












as a nonexosomal protein (36) as positive and negative controls,
respectively (Fig. 4A, middle and bottom).

We next tested if ARM58 is secreted as a free protein or is
surrounded by a membrane as part of a vesicle payload. We used
trypsin digestion in the presence or absence of the detergent Tri-
ton X-100 to see whether secreted ARM58 is protected against
proteolysis by a membrane. Figure 4B shows that overexpressed,
secreted ARM58 was protected against trypsin digestion but be-
came susceptible to proteolysis under Triton X-100-mediated
membrane disruption. Together, these results show that overex-
pressed ARM58 is part of the secretome and is surrounded by a
membrane, indicating vesicular export.

Leishmania exosomes are able to modulate the host immune
response by exporting parasite cytoplasmic proteins into the host
cell cytoplasm (35). We therefore tested whether ARM58 is part of
the L. donovani exosomes. For this, we isolated exosomes from the
culture supernatants of L. donovani following an establish proto-
col (36).

In addition to ARM58, we also overexpressed the product of
the neighboring ARM56 gene and the two domain-swapping vari-
ants, ARM58-DS and ARM56-DS.

We carefully examined the promastigotes by immunofluores-
cence microscopy for morphological integrity after collection of
the supernatant, to exclude the possibility of contamination of the

FIG 4 (A) Detection of ARM58 in L. donovani promastigotes and in the secreted protein fraction. L. donovani parasites transfected with pCLN or ARM58
transgenes were incubated for 2 h at 25° or 37°C in serum-free medium. After centrifugation, medium supernatants and sedimented cells were concentrated by
acetone precipitation and dissolved in SDS sample buffer, followed by SDS-PAGE and Western blotting. Immunological staining was performed with anti-
ARM58, anti-HSP90 (secreted fraction marker), and anti-HSL-U1 (nonsecreted) antibodies. (B) Testing of secretome proteins for sensitivity to trypsin in the
presence and absence of Triton X-100 detergent. Antibody detection was as described in the legend to panel A. (C) Antitubulin and DAPI staining of the
promastigotes after harvesting of exosomes from cell supernatant. Cells were fixed and stained, followed by fluorescence microscopy. k, kinetoplast; n, nucleus.
(D) Ultrastructure of the flagellar pocket of L. donovani promastigotes at 37°C, showing vesicles (V) in the flagellar pocket (FLP) and the flagellum (FL). (E)
Isolated exosomes visualized by negative staining and transmission electron microscopy. (F) Detection of ARM58 and ARM56 in exosomes. L. donovani with
pCLN, ARM58, ARM56, ARM58-DS, and ARM56-DS transgenes were incubated for 2 h in serum-free medium at 37°C. Culture supernatants were collected and
subjected to exosome enrichment. Exosome fractions were then treated with trypsin alone or a combination of trypsin and Triton X-100. Before and after trypsin
digestion, samples were precipitated with acetone, redissolved in SDS sample buffer, and analyzed by SDS-PAGE and Western blotting. Proteins were detected
with anti-ARM58, anti-ARM56, anti-HSP90 (exosomal marker), and anti-HSL-U1 (nonexosomal protein) antibodies. �/�, nondigested exosome prepara-
tions; �/�, exosome preparations subjected to trypsin proteolysis in the presence of Triton X-100 detergent; �/�, exosome preparations subjected to trypsin
proteolysis in the absence of Triton X-100 detergent.
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supernatant with cellular debris (Fig. 4C). We also performed
transmission electron microscopy on the heat-stressed promasti-
gotes to control the ultrastructure near the flagellar pocket. The
flagellar pocket was filled with exosome-like vesicles (Fig. 4D),
reflecting the increased release of exosomes at 37°C (36).

We further analyzed the exosome preparations by transmis-
sion electron microscopy. As seen in Fig. 4E, the exosomal fraction
consists of spherical, membranous particles of approximately 100
nm in diameter, typical for Leishmania exosomes (36).

Exosome preparations were subjected to trypsin proteolysis in
the presence and absence of Triton X-100 detergent and then an-
alyzed by SDS-PAGE and Western blotting. The blots were then
probed with anti-ARM58, anti-ARM56, HSP90, and anti-
HSL-U1 antibodies (Fig. 4F).

Mutants overexpressing ARM58 or ARM56 and domain swap
mutants thereof were detectable in the nondigested controls.
HSP90 was detected in the controls but was also detected after
trypsin digestion without Triton X-100 treatment, confirming its
status as an exosomal protein. HSL-U1 was not detectable at all in
any sample, showing that cytosolic proteins are largely absent
from the exosome preparations. Overexpressed ARM58 was pres-
ent in the exosome preparation and protected against trypsin
alone but not trypsin plus Triton X-100, confirming its localiza-
tion within membranous vesicles. Similarly, ARM56 was partly
protected against trypsin lysis in the absence of Triton X-100,
indicating at least partial vesicular localization. The ARM58-DS
mutants carrying the ARM56 third DUF1935 domain in place of
its own third domain showed a protection pattern similar to that
shown by ARM56, indicating partial vesicular localization. The
ARM56 with the third domain of ARM58, in contrast, showed the
same protection as ARM58 proper, confirming the important role
of the third domain for the protein’s function (18).

The results show that (i) both ARM58 and ARM56 are secreted
from L. donovani via vesicles similar to exosomes, (ii) ARM58 is
protected against trypsin more efficiently than ARM56, and (iii)
the third DUF1935 domain of ARM58 directs the protein to the
exosomal compartment.

Subcellular localization of ARM58 and ARM56. Previous
studies showed that an mCherry-ARM58 fusion protein expressed
in L. infantum localized to the flagellar pocket (18). Because we
knew that overexpressed ARM58 and ARM56 are released via exo-
somes and because we had specific antibodies, we decided to lo-
calize both proteins in wild-type L. donovani promastigotes and
axenic amastigotes. L. donovani promastigotes or axenic amasti-
gotes were fixed onto microscope slides with cold methanol. Fixed
cells were decorated with antitubulin (Alexa Fluor) combined
with anti-ARM58 or anti-ARM56 (FITC). DAPI was used to stain
the nucleus and kinetoplast (Fig. 5). Anti-ARM58 (FITC) showed
an almost exclusive localization in the flagellum and in the flagel-
lar pocket in the promastigotes. The same staining pattern was
observed in axenic amastigotes, where ARM58 was detected in the
rudimentary flagellum and in the flagellar pocket. The flagellar
localization may hint at additional functions of the protein in cell
motility or cytoskeletal structures.

In contrast, ARM56 was a cytoplasmic protein with no specific
localization in the cell but a higher abundance in the anterior half
of both promastigotes and axenic amastigotes.

ARM58 is specific to the genus Leishmania, but ARM56 has an
ortholog in T. cruzi with a predicted molecular mass of 55 kDa
(TcCLB.506407.50). We therefore performed indirect immuno-

fluorescence microscopy on T. cruzi Y strain sanguineous trypo-
mastigotes (Fig. 5, bottom). As expected, anti-ARM58 did not
recognize structures in T. cruzi, confirming the lack of an ARM58
ortholog in trypanosomes (17). Also as expected, anti-ARM56
staining showed a localization in the cytoplasm, similar to the
findings for Leishmania promastigotes. This confirms the exis-
tence of an ARM56 ortholog in T. cruzi and raises questions re-
garding its possible involvement there in therapy resistance.

In summary, we can confirm that (i) ARM58 is a specific pro-
tein in Leishmania spp., (ii) the protein is localized in the flagellum
and in the flagellar pocket, (iii) ARM56 is localized in the cyto-
plasm of L. donovani promastigotes and axenic amastigotes, and
(iv) an ortholog of ARM56 resides in the cytoplasm of T. cruzi
sanguineous trypomastigotes.

Hypodiploidity analysis in DNA. It is known that both milte-
fosine and antimony can cause DNA fragmentation in Leishmania
spp. as a prelude to cell death (41, 42). We wanted to know
whether ARM58 overexpression can protect L. donovani promas-
tigotes against the miltefosine- and/or SbIII-induced loss of DNA
content. For this, we cultivated L. donovani promastigotes carry-
ing pCLN or ARM58 transgenes with miltefosine or trivalent an-
timony. After 72 h, cells were fixed, stained with SYTOX, and
analyzed for DNA content by fluorescence-activated cell sorting.
Treatment of the control strain bearing the empty vector pCLN
with miltefosine (Fig. 6A) or SbIII (Fig. 6B) caused a marked in-
crease of cells with a DNA content of �2n, also known as hypo-
diploidity, to 59.5% and 44.4%, respectively. Overexpression of
ARM58 did not protect L. donovani against miltefosine-induced
hypodiploidity (52.4%; Fig. 6C). However, SbIII-induced cell
death was effectively prevented (8.05%) by ARM58 overexpres-
sion (Fig. 6D), underscoring the specificity of ARM58 as an anti-
mony resistance gene.

Quantification of cell death markers. It is known that both
miltefosine and SbIII can induce programmed cell death (PCD) or
necrosis (43–46). We used propidium iodide (PI) and annexin V
to stain promastigotes after miltefosine or SbIII exposure. The for-
mer is a non-membrane-permeant nucleic acid stain specific for
ruptured cells, and the latter decorates phosphatidylserine lipids
in the outer membrane leaf that indicate PCD. We tested whether
ARM58 overexpression can protect L. donovani promastigotes
from miltefosine- and/or SbIII-induced PCD and/or rupture. For
this, we cultivated L. donovani promastigotes (control and
ARM58�/�/� promastigotes) with miltefosine (80 �M) or SbIII

(400 or 800 �M) for 72 h. The cells were then stained with annexin
V or PI and analyzed by fluorescence-activated cell sorting. Treat-
ment of the control strain (pCLN) with miltefosine caused early or
late PCD in 45% of the cells (Table 1). Similar but weaker dose-
dependent effects were observed when the control promastigotes
were challenged with 400 �M and 800 �M SbIII. Overexpression
of ARM58 did not protect L. donovani against miltefosine-in-
duced cell death. In contrast, we observed a higher tolerance at 400
�M and 800 �M SbIII. With 400 �M SbIII, ARM58-overexpressing
cells were fully protected against PCD or rupture. However, with
800 �M SbIII, there was an increase of cells in early PCD (6.34%),
but no advanced PCD or cell destruction was observed. This find-
ing confirms our previous results where overexpression of ARM58
protects promastigotes against DNA fragmentation under SbIII

exposure but not under miltefosine challenge.
Cos-Seq analysis. ARM58 was identified by functional cloning

from a cosmid DNA library (17). Its neighboring gene, ARM56,
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was implicated in SbV resistance in this study. Neighboring these
two genes is the small heat shock protein gene HSP23, which was
also found to have an impact on SbIII sensitivity (19). This appar-
ent clustering of drug resistance genes at the telomeric end of
chromosome 34 may indicate a need for a synchronized gene copy
number regulation, e.g., by indirect repeat-directed episome for-
mation (47). Since this clustering is found in all Leishmania and
Viannia species, it cannot result from the relatively recent intro-
duction of antimonial drugs. Therefore, we performed a series of
functional cloning selections under challenge with a variety of
cytotoxic compounds.

L. infantum promastigotes were transfected with the DNA
from an L. infantum gDNA cosmid library (16). The recombinant
population was split and subjected to selection in duplicate with
SbIII, AsIII, Cu2�, Cd2�, and miltefosine at the respective growth-
inhibiting IC50. Control populations were maintained without
any selection or with G418 antibiotic selection. After 10 in vitro
passages, the selected parasites were harvested for cosmid DNA
reisolation. The cosmid preparations from each sample were used
for electroporation into E. coli to exclude Leishmania gDNA con-
taminations and recovered from the recombinant E. coli popula-
tions. The cosmid DNA samples were then subjected to fragmen-
tation and next-generation sequencing by a technique recently

described as Cos-Seq (48). The resulting sequence reads were
aligned to the L. infantum chromosome sequences to detect over-
representation of the chromosome 34 5= telomeric end, where
ARM58, ARM56, and HSP23 are encoded. Figure 7 shows the
distribution of aligned next-generation sequencing reads between
base pairs 30,000 and 90,000 of chromosome 34. In the unselected
sample (Fig. 7A), the region was represented with an average read
density of 2 times. After SbIII selection, coverage of the region
between base pairs 38,000 and 85,000 increased to 100 times (Fig.
7B). This region included all three genes of interest (GOIs). Selec-
tion under arsenite (AsIII), in contrast, did not result in any rep-
resentation of this gene locus in the selected cosmids (Fig. 7C).
Selection under divalent copper ions (Cu2�), known inducers of
the cellular stress response in higher eukaryotes (49, 50), resulted
in a marginally elevated representation of the GOIs in the selected
cosmids (Fig. 7D). No coverage representing a full cosmid was
observed after cadmium (Cd2�) (Fig. 7E) or miltefosine (Fig. 7F)
selection, confirming that ARM58 does not mediate miltefosine
resistance (18). Taken together, the results indicate that the three
GOIs implicated in stress and drug resistance are not markers for
general resistance to toxic substances but, rather, are specific for
antimony-induced and, possibly, for copper-induced cell stress.

FIG 5 Subcellular localization of ARM58 and ARM56. L. donovani promastigotes, L. donovani axenic amastigotes, and Trypanosoma cruzi trypomastigotes were
fixed and stained with anti-ARM58 or anti-ARM56 (green), DAPI (blue), and anti-alpha-tubulin (red). Images were taken with an epifluorescence microscope.
n, nuclei; k, kinetoplast.
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We also tested whether the GOIs are selected in intracellular
amastigotes under miltefosine or SbV selection. For this, bone
marrow-derived macrophages were infected with the cosmid-
bearing population of L. infantum for 24 h before a 48-h treatment
at the IC50 of miltefosine or SbV. Parasites were recovered from the
macrophages and grown as promastigotes under G418 selection
until stationary growth phase. The process was repeated twice for
a total of three selection rounds, after which cosmid DNA was
isolated from the triple-selected populations. Cosmids were pas-

saged through E. coli to exclude the possibility of Leishmania
gDNA contamination and then subjected to next-generation se-
quencing. Figure 7 shows the read frequency for cosmid DNA
inserts corresponding to positions 30,000 to 90,000 of chromo-
some 34 for cosmids selected by in vitro infection only (Ø selec-
tion; Fig. 7G), under miltefosine (Fig. 7H), or under SbV (Fig. 7I).
The graphs show a slight increase in the read frequency for the
cosmids selected under SbV. This was confirmed by statistical
comparison of the read frequencies for the region between posi-
tions 36,000 and 76,000, which includes the GOIs. As seen in Fig.
7J, the read frequency after miltefosine selection was barely ele-
vated with weak significance (P � 0.0319, two-tailed U test).
However, the median read frequency for SbV-selected cosmids
(median read frequency, 9.0) was 2-fold increased compared with
that for the control population (median read frequency, 4.0) (P �
0.0063, two-tailed U test). The results indicate that amplification
of the GOIs has a stronger effect on antimony resistance in axenic
promastigotes than in intracellular amastigotes, indicating that
resistance is directed against the active principle, SbIII. The pro-
tective effect for intracellular amastigotes may be masked by the
known ability of SbV to stimulate macrophage activity.

DISCUSSION

Contrary to predictions (18), ARM58 is not membrane associated
regardless of the expression levels. Obviously, the predicted trans-
membrane domain in the third DUF1935 is not functional, leav-
ing ARM58 as a soluble protein with a specific intracellular local-
ization near the flagellar pocket and in the flagellum itself. The
latter finding complements the findings of earlier work using an
overexpressed mCherry-ARM58 fusion protein (18). The related
ARM56, in contrast, shows a general cytoplasmic distribution.

Flagellar localization is also not a prerequisite for its function as
a detoxifying protein. As shown previously (18), the mCherry-
ARM58 fusion protein is not found in the flagellum, yet it protects
against SbIII.

Both ARM58 and ARM56 display electrophoretic mobility, in-
dicating a considerably larger protein: 80 kDa rather than the 58
kDa or 56 kDa calculated from their amino acid sequence. This
effect is not seen during nondenaturing pore gradient electropho-
resis, where ionization and net charge cannot influence the results.
Both proteins have an isoelectric point in the acidic range (pI 4.96

FIG 6 Hypodiploidity detection in L. donovani with pCLN or ARM58 trans-
genes after a 72-h challenge with 80 �M miltefosine (A,C) or 400 or 800 �M
trivalent antimony (B, D). Promastigotes were then stained with SYTOX and
subjected to FACS analysis to determine the DNA content. The bars indicate
the gates used, with the fraction size (%) being shown on the top.

TABLE 1 Quantification of cell death markersa

Sample no. Construct
Miltefosine
concn (�M)

SbIII concn
(�M)

% cellsb:

Annexin V�, PI� Annexin V�, PI� Annexin V�, PI� Annexin V�, PI�

1 pCLN 0 99.0 0 1 0
2 ARM58 0 99 0 0 1
3 pCLN 80 50.4 27.1 17.8 4.76
4 ARM58 80 36.80 33.30 26.70 3.16
5 pCLN 0 99 0 0.60 0
6 ARM58 0 99 0 0.60 0
7 pCLN 400 89.5 4.6 2.4 3.4
8 ARM58 400 97.3 0.6 1.2 1.0
9 pCLN 800 75.9 5.7 8.2 10.2
10 ARM58 800 90.6 6.3 1.6 1.5
a L. donovani promastigotes with pCLN or ARM58 transgenes were challenged with 80 �M miltefosine or 400 to 800 �M SbIII for 72 h. Cells were stained with the cell death
markers annexin V and propidium iodide (PI), and 10,000 events were analyzed by fluorescence-assisted cell sorting. Raw data can be found in Fig. S1 in the supplemental material.
b Annexin V-negative (annexin V�) and PI-negative (PI�) cells are viable, annexin V-positive (annexin V�) and PI-negative cells are in early PCD, annexin V-positive and
PI-positive (PI�) cells are in PCD, and annexin V-negative and PI-positive cells are ruptured.
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and pI 4.88, respectively). Similar apparent molecular mass aber-
rations in SDS-PAGE were reported in the past for other proteins;
e.g., the heat shock transcription factors of Saccharomyces cerevi-
siae (51) and Drosophila melanogaster (52) have calculated molec-
ular masses of 93 kDa and 77 kDa, respectively, and electropho-
retic mobilities corresponding to 150 kDa (53) and 115 kDa (54),
respectively, and their isoelectric points are also in the acidic range
at 4.63. This appears to be a general phenomenon (55).

Upon overexpression, we also found ARM58 in the L. donovani
secretome, more specifically, inside vesicular exosomes, along
with ARM56. Neither protein was detected in the exosome frac-
tion in earlier studies (35, 36, 56), confirming our observation that
only overexpressed ARM58 and ARM56 enter the exosomes and
thereby link overexpression, exosomal transport, and drug resis-
tance.

It is not uncommon for proteins associated with antimony
resistance to be found in the exosomal protein fraction. At least
four ABC transporter family proteins in L. major, F06.0080,
F15.0890, F27.0980, and F29.0620, are secreted in this way (36).
Another putative stibogluconate resistance protein in L. major
encoded by the genes F31.09320, F31.09330, F31.09350, and
F31.09360 is also exported via exosomes. Enzymes such as
trypanothione synthetase (L. major F27.1870) and trypanothione
reductase (L. major F05.0350) are also part of the exosome load
and involved in antimony metabolism. In addition to this, two
heat shock proteins that have been associated with antimony re-
sistance, HSP90 (57) and HSP70 (58), are also prominent in exo-
somes. Whether the exosomal transport of these proteins is func-
tionally related to their role as antimony resistance markers is a
question that remains to be solved.

Our in vitro infectivity results also showed that overexpression
of ARM56 can increase in vitro infectivity. This finding supports
earlier observations with field isolates of drug-resistant parasites,
where drug resistance and general fitness correlated (40).

Another interesting finding is that three genes involved in an-
timony tolerance, ARM58, ARM56, and HSP23, form a cluster at
the telomeric end of chromosome 34. The importance of ARM56
and HSP23 was overlooked in our earlier work that focused on the
SbIII tolerance of promastigotes and where we confirmed the role
of ARM58 only in an in vitro infection model (17, 18). ARM56 and
HSP23 were also implicated in SbV resistance through the use of in
vitro infection of BMMs in this study. While a function in anti-
mony tolerance of promastigotes was also described for HSP23
(19), ARM56 appears to exert its function only in intracellular
amastigotes, confirming the differences between SbIII tolerance in
promastigotes and the SbV resistance of intracellular amastigotes
(59).

Given that spontaneous gene amplification in Leishmania in-
volves recombination between repeat sequences in the genome
(47), the grouping of three genes involved in antimony resistance

I

J

FIG 7 Cos-Seq analysis of L. infantum carrying an L. infantum gDNA cosmid
library selected under standard growth conditions (Ø selection) (A) and with
antimonyl tartrate (SbIII) (B), sodium arsenite (AsIII) (C), copper acetate
(Cu2�) (D), cadmium acetate (Cd2�) (E), and miltefosine (F) at their IC50s.
The same transfected population was also used to infect bone marrow-derived
macrophages, which were selected by in vitro infection only (G), under milte-
fosine (H), or under sodium stibogluconate (SbV) (I). In vitro macrophage

passages under conditions of drug selection were repeated three times. Cosmid
DNA was recovered from all selected populations and subjected to next-gen-
eration sequencing. Sequence reads were then aligned with the sequence of L.
infantum chromosome 34. In panels A to I, the alignment frequency (y axis) is
plotted against chromosomal positions (x axis). (J) Scatter graph analysis of
alignment frequencies at positions 36000 to 75000 on chromosome 34 for
next-generation sequencing reads from selected intracellular amastigotes (G to
I). The black bars represent the median alignment frequencies. *, P � 0.05; **,
P � 0.01.
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might be seen as a way to ensure simultaneous amplification for
protection against various stresses. However, our Cos-Seq analysis
(Fig. 7) of the gene locus argues against this. Only selection under
SbIII and, to a much lesser extent, Cu2� favored the maintenance
of cosmids coding for the three genes. No such selection was ob-
served under challenge with another trivalent half metal, AsIII, nor
was it observed under selection with Cd2� or with the antileish-
manial drug miltefosine. This indicates a rather specific protective
effect and does not support the idea of a chemoresistance gene
cluster.

Cos-Seq analysis (48) of the locus after selection of intracellular
amastigotes under SbV and miltefosine showed that selection was
far less stringent. However, the 3 in vitro infection/selection cycles
of 48 h each and not more than 6 generations in total cannot be
expected to yield the same stringent selection as the in vitro selec-
tion of promastigotes over 30 days and 	60 generations. A part
may also be explained by the fact that SbV acts not only as a pro-
drug with SbIII as an effector but also by stimulating macrophages
into microbicidal activity (3). The latter effect of SbV would not be
affected by an SbIII-specific resistance marker, explaining the
weaker effect in the in vitro infection system observed here and in
previous work (17). Moreover, the analysis confirms the results in
Fig. 2. In both test systems, neither ARM58 nor its neighboring
genes protected against miltefosine treatment. A very recent paper
(48) describing a study using Cos-Seq to identify resistance
marker genes in Leishmania also showed strong selection of the
triple-gene locus under SbIII but not under miltefosine, confirm-
ing our findings presented in this and in earlier (17) papers.

We observed an unusual electrophoretic mobility of ARM58
and ARM56 in denaturing SDS-polyacrylamide electrophoresis.
This was not due to posttranslational modifications, since (His)10-
ARM58 expressed in E. coli showed the same mobility. Moreover,
the same proteins migrate with Stoke’s radii corresponding to
�65 kDa in nondenaturing electrophoresis, i.e., corresponding to
their predicted molecular mass. This analysis also shows that nei-
ther ARM58 nor ARM56 is part of stable multisubunit protein
complexes. It is also interesting that the third DUF1935 domain of
ARM58 largely determines the specificity of anti-ARM58 antibod-
ies, hinting at a highly immunogenic structure. Cysteine side
chains have been reported to be involved in chelation of half met-
als (39). Three cysteine residues conserved between ARM58 and
ARM56 were replaced with serines, singly or in combination.
While the single exchanges caused a partial loss of activity, the
triple amino acid exchange showed no further reduction, indicat-
ing that sequestration via cysteine side chains is not essential for
ARM58 function in antimony resistance.

We could also show that ARM58 is not a general antagonist of
antimony-induced PCD. Rather, the protection against cell death
was specific for SbIII and did not extend to PCD induced by milte-
fosine. This ties in with the known effect of ARM58 overexpres-
sion in lowering the intracellular antimony concentration (18).

We have repeatedly attempted to replace the two ARM58 al-
leles from the L. infantum and L. donovani genomes, using both
classical, two-step gene replacement (38, 60) and simultaneous,
double-allele gene replacement (61) approaches. No viable dou-
ble-allele gene replacement mutants were obtained either in the
presence or in the absence of a functional ARM58 transgene (D.
Zander, unpublished data; P. Tejera Nevado, unpublished data).
Therefore, the question whether ARM58 is an essential gene will
require novel, inducible mutagenesis approaches, such as an ap-

plication of a clustered regularly interspaced short palindromic
repeat/caspase 9 gene deletion (62) or dimerizable Cre recombi-
nase-mediated recombination (63).

Another important question still open is the impact of ARM58,
ARM56, and HSP23 on therapeutic failure in the field. Here, a
collaborative effort to quantify resistance gene expression in field
samples of L. infantum has been initiated.
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