads was reduced to 12,286,419 (~77.5% of the total obtained). As
shown in the Phred score distribution profile generated with all reads
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from the Illumina platform, after removing low-quality sequences, only
reads with Phred >30 were used (Fig. S1A). The second library,
sequenced with the Pacbio platform, resulted in the generation of
560,797 reads with an average size of 8056 bp and N50 equal to 10,196
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(Fig. S1B). After combining these reads and removing redundancy, we
obtained a total of 349,217 Pacbio reads with an average size of 12,980
bp, N50 of 17,985 and average quality equal to 0.83.

To assemble the L. amazonensis PH8 genome, first, Pacbio reads were
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Fig. 1. The 34 chromosomes of L. amazonensis PH8 strain. Genes are depicted as rectangles drawn as proportional to their length, and their coding strand is indicated
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hypothetical and housekeeping genes, respectively. Chromosome sizes are indicated in kb or Mb.
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processed using the Canu assembler, resulting in 380 contigs, followed
by “clean up” using the IPA pipeline, resulting in 329 contigs. Next,
scaffolding with SSPACE and gap filling with GapFiller resulted in 314
scaffolds with N50 equal to 188,152. Finally, the Pilon tool was used to
“polish” the assembled PH8 genome, to eliminate inconsistencies be-
tween Illumina reads that were mapped to this assembly. We performed
indel corrections (insertion and deletions: 29.76%), single base correc-
tions (20.23%), block replacement events (20.23%), gap filling and
identified local missassemblies, which together represent the 29.77% of
all discrepancies between Illumina and Pacbio reads identified in the
assembled sequences.

To better understand the difficulty in achieving assemblies with
levels of contiguity that correspond to the exact number of chromosomes
predicted for each species, without any gap, it is necessary to pay
attention to the main intrinsic characteristics of the platforms used in
sequencing, software used in assemblies as well as to the characteristics
of the genome that is being analysed. Reconstruction of highly homol-
ogous sequences and structural variants such as deletions, duplications,
insertions, inversions and translocations is a difficult task when using
only short reading sequencing approaches. [54]. In fact, when analysing
the complexity of different genomes of Trypanosomatids, it became
clear the need to use sequencing platforms capable of covering ever
larger regions, such as the Pacbio and Nanopore sequencing platforms.
Another aspect to be considered is the accuracy of the base call, which
must minimize errors produced during sequencing. Likewise, the num-
ber of reads generated per run is also highly important, in order to obtain
satisfactory coverage and depth of the genome in question. Parallel to
the evolution of sequencing techniques, genome assembly algorithms

Maxicircle L amazonensis PH8 strain
18137 bp

%
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®
8.
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have also undergone major changes, due to the creation of new types of
files generated by sequencing platforms and new strategies for obtaining
complete genomes, as is the case of hybrid approaches, which considers
more than one type of read [55]. Finally, the combination of all these
factors together with gap-directed sequencing, may lead to the suc-
cessful assembly of a genome, increasing its completeness to 100%.
The final assembly of the PH8 genome was built with 270 scaffolds
syntenic to the 34 chromosomes of the L. mexicana reference genome
(U1103 strain) (Fig. 1, Fig. S2). One scaffold, with 41,489 bp, contains
the PH8 maxicircle (Fig. 2) and 42 scaffolds represent short sequences
ranging from 1 to 35 kb that have low homology to the L. mexicana
genome and, therefore, were not incorporated into the assembly. As
indicated in the following sections, some of the small scaffolds contain
repetitive sequences encoding amastins and A2 proteins. The 34
L. amazonensis PH8 chromosomes have >88% of their sequences aligned
to the reference genome of L. mexicana U1103 with ambiguous base (N)
ratio ranging from 0.001 to 0.057. Telomeric repeats [(TTAGGG)n] were
identified at the 3’ ends of scaffolds 6, 17 and 32, and complement
reverse [(CCCTAA)n] at the 5’ ends of scaffolds 3, 7 and 19. Based on the
estimated size of 31.9 Mb for the L. amazonensis genome [16,18,20], the
average sequencing coverage was estimated at 43x for Illumina reads
and 86x for Pacbio reads (Fig. S3). Analysis to evaluate the complete-
ness of PH8 assembly in comparison to a dataset of 130 markers of
single-copy ortholog genes [33] that are expected to be present in 31
protozoan species, including L. mexicana U1103 strain [13], indicated
that the PH8 strain assembly is 95.4% complete. A comparison with last
two published assemblies from different L. amazonensis strains available
in public databases (RZOD01 and UA301) showed similar values for

Fig. 2. The maxicircle mitochondrial genome
of L. amazonensis. Coloured rectangles along
the outer circle (strand) represent the location
of genes and cryptogens. Upward-facing genes
indicate the location on the sense strand and
downward-facing genes on the antisense
strand. Group of genes are indicated by similar
colours. The rectangles in the inner circle
represent miscellaneous features, including
regions that encode guide RNAs (gRNAs),
guanine-rich (G-rich) regions, and a ~ 9 kb
repeat region.

col

Crvp
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most parameters evaluated, except contiguity levels (Table 1). The as-
sembly of the PH8 genome is significantly improved compared to the
genome of the M2269 strain, which is the only genome currently
available and annotated in TriTrypDB. Compared to the UA301 strain,
the results are comparable, since both assemblies reached chromosomal
levels, however, no annotation was described for the genes present in
the UA301 genome.

3.2. Nuclear and maxicircle genome content

Although the first description of a sequenced genome of L. ama-
zonensis was published in 2013[18] and other sequences were made
available later [5,16,19,20], these genome studies resulted in draft
genome assemblies that are highly fragmented or genomes with limited
gene annotation. In contrast, the L. mexicana genome, consisting of 554
contigs, has a total of 32 Mb of sequences ordered and scaffolded in 34
chromosomes. Since the PH8 genome described here is highly syntenic
with the 34 chromosomes of L. mexicana (Fig. S2), we transferred the
annotation of all 8225 genes from L. mexicana to the L. amazonensis
genes. As shown in Table 2 a total of 7437 protein-coding genes with an
average coding region of 1828 bp was identified. After performing an ab
initio prediction of the gene models, 8317 genes were obtained, 7999 of
them being protein-coding genes, 15 rRNA, 92 tRNA as well as 138 se-
quences encoding non-coding RNAs. This result means that 190 new
annotated L. amazonensis genes were found, which were not described in
the previous annotation of any other L. amazonensis genome[18].

Comparisons between the genetic content of different strains of L.
amazonensis, considering mainly 12 universal orthologous genes that are
shared among all Leishmania species, as described by Patino et al., 2020
[16], showed a clear evolutionary similarity of the PH8 strain with the
genome of UA301 strain and RZODO1 (Fig. S4). Furthermore, the
evolutionary proximity with L. mexicana was also confirmed, presenting
the same evolutionary origin (emerging from the same node in the tree).
The species classified as Old World Leishmania formed a distinct cluster,
evidenced by the root configured in the orthologous genes of T. cruzi,
used as an outgroup. The alignment between the PH8 genome and the L.
mexicana reference genome also allowed the identification of clusters of
shared and species-specific genes. A core set of 7612 orthologous gene
clusters shared between the genomes of PH8 and L. mexicana was
identified, while 96 protein-coding gene clusters was found to be spe-
cific to L. amazonensis and 141 to L. mexicana. Applied to L. amazonensis,
L. mexicana, L. donovani, L. infantum, L. major and L. braziliensis protein
data sets, this analysis resulted in 8025 clusters, 7120 of them shared by
L. amazonensis and other Leishmania species (Fig. S5). The five largest
clusters identified in Leishmania spp. were also identified in L. ama-
zonensis (Table S2): amastin-like proteins (Cluster 1), dyneins (Cluster 2)
glycoprotein GP63 (Cluster 3), ATP-binding cassette protein (Cluster 4),
and histone H4 (Cluster 5).

Similar to other Trypanosomatid genomes [12,56,57], we identified
repeated sequences of different sizes widely distributed throughout the
L. amazonensis genome. These low-complexity sequences (Table S3)
occupy 9.57% of the PH8 strain genome and are classified as retroele-
ments (1.58%), DNA transposons (1.06%), Rolling circles (0.21%),
Small RNAs (0.41%), Satellites (0.16%), Simple (1.87%), low
complexity (0.27%) or unclassified repeats (4.01%), agreeing with the

Genomics 115 (2023) 110661

Table 2
Genome annotation statistics of the PH8 strain.

General

Annotation transfer Ab initio prediction

Total genes 8225 8317
coding percentage (%) 47.19 48.92
Protein coding genes

Genes 7437 7999
Pseudogenes* 788 318
CDS average size (bp) 1828 1846
G + C content (%) 60.15 62.05
RNAs

ncRNA 270 138

tRNA 82 92

rRNA 13 15

" Pseudogenes were inferred based on the presence of premature stop codons
and/or incomplete reading frames.

proportion of repetitive content estimated for references such as L.
braziliensis and L. infantum [12]. Like other Trypanosomatid genomes,
several multigene families organized in tandem repeats were found
scattered in different chromosomes of the PH8 genome (Fig. 1).

A distinctive feature shared by Kinetoplastids is the network struc-
ture of the mitochondrial DNA composed of dozens of 20-40 kb max-
icircles and thousands of 0.5-2.0 kb minicircles, known as kinetoplast
DNA (or kDNA) [58]. Maxicircles are functionally similar to the
eukaryotic mitochondrial genome, whereas minicircles encode small
RNAs (gRNA) involved in RNA editing of several maxicircle transcripts
[59]. Assembled as a 18,137 bp molecule, the L. amazonensis maxicircle
was found to encode 12S and 9S rRNAs as well as several components of
the electron transport chain, including cytochrome b (CYb), cytochrome
oxidase subunits I, II and III (COI, COII and COIII), and NADH dehy-
drogenase subunits 1, 4, 5 7 (ND1, ND4, ND5 and ND7). Four open
reading frames (ORFs) of unknown function (MURF1, MURF2 (ND2),
MURF4 (ATPase6), MURF5 (uS3m)) and five putative sequences
encoding gDNAs were also identified (Fig. 2). To generate translatable
mRNAs, several mitochondrial protein-coding transcripts need to be
edited through the addition or removal of uridine residues that correct
frameshifts and introduce start codons. For some mRNAs, >50% of the
final length of the molecule can be edited. i.e., have uridines inserted or
deleted [60,61]. Whereas most gRNAs were identified in different lo-
cations in the maxicircle, distant from the genes they are related to, the
gRNA acting on the COII gene was found next to it. The presence of
guanine-rich regions described as being involved in RNA editing [62]
was also observed.

The coding region of the maxicircle DNA of L. amazonensis is highly
similar to the coding regions of the maxicircles of L. mexicana,
L. infantum, L. donovani, L. braziliensis and L. major, presenting and
91.88%, 87.75%, 89.05%, 84.41%, 87.30% identity, respectively. Syn-
teny is also conserved between different species, however, in the max-
icircle genome of PH8, ORFs encoding the ND3, ND8 and ND9 proteins
were not detected. Instead, various patterns of G-rich regions were
present at these positions, interrupting the transcription of mRNAs,
similar to was observed in L. tarentolae and L. donovani [63,64].
Furthermore, unlike L. infantum, L. donovani, L. braziliensis and L. major,

Table 1
Comparison of L. amazonensis genome assemblies available on public databases.
L. amazonensis Plataform and coverage Total size (Mb)  No. of contigs or GC content N50 (bp) Largest contig or scaffold References
strain scaffolds (%) length
PHS Pacbio (?;);i;lllumlna 31,970,850 77 59.62 1,069,653 3,400,190 This work
M2269* 454, Tllumina (96 x) 29,029,348 2.627 59.26 19,306 113,027 20
RZODO01 Pacbio, Illumina (75x) 33,504,997 92 59.71 850,106 3,425,950 22
UA301 Ilumina (99x) 32,156,470 34 59.50 1,135,553 3,336,136 17

" This is the assembly that is currently available in TritrypDB and considered as the L. amazonensis reference genome.
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the maxicircle of L. amazonensis has an orthologous gene of ATPase
subunit 6, called MURF4, which was also described in T. brucei and L.
tarentolae [65].

3.3. Chromosomal and gene copy number amplification

Several studies have shown that aneuploidy is highly frequent among
Leishmania species. Nine polyploid chromosomes have been described in
L. infantum, four in L. mexicana, two in L. braziliensis, and one in L. major
[13]. A recent study with two L. amazonensis isolates obtained from dogs
with clinical manifestations of the visceral disease indicated that most
chromosomes have a depth coverage of reads compatible with a haploid
number, except chromosome 30. Using the median read density of each
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chromosome normalized by the median read depth of the whole
genome, we showed that most PH8 chromosomes have a haploid copy
number of one, whereas chromosomes 1, 2, 5, 14, 16, 23, and 32 have a
ploidy close to 1.5 and chromosome 30, a ploidy of 2 (Fig. 3A). Chro-
mosomal copy number in the PH8 strain is similar, but not identical, to
the results described for the UA301 strain, in which 9 trisomal chro-
mosomes and 1 tetrasomal (chromosome 30) were identified [16].
Different degrees of mosaic aneuploidy had already been reported
among Leishmania species [13,15,17] and within the same species
[20,66]. Allelic frequency distribution analysis for all PH8 chromosomes
confirms our ploidy estimates (Fig. 3B). Haploid chromosomes, which
present the ratio between the median read density of the chromosome
and the median read depth of the genome equal to 1, showed peaks for
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Fig. 3. Chromosome and gene copy number variation in the L. amazonensis PH8 strain. (A) Columns represent the estimated somy for each chromosome. The mean
genome ploidy is indicated by a dotted red line. (B) Allele frequency of heterozygous SNPs for all chromosomes. The X axis contains allelic frequency values and the Y
axis corresponds to the number of occurrences with that frequency. (C) Read depth coverage for each chromosome (internal boxes) along with the number of
expanded genes. The mean read depth is shown as a line plot for each chromosome in blue for disomic regions and red for expanded genomic regions. The internal
histogram displays the total number of gene expansions identified in each chromosome. (D) Allele frequency of heterozygous SNPs for chromosome 30. The X axis
contains allelic frequency values and the Y axis corresponds to the number of occurrences with that frequency. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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heterozygous SNP sites only in 0.5, while polyploids chromosomes this
ratio close to 1.5 exhibit peaks at 0.3 or 0.6 (Fig. S6). Despite having
extra copies, the read depth was homogeneously distributed throughout
the entire chromosome 30, confirming the hypothesis of a complete
amplification of this chromosome [20] (Fig. 3C). Consistent with a tet-
rasomic chromosomes, the divergence in somy for chromosome 30
(median read depth >1.5) showed allelic frequency peaks at 0.25 and
0.75, (Fig. 3D).

Gene duplication has been proposed as a mechanism to increase gene
expression since transcriptional regulation control is an absence in try-
panosomatid [67]. Using normalized read depth analysis to assess gene
copy number variation in the PHS8 strain, we identified 205 genes pre-
senting a somy >1.8, 104 of them encoding hypothetical proteins with
unknown functions (Table S4). Multigene families encoding amino acid
transporters, serine-threonine phosphatase, ferredoxins, kinases, cal-
pains, and GP63 metalloproteases are among the supernumerary genes
with known function, several of them, being characterized as virulence
factors and are discussed in the next section.

3.4. Characterization of multigene families encoding virulence factors

Genes encoding virulence factors in Leishmania are targets for several
studies that have largely contributed to a better understanding of
Leishmania pathogenesis. These molecules may act during cell invasion,
escape from the host immune response and dissemination the disease to
different host tissues [68]. As indicated above, several of these virulence
factors are encoded by multigene families composed of a large number
of copies, widely varying among species [13]. We have selected four
multigene families encoding known virulence factors to analyze their
complete sequence repertoire in the L. amazonensis PH8 genome and to
compare with other Leishmania species deposited in the TritrypDB
database (Table 3). For all multigene families analysed, A2 proteins,
amastins and GP63 metalloproteases, we identified a greater number of
members in the PH8 genome, compared to the genome of the L. ama-
zonensis M2269 strain, which is the only L. amazonensis genome anno-
tated so far (Table 3). This result indicates that several genes were not
previously annotated possibly because this study was based on a highly
fragmented genome [18] and a more complete gene repertoire was
obtained with the current assembly of the PH8 genome.

Our analysis allowed a complete characterization of the complete
gene set encoding A2 proteins in L. amazonensis. The A2 gene was
initially described as an amastigote-specific sequence present in the L.
donovani genome and encoding a 22-kDa protein containing repetitive
amino acid sequences that are strongly recognized by sera from patients
with VL [5]. Studies with L. major and L. infantum soon revealed that A2
is an amastigote-specific marker associated with species that cause VL
[69]. A2 function is likely related to the survival of the parasite in
macrophages of visceral organs since L. donovani amastigotes deficient
in A2 protein are attenuated with respect to survival in visceral organs of
infected mice [70-72]. In contrast to L. major, in which only one A2
pseudogene is present, as an ORFs with only 159 nucleotides [73], A2

Table 3
Members belonging to multigene families present in the genome of L. ama-
zonensis and other Leishmania species.

Family Species A2 proteins Amastins GP63
L. amazonensis
PHS strain 9@ S ne
L. amazonensis
2269 strain 0 200 2
L. mexicana 2 48 7
L. infantum 1 68 13
L. donovani 4 33 3
L. major 63 0 6
L. braziliensis 55 0 33

*Numbers in parentheses indicate pseudogenes.
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genes are completely absent in other species of the L. tropica complex (L.
tropica and L. aethiopica) and L. braziliensis’*. Two copies of A2 genes are
present in the genome of L. mexicana, 4 copies in L. donovani and 1 copy
in L. infantum. Among the 9 sequences with homology to A2 present in
the PH8 genome, 5 have complete ORFs whereas 4 are pseudogenes.
Two of the five A2 genes were found on chromosome 22, the other three
were found in small scaffolds that were not incorporated in the final
assembly (scaffold278, Scaffold282 and Scaffold294, Fig. S7). The A2
proteins encoded by these genes possess between 600 and 1089 amino
acids, depending on the number of amino acid repeats, which, similar to
the L. infantum A2, constitute the largest portion of the protein. The L.
amazonensis A2 protein structure is similar to A2 from other Leishmania
species, with a N-terminal sequence followed by the repeated module of
10 amino acids VGP[Q/L]SVGPQS that occur 40 to 90 times [74,75].
Distinct from all other A2 proteins, a second repeat, SLLAR, is found in
the L. amazonensis PH8 A2 protein (Fig. 4).

Alignment of amino acid sequences of A2 proteins of L. amazonensis,
L. mexicana, L. infantum and L. donovani showed differences in the
number of repeats that varies from 47 to 59 in L. donovani [76], but it is
limited to 41 repeats in 4 out of 5 genes existing in L. amazonensis PH8
strain (Fig. 4 and Fig. S8). One A2 protein encoded in Scaffold 278
(Lama IV) has the G to D change in amino acid at the 7th position of the
repeat that is present in the A2 proteins of L. donovani and is described as
being important for the correct folding and function of A2 proteins. The
presence of the A2 gene in the PHS8 strain is consistent with previous
reports showing that L. amazonensis expresses A2 proteins [77] and that
isolates of L. amazonensis were identified in infected dogs with clinical
manifestations of VL and TL [5]. Faced with these findings and together
with the gene-editing protocol described here, the role of these genes in
virulence and visceralization capacity in infections caused by L. ama-
zonensis can be better investigated.

Amastins are another family of amastigote-specific proteins encoded
by multigene families present in the genome of different Leishmania
species and which have been characterized as virulence factors. Also
present in the genome of other members of the Trypanosomatid family,
amastin genes have undergone a major diversification in the genus
Leishmania where four subfamilies, a, p, y and §-amastins, have been
characterized [46]. Present at the surface of amastigotes, previous
studies in which the expression of L. braziliensis 5-amastins has been
knocked down by RNA intereference showed that they are essential for
parasite growth in vitro and in vivo. Based on their structural homology
with the thigh junction protein claudin and the knock down studies with
L. braziliensis §-amastins, it has been suggested that they mediate in-
teractions between the surface of amastigotes and the membrane of the
parasitophorous vacuole within the infected macrophage [78].

Compared to other Leishmania species, amastins have a smaller
number of copies in L. amazonensis, with a total of 29 amastin genes and
2 pseudogenes distributed in 9 of the 34 chromosomes as well as in 2
small scaffolds that were not incorporated in the final assembly (Fig. 1
and Fig. S7). Amastin genes are organized in small tandem arrays
varying from 2 to 4 genes and the size of the encoded proteins varies
between 174 aa and 546 aa. Similar to the amastin gene family orga-
nization found in the genomes of T. cruzi, L. infantum and L. braziliensis
[78-801, only &-amastins were found associated with the tuzin gene
orthologs. The 11 amino acid conserved amastin signature proposed by
Rochette et al. in 2005 [79] was found in all PH8 amastin sequences
(Fig. S9). Grouped into all four subfamilies, similar to other Leishmania
species, 8-amastins constitute the largest sub-family (Fig. S10). Again,
compared to previous analyses of the L. amazonensis amastin gene
repertoire [18], several additional amastin gene copies have been
identified in the PH8 genome (Table 3).

Besides amastins and A2, the metalloprotease GP63 has also been
identified as a virulence factor in different Leishmania species. GP63 or
leishmanolysin belongs to the family of zinc-dependent surface metal-
loproteases involved with events that facilitate the interaction of the
parasite with macrophage receptors, allowing its subsequent
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Fig. 4. Schematic alignment of A2 pro-
teins annotated in different Leishmania
species. Blue squares and coloured ar-
rows represent, respectively, conserved
regions at the N-terminus and repeat
units present along each protein. Repeats
sequences represented by green arrows
are VGP(L/Q)SVG(P/S)QS or VGPQ(A/S)
VGPLS or VGPEAVGPLS or VGPLSVGPQ
(A/S) (dark green), VGPLSVDPQS (light
green);  yellow arrows represent
VGLPSVD repeats, pink arrow represent
SLLAR repeats and light blue arrows
represent VDPQS repeats. The black line
represents gaps in alignment that include
other repeats not represented in L. ama-
zonensis sequences. (For interpretation of
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phagocytosis [81]. Intracellularly, GP63 has been found to be involved
in the cleavage and degradation of various kinases and transcription
factors. In the extracellular environment, GP63 acts by degrading
extracellular components favouring parasite migration as well by inac-
tivating the complement system cascade, increasing the parasite’s
resistance to complement-mediated lysis [82]. Secreted through exo-
somes, GP63 reduces cell activation and microbicidal activity against
amastigotes and promastigotes [81,83]. Eleven genes encoding GP63
proteins were identified in the PH8 genome, 2 of them being

pseudogenes (Table 3). Like the gene organization found in the L.
mexicana, most of these genes are located on chromosome 10 as part of a
single cluster of 7 genes, with other genes encoding GP63 located on
chromosomes 28 and 30. Alignment of all 9 GP63 genes identified the
HEXXH conserved domain, characteristic of the metalloprotease family
of enzymes, responsible for the binding to a zinc atom, and the SRYD
adhesive motif which is important in the binding of macrophage surface
receptors (Fig. S11).
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3.5. Characterization of genes encoding proteins related to heme and iron
metabolism

Iron and heme are essential in many conserved metabolic pathways
in Leishmania. Despite that, and even though, during their life cycle,
these parasites are exposed to large shifts in nutrient availability,
Leishmania lacks the capacity for heme synthesis and are also unable to
store iron or heme [84-87]. In the past few years, several proteins
involved in Leishmania iron and heme metabolism were identified as
virulence factors given their importance for disease establishment and
progression [85]. Among the L. amazonensis proteins that have been
characterized as essential components for iron homeostasis are the
ferrous iron transporter LIT1 and the ferric reductase 1 (LFR1), which
reduces the translocated iron and the iron exporter LIR1, that controls
iron levels in the cytosol [88-91]. Iron may also be acquired by heme
uptake via LHR1 and LFLVCRD, or directly by hemoglobin via endocy-
tosis of the hemoglobin receptor (HbR) [92-94]. The L. amazonensis
mitoferrin 1 (LMIT1) was also identified as a transporter of iron to the
parasite mitochondria [95], to be used as cofactors of Leishmania su-
peroxide dismutase A (SODA) and ascorbate peroxidase (APX) [96,97].
Identified as an unusual mitochondrial ABC transporter, LABCB3 was
shown to be required for the maturation of cytosolic iron/sulfur clusters
in L. major [98]. Iron is also a cofactor of the SODB glycosomal isoform,
shown to be an essential gene in Leishmania [99,100]. Since all these iron
and heme-metabolism-related proteins are associated with parasite
virulence, we screened the PH8 genome and identified 14 iron and
heme-metabolism-related genes. Table S5 shows a comparison of the L.
amazonensis gene repertoire related to iron metabolism with their
orthologs present in the genomes from other Leishmania species, T. brucei
and T. cruzi.

The genes encoding proteins of heme and iron metabolism of L.
amazonensis are highly conserved among L. mexicana, L. major, L.
donovani and L. infantum, but have diverged to a greater degree from the
L. braziliensis genes. The first putative ferrous iron transporter identified
in Trypanosomatids parasites [91], two copies in tandem (LIT1-1 and
LIT1-2) are located on the tetraploid PH8 chromosome 30, suggesting
that the extra copies favour L. amazonensis fitness. This genome location
is similar to L. mexicana but distinct from the L. major genes, which are
located on chromosome 31 (LmjF31.3060 and LmjF31.3070). It is
noteworthy that, amastigote intracellular replication was completely
abolished in LIT1 null mutants [91]. It is also worth mentioning that
either T. brucei, which does not have an intracellular stage or T. cruzi,
which grows as intracellular amastigotes in the cell cytosol does not
possess orthologues of the LIT1 gene. Moreover, neither T. cruzi nor the
T. brucei genome encodes homologues of the Leishmania heme trans-
porters LFLVCRb or HbR. Also present in the genome of all Trypanoso-
matids parasites, iron-dependent superoxide dismutases (SODs) have
been characterized as virulence factors in several Leishmania species as
well as in Trypanosoma spp. Reverse genetics has been used to address
the roles of L. amazonensis SODA, the mitochondrial SOD isoform and
the mitochondrial iron importer LMIT1. Attempts to generate SODA null
mutants showed it is an essential gene and parasites lacking one SODA
allele have impaired capacity of differentiation into metacyclic pro-
mastigotes, they failed to replicate in macrophages and were severely
attenuated in their ability to generate cutaneous lesions in mice [97].
Similarly, LMIT1 null mutants are not viable, consistent with the
importance of iron for the assembly of Fe—S cluster proteins [95]. The
characterization of the complete set of genes involved with iron and
heme metabolism in L. amazonensis provided here is an important step
towards a complete functional study that will fill one of the many gaps in
our understanding of the Leishmania infection and may ultimately reveal
new strategies for disease control.

3.6. Editing the Miltefosine transporter gene in L. amazonensis

Because it is more efficient and more accurate than any other gene
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manipulation method, functional genomics in protozoan parasites has
largely benefited in the past few years from genome editing based on the
clustered regularly interspaced short palindromic repeats (CRISPR)
technology. A central component of CRISPR, the Cas9 nuclease edits
genes by precisely cutting the DNA guided to a specific location within
the target genome by base pairing with a small RNA (sgRNA). Once
generated, the double-strand break (DSB) is repaired through the Non-
Homologous End-Joining (NHEJ) or the Homologous Recombination
Repair (HR) pathways [53]. Since genome analyses revealed that
essential components of the NHEJ pathway are absent in Trypanoso-
matids, it has been proposed that, in the absence of a donor sequence to
promote HR, DSB damage is repaired by the error-prone micro-
homology-mediated end joining (MMEJ). To establish an efficient pro-
tocol for CRISPR genome editing in L. amazonensis, we tested two
strategies to generate knockout mutants of the miltefosine transporter
(MT). The MT gene is a single copy gene, present in the L. amazonensis
chromosome 13 that encodes a transmembrane protein of 1104 amino
acids. The MT gene was selected as a target locus since disruption of both
alleles results in knockout parasites that can be easily selected by their
miltefosine-resistant phenotype. For the first strategy, we transfected L.
amazonensis promastigotes with the pLDCN plasmid containing the
S. pyogenes Cas9 nuclease coding region (SpCas9) with a nuclear local-
ization signal and selected G418-resistant parasites. After confirming the
expression of Cas9 by western blot (Fig. 5A), we transfected the Cas9
expressing cell line with in vitro transcribed sgRNA containing MT se-
quences and an oligonucleotide that serves as a donor sequence for HR
repair. The sgRNA has a 20-nucleotide complementary to a sequence in
the central part of the coding region of the MT gene. The oligonucleotide
donor DNA contains 30 bp of homology arms flanking the MT gene, 3
stop codons in tandem and a restriction site for the HindIIl endonuclease
(Fig. S12A). Forty-eight hours after transfection, total DNA was purified
from parasites that were cultivated in the presence of miltefosine as well
as from wild type (WT) promastigotes. After PCR amplification with a
pair of primers annealing in the MT gene and digestion of the amplicons
with HindIII, the DNA fragments were submitted to agarose gel elec-
trophoresis. As shown in Fig. 5B, amplified fragments corresponding to
the MT sequence that was cleaved with Hind III confirmed the disrup-
tion of the MT gene in the population of transfected, miltefosine resis-
tant parasites by the insertion of the stop codons in the MT gene as a
result of HR with the donor DNA sequence.

As a second strategy to generate L. amazonensis cell lines with an
edited genome, we tested a transfection protocol to deliver, through
nucleofection, a ribonucleoprotein (RNP) complex composed of purified
recombinant Cas9 complexed with in vitro transcribed sgRNA. Besides
allowing genome editing without the need of creating a parasite
expressing the Cas9 nuclease, transfection with the recombinant
enzyme, which remains active only for a limited period, minimizes the
possibility of off-target effects. E. coli expressing the S. aureus Cas9
(SaCas9) was used to obtain the purified nuclease as previously
described [53]. An in vitro transcribed sgRNA with homology to a spe-
cific region of the gene of the L. amazonensis MT gene but containing
scaffold sequences that are specific for SaCas9, was used to transfected L.
amazonensis promastigotes with the RNP complex together with a donor
DNA oligonucleotide. The nuclease activity of the SaCas9 protein was
previously confirmed by incubating the enzymes complexed with the
sgRNA with a PCR fragment containing the sequence of the T. cruzi GP72
gene (Fig. 5C). Since the DNA donor fragment contains MT sequences
with stop codons and an Xhol restriction site (Fig. S12B), we used the
same PCR/digestion strategy to confirm the insertion of stop codons in
the MT gene. Because the L. amazonensis MT gene has one Xhol re-
striction site, digestion of PCR products amplified from DNA extracted
from untransfected parasites generate 2 fragments whereas PCR prod-
ucts from transfected, miltefosine resistant parasites generated 3 frag-
ments (Fig. 5D).

One of the main advantages of delivering Cas9 in the form of an RNP
complexed with sgRNA is that it allows any cell to be manipulated
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Fig. 5. Disruption of the L. amazonensis Miltefosine Transporter (MT) gene using two CRISPR editing strategies. (A) Western blot analysis of total protein extracts
from promastigotes of wild type (1) or L. amazonensis transfected with the pLDCN plasmid containing the SpCas9 coding sequence (2) using an anti-Cas9 antibody.
(B) DNA isolated from parasites expressing Cas9 and transfected with sgRNA targeting the MT gene together with a donor oligonucleotide containing MT sequences
and a HindIII restriction site was used for PCR amplification with primers for the MT gene. After digestion of the 3.2Kbp PCR product with HindIII, the fragments
were separated in agarose gel electrophoresis. Undigested (1) and digested (2) PCR products from parasites expressing Cas9 not transfected were used as negative
controls. Undigested (3) and digested (4) PCR products from parasites expressing Cas9 and transfected with sgRNA targeting the MT gene and the donor oligo-
nucleotide showed two fragments (2497 and 745 bp) after HindIII digestion. (C) In vitro activity assay to test the activity of purified recombinant SaCas9 protein. A
1,7 kb amplicon containing sequences of the T. cruzi GP72 gene was analysed by agarose gel electrophoresis before (1) and after (2) incubation with the SaCas9
protein and in vitro transcribed sgRNA targeting theGP72 gene. Digestion of the GP72 amplicon generates two fragments (1100 bp and 600 bp), as well as the
undigested fragment. The small fragments at the bottom of the gel correspond to the sgRNA. (D) DNA isolated from parasites transfected with recombinant SaCas
together with in vitro transcribed sgRNA targeting the MT gene and a donor oligonucleotide containing a Xhol site was used to amplify a 3.2 Kbp containing part of
the MT gene. After digestion with Xhol, the PCR products were separated by agarose gel electrophoresis. Undigested (1) and digested (2) PCR products from non-
transfected parasite DNA showed the existence of a restriction site for the Xhol endonuclease in the MT gene and the generation of two fragments (2705 and 520 bp)
after Xhol digestion. Undigested (3) and digested (4) PCR products from transfected parasite DNA showed the insertion of a second Xhol restriction site and the
generation of three fragments (2136, 586 and 520 bp) after Xhol digestion.

immediately without the need to create a transfected population study of gene function, other genetic manipulation strategies based on
expressing the nuclease. Because it is smaller than other Cas9 proteins, CRISPR technology such as the generation of L. amazonensis over-
transfection with Cas9 from S. aureus results is highly efficient. expressing a specific protein or parasites with reporter or tagged genes,
Furthermore, as the transfected recombinant enzyme is only active for a will also contribute to a better understanding of the molecular mecha-
limited period, off-target effects are likely minimized when RNP trans- nisms involved in host-parasite interaction and the establishment of the
fection is performed. Together, these results demonstrated that L. ama- infection. Considering also that Leishmania species vary considerably in
zonensis mutants with a single copy gene disrupted by the insertion of their sensitivity to different drugs, the genome manipulation method-
stop codons can be generated using fast and highly efficient protocols ology proposed here will also allow us to advance in understanding the
based on two distinct CRISPR editing strategies. Together with efficient impact of resistance mechanisms on the therapeutic approach and dis-
genome editing protocols, the availability of a fully sequenced and an- covery of new drugs, among other aspects [101]. Being an uncommon
notated genome opens endless possibilities for in depth studies on L. and still little-known parasite, which can cause almost all types of
amazonensis genes, particularly when multigene families are the genes of manifestations of leishmaniasis, the work presented here opens new
interest. One relevant question that can be now addressed is related to doors for much needed studies, which may lead to improved methods of
the role of A2 genes that were characterized in L. amazonensis as a factor control and elimination of leishmaniasis.

involved with visceral organ tropism. Using the CRISPR protocol, we
have begun to create knock out cell lines for the A2 gene containing the
repetitive motifs similar to L. donovani. Besides gene deletion methods to
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4. Conclusions

In this work, we present the assembly of the nuclear and mitochon-
drial genomes of Leishmania amazonensis PH8 strain obtained from a
hybrid approach that combines long and short sequencing reads as well
as synteny with the Leishmania mexicana genome. This complete as-
sembly of a genome from one of the most studied L. amazonensis strain
allowed us to improve its annotation as shown by the identification of
additional genes compared to the previously reported genome of the L.
amazonensis strain 2269, which is the only strain with an annotated
genome available in the TritrypDB database. Besides the analysis of gene
content, analyses of chromosomal copy number variation also allowed
us to confirm the diploid nature of L. amazonensis and the existence of
extra copies for some of its chromosomes. Together with the improved
annotation and gene organization analyses of multicopy gene families
encoding virulence factors, the description of efficient CRISPR protocols
to perform gene knockouts opens the possibility of directly addressing
the role of these genes and to develop a deeper understanding on the
genetic basis of parasite virulence.
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