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Innovative strategies are needed to accelerate the identification of
antimicrobial drug targets and resistance mechanisms. Here we de-
velop a sensitive method, which we term Cosmid Sequencing (or
“Cos-Seq”), based on functional cloning coupled to next-generation
sequencing. Cos-Seq identified>60 loci in the Leishmania genome that
were enriched via drug selection with methotrexate and five major
antileishmanials (antimony, miltefosine, paromomycin, amphotericin B,
and pentamidine). Functional validation highlighted both known and
previously unidentified drug targets and resistance genes, including
novel roles for phosphatases in resistance to methotrexate and anti-
mony, for ergosterol and phospholipid metabolism genes in resistance
to miltefosine, and for hypothetical proteins in resistance to paromo-
mycin, amphothericin B, and pentamidine. Several genes/loci were also
found to confer resistance to two ormore antileishmanials. This screen-
ing method will expedite the discovery of drug targets and resistance
mechanisms and is easily adaptable to other microorganisms.
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Leishmaniasis is a neglected tropical disease causing significant
morbidity and mortality worldwide (1). It is caused by parasites

of the genus Leishmania that cycle between the flagellar promasti-
gote form in the gut of the insect vector and the nonmotile amas-
tigote stage in the vertebrate host. Given the lack of an effective
antileishmanial vaccine, control of leishmaniasis relies mainly on
chemotherapy. Only a few antileishmanial drugs are available, and
their efficacy is severely limited by toxicity, cost, and drug resistance
(2, 3). New methods for expediting the discovery of drug targets and
resistance mechanisms in Leishmania would aid the reassessment of
current therapies and the development of new, effective drugs.
Next-generation sequencing (NGS) technologies have enabled

the high-throughput and genome-scale screening of eukaryotic
pathogens, and have been useful in identifying drug targets and
elucidating drug resistance mechanisms (4, 5). The development of
RNA interference (RNAi) target sequencing (RIT-Seq) in kinet-
oplastid parasites, such as Trypanosoma brucei (6), has revealed
numerous genes associated with drug action (7); however, RNAi-
based screening is not applicable to Leishmania, because most
species lack functional RNAi machinery (8). In Leishmania spp.,
copy number variation and single-nucleotide polymorphism were
detected in drug-resistant parasites using NGS (9, 10; reviewed
in ref 11). Gain-of-function screening using genomic cosmid li-
braries is also a proven approach to studying drug resistance in
Leishmania (12). Cosmid-based functional cloning was first
implemented for studying lipophosphoglycan biosynthesis (13)
and later successfully applied to study nucleoside transport (14,
15) and drug resistance (16–21). The technique has proven
powerful, albeit with limitations; for instance, it is not easily
amenable to high-throughput screening, because clones require
individual characterization, and is biased toward the selection
of cosmids conferring dominant phenotypes, leaving out less
conspicuous candidates.

In this study, such limitations were alleviated by combining ge-
nome-wide cosmid-based functional screening with NGS, a strategy
that we term Cosmid Sequencing (or “Cos-Seq”). This method
allows us to study the dynamics of cosmid enrichment under se-
lective drug pressure and to isolate an unprecedented number of
both known and previously unidentified antileishmanial targets and
resistance genes.

Results
The Cos-Seq Approach. A library of partially digested Leishmania
infantum genomic fragments (22) cloned into the cLHYG vector
(23) was introduced into WT L. infantum, resulting in ∼12,000
clones that were pooled and grown for one passage under
hygromycin B pressure to select transfectants. The mean size of the
cosmid inserts was ∼40 kb, and the estimated coverage for the 33-
Mb L. infantum genome was 15-fold. To ensure that the library was
representative of the L. infantum genome (8,239 genes distributed
over 36 chromosomes), we first sequenced an unselected pop-
ulation of L. infantum transfectants. Cosmids were extracted from
early-stationary phase parasites. Libraries were prepared and se-
quenced using an Illumina HiSeq1000 platform. In all experiments
(unselected or drug-based selections), two independent biological
replicates were subjected to Cos-Seq. Analysis of fragments per
kilobase per million mapped reads (FPKM) for each gene showed
excellent coverage, with 8,081 genes (98% of the genome) and few
underrepresented loci (SI Appendix, Fig. S1).
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Gain-of-function screens using overexpression genomic libraries
are powerful tools for discovering drug target/resistance genes,
but several limitations make this technique less amenable to high-
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Cosmid Sequencing (or “Cos-Seq”), we followed the dynamics of
cosmid enrichment during drug pressure in Leishmania, the para-
site responsible for leishmaniasis, a neglected tropical disease. This
improved and sensitive method has led to the identification and
functional characterization of an unprecedented number of drug
target/resistance genes against all drugs currently used to treat
leishmaniasis.
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For Cos-Seq selection, the pooled population was subjected to
incremental concentrations of antileishmanials, starting at the EC50,
and then doubling the concentration at each consecutive passage
(Fig. 1A). The proportion of parasites that harbor cosmids pro-
viding a selective advantage is expected to rise at each drug in-
crement, thereby enriching with specific subpopulations of parasites.
We also assessed a plateau selection scheme in which parasites were
maintained for several passages at intermediate selection steps (Fig.
1A), which might favor the propagation of parasites bearing cosmids
providing a more modest selective advantage. Parasites were like-
wise passaged in the absence of drug to control for the selection of
cosmids conferring selectable growth fitness traits unrelated to drug
pressure (12).
For the genome-wide profiling of drug-enriched loci, paired-end

sequencing reads of cosmid-derived libraries from each selection
step were independently aligned with the L. infantum JPCM5 ref-
erence genome (tritrypdb.org/tritrypdb/) (24) using BWA software
(25), which allowed assessment of the genome-wide reads coverage
and the location of enriched genomic regions at single-nucleotide
resolution (Fig. 1B). Genes enriched by incremental drug pressure
were further analyzed using RSEM (26) and edgeR (27), and then
clustered according to their enrichment pattern using R scripts
packaged with the Trinity software (28). Clusters of genes whose
abundance consistently increased with drug pressure were pooled,
and for each gene, the variation of abundance at each drug in-
crement (or passage for the plateau selection scheme) relative to
baseline levels was established. This generated a map of the geno-
mic loci enriched by drug selection. Gene enrichment was normal-

ized to drug-free control levels (Materials and Methods and Fig. 1B).
Cosmids carrying the enriched loci were isolated from the cosmid
pool in bacteria and transfected in L. infantum to confirm their role
in resistance. Finally, the relevant resistance genes were validated
using single gene overexpression in WT parasites and/or cosmid
recombineering (29), which allowed the generation of partially de-
leted cosmids by homologous recombination in bacteria (Fig. 1A).

Proof of Concept for Cos-Seq Using Methotrexate Selection. With
the possible exception of amphotericin B (AMB), which targets
ergosterol-containing membranes, the mode of action of current
antileishmanials remains unknown. Although methotrexate (MTX)
is not used against Leishmania, it is nonetheless very active and
has been extensively studied. Leishmania cells selected for MTX
resistance undergo amplification of the dihydrofolate reductase-
thymidylate synthase (DHFR-TS) and pteridine reductase 1 (PTR1)
genes, which encode primary (30, 31) and secondary targets of
MTX (32, 33), respectively. Because of this unique combination of
drug target relationship with MTX, we first validated Cos-Seq with
parasites selected under MTX pressure.
L. infantum transfectants were selected with MTX using the

gradual (1×, 2×, 4×, and 8× EC50) and plateau (1× EC50, followed
by three passages at 2× EC50) selection schemes (Fig. 1A). In both
cases, parasites entered the stationary phase within 8 d (SI Appen-
dix, Fig. S2). Cosmids isolated from parasites selected at 8× EC50
were not sequenced, because at this stage, parasites were well
adapted and likely to be highly enriched in a low-diversity cos-
mid population (SI Appendix, Fig. S2). Using 16-fold enrichment

Fig. 1. Overview of the Cos-Seq approach. (A) A WT L. infantum cosmid library cloned into the cLHYG vector (22, 23) is introduced into drug-susceptible
L. infantum parasites. Pooled transfectants are submitted to incremental drug pressure starting at 1× EC50 and then increasing the drug concentration by twofold
at each consecutive passage (from 1× EC50 to 16× EC50 depending on the drug; gradual selection strategy). Alternatively, a plateau selection scheme was used that
allows parasites to adapt to a fixed drug concentration for two or three passages (plateau selection strategy). Cosmids are extracted from each selection step and
purified for subsequent Illumina sequencing. The composition of cosmid pools at each drug/passage increment is determined from the NGS data, and cosmids of
interest are isolated for functional validation. The relevant resistance genes are identified by gene overexpression studies and/or cosmid recombineering (29).
(B) Sequencing reads are mapped to the reference genome, and gene coverage is inferred from the mapping data. Gene abundance and differential enrichment
profiles are generated using RSEM (26) and edgeR (27), respectively. Genes are clustered according to their enrichment profiles. Genes located on the same cosmid
are expected to have similar enrichment profiles. Gene abundance ratios are computed on a per-gene basis and normalized to the drug-free control.
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(or log2-fold change ≥4) from baseline to the highest drug con-
centration (or from baseline to the last passage for the plateau
scheme) as the minimum selection criterion, four loci with enriched
consecutive genes on chromosomes 6, 21, 23, and 34 were identified
(Fig. 2). Although these four loci were highlighted by gradual se-
lection, only two (chromosomes 23 and 34) were also detected by
plateau selection (SI Appendix, Fig. S3). Visualization of mapped
reads from the 4× EC50 sample revealed regions of higher read
density ranging from 34 kb to 75 kb, i.e., corresponding to the insert
of one and two overlapping cosmids, respectively (Fig. 3A). Indeed,
several loci were covered by overlapping cosmids (Table 1 and SI
Appendix, Table S1).
The increase in gene abundance was similar in the two biological

replicates (Fig. 3B). The loci enriched on chromosomes 6 and 23
covered the DHFR-TS (LinJ.06.0890) and PTR1 (LinJ.23.0310)
genes, respectively, encoding the primary and secondary targets of
MTX and representing two known mechanisms of MTX resistance,
whereas enriched genomic regions on chromosomes 21 and 34

included genes not previously associated with MTX resistance (Fig.
3C). Additional loci, located on chromosomes 12, 13, 19, and 35,
were also enriched by MTX selection (SI Appendix, Fig. S3) but
were not characterized any further. Future functional work may
clarify the role of the latter loci in MTX resistance.
Cosmids isolated from parasites growing at 2×EC50 and 4×EC50

were transformed into Escherichia coli. Cosmids corresponding to
the regions of chromosomes 6, 21, 23, and 34 that were enriched as
determined by NGS (Fig. 3A) were isolated by colony hybridization
experiments using PCR-generated probes for single genes included
in the enriched regions. Cosmids were purified and individually
transfected in WT L. infantum. All four cosmids induced MTX
resistance on parasite transfection, ranging from 1.9-fold for the
LinJ.21-derived cosmid up to >10-fold for the PTR1-encoding
cosmid (Table 1). MTX resistance levels correlated well with the
fold enrichment during selection; that is, cosmids with a high
enrichment profile (e.g., LinJ.23) provided stronger resistance
than less abundant cosmids (e.g., LinJ.21 and LinJ.34) (Fig. 3D

Fig. 2. Genome-wide distribution of drug-enriched loci. Genes significantly enriched by antileishmanials as revealed by Cos-Seq are shown on one of the 36
Leishmania chromosomes. Genes enriched by both gradual and plateau selection schemes are included. Gray bars represent the gene positions on each
chromosome. Colored bars represent genes enriched by the antileishmanials tested according to the color code shown at right. Only genes enriched with a
mean log2-fold change of ≥4 are depicted. Black bars highlight loci enriched by at least two drugs and represent possible cross-resistance genes. Asterisks
denote the genomic loci enriched by MTX, which are characterized in more detail in Fig. 3. The drug-specific Cos-Seq profiles for gradual and/or plateau
selections are provided in SI Appendix, Figs. S3, S6–S9, and S11 for MTX, SbIII, MTF, AMB, PTD, and PMM, respectively. Details on the gene content of Cos-Seq
enriched loci are presented in SI Appendix, Table S3.
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and Table 1). Interestingly, cosmid LinJ.34 was more abundant
at the penultimate step of both selection schemes (Fig. 3D).
One approach that we used to identify unknown resistance genes

within cosmids enriched via Cos-Seq was cosmid recombineering,

which was initially developed for genetic studies in Toxoplasma
gondii (29), and consists in homologous recombination-guided gene
deletion within cosmids in E. coli. As a proof of principle for
Leishmania, the PTR1 gene in cosmid LinJ.23 was replaced with

Fig. 3. Cos-Seq identification of loci implicated inMTX resistance. (A) Visualization of four representative MTX-enriched loci on chromosomes 6, 21, 23, and 34 as
delimited by regions of higher read density. For LinJ.06, the asterisk denotes a bias in read counts coming from the DHFR-TS flanking regions originating from the
cLHYG backbone (23). (Scale bars: 20 kb.) (B) Plots of gene clusters sharing similar Cos-Seq profiles from which the four representative MTX-enriched loci were
recovered by gradual and plateau selections. Gray lines represent individual genes, and blue lines denote the average profile per cluster. Gene abundance is
expressed on the y-axis as log2-transformed FPKM values centered to the median FPKM. Samples are ordered on the abscissa according to the selection procedure,
from nontreated (NT) samples to the third drug increment (P3) for gradual selection or the fourth passage (P4) for plateau selection. Gene abundance for the two
biological replicates is also shown. “Staircase” patterns are due to differences in gene abundance at baseline between the replicates. For gradual selection,
sequencing of the second 4× EC50 replicate (P3) failed, leaving only a single 4× EC50 sample, which was used twice for the analysis. (C) Gene enrichment scores for
the four representative MTX-enriched loci. Log2-transformed variation of gene abundance is determined between the last drug concentration (P3 for gradual
selection) or passage (P4 for plateau selection) and the nontreated baseline (NT in B). The positions of DHFR-TS and PTR1 on chromosomes 6 and 23, respectively,
are shown. Gene numbers indicate the first and last genes found on each enriched locus. (D) Fold enrichment of the four representative cosmids at each increment
in MTX concentration (Left) or passage (Right), as normalized to the drug-free control.
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the chloramphenicol acetyltransferase (CAT) gene, which confers
chloramphenicol resistance in E. coli (Fig. 4A). After two selection
rounds, PTR1 was replaced with the CAT gene in all recombined
cosmid clones, as confirmed by Southern hybridization with a
PTR1 probe (Fig. 4B). L. infantum transfected with a PTR1-null
recombinant cosmid (clone 5) lost MTX resistance compared with
parental cosmid LinJ.23 (Fig. 4C).
The ability of Cos-Seq to identify previously unidentified MTX

resistance genes was assessed with the characterization of cosmid
LinJ.34. This cosmid encodes seven hypothetical proteins in addition

to two partly homologous (41% identity) phosphatase 2C-like pro-
teins (Fig. 4D). A recent study has highlighted the role of protein
phosphatase 2A in the mode of MTX action in mammalian cells
(34). Thus, considering that MTX has similar mechanisms of action
and entails comparable resistance mechanisms in Leishmania and
mammalian cells (30, 31, 35), the two phosphatase-related genes
emerged as reasonable candidates. Indeed, on the transfection of
LinJ.34.2310 and LinJ.34.2320 in WT L. infantum, 3.5-fold and 3.7-
fold increases in MTX resistance, respectively, were recorded
(Fig. 4E and Table 1).

Table 1. Genomic loci enriched in the Cos-Seq screens and isolated for functional validation

Drug

Cosmid/locus
(no. of

cosmids)†
Gene
start‡

Gene
stop‡

Genomic
position

Cosmid
fold resistance§

Resistance
gene Gene product

Gene fold
resistance¶

Functional
validation

MTX LinJ.06 (1) 0840 0900 344645–384085 3.3 ± 0.7* LinJ.06.0890 DHFR-TS ND
LinJ.21 (1) 1700 1780 587933–622138 1.9 ± 0.4* ND
LinJ.23 (3) 0240 0350 81869–117583 >10*** LinJ.23.0310 PTR1 Fig. 4C Recomb
LinJ.34 (4) 2250 2340 953269–996693 2.2 ± 0.5* LinJ.34.2310 Phosphatase

2C-like
3.5 ± 0.3** Overexp

LinJ.34.2320 Phosphatase
2C-like

3.7 ± 0.3** Overexp

SbIII LinJ.06a (1) 0760 0810 289892–321083 1.2 ± 0.4 ND
LinJ.07a (1) 0070 0130 23843–57940 1.4 ± 0.1* ND
LinJ.07b (1) 0170 0200 68913–76234 1.4 ± 0.2* ND
LinJ.08a (2) 0610 0640 235475–268745 1.5 ± 0.3** LinJ.08.0630 P299 ND
LinJ.12a (1) 0470 0530 285805–320739 2.1 ± 0.4** ND
LinJ.12b (1) 0580 0640 349890–374094 2.0 ± 0.2*** LinJ.12.0610 Ser/Thr

phosphatase
1.9 ± 0.1** Overexp

LinJ.18b (1) 1150 1220 467206–504253 1.7 ± 0.2** ND
LinJ.19c (1) 0690 0800 301964–345759 1.6 ± 0.4* ND
LinJ.23 (2) 0240 0350 81869–117583 3.3 ± 0.6*** LinJ.23.0290 MRPA ND
LinJ.34a (2) 0130 0230 44686–78023 2.0 ± 0.4** LinJ.34.0220 ARM58 ND

AMB LinJ.06b (1) 0940 1050 399192–437862 1.0 ± 0.1 ND
LinJ.26b (1) 2560 2670 975536–1010825 1.3 ± 0.1** LinJ.26.2620 Hypothetical 1.3 ± 0.1 ** Recomb

and overexp
LinJ.29b (2) 2210 2270 921880–963007 1.1 ± 0.1 ND
LinJ.36b (1) 4850 4950 1785378–1824575 1.1 ± 0.2 ND

MTF LinJ.06a (1) 0760 0810 289892–321083 1.2 ± 0.3 ND
LinJ.26b (1) 2560 2670 975536–1010825 1.7 ± 0.2* ND
LinJ.29b (2) 2210 2270 921880–963007 2.6 ± 0.4** LinJ.29.2250 C-8 sterol

isomerase
2.7 ± 0.3*** Overexp

LinJ.29c (3) 2320 2400 985978–1020668 2.5 ± 0.3** ND
LinJ.30 (2) 2220 2300 816801–850574 3.2 ± 0.4*** LinJ.30.2270 Phospholipid-

translocating
ATPase

2.0 ± 0.2*** Overexp

LinJ.33a (2) 2100 2140 773766–799895 2.0 ± 0.3** ND
LinJ.35c (3) 2870 2970 1157995–1190965 2.5 ± 0.3** ND
LinJ.36b (2) 4850 4950 1785378–1824575 2.5 ± 0.3* ND

PTD LinJ.06b (6) 0940 1050 399192–437862 2.2 ± 0.2** LinJ.06.1010 Hypothetical 1.8 ± 0.1*** Overexp
LinJ.06c (6) 0990 1100 414996–452236 2.7 ± 0.2*** LinJ.06.1010 Hypothetical 1.8 ± 0.1*** Overexp
LinJ.26b (1) 2560 2670 975536–1010825 1.2 ± 0.1 ND
LinJ.27b (1) 2210 2280 961442–992831 2.3 ± 0.2*** ND
LinJ.29d (1) 2760 2870 1146381–1181330 1.6 ± 0.1** ND
LinJ.31b (1) 1440 1470 631444–656471 3.6 ± 0.3*** LinJ.31.1460 PRP1 Fig. 5C Recomb

PMM LinJ.06b (6) 0940 1050 399192–437862 2.6 ± 0.2** LinJ.06.1010 Hypothetical 2.1 ± 0.1*** Overexp
LinJ.36b (2) 4850 4950 1785378–1824575 1.4 ± 0.2* ND

ND, not determined; overexp, gene overexpression; recomb, cosmid recombineering. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
†A single representative cosmid is reported for each enriched locus. Additional cosmids were often enriched, however, and the total number of distinct
cosmids recovered per loci is indicated in parentheses. SI Appendix, Table S1 provides the genomic coordinates of the additional cosmids.
‡Genes found in the cosmid are indicated, including both partial and full ORFs. Previously unidentified resistance genes that were revealed in this study are
highlighted in bold type.
§The ratio of drug EC50 values for parasites transfected with isolated cosmids compared with cLHYG-transfected parasites. Data are the mean ± SD of three
biological replicates unless otherwise indicated. Differences were statistically evaluated by unpaired two-tailed t test.
¶The ratio of drug EC50 for parasites transfected with the target gene cloned into pSP72αHYGα plasmid relative to empty vector-transfected parasites. Data
are the mean ± SD of three biological replicates unless otherwise indicated. Differences were statistically evaluated using unpaired two-tailed t test.
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High-Throughput Screening of the Five Major Antileishmanial Drugs
by Cos-Seq. Cos-Seq was used to screen cosmid enrichment on se-
lection of transfected L. infantum cells with the five major clinically
relevant antileishmanials: antimony (SbIII), miltefosine (MTF),

paromomycin (PMM), AMB, and pentamidine (PTD). The exper-
imental protocol described above forMTXwas applied for screening
with these five drugs (SI Appendix, Fig. S4 and Table S2). Using this
strategy, 76 genomic loci enriched by at least one of the five anti-
leishmanials were identified (Fig. 2 and SI Appendix, Table S3). Of
these, 12 were also enriched on subculturing in the absence of drug
(SI Appendix, Fig. S5 and Table S3), thus narrowing the genuine
candidates to 64 antileishmanial-enriched loci (Fig. 2). Interestingly,
12 of these drug-enriched loci were common to at least two distinct
drug screens (Fig. 2 and SI Appendix, Tables S3 and S4). The high
number of drug-enriched loci suggests that the five antileishmanials
studied might act via different targets and/or trigger distinct re-
sistance mechanisms, whereas the 12 shared loci may correspond to
more universal mechanisms as part of a global stress response.

SbIII Resistance Genes. Although the mode of SbIII’s action against
Leishmania is poorly understood, mechanisms of resistance have
been extensively described and involve the modulation of SbIII de-
toxifying pathways (36, 37), altered uptake (19, 38), increased efflux
(39), and intracellular sequestration mediated by the ABC-thiol
transporter multidrug resistance protein A (MRPA) (37, 40–42). The
Cos-Seq screen for SbIII revealed 11 enriched cosmids (Fig. 2 and SI
Appendix, Fig. S6 and Table S3), all of which except LinJ.03b were
isolated for further characterization. On individual transfection into
WT L. infantum, all cosmids but one (LinJ.06a) induced a significant
upshift in SbIII EC50, ranging from 1.4-fold to 3.3-fold relative to
control (Table 1). There was good agreement between cosmid fold
enrichment and drug resistance level (Table 1 and SI Appendix, Fig.
S6B). The cosmid conferring the highest resistance level was derived
from chromosome 23 and contains the well-known resistance gene
MRPA (40) (Table 1). Two other cosmids enriched through SbIII
selection were derived from chromosomes 8 and 34 and contain the
LinJ.08.0630 (P299) and LinJ.34.0220 (ARM58) genes, respectively,
which have been implicated in SbIII resistance (43, 44) (Table 1).
As proof of principle for Cos-Seq, we sought to isolate at least

one new resistance gene for each drug tested. LinJ.12b was among
the most enriched cosmids in both gradual and plateau SbIII se-
lections (SI Appendix, Fig. S6B), and thus was selected for further
analysis. This cosmid encodes five full ORFs (LinJ.12.0590 to
LinJ.12.0630) (Table 1). On the independent overexpression of the
five ORFs in WT L. infantum, only LinJ.12.0610 induced levels of
SbIII resistance similar to those observed with the LinJ.12b cosmid
itself (Table 1). LinJ.12.0610 is a serine/threonine phosphatase
protein with a conserved protein phosphatase-2A (PP2A) domain
and two EF-hand motifs within a fused C-terminal domain (45),
which may relate to the known role of SbIII as a protein phos-
phatase inhibitor (46). Reactive oxygen species (ROS) induced on
cancer drug treatment have been shown to inactivate PP2A in
mammalian cells (47). Because antimonials are potent ROS in-
ducers in Leishmania (48), LinJ.12.0610 overexpression might al-
low the parasite to tolerate ROS produced on exposure to SbIII.

MTF Resistance Genes. The MTF Cos-Seq screen revealed 23
enriched loci (Fig. 2 and SI Appendix, Fig. S7 and Table S3), five of
which were common to selection with other antileishmanials (Fig. 2
and SI Appendix, Tables S3 and S4). Eight cosmids were individ-
ually isolated for characterization, seven of which imparted MTF
resistance between 1.7- and 3.2-fold (Table 1). MTF resistance is
an easily selected phenotype as a result of single-point mutations in
the MTF transporter (MT) (10, 21). The latter is a loss-of-function
event that would not be selected in the current screen. MTF is an
alkylphosphocholine that mainly interferes with alkyl-lipid metab-
olism, phospholipid biosynthesis, and membrane composition and
fluidity in Leishmania (49–51). Moreover, modification of lipid
membrane content has been described in MTF-resistant lines (52).
We found two genes, on cosmids LinJ.29b (LinJ.29.2250) and
LinJ.30 (LinJ.30.2270), that are associated with ergosterol bio-
synthesis and phospholipid translocation and might be candidates

Fig. 4. Identification of MTX resistance genes from Cos-Seq–enriched cosmids.
(A) Schematic overview of the cosmid recombineering approach. The parental
cosmid used as target for gene deletion is purified and transformed into E. coli
EL250. A PCR cassette containing 50-bp PTR1 flanking sequences fused to a CAT
selectable marker is introduced into the cosmid-transformed E. coli EL250 (Ma-
terials and Methods). The PTR1 gene on the parental cosmid is deleted by ho-
mologous recombination, and the recombined clones are recovered by selection
on chloramphenicol agar plates. AMP and HYG are selectable markers for am-
picillin and hygromycin B, respectively, and 5′DST and 3′13K are the 5′- and
3′-flanking regions of the DHFR-TS gene, respectively (23). (B) Southern blot
analysis of EcoRI-digested cosmids recovered after two rounds of selection and
analyzed with a PTR1 probe. Complete deletion of PTR1 was confirmed for each
recombinant cosmid clone tested. (C) Effect of MTX on growth kinetics of
L. infantumWTparasites transfectedwith parental cosmid LinJ.23 (circle) or with a
representative PTR1-null LinJ.23 cosmid (clone 5 in B) (triangle). Parasites trans-
fected with empty cLHYG vector served as controls (square). Data are the mean ±
SD of three biological replicates. (D) Chromosome 34 genes harbored by cosmid
LinJ.34 enriched in the Cos-Seq MTX screen. (E) Genes LinJ.34.2310 and
LinJ.34.2320 encoding phosphatase 2C-like proteins were subcloned into the
pSP72αHYGα plasmid and transfected in WT L. infantum for drug susceptibility
determination. The control lane shows parasites transfected with the empty
plasmid. TheMTX EC50 values (mean± SD) were determined from three biological
replicates and statistically analyzed using an unpaired two-tailed t test. **P ≤ 0.01.
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for MTF resistance. Indeed, the independent overexpression of
these genes in WT L. infantum induced 2.7-fold and 2-fold re-
sistance to MTF, respectively (Table 1).

AMB Resistance Genes. The AMB Cos-Seq selection yielded 31
enriched loci (Fig. 2 and SI Appendix, Fig. S8 and Table S3);
however, 11 of these loci underwent enrichment without applying
drug selection (SI Appendix, Fig. S5 and Table S3). Among the four
most enriched loci (from 16- to >600-fold) (SI Appendix, Fig. S8B),
only cosmid LinJ.26b conferred significant (albeit low-level) re-
sistance (Table 1). We combined cosmid recombineering and gene
overexpression to pinpoint the gene responsible for AMB re-
sistance. From the parental cosmid, we first generated two different
recombined cosmids, Δ2610–30 and Δ2640–60, each bearing three
contiguous gene deletions (Fig. 5A). On transfection into WT
L. infantum, only Δ2610–30 lost the AMB resistance phenotype
(Fig. 5B). We then individually overexpressed LinJ.26.2610,
LinJ.26.2620, and LinJ.26.2630, among which LinJ.26.2620 was
found to be solely responsible for AMB resistance conferred by the
cosmid LinJ.26b (Table 1). The hypothetical LinJ.26.2620 protein is
of unknown function and contains several transmembrane domains
and a secretory signal peptide, suggesting a plasma membrane lo-
cation, where it might interact with AMB (53).

PTD Resistance Genes. The PTD screen identified 21 enriched loci,
one of which was also enriched in the absence of PTD (Fig. 2 and
SI Appendix, Fig. S9 and Table S3). The gene encoding the ABC
transporter pentamidine resistance protein 1 (PRP1), which is
known to confer PTD resistance (18), was enriched as part of cosmid
LinJ.31b, and its role in resistance was confirmed by cosmid
recombineering (Fig. 5C). Cosmid LinJ.31b was seen in the plateau
selection scheme but not in gradual selection (SI Appendix, Fig.
S9B), suggesting that PRP1 is involved mostly in low-level PTD re-
sistance. LinJ.06b was the most enriched cosmid in gradual selection

(SI Appendix, Fig. S9B), and on retransfection in WT L. infantum, it
induced a 2.2-fold resistance to PTD (Table 1). This cosmid was also
enriched in the PMM and AMB screens (SI Appendix, Tables S3 and
S4). The region covered by LinJ.06b contains five genes overlapping
with cosmid LinJ.06c (SI Appendix, Table S3), which is also impli-
cated in PTD resistance (SI Appendix, Fig. S10). The independent
overexpression of these five genes identified LinJ.06.1010 as the
gene responsible for resistance to both PTD and PMM (Table 1).
LinJ.06.1010 encodes a protein of unknown function that contains
leucine-rich repeat domains. Further investigation should help to
elucidate the common involvement of LinJ.06.1010 in resistance to
these two drugs.

PMM Resistance Genes.A total of 21 enriched loci were obtained via
PMM selection, three of which were also selected in the drug-free
control (Fig. 2 and SI Appendix, Fig. S11 and Table S3). Six of the
18 loci specifically enriched by PMM selection were isolated on
chromosomes 6, 11, 17, 35, and 36 for further validation (SI Ap-
pendix, Fig. S11A). Of these, four conferred very high levels (≥20-
fold) of PMM resistance. We found that these cosmids encode the
neomycin phophotransferase marker NEO, a well-known marker of
PMM resistance (54). These NEO-encoding cosmids might have
arisen from the rare, incorrect ligation ofNEO gene fragments from
the cLHYG backbone (23) while generating the cosmid library.
The two remaining cosmids were derived from chromosomes 6
(LinJ.06b) and 36 (LinJ.36b), did not include the NEO marker, and
conferred bona fide PMM resistance (2.6-fold and 1.4-fold, re-
spectively) (Table 1). The LinJ.06.1010 gene derived from LinJ.06b,
with its leucine-rich repeat domain, was responsible for resistance to
both PMM and PTD (Table 1 and SI Appendix, Table S4).

Cos-Seq Detects Genomic Loci Associated with Cross-Resistance. Cos-
Seq highlighted 12 cosmids enriched by selection with at least two
antileishmanials (Fig. 2 and SI Appendix, Tables S3 and S4). A
subset of three of such shared cosmids (LinJ.06b, LinJ.26b, and
LinJ.36b) were isolated and individually transfected in WT L.
infantum for phenotype confirmation. As indicated above, LinJ.06b
contains a single gene (LinJ.06.1010), which is responsible for both
PTD and PMM resistance (Table 1 and SI Appendix, Table S4).
LinJ.26b was enriched in the AMB, PTD, and MTF screens and
conferred resistance to AMB and MTF on retransfection (Table 1
and SI Appendix, Table S4). We found that the gene LinJ.26.2620,
which encodes a putative membrane protein, is the determinant of
AMB (Table 1) but not of MTF resistance (SI Appendix, Table S4),
and thus cosmid LinJ.26b may contain at least two resistance genes.
Finally, LinJ.36b was enriched by AMB, PMM, and MTF selection,
and resistance to PMM and MTF was confirmed on LinJ.36b
retransfection in WT L. infantum (Table 1 and SI Appendix, Table
S4). Additional work is needed to pinpoint the gene(s) responsible
for the latter resistance phenotypes.

Genes Isolated by Cos-Seq Confer Resistance in Intracellular Amastigotes.
In this Cos-Seq proof of concept, we used the more tractable
promastigote stage of the parasite. We tested the capacity of a subset
of genes isolated by Cos-Seq to produce resistance in intracellular
amastigote parasites. The MRPA gene is known to confer resistance
to Pentostam, the SbV-containing drug (a prodrug that is reduced to
SbIII) in intracellular parasites (41), and this was further confirmed
here (SI Appendix, Fig. S12A). We also observed the ability of
LinJ34.0220, LinJ.29.2250, and LinJ.06.1010 to confer resistance to
SbV, MTF, and PMM, respectively, in intracellular parasites (SI
Appendix, Fig. S12 B–D) at levels similar to those observed with the
promastigote stage (Table 1).

Discussion
Our Cos-Seq method has led to identification of an unprecedented
number of resistance/target genes in the parasite Leishmania. Using
the model drug MTX, we enriched for a DHFR-TS–containing

Fig. 5. From cosmids to antileishmanial drug resistance genes. (A) Cosmid
recombineering applied to cosmid LinJ.26b, which confers AMB resistance. Two
segments of three consecutive genes at the 3′ end of cosmid LinJ.26b were in-
dependently replaced with a CATmarker, yielding recombined cosmids Δ2610–30
and Δ2640–60. Cosmid Δ2610–30 is deleted for the LinJ.26.2610, LinJ.26.2620, and
LinJ.26.2630 genes, and cosmid Δ2640–60 is deleted for the LinJ.26.2640,
LinJ.26.2650, and LinJ.26.2660 genes. (B) AMB EC50 ratio (candidate cosmid/empty
vector) for L. infantumWTparasites transfected with the parental cosmid LinJ.26b
or with its recombined derivative cosmids Δ2610–30 and Δ2640–60. Parasites
transfected with empty cLHYG served as controls. Data are the mean ± SD of two
independent experiments, each performed with five biological replicates and
statistically analyzed using an unpaired two-tailed t test. **P ≤ 0.01; ***P ≤ 0.001.
(C) Effect of PTD on the growth kinetics of L. infantum WT parasites transfected
with cosmid LinJ.31b (circle) and its PRP1-null derivative generated by cosmid
recombineering (triangle). The same strategy used for PTR1 deletion (Fig. 4A) was
used here for PRP1. Parasites transfected with empty cLHYG served as controls
(square). Data are the mean ± SD of three biological replicates.
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cosmid and ongoing Cos-Seq screens using drugs with known targets
(i.e., terbinafine, 5-fluorouracil, and ketoconazole) confirmed the
recovery of the relevant target genes by Cos-Seq. For the five
antileishmanials tested, we isolated many previously unidentified
genes. Additional work is needed to determine whether some of
these genes are genuine drug targets. It is conceivable that these
antiquated drugs act on multiple minor targets, which may corre-
spond to some of the cosmids identified via Cos-Seq. More specific
drugs are needed, and several active lead compounds are now
publicly available (55). The Cos-Seq technique could be used with
these new molecules to pinpoint their putative targets, which could
be helpful for further drug improvements. Some of the genes iden-
tified by Cos-Seq are clearly drug-resistance genes, however, such as
the ABC transporters MRPA and PRP1, whose implications in SbIII
and PTD resistance, respectively, are well established (18, 40).
Although overexpression of these proteins leads to a gain-of-

function resistance phenotype, Cos-Seq does not lend itself to
isolation of loss-of-function transporter mutations, such as for the
MTF transporter MT (10). Additional technical limitations asso-
ciated with Cos-Seq include the failure to detect nonprotein drug
targets or selection against specific regions whose overexpression
would be toxic. Some of the loci enriched by Cos-Seq were rep-
resented by single cosmids (Table 1), and having higher coverage
libraries also may increase the likelihood of isolating all of the
genes associated with a phenotype. To complement Cos-Seq, an
alternative strategy for detecting loss-of-function mutants such as
RNAi-based RIT-Seq developed for T. brucei (6) is likely needed.
Although Leishmania is RNAi-negative, this system is active in

its Viannia subgenus (8), and combining loss-of-function and gain-
of-function strategies might provide a major advancement toward
understanding drug/microorganism interactions. Cos-Seq nonethe-
less allows detection of indirect resistance mechanisms resulting
from drug transport alterations. For example, modification of
membrane lipid content has been described in MTF-resistant lines
(52), and the two genes characterized in the MTF Cos-Seq screen,
which pertain to ergosterol biosynthesis and phospholipid trans-
location, might well trigger MTF resistance via membrane fluidity/
permeability changes.
Our screens highlighted many candidate targets for SbIII, MTF,

and PTD action and/or resistance, but were less useful for PMM
selection because Cos-Seq spuriously captured the accidental
contamination of the cosmid library by NEO markers originating
from cLHYG vector fragments. The AMB screen revealed several
cosmids, but only one conferred a low resistance level. So far, only
one case of AMB resistance has been reported in clinical isolates
(56), and we found no evidence of AMB resistance in L. infantum
parasites derived from HIV patients after multiple courses of AMB
(57). Thus, AMB resistance indeed may represent a rare, unlikely
event in Leishmania, which is consistent with our difficulty in
finding AMB resistance genes by Cos-Seq. Interestingly, we have
identified several cosmids conferring resistance to at least two
antileishmanials. This could have resulted from the linkage of two
distinct genes on a single cosmid or from a single gene causing
resistance to multiple drugs, such as LinJ.06.1010. Although dif-
ferent antileishmanials might act via independent targets, common
effectors, such as ROS production, are clearly shared by various
drugs (48), and the genes isolated in this work indeed might include
resistance factors able to counteract generic cell death effectors.
Clinical drug resistance in Leishmania is restricted mostly to an-

timonials, for which a number of genes were found to correlate with
resistance (2, 3). The Cos-Seq screen using SbIII identifiedMRPA, a
gene found to be amplified in clinical isolates (37). The HSP83-1
protein was previously implicated in clinical resistance to SbIII (58),
and its gene was significantly enriched in the SbIII screen, but only at
early time points in the plateau selection and with a 3.1-fold en-
richment (i.e., below our cutoff of ≥16-fold), and thus was not
reported. This highlights the sensitivity of Cos-Seq and suggests that
more thorough analyses using less stringent exclusion criteria also

may yield relevant data. It is salient to point out that one of the main
mechanisms of antimonial resistance in clinical isolates is a loss of
function of AQP1 (59), which would not be captured by Cos-Seq.
In conclusion, using cosmid-based functional screening coupled

to next-generation sequencing, we have identified an unprecedented
number of drug resistance/target genes against all drugs currently
used to treat Leishmania. We also have provided a complete list of
genomic loci that are directly or indirectly linked to drug resistance,
pinpointing numerous putative drug resistance/target genes. We
have obtained a proof of concept for the Cos-Seq method using
promastigote parasites, whose handling is more experimentally
tractable, but have shown for a selection of genes that resistance is
also observed in the intracellular amastigotes. Cos-Seq is currently
adapted with intracellular parasites infecting macrophages, and
could even be applied in in vivo animal models. The Cos-Seq
method might apply not only to drug resistance, but also to the
screening of any selectable phenotype, and to organisms other than
Leishmania as long as they can replicate extrachromosomal ele-
ments. The screening of overexpression libraries has been described
for a plethora of organisms, and it would be relatively easy to revisit
such attempts with NGS, possibly expanding their outcome. As an
example, we have implemented a similar approach for identifying
genes that enable resistance to antibiotics in Escherichia coli and
found more genes than by conventional screening on agar plates,
including genes not known previously to be associated with antibi-
otics. Indeed, our experience has been for associating specific genes
to a given phenotype, NGS surpasses any previously used technique.

Materials and Methods
Experimental procedures are described in detail in SI Appendix.

Parasite Culture and Transfection.WT L. infantum (MHOM/MA/67/ITMAP-263)
parasites were maintained as promastigotes at 25 °C in SDM-79 or M199
medium supplemented with 10% (vol/vol) heat-inactivated FBS and 5 μg/mL
hemin. Leishmania promastigotes were transfected by electroporation as
described previously (32).

Cos-Seq Selection. Two biological replicates were included for each drug screen,
as well as for the control in the absence of drug. For each drug screen, cosmid-
harboring L. infantum parasites were thawed in 10 mL of the appropriate culture
medium and then incubated at 25 °C for 24 h. The culture was diluted into 50 mL
of the same medium supplemented with 600 μg/mL HYG and then incubated at
25 °C until reaching late-log phase (3–4 d). Parasites were further diluted 1:50 in
50mL of freshmedium containing 600 μg/mLHYG andMTX, SbIII, MTF, AMB, PMM,
or PTD at a concentration equal to the EC50 value of the respective drug, followed
by incubation at 25 °C. Parasite growth was monitored daily by measuring A600

until late-log phase was reached (SI Appendix, Fig. S4), whereupon a 1-mL aliquot
was transferred to 50 mL of fresh culture medium containing 600 μg/mL HYG as
well as the appropriate antileishmanial at 2× EC50. Another 10-mL aliquot of the
same culture at 1× EC50 was pelleted and stored at −80 °C, and the remaining
volume was used to extract the cosmid pool for Illumina sequencing (see below).

The same procedure was repeated by using a twofold increment of drug
concentration at each consecutive passage (gradual selection) or by passaging
the parasites at the same intermediary concentration (plateau selection) for
two or three additional rounds (SI Appendix, Table S2). In parallel, parasites
were grown in the sole presence of 600 μg/mL HYG (i.e., without any addi-
tional drug) for the same number of passages to monitor basal fluctuations in
cosmid abundance in the absence of antileishmanial-related selection.

Cosmid Extraction and Purification for Illumina Sequencing. Cosmids were
extracted from parasites by SDS/alkali lysis and phenol/CHCl3 extraction, followed
by RNase treatment. Leishmania has an unusual single mitochondrion con-
taining a compact DNA network (kinetoplastid DNA; kDNA) composed of
minicircles and maxicircles (60). These circular DNA molecules are copurified
with cosmids during SDS/alkali lysis and substantially contaminate the extracted
cosmid pools. These contaminating fragments were separated from the pool of
cosmids by electrophoresis on 1% low-melting point agarose gel, from which
high-molecular weight DNA cosmid bands of ∼50 kb were excised and purified.

Paired-End Sequencing Library Preparation. Here 50 ng of purified cosmid DNA
was used for paired-end library preparation using the Nextera DNA Sample
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Preparation Kit (Illumina) according to the manufacturer’s instructions, and
sequenced using an Illumina HiSeq system at a final concentration of 8 pM.

Genome Coverage and Quality Control. Reads from each sample were in-
dependently aligned to the L. infantum JPCM5 genome (tritrypdb.org/tritrypdb/)
(24) using BWA software (25). BAM files were processed with SAMStat (61) for
quality and mapping statistics. BEDTools (62) was used to convert from the BAM
format to the BED format.

Gene Enrichment Analysis.Genes enrichedby Cos-Seqwere detectedusing Trinity
software (28), which uses Bowtie (63) and RSEM (26) for aligning reads and
computing gene abundance, respectively. Enriched genes were clustered using
edgeR (27) (false discovery rate ≤0.001) and plotted using R scripts included in
the Trinity package. Only genes with a log2-fold change of ≥4 were retained.

Cosmid Recombineering. Cosmid recombineering, previously developed for
T. gondii (29), allows targeted gene deletions on cosmids guided by homologous

recombination in E. coli EL250. Cosmids were introduced into E. coli EL250
(a kind gift from Boris Striepen, University of Georgia, Athens, GA) by elec-
troporation as described previously (29). A PCR cassette covering the CAT gene
and pcat and pami promoters was amplified from the pEVP3 plasmid (64) for
chloramphenicol selection. The PCR primers (SI Appendix, Table S5) included
∼50-bp of flanking sequences derived from the targeted locus. The PCR cassettes
were electroporated into the appropriate cosmid-containing E. coli EL250 and
then spread onto plates containing 12.5 μg/mL chloramphenicol. Gene deletions
on recombined cosmids were confirmed by PCR and/or Southern blot analysis.
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