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Genome analyses of Leishmania lines resistant to 5-fluorouracil

Chromosome 31: Both the parental line (L. major sFriedlin-WT)
and Lmaj-5FURes appear to have 5 copies of chromosome 31.
Among the potential genes of interest on this chromosome are
three hypothetical genes LmjF.31.0030, LmjF.31.0040 and
LmjF.31.0300, with 12, 11 and 12 TM domains, respectively. The
parental line appears to have lost the first ~78 kb of this
chromosome sequence from 3 of its 5 chromosome copies. In
addition, Lmaj-5FURes seems to have lost the region 518,000 -
524,000 from two or three of its five chromosome copies, which
carries gene LmjF.31.1280 (ABCC5) and borders gene
LmjF.31.1290 (ABCC6) with 6 and 10 TM domains, respectively.
Chromosome 33: Lmaj-5FURes has halved coverage around
position 759,000 which affects two genes: peptidase
M20/M25/M40 LmjF.33.1610 and LmjF.33.1600, a hypothetical
protein without any TM domains.

The generation of genome sequences for Leishmania
species resistant to 5-FU showed multiple changes in each
resistant strain. These findings were consistent with Ritt et al.
(2013), who found a number of factors contribute to 5FU
resistance in L. infantum. In our resistant Leishmania strains,
there was only one gene independently targeted by 5-FU in both
L. mexicana and L. major, and this was a hypothetical protein
identified as LmxM.03.0370 and LmjF.03.0370, respectively.
Interestingly, the gene carries 5 TM domains, which might be a
candidate gene for 5-FU resistance in Leishmania spp. On the
other side, several reductions and elevations have been observed
on a whole chromosome or chunk of it on Leishmania resistant
strains. Therefore, we recommend further investigation on the
suspected genes that were known or unknown function and
potentially associated with resistance to fluorinated pyrimidines.
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Genome analysis of L. major resistant to 5-FU

Strains of L. major promastigotes with high levels of
resistance to 5-FU were generated and abbreviated Lmaj-
5FURes. The extracted DNA from the adapted cell lines was full
genome sequenced in parallel parental wild type, L. major
sFriedlin-WT. The adapted L. major clones displayed CNVs on
several different chromosomes: 2, 12, 14, 18, 20, 31 and 33.
Chromosome 2: Lmaj-5FURes has apparently lost a section from
chromosome 2 around positions 97,000 - 110,000 carrying
phosphoglycan galactosyltransferase genes.
Chromosome 12: in Lamj-5FURes, apparent CNV for surface
antigen protein, this coverage is very likely irrelevant to the
pyrimidine uptake or metabolism.
Chromosome 14: Lmaj5FURes has 50% reduction in coverage
over region 550,000 - 579,000 carrying 9 genes, including the
gene encoded a pteridine transporter (LmjF.14.1355). This gene
has only 3 TM domains; the other eight genes have various
functions and are not linked to pyrimidine transporter since they
have no TM domains, with exception of delta-4 fatty acid
desaturase (LmjF.14.1340) which has 4 TM domains.
Interestingly, one of these eight genes that is located in the
same region is LmjF.14.1320. The gene encodes serine
hydroxymethyl transferase, which may contribute to Lmaj-
5FURes resistance to 5-FU, as the enzyme involved in the dTMP
cycle.
Chromosome18: Lmaj5FURes has double coverage around
position 704,000 carrying one hypothetical gene LmjF.18.1570,
which has no TM domains. As the protein has no known function
it is not possible to speculate on any role it may have in Lmaj-5-
FURes resistance.
Chromosome 20: Lmaj5FURes has 50% coverage around position
535,000 bp carrying two calpain-like cysteine peptidase genes;
neither LmjF.20.1180 nor LmjF.20.1185 has TM domains.



Genome analyses of Leishmania lines resistant to 5-fluorouracil )

unlikely to be linked to a loss of pyrimidine transport phenotype.
Also this region contains LmxM.04.0250, which encodes RNA
pseudouridylate synthase, the enzyme that catalyses the
isomerisation of uridine to pseudouridine.

Chromosome 8: surprisingly, there was higher coverage in
chromosome 8 of L. mexicana M379-WT compared to the final
drug-resistant lines for a patch around position 1,456,000 that
carries LmxM.08.0720, an amastin-like gene, which is
transmembrane glycoprotein found on cell surface. This
coverage has no link with the resistance to 5-fluorouracil since
it was amplification on the parental wild-type strains.
Chromosome 11: The normalized row sequence read depth
shows that chromosome 11 has higher coverage in all Fin-Lmex-
5FURes, particularly in Fin3-Lmex-5FURes, than the parental
line. This is of particular interest as chromosome 11 carries many
transporter genes including amino acid transporter
LmxM.11.0520 with 9 TM domains and a nucleobase transporter
(NT4) LmxM.11.0550 with 11 TM domains.

Chromosome 29 has a slight increase in coverage in all Lmex-
5FURes cell lines compared to the parental wild type
particularly around position 786,000 kbp, which includes gene
LmxM.29.2200. As this gene encodes a hypothetical protein
without TM domains, we cannot here suggest whether/how
this coverage may be associated with the resistance
phenotype. Instead, the data appears to suggest that a
reduced copy number is favourable for chromosome 29, upon
exposure to fluoro-pyrimidines, but that this was not possible
for the locus containing LmxM.29.2200, perhaps because this is
encodes an essential protein.

Chromosome 31: the parental line appears to have a trisomy
for a large section of chromosome 31 but none of the drug-
resistant lines do.

Chromosome 32: all drug-resistant lines have double coverage in
the region ~916,000 - 1,175,000, compared to the parental line,
which includes UDP-glc 4'-epimerase (LmxM.32.2300) and UDP-N-
acetylglucosamine pyrophosphorylase (LmxM.32.2520).
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these cells were finally cloned out and designated Fin-Lmex-
5FURes. We obtained three clones of adapted cells (Fin1, Fin2
and Fin3-Lmex-5FURes). The whole genome of each resistant
clone was sequenced and compared with parental wild-type. The
genome analysis of L. mexicana resistant to 5-fluorouracil
showed different copy number variations (CNVs) compared with
L. mexicana M379-WT. Changes in chromosomes 3, 4, 8, 11, 29,
31 and 32 in drug resistance lines were observed in various
clones; all other chromosomes are presumably normal diploid.
Chromosome 3: the Fin2-Lmex-5FURes strain had lost the start
of this chromosome on one of its 2 homologous chromosomes. It
could be speculated that, as the loss of the start of the
polycistron on this chromosome is also likely to impact the
transcription of the rest of this polycistron, this CNV could
impact on the expression of all genes up to LmxM.03.0680,
including eight  hypothetical proteins  (LmxM.03.0370,
LmxM.03.0380, LmxM.03.0400, LmxM.03.0410, LmxM.03.0490,
LmxM.03.0550, LmxM.03.0650 and LmxM.03.0660). These open
reading frames (ORFs) started from 124,634 to 126,607 and their
function was given as "unspecified product”; however, they were
predicted to contain more than 4 trans-Membrane domains.
Furthermore, Fin2-Lmex-5FURes and Fin3-Lmex-5FURes lost
heterozygosity over the first 140 kb of chromosome 3, which is a
difference from the parental line L. mexicana M379-WT and from
Fin1-Lmex-5FURes. Only Fin2-Lmex-5FURes showed a deletion of
the first 90 kb of the chromosome sequence in one of the two
chromosomes.

Chromosome 4: L. mexicana M379-WT and all the three Fin-
Lmex-5FURes strains have increased coverage for chromosome 4.
However, Fin3-Lmex-5FURes has half the copy number for the
start of the chromosome 4, and Fin2-Lmex-5FURes has double
copy number up to ~35 kb. This area includes: LmxM.04.0020
which encodes a pteridine transporter with 12 TM domains, but
the coverage was amplification not deletion, so this CNV was
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Illumina sequencing: genomic DNA preparations were used to
create Illumina paired-end sequencing libraries that were
sequenced on Illumina HiSeq machines using standard procedures
yielding paired sequence reads of 75 bases length. For each
parasite strain, the data yield from the sequencing machines
(passing the default purity filter) was between 12.5 million and
36.6 million read pairs (median of 17.3 million) which
corresponds to a nominal genome coverage of between 58.5-fold
and 171.1-fold (median of 81.6-fold).

Mapping of the paired sequencing reads to the genome
reference sequences from GeneDB (Leishmania major Friedlin,
and L. mexicana-M379) carried out with  SMALT
(http://www.sanger.ac.uk/resources/software/smalt/), version
0.5.7 using the following parameters: wordlength -k = 13,
skipstep -s = 7, maximum insert size -i = 1000, minimum Smith-
Waterman score -m = 65, and with the exhaustive search option
(-x) enabled. Of the sequencing reads, the following percentages
were thus mapped as "proper pairs” (i.e. with the two mates of a
sequence read pair mapped within the expected distance and in
the correct orientation) to the genome reference sequences
between 42.3% and 42.8% of reads. The median insert size
between read pairs was between 467 and 601 nucleotides. Only
sequence reads mapped as “proper pairs" were used for
subsequent analyses and the first 5 and last 15 nucleotides were
clipped from all reads prior to subsequent analysis.

Genotypes for every genomic position were determined
with SAMtools version 0.1.17 (Li et al., 2009) by using the
"samtools mpileup” command with minimum baseQ/BAQ ratio of
15 (-Q) followed by SAMtools' "bcftools view" command with
options -c and -g enabled.

Results and Discussion
Genome analysis of L. mexicana resistant to 5-FU

When L. mexicana cells were adapted to survive and

proliferate in very high concentrations of 5-FU (up to 5 mM);
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the number of transmembrane (TM) domains in indicated genes.
Also the CLC workbench software was used to create sequence
alignments.
DNA Extraction

Leishmania cells were grown in a large culture flask to
mid log phase. The cells were spun down for 5 minutes at 2500
rpm. The pellet was resuspended in 1 ml of phosphate buffered
saline (PBS) and transferred to Eppendorf tube and spun again
for 5 minutes at 1500 rpm. After removing the supernatant, a
volume of 500 pl lysis buffer (100 mM NaCl, 10 mM Tris-HCl pH
8.0 and 5 mM EDTA), 25 pul of 10% SDS and 50 pl of 10 mg/ml
RNase A was added to the sample and incubated overnight at 37
°C. The sample was washed twice in an equal volume of
phenol:chloroform:isoamyl-alcohol (25:24:1; saturated with 10
mM Tris, pH 8.0 and 10 mM EDTA). The sample was shaken gently
for 5 minutes then spun for 5 minutes at high speed. The
aqueous phase was washed again twice more in an equal volume
of chloroform, shaken and spun for 5 minutes. Next, the aqueous
phase was transferred to a clear 15 ml polystyrene tube contains
1.5 ml absolute ethanol. The cloud of DNA was removed and
transferred to 1 ml of 70% ethanol in a centrifuge tube. The DNA
was spun down at top speed for 10 minutes, then the
supernatant was removed and the precipitated DNA was drained
off. Finally, DNA was resuspended in 30-50 pl of 1x Tris-EDTA
buffer (10 mM Tris-HCl, pH 7.5 and 1 mM EDTA) and left
overnight at 4 °C (without mixing).
Full genome sequences

DNAs from Leishmania cells were extracted as described
above. The used DNA was 2-5 pg of double stranded DNA in TE
buffer at a concentration greater than 20 ng/pl, in a volume of
20-100 pl, and in fragments >500 bp. In collaboration with the
Sanger Institute in Hinxton, UK we sequenced the extracted DNA
from promastigote forms of L. major (Friedlin strain), L.
mexicana (MNY/BZ/62/M379), Lmaj-5FURes, and Lmex-5FURes.
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Material and Methods

Growth and maintenance of Leishmania spp

Leishmania promastigotes (wild type) were subcultured in
vitro from liquid nitrogen stocks. The cells were maintained in
HOMEM medium (Gibco) pH 7.4 provided with 10% FBS at 25 °C.
The genotyping of wild type promastigotes of L. mexicana
(MNY/BZ/62/M379 strain) and L. major (Friedlin strain) was
confirmed by restriction analysis of the amplified ITS1 region.
Resistance induction

Resistance induction in Leishmania promastigotes was
performed as published by Alzahrani et al. (2017). Strains
adapted to 5-FU were derived from L. mexicana M379 and L.
major Friedlin through in vitro exposure to increasing levels of
the drug. The first drug concentration used, starting the
adaptation process, was the half ECso value. Surviving cells were
passaged to three flasks, one flask contained drug free, other
flask contained the same sub-lethal concentration and the last
flask contained twice the previous concentration. The procedure
was repeated until a high level of tolerance to the drug was
obtained. When the leishmania strains became viable in higher
concentration of 5-FU, adapted strains were cloned out (derived
from a single cell) by limiting doubling dilution. We obtained
three L. mexicana strains adapted to 5-FU, which abbreviated
Fin1, Fin2 and Fin3-Lmex-5FURes. L. major adapted to the same
drug was called Lmaj-5FURes.
Genome libraries and sequence similarity visualization

Leishmania strains whole genome sequencing read
libraries containing samples from Lmex-5FURes and Lmaj-5FURes
were used in this study. The nucleotide and amino acid
sequences for genes were found by searching in GeneDB or
TriTrypDB websites. These websites were used for searching with
the Basic Local Alignment Search Tool (BLAST) to compare genes
sequences. In addition, the TMHMM server at
http://www.cbs.dtu.dk/services/ TMHMM/ was used to estimate
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Introduction

Leishmaniasis is a group of parasitic diseases caused by
members of the genus Leishmania. The parasites cause a range
of diseases, encompassing cutaneous, mucocutaneous and
visceral leishmaniasis. Nowadays, it is estimated that more than
1 billion people are at risk of leishmaniasis in the world
population, and 1 million new cases of cutaneous leishmaniasis
occur annually (WHO, 2022). Untreated visceral leishmaniasis
causes a mortality rate of 75-95%, whereas cutaneous
leishmaniasis may affect the mucosa resulting in death from
secondary infection (CFSPH, 2009). Although antimonial
compounds have been wused for many vyears to treat
leishmaniasis, several studies reported the resistance of
Leishmania species to these drugs (de Moura et al., 2016 and
Ponte-Sucre et al., 2017). In the last few years, however it was
found that several pyrimidine analogues showed anti-metabolite
activities against Trypanosoma (Ali et al., 2013) and Leishmania
(Alzahrani et al., 2017).

The sequencing of whole genomes has become a possible
avenue to investigate drug adaption in kinetplastid parasites
(Ghosh et al., 2020). Despite the fact that the chromosome copy
number was found to be diverse within different species and
strains of Leishmania (Rogers et al., 2011), the whole genome of
L. major resistant to miltefosine drug was generated and this
allowed the identification of the resistance factors connected
with miltefosine resistance in Leishmania (Adriano-Coelho et al.,
2012).

Previously, Ritt and others (2013) reported that several
independent L. infantum mutants were introduced for resistance
to 5-fluorouracil (5-FU), however, the genome of the rest of
Leishmania species that were responsible for resistant to 5-FU
has thus far not been examined. Therefore, this study aims to
identify genes potentially associated with resistance to 5-FU in L.
mexicana and L. major.
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Abstract

Leishmania parasites cause a number of medical conditions all
over the world. As the pathogens have become resistant to most
of the drugs currently used, new therapeutic strategies are
urgently needed. The sequencing of whole genomes has become
a possible avenue to investigate drug adaption in kinetoplastids.
In this study, the whole genome of Leishmania maxicana and
Leishmania major parasites that were resistant to 5-fluorouracil
(5FU) were sequenced, and the genome analyses data of
resistance cell lines were compared with their background strain
L. mexicana (MNY/BZ/62/M379 strain) and L. major (Friedlin
strain), respectively. The genome analysis of L. mexicana
resistant to 5FU showed different copy number variations (CNVs)
compared with L. mexicana M379-WT. Changes in chromosomes
3, 4, 8, 11, 29, 31 and 32 in drug resistance lines were observed;
all other chromosomes are presumably normal diploid. The
adapted L. major clone displayed CNVs on several different
chromosomes 2, 12, 14, 18, 20, 31 and 33. These genes, which
might be candidate genes for 5FU resistance, should be
investigated.

Key words: L. maxicana, L. major, 5-fluorouracil, Copy Number
Variations



	Afaqalmarifa_03_Ar00
	Afaqalmarifa_03_Ar01
	Afaqalmarifa_03_Ar02
	Afaqalmarifa_03_Ar03
	Afaqalmarifa_03_Ar04
	Afaqalmarifa_03_Ar05
	Afaqalmarifa_03_Ar06
	Afaqalmarifa_03_Ar07
	Afaqalmarifa_03_Ar08
	Afaqalmarifa_03_Ar09
	Afaqalmarifa_03_Ar10
	Blank Page



