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Abstract
Paromomycin has recently been introduced for the treatment of visceral leishmaniasis and

emergence of drug resistance can only be appropriately judged upon its long term routine

use in the field. Understanding alterations in parasite behavior linked to paromomycin-resis-

tance may be essential to assess the propensity for emergence and spread of resistant

strains. A standardized and integrated laboratory approach was adopted to define and

assess parasite fitness of both promastigotes and amastigotes using an experimentally

induced paromomycin-resistant Leishmania donovani strain and its paromomycin-suscepti-

ble parent wild-type clinical isolate. Primary focus was placed on parasite growth and viru-

lence, two major components of parasite fitness. The combination of in vitro and in vivo
approaches enabled detailed comparison of wild-type and resistant strains for which no dif-

ferences could be demonstrated with regard to promastigote growth, metacyclogenesis, in
vitro infectivity, multiplication in primary peritoneal mouse macrophages and infectivity for

Balb/c mice upon infection with 2 x 107 metacyclic promastigotes. Monitoring of in vitro intra-

cellular amastigote multiplication revealed a consistent decrease in parasite burden over

time for both wild-type and resistant parasites, an observation that was subsequently also

confirmed in a larger set of L. donovani clinical isolates. Though the impact of these findings

should be further explored, the study results suggest that the epidemiological implications

of acquired paromomycin-resistance may remain minimal other than the loss of one of the

last remaining drugs effective against visceral leishmaniasis.
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Introduction
In the last decade, management of visceral leishmaniasis (VL) in the Indian subcontinent
became severely compromised by the mounting level of antimony (SbV) treatment failure [1].
To combat this widespread resistance and reduce the number of VL infections, the Kala-azar
elimination program was launched in India, Nepal and Bangladesh in 2005 [2]. In this pro-
gram, miltefosine (MIL) was listed as first-line alternative for SbV-treatment, whereas paromo-
mycin (PMM), which was licensed for VL in 2006, is now considered an attractive alternative
for SbV in combination therapy because of its well-defined efficacy and safety profile [3,4].
Although its use is yet still restricted, the lack of new drugs in the development pipeline will
certainly lead to a more regular application of PMM in the future. However, its efficacy should
be closely monitored as resistance may emerge once it will become more routinely used in the
field. Extensive exploratory work regarding PMM-resistance has already been carried out in
frame of the European Kaladrug-R project that aimed at identifying novel methods to monitor
and evaluate drug resistance in the field [5–7]. In depth study of PMM-resistance will contrib-
ute to manage its emergence or even reveal potential targets that might lead to the design of
novel drugs [8]. Linked to its recent introduction onto the market, PMM-resistant clinical iso-
lates have not yet been isolated, highlighting the need for proactive laboratory studies on
PMM-resistance. These should enable the characterization of underlying molecular resistance
mechanisms in combination with a better understanding of the phenotypic behavior of R para-
sites towards emergence and spreading potential [9]. Most current research generally aims to
identify genomic resistance markers as molecular resistance surveillance tools, but marker
identification and validation has proven to be a long and difficult process [10,11], among oth-
ers because of the complex and multifactorial nature of the phenomenon [12]. Complementary
to this, resistance can also be approached phenotypically where the influence of resistance on
apparent parasite fitness parameters like growth and infectivity are explored. The occurrence
of resistant parasites with characteristics for enhanced spread and virulence has already been
postulated for SbV-resistant [13–19] and MIL-resistant L. donovani strains [20]. Although fit-
ness is actually a complex interplay of many different factors influencing survival, reproduction
and transmission between hosts in a given environment [21,22], Leishmania parasite fitness is
especially influenced by its ability to reproduce (e.g. growth characteristics) and spread (e.g.
infectivity) to other hosts [9] and has mainly been studied on (easy cultivable) promastigotes
that must be considered as much less relevant compared to the intracellular amastigote stage
[9]. Furthermore, in vitro culture conditions such as nutrient availability, pH of the medium
and culture age have a large and often underestimated impact on phenotypic promastigote
behavior [23,24]. It is essential to focus on the intracellular amastigote stage whenever possible
[25]. When dealing with clinical isolates of which generally only promastigotes are available,
more standardization in study design must be considered [26].

The present laboratory study specifically aimed to establish a refined methodology to evalu-
ate parasite fitness on both (extracellular) promastigote and intracellular amastigote level (Fig
1) using 1/ flow-cytometry and microscopy to assess parasite growth/multiplication and 2/
metacyclogenesis and in vitro and in vivo infectivity to characterize virulence. This comple-
mentary set of assays was then applied for direct comparison of fitness of an experimentally
induced PMM-resistant (R) with its PMM-susceptible parent wild-type strain (WT) [5]. For
comparative evaluation of in vitro infectivity, a larger set of L. donovani strains was included
(see supplementary material).
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Materials and Methods

Ethical statement
The use of laboratory rodents was carried out in strict accordance to all mandatory guidelines
(EU directives, including the Revised Directive 2010/63/EU on the Protection of Animals used
for Scientific Purposes that came into force on 01/01/2013, and the declaration of Helsinki in
its latest version) and was approved by the ethical committee of the University of Antwerp, Bel-
gium (UA-ECD 2010–17 (18-8-2010).

Parasite strains
Since PMM has been assigned as replacement therapy in patients who no longer respond to
SbV, an isolate with Sb-resistant background was selected for experimental PMM-resistance
selection [5] and the subsequent fitness assays. The parent strain (MHOM/NP/03/BPK275/0)
was isolated from the bone-marrow of a Nepalese patient upon SbV-treatment failure, cloned
and typed as L. donovani based on CPB-PCR RFLP [27]. Promastigotes were routinely cultured
in T25 culture flasks containing 5 ml of HOMEMmedium (Invitrogen, UK) supplemented
with 10% heat inactivated fetal calf serum (iFCS). The same batch of medium was used for all
experiments. A selection of additional L. donovani strains was included to comparatively check
the in vitro intracellular growth characteristics (see supplementary material).

Animals
Female Balb/c mice (BW 20–25 g) were purchased from Janvier (France) and kept in quaran-
tine for at least 5 days before infection. Food for laboratory rodents and drinking water were

Fig 1. Overview of the different parameters studied for the evaluation of parasite fitness. Parasite fitness depends on three main factors: (1) growth or
multiplication, (2) virulence and (3) transmission. In order to assess these factors, parasite growth, metacyclogenesis and infectivity were explored using in
vitro and in vivo laboratory methods.

doi:10.1371/journal.pone.0140139.g001
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available ad libitum. The animals were randomly allocated to 2 experimental units of 6 animals
each.

Resistance induction
The induction of PMM-resistance at intracellular amastigote level has previously been
described [5]. The induced resistance was stable both after long-term cultivation of the pro-
mastigotes in vitro and after two successive in vivo passages in the hamster. After resistance
induction, the resulting population was cloned and the most resistant clone (cl-1) was selected
for the parasite fitness studies.

Flow cytometric assessment of promastigote growth
Growth curves were constructed to compare the in vitro growth profile of resistant (R) and sus-
ceptible wild-type (WT) promastigotes. Clustering promastigotes were separated by repeated
needle passage (21G x 1½”, 0.8 x 40mm, 25G x 5/8”, 0.5 x 16mm) and diluted in phosphate
buffered saline (PBS) for flow cytometric (FCM) counting, using a FACSCalibur1 flow cytom-
eter (BD Biosciences, NJ, USA) with addition of CountBright absolute counting beads (CB;
Molecular Probes1, OR, USA) as internal standard for quantification of the exact volume ana-
lyzed. All FCM samples were measured in duplo and further analyzed using the BD Cellquest-
Pro1 software. To establish the growth curve, promastigotes were inoculated in 5 ml HOMEM
at exact 5x105 promastigotes/ml with subsequent quantification of three biological replicates
every 24h. The average promastigote density for each time point was used to draw the growth
curves.

Morphological assessment of metacyclogenesis
Promastigote metacyclogenesis is pivotal for adequate infectivity in vitro and in vivo [28]. The
overall progression of this process is accompanied by typical morphological changes of the pro-
mastigote cell body whereby promastigotes are considered metacyclic when the flagella/cell
body length ratio exceeds 2 [13]. Every 24h, a drop of promastigote suspension was put on a
glass coverslip, fixed with methanol and stained with Giemsa. Promastigotes were visualized ad
random with bright field microscopy (Axiovert 200m1, Carl Zeiss) using the Zeiss Axiocam
MRm1. The cell body and flagella length of at least 50 promastigotes per sample were mea-
sured using the Axiovision1 software.

Microscopic evaluation of in vitro and in vivo infectivity
The in vitro infectivity of R andWTmetacyclics was comparatively evaluated by determination
of their maximal infection potential for macrophages [29]. Promastigotes at different phases in
their growth curve were counted by FCM and used to infect primary peritoneal mouse macro-
phages, adopting a 15/1 parasite/macrophage ratio. To correct for the variable number of dead
promastigotes, live/dead staining was carried out using the single-stain viability dye
TO-PRO1-3 iodide (Molecular probes1, OR, USA) [30]. Promastigote uptake was enhanced
by reducing the culture volume to 30 μl and macrophages were incubated at 37°C in 5% CO2

for 4 hours, after which 100 μl of macrophage medium was added to each well. The macro-
phages were fixed 24h post-infection with methanol and stained with Giemsa. At least 100
macrophages were evaluated to determine the average number of intracellular amastigotes per
macrophage and the percentage of infected macrophages.

To evaluate in vivo infectivity of promastigotes, for each strain 6 female Balb/c mice were
infected intracardially with 2 x 107 metacyclics. Their general health condition and body weight
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were monitored twice weekly although the infection with L. donovani remains subclinical. At
the peak of infection, estimated at twenty-eight days post-infection, all animals were eutha-
nized with a CO2 overdose and amastigote burdens in the target organs liver and spleen were
determined to compare peak organ burdens upon infection with R and WT parasites. The
organs of individual animals were weighed and impression smears were stained with Giemsa
for microscopic enumeration of the average number of amastigotes per cell by counting a mini-
mum of 500 nuclei. The results are expressed as Leishman-Donovan Units (LDU) [31]. The
viability of the amastigotes was qualitatively assessed using the promastigote back transforma-
tion assay by placing a small piece of spleen and liver tissue in HOMEM promastigote medium
at room temperature for up to 2 weeks.

Microscopic assessment of intracellular amastigote multiplication
Primary peritoneal mouse macrophages were collected from female Swiss mice, seeded in
96-well plates with 30,000 macrophages/well in 100 μl of RPMI-1640 (Invitrogen, UK) [32]
and infected 24 hours later with metacyclic promastigotes based on the criteria and quantified
by FCM as described above. Amastigote growth was evaluated by staining infected macro-
phages every 24h with Giemsa and determining the infection index according to the formula:

Infection index ¼ # amastigotes counted
total # macrophages counted

ð1Þ

To correct for differences in baseline infectivity, the infectivity 24h post-infection was used
as an internal baseline control (T0). Amastigote multiplication ratios were calculated using the
formula:

Amastigote multiplication ratio ¼ infection ratio at Tx

infection ratio at T0

ð2Þ

Statistical analysis
All statistical analyses were performed using Graphpad Prism version 4.00 software. Statistical
differences between WT and R parasites and between the different time points within one
group were determined using 2-way ANOVA with Bonferroni post-hoc comparisons for para-
site growth, parasite morphology and infection indices. Morphological and infection indices
intergroup comparison was done using non-parametric Friedman test followed by Dunn's
post-hoc comparisons. Tests were considered statistically significant if p<0.05 (�).

Results

Flow cytometric assessment of promastigote growth
The average promastigote density in culture was determined every 24h by FCM. Both WT and
R parasites behaved similarly in terms of in vitromultiplication (Fig 2). Under the stated cul-
ture conditions, promastigotes entered stationary phase after about 144h of cultivation.

Morphological assessment of metacyclogenesis
Every 24h of cultivation, flagellum and cell body of at least 50 promastigotes were measured for
determination of the flagellum/cell body ratio and promastigotes were considered fully meta-
cyclic if the ratio was>2. Based on the latter, metacyclogenesis started after 144h and reached
a maximum at 192h with about 80% of the promastigotes reaching the pre-set
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metacyclogenesis cut-off (Fig 3). Flagellum/cell body ratios were significantly different between
120h and 144h and between 168h and 192h of culture for both WT and R parasites. No signifi-
cant differences in morphology could be demonstrated between WT and R parasites.

Microscopic evaluation of in vitro and in vivo infectivity
When comparing promastigote infectivity after various cultivation periods (Fig 4), in vitro
infectivity indices reached a maximum after 144h of cultivation, hence coinciding with the

Fig 2. Promastigote growth curves of the paromomycin-susceptible wild type (WT) and its derived
paromomycin-resistant (R) Leishmania donovani strain. Promastigotes reach stationary phase after
144h of cultivation. No growth differences are observed betweenWT and R (p<0.05). Results are expressed
as the average ± the standard error of mean from three different experiments run in duplicate.

doi:10.1371/journal.pone.0140139.g002

Fig 3. Metacyclogenesis of promastigotes. Based on morphological evaluation, promastigote are
metacyclic after 192h in HOMEM culture. Differences between 120h and 144h and between 168h and 192h
are statistically significant (p<0.05) both for WT and R parasites. No significant differences in morphology are
demonstrated betweenWT and R parasites. Results are expressed as the average ± the standard error of
mean from three different experiments run in duplicate.

doi:10.1371/journal.pone.0140139.g003
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peak of metacyclogenesis. For all evaluated time points, there is no significant difference in
infectivity of WT and R parasites for primary peritoneal mouse macrophages. All infected
Balb/c mice remained without symptoms and in vivo parasite burdens at 28 dpi were very low
(Fig 5) since only few amastigotes were visible in the Giemsa-stained spleen and liver smears.
Although the observed differences between WT and R parasites were statistically relevant, no
firm conclusions can be drawn regarding in vivo virulence. The promastigote transformation
assays of the liver and spleen were positive for all infected mice within 7 days after autopsy.

Microscopic assessment of intracellular amastigote growth
After infection with optimal metacyclic promastigotes, the amastigote multiplication ratio was
calculated at 24h intervals (Fig 6). A rather consistent decline in initial intracellular parasite

Fig 4. Infectivity of WT and paromomycin-R promastigotes for primary peritoneal mouse
macrophages. Infection indices are highest after 144h of cultivation for both strains,. There is no significant
difference betweenWT and R for infectivity at the different time points (p>0.05). Results are expressed as the
average ± the standard error of mean from three different experiments run in duplicate.

doi:10.1371/journal.pone.0140139.g004

Fig 5. The average LDU in the liver of infected Balb/c mice at 28dpi. A significant difference was detected
betweenWT (# = 6) and R (# = 6) parasite infection rates in vivo (p<0.001). However, overall infection levels
were too low to draw well-founded conclusions on this observation. Infection levels were the result of three
independent repeats and are expressed as the average ± the standard error of mean.

doi:10.1371/journal.pone.0140139.g005
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burden was observed over time. To corroborate this observation, this assay was repeated for a
broader selection of L. donovani strains of various origin and with different drug susceptibility
profiles (Table A in S1 File). In addition to infection with metacyclic promastigotes, intracellu-
lar replication upon infection with ex vivo spleen-derived amastigotes (when available) was
evaluated as well. Upon infection with these ex vivo amastigotes, a consistent rise in intracellu-
lar parasite burden was observed (Figure A in S1 File).

Discussion
For over 60 years, SbV-treatment remained the first-line therapy for VL despite its association
with major drawbacks, such as parenteral treatment and severe adverse effects [33]. In addi-
tion, the therapeutic value of SbV has been jeopardized in endemic areas in India due to
increasing treatment failure rates [34], which actually led to the recommendation to switch to
other drugs such as amphotericin B deoxycholate, liposomal amphotericin B, miltefosine
(MIL) and paromomycin (PMM) [2]. As current treatment options are limited and no new
drugs may reach the market in the near future, existing therapeutics should be safeguarded
with particular attention for drug resistance avoidance. In 2006, the aminoglycoside antibiotic
PMM was licensed in India as a safe and affordable option for mono- and combination therapy
of VL [3,4,35]. Within the knowledge that resistance to aminoglycoside antibiotics can easily
be acquired in bacteria [36], there is ample reason to believe that emergence of PMM-resistance
in Leishmania should be monitored with vigilance. After all, recent laboratory results have
indicated that even in drug combinations, PMM-resistance can be fairly easily induced in vitro
both in amastigotes and promastigotes [5,37,38]. Although consistent PMM-resistance in clini-
cal isolates has not yet been reported probably because of the currently low drug pressure, the
increasing use of PMM will undeniably trigger selection for resistance in the field.

To tackle this problem proactively, experimentally selected PMM-resistant strains can be
used to unravel the potential impact on disease transmission and epidemiology. For example,
genetic modifications in resistant parasites can be explored to discover mutations responsible
for resistance, similar to the numerous studies that focused on genetic markers to monitor the

Fig 6. Amastigote growth of R andWT parasites in primary mousemacrophages after infection with
optimal metacyclic promastigotes. A consistent decline in amastigote burden is observed in time with a
statistical difference betweenWT and PMM-R parasites (p <0.05). Results are expressed as the
average ± the standard error of mean from three different experiments run in duplicate.

doi:10.1371/journal.pone.0140139.g006
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spread and emergence of SbV-resistant parasites [12,39–41]. On the other hand, it remains
very difficult to validate such markers particularly since resistance is complex and often multi-
factorial. For the latter reasons, drug resistance is also investigated phenotypically preferably by
comparing parasite behavior of susceptible wild-type (WT) and resistant (R) matched pairs.
Increasing attention is currently being given to parasite fitness, which is an estimation of the
parasite’s ability to reproduce and successfully transmit the disease. Development of drug resis-
tance may indeed impact on parasite fitness by causing a competitive cost or benefit to the
organism [42]. Generally, drug-resistant organisms tend to be less infective, less virulent or dis-
play a decreased transmission potential. In some organisms, e.g. inMycobacterium tuberculosis,
fitness is less affected [21]. More exceptionally, resistance may confer increased parasite fitness
as has been demonstrated for diverse set (no pair-matched) SbV-resistant L. donovani isolates
[13–19]. Remarkably, the latter finding apparently does not apply to other antileishmania
drugs or Leishmania species. For example, tunicamycin-resistant L.mexicana virulence did not
change in comparison to sensitive parasites [43,44] and amphotericin B-resistant L.mexicana
and glucantime-resistant L. guyanensis were clearly associated with a decrease in infectivity
[45,46]. However, it must be noted that comparing relative fitness between different Leish-
mania strains is complicated and to a certain extent inappropriate since each strain has its own
multifaceted characteristics and culture preferences. To guarantee a more accurate and valid
comparison between strains, a well-standardized methodology is pivotal as was adopted in the
present study where methodologies were used to standardize metacyclogenesis, parasite multi-
plication and infectivity using a matched pair of a PMM-susceptible parent WT strain and its
derived PMM-resistant strain induced on intracellular amastigotes [5]. Using a same strain
before and after resistance induction assures minimal genetic heterogeneity between both. Var-
ious additional measures were taken to rule out potential confounding parameters that are
non-related to parasite fitness. For example, the same batch of medium was used for all experi-
ments as it is well known that growth and differentiation can easily be influenced by the com-
position of the culture medium (e.g. pH and available nutrients) [23] and hence has an indirect
but significant impact on metacyclogenesis, infectivity and ensuing virulence. Since long-term
in vitromaintenance is known to decrease parasite virulence [34], the number of passages was
kept as low (<20) as possible for both strains to ensure a comparability throughout the course
of experiments. Because infectivity is strongly stage-dependent, the metacyclogenesis process
of both strains was accurately monitored, which included flagellum/cell body measurements
and assessment of host cell infectivity of stationary-phase promastigotes, taking viability into
account by using flow cytometric live/dead quantification after TO-PRO

1

-3 iodide staining
[30]. This way, initial infection ratios are the result of infections with equal numbers of viable
metacyclics, a correction that is rarely adopted in comparable infectivity studies in literature.

By implementing the above methodologies and criteria, no differences between R and WT
promastigotes could be revealed. Promastigote growth curves illustrate that both WT and R
parasites display an identical growth pattern and start to enter stationary phase and metacyclo-
genesis after about 144h (Fig 2). In addition, WT and R promastigotes show no difference in in
vitro infectivity, resulting in fully comparable intracellular amastigote burdens (Fig 4).
Although promastigote morphology changed significantly between 120h and 144h, the pre-set
cut-off value (>2) for metacyclogenesis was only reached after the second significant transfor-
mation between 168h and 192h. Of course, the pre-determined cut-off value is only an approx-
imate number based on existing literature [8] in addition to the fact that morphological
changes may most likely also be species-, population- and environment dependent. A more
remarkable observation was the consistent decrease in the intracellular amastigote burden over
time (Fig 6) which could also be observed in other L. donovani strains (see supplementary
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material), highlighting the obvious contrast between infection with metacyclic promastigotes
or ex vivo amastigotes.

Despite different attempts to optimize/stimulate amastigote growth in vitro, such as more
frequent renewal of the culture medium, no rise in parasite burden could be achieved. Accord-
ingly, also the in vivo infectivity resulted in quite low LDU’s (Fig 5). Although metacyclogenesis
was fully optimized within the context of the in vitro experiments, no satisfactory levels of
infection could be obtained in Balb/c mice. Although the passage number of the in vitro cul-
tures was kept as low as possible, intrinsic adaptation of the promastigotes to in vitro cultiva-
tion cannot be ruled out. Literature repeatedly mentioned loss of parasite virulence upon long-
and even short-term cultivation in vitro [47,48]. Similarly, laboratory strains that have been
maintained in vivo for a long time also exhibit difficulties to adapt to in vitro growth as promas-
tigote This may explain why infection of animals with spleen-derived amastigotes is generally
more successful compared to the use of in vitro grown metacyclic promastigotes. In the present
study, it was unfortunately not possible to use spleen-derived amastigotes from infected donor
animals because of the too low organ amastigote burdens (Fig 5).

Various research papers already documented that in vitro intracellular amastigote burdens
tend to decline in time rather than to increase, a phenomenon that is generally overlooked in
short-term assays [49–51]. However for drug screening purposes, the need for a dividing popu-
lation has clearly been pointed out [52].

Based on our in vitro and in vivo results with the PMM-susceptible and PMM-resistant
matched strains, no impact of resistance on parasite fitness could be demonstrated. These
results are further supported by the fact that after in vivo passage of the originally induced poly-
clonal population, amastigotes with both R and S-phenotypes could be harvested (data not
shown), endorsing that none of both phenotypes has overgrown the other. It is obvious that
the present observations in one matched pair of WT and R L. donovani required further valida-
tion on a larger sample set, including SbV-susceptible L. donovani, since Sb-resistance may
facilitate the ease of resistance development by modulation of the cell membrane and thus
potentially influence fitness outcome [53,54]. Preliminary results obtained upon comparison of
a PMM-susceptible clinical isolate with Sb-susceptible background and its experimentally
derived PMM-resistant isolate indicate no influence of the Sb-susceptibility background (data
not shown).

Our results differ from those where fitness was evaluated in strains where PMM-resistance
was induced on promastigotes. Resistant parasites revealed increased fitness compared to WT
and was reflected by enhanced membrane fluidity, decreased drug accumulation and increased
drug efflux by up-regulation of transporters related to drug resistance, such as MDR1 and
MRPA and finally an increased stimulation of host IL-10 levels [7]. Although this study deals
with a genetically different strain, these results obtained in amastigote- and promastigote-
induced resistant strains once again emphasize the pivotal importance of the selection method.
Noting that PMM-resistance could only be expressed at amastigote level leaving promastigotes
fully susceptible upon R-selection on intracellular amastigotes [5] strongly motivates for using
amastigote-based models whenever possible. Although laboratory-induced resistance can pro-
vide valuable insights into resistance mechanisms and potential consequences of resistance,
conclusions based on laboratory-resistance should nevertheless still be interpreted with great
caution until validation on large sets of field isolates becomes possible. Although more complex
and requiring specialized research facilities, future fitness studies should also consider includ-
ing the comparative assessment of the survival capacity and metacyclogenesis of drug-suscepti-
ble and -resistant parasites in the sandfly vector.
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Supporting Information
S1 File. Evaluation of intracellular amastigote replication for a selection of L. donovani
field isolates. Drug-susceptibility profile of the selected L. donovani field isolates to evaluate
intracellular amastigote replication (Table A). Intracellular growth curves of the L. donovani
field isolates and the reference lab strain. Using metacyclic promastigotes for infection, a
decline in initial (24h) intracellular amastigote burden was observed for all the L. donovani
strains tested. When ex vivo amastigotes (�) were used to infect host cells, a consistent increase
in parasite burden was observed (Fig A).
(DOCX)

Acknowledgments
The authors thank the collaborators at the B. P. Koirala Institute of Health Sciences in Dharan,
Nepal for providing the L. donovani strains. LMPH is a partner of the Antwerp Drug Discovery
Network (ADDN, www.addn.be).

Author Contributions
Conceived and designed the experiments: SH AL LM. Performed the experiments: SH AL AM.
Analyzed the data: SH AL PD LM. Contributed reagents/materials/analysis tools: SR BK JCD.
Wrote the paper: SH SR PC JCD LM.

References
1. Chakravarty J and Sundar S. Drug resistance in leishmaniasis. J Glob Infect Dis. 2010; 2(2):167–176.

doi: 10.4103/0974-777X.62887 PMID: 20606973

2. Gurunath U, Joshi R, Agrawal A, Shah V. An overview of visceral leishmaniasis elimination program in
India: a picture imperfect. Expert Rev Anti Infect Ther. 2014; 12(8):929–935. doi: 10.1586/14787210.
2014.928590 PMID: 24930676

3. Davidson RN, den Boer M, Ritmeijer K. Paromomycin. Trans R Soc Trop Med Hyg. 2009; 103(7):653–
660. doi: 10.1016/j.trstmh.2008.09.008 PMID: 18947845

4. van Griensven J, BalasegaramM, Meheus F, Alvar J, Lynen L, Boelaert M. Combination therapy for vis-
ceral leishmaniasis. Lancet Infect Dis. 2010; 10(3):184–194. doi: 10.1016/S1473-3099(10)70011-6
PMID: 20185097

5. Hendrickx S, Inocencio da Luz RA, Bhandari V, Kuypers K, Shaw CD, Lonchamp J et al. Experimental
induction of paromomycin resistance in antimony-resistant strains of L. donovani: outcome dependent
on in vitro selection protocol. PLoS Negl Trop Dis. 2012; 6(5):e1664. doi: 10.1371/journal.pntd.
0001664 PMID: 22666513

6. Hendrickx S, Boulet G, Mondelaers A, Dujardin JC, Rijal S, Lachaud L et al. Experimental selection of
paromomycin and miltefosine resistance in intracellular amastigotes of Leishmania donovani and L.
infantum. Parasitol Res. 2014; 113(5):1875–1881. doi: 10.1007/s00436-014-3835-7 PMID: 24615359

7. Bhandari V, Sundar S, Dujardin JC, Salotra P. Elucidation of cellular mechanisms involved in experi-
mental paromomycin resistance in Leishmania donovani. Antimicrob Agents Chemother. 2014; 58
(5):2580–2585. doi: 10.1128/AAC.01574-13 PMID: 24550335

8. Maltezou HC. Drug resistance in visceral leishmaniasis. J Biomed Biotechnol. 2010; 2010:617521. doi:
10.1155/2010/617521 PMID: 19888437

9. Natera S, Machuca C, Padron-Nieves M, Romero A, Diaz E, Ponte-Sucre A. Leishmania spp.: profi-
ciency of drug-resistant parasites. Int J Antimicrob Agents. 2007; 29(6):637–642. PMID: 17353113

10. Nuhs A, Schafer C, Zander D, Trube L, Tejera NP, Schmidt S et al. A novel marker, ARM58, confers
antimony resistance to Leishmania spp. Int J Parasitol Drugs Drug Resist. 2014; 4(1):37–47. doi: 10.
1016/j.ijpddr.2013.11.004 PMID: 24596667

11. Kazemi-Rad E, Mohebali M, Khadem-Erfan MB, Saffari M, Raoofian R, Hajjaran H et al. Identification
of antimony resistance markers in Leishmania tropica field isolates through a cDNA-AFLP approach.
Exp Parasitol. 2013; 135(2):344–349. doi: 10.1016/j.exppara.2013.07.018 PMID: 23928349

Impact of Paromomycin Resistance on Parasite Fitness

PLOS ONE | DOI:10.1371/journal.pone.0140139 October 15, 2015 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140139.s001
http://www.addn.be/
http://dx.doi.org/10.4103/0974-777X.62887
http://www.ncbi.nlm.nih.gov/pubmed/20606973
http://dx.doi.org/10.1586/14787210.2014.928590
http://dx.doi.org/10.1586/14787210.2014.928590
http://www.ncbi.nlm.nih.gov/pubmed/24930676
http://dx.doi.org/10.1016/j.trstmh.2008.09.008
http://www.ncbi.nlm.nih.gov/pubmed/18947845
http://dx.doi.org/10.1016/S1473-3099(10)70011-6
http://www.ncbi.nlm.nih.gov/pubmed/20185097
http://dx.doi.org/10.1371/journal.pntd.0001664
http://dx.doi.org/10.1371/journal.pntd.0001664
http://www.ncbi.nlm.nih.gov/pubmed/22666513
http://dx.doi.org/10.1007/s00436-014-3835-7
http://www.ncbi.nlm.nih.gov/pubmed/24615359
http://dx.doi.org/10.1128/AAC.01574-13
http://www.ncbi.nlm.nih.gov/pubmed/24550335
http://dx.doi.org/10.1155/2010/617521
http://www.ncbi.nlm.nih.gov/pubmed/19888437
http://www.ncbi.nlm.nih.gov/pubmed/17353113
http://dx.doi.org/10.1016/j.ijpddr.2013.11.004
http://dx.doi.org/10.1016/j.ijpddr.2013.11.004
http://www.ncbi.nlm.nih.gov/pubmed/24596667
http://dx.doi.org/10.1016/j.exppara.2013.07.018
http://www.ncbi.nlm.nih.gov/pubmed/23928349


12. Downing T, Imamura H, Decuypere S, Clark TG, Coombs GH, Cotton JA et al. Whole genome
sequencing of multiple Leishmania donovani clinical isolates provides insights into population structure
and mechanisms of drug resistance. Genome Res. 2011; 21(12):2143–2156. doi: 10.1101/gr.123430.
111 PMID: 22038251

13. Ouakad M, Vanaerschot M, Rijal S, Sundar S, Speybroeck N, Kestens L et al. Increased metacyclogen-
esis of antimony-resistant Leishmania donovani clinical lines. Parasitology. 2011; 138(11):1392–1399.
doi: 10.1017/S0031182011001120 PMID: 21819638

14. Vanaerschot M, Maes I, Ouakad M, Adaui V, Maes L, De Doncker S et al. Linking in vitro and in vivo
survival of clinical Leishmania donovani strains. PLoS One. 2010; 5(8):e12211. doi: 10.1371/journal.
pone.0012211 PMID: 20808916

15. Vanaerschot M, De Doncker S, Rijal S, Maes L, Dujardin JC, Decuypere S. Antimonial resistance in
Leishmania donovani is associated with increased in vivo parasite burden. PLoS One. 2011; 6(8):
e23120. doi: 10.1371/journal.pone.0023120 PMID: 21829701

16. Vanaerschot M, Decuypere S, Berg M, Roy S, Dujardin JC. Drug-resistant microorganisms with a
higher fitness—can medicines boost pathogens? Crit Rev Microbiol. 2012; 39(4):384–394. doi: 10.
3109/1040841X.2012.716818 PMID: 22950457

17. Guha R, Das S, Ghosh J, Sundar S, Dujardin JC, Roy S. Antimony resistant Leishmania donovani but
not sensitive ones drives greater frequency of potent T-regulatory cells upon interaction with human
PBMCs: role of IL-10 and TGF-beta in early immune response. PLoS Negl Trop Dis. 2014; 8(7):e2995.
doi: 10.1371/journal.pntd.0002995 PMID: 25032977

18. Mukherjee B, Mukhopadhyay R, Bannerjee B, Chowdhury S, Mukherjee S, Naskar K et al. Antimony-
resistant but not antimony-sensitive Leishmania donovani up-regulates host IL-10 to overexpress multi-
drug-resistant protein 1. Proc Natl Acad Sci U S A. 2013; 110(7):E575–E582. doi: 10.1073/pnas.
1213839110 PMID: 23341611

19. Mukhopadhyay R, Mukherjee S, Mukherjee B, Naskar K, Mondal D, Decuypere S et al. Characterisa-
tion of antimony-resistant Leishmania donovani isolates: biochemical and biophysical studies and inter-
action with host cells. Int J Parasitol. 2011; 41(13–14):1311–1321. doi: 10.1016/j.ijpara.2011.07.013
PMID: 21920365

20. Rai K, Cuypers B, Bhattarai NR, Uranw S, Berg M, Ostyn B et al. Relapse after treatment with miltefo-
sine for visceral leishmaniasis is associated with increased infectivity of the infecting Leishmania dono-
vani strain. MBio. 2013; 4(5):e00611–e00613. doi: 10.1128/mBio.00611-13 PMID: 24105765

21. Borrell S and Gagneux S. Infectiousness, reproductive fitness and evolution of drug-resistantMyco-
bacterium tuberculosis. Int J Tuberc Lung Dis. 2009; 13(12):1456–1466. PMID: 19919762

22. Orr HA. Fitness and its role in evolutionary genetics. Nat Rev Genet. 2009; 10(8):531–539. doi: 10.
1038/nrg2603 PMID: 19546856

23. Dey T, Afrin F, Anam K, Ali N. Infectivity and virulence of Leishmania donovani promastigotes: a role for
media, source, and strain of parasite. J Eukaryot Microbiol. 2002; 49(4):270–274. PMID: 12188216

24. Serafim TD, Figueiredo AB, Costa PA, Marques-da-Silva EA, Goncalves R, de Moura SA et al. Leish-
maniametacyclogenesis is promoted in the absence of purines. PLoS Negl Trop Dis. 2012; 6(9):
e1833. doi: 10.1371/journal.pntd.0001833 PMID: 23050028

25. Kima PE. The amastigote forms of Leishmania are experts at exploiting host cell processes to establish
infection and persist. Int J Parasitol. 2007; 37(10):1087–1096. PMID: 17543969

26. Maes L, Cos P, Croft S (2013) The relevance of susceptibility tests, breakpoints and markers. In:
Ponte-Sucre Alicia, Diaz Emilia, and Padrón-Nieves Maritza, editors. Drug Resistance in Leishmania
Parasites. Springer Vienna.p. 407–429.

27. Quispe Tintaya KW, Ying X, Dedet JP, Rijal S, De Bolle X, Dujardin JC. Antigen genes for molecular
epidemiology of leishmaniasis: polymorphism of cysteine proteinase B and surface metalloprotease
glycoprotein 63 in the Leishmania donovani complex. J Infect Dis. 2004; 189(6):1035–1043. PMID:
14999607

28. Sacks DL. Metacyclogenesis in Leishmania promastigotes. Exp Parasitol. 1989; 69(1):100–103. PMID:
2659372

29. da Silva R and Sacks DL. Metacyclogenesis is a major determinant of Leishmania promastigote viru-
lence and attenuation. Infect Immun. 1987; 55(11):2802–2806. PMID: 3666964

30. Kerstens M, Boulet G, Pintelon I, Hellings M, Voeten L, Delputte P et al. Quantification of Candida albi-
cans by flow cytometry using TO-PRO((R))-3 iodide as a single-stain viability dye. J Microbiol Methods.
2013; 92(2):189–191. doi: 10.1016/j.mimet.2012.12.006 PMID: 23266389

31. Stauber L (1955) Leishmaniasis in the hamster. In: Cole W.H., editors. Some Physiological Aspects
and Consequences of Parasitism. New Brunswisck, New Jersey: Rutgers University Press.p. 76–90.

Impact of Paromomycin Resistance on Parasite Fitness

PLOS ONE | DOI:10.1371/journal.pone.0140139 October 15, 2015 12 / 14

http://dx.doi.org/10.1101/gr.123430.111
http://dx.doi.org/10.1101/gr.123430.111
http://www.ncbi.nlm.nih.gov/pubmed/22038251
http://dx.doi.org/10.1017/S0031182011001120
http://www.ncbi.nlm.nih.gov/pubmed/21819638
http://dx.doi.org/10.1371/journal.pone.0012211
http://dx.doi.org/10.1371/journal.pone.0012211
http://www.ncbi.nlm.nih.gov/pubmed/20808916
http://dx.doi.org/10.1371/journal.pone.0023120
http://www.ncbi.nlm.nih.gov/pubmed/21829701
http://dx.doi.org/10.3109/1040841X.2012.716818
http://dx.doi.org/10.3109/1040841X.2012.716818
http://www.ncbi.nlm.nih.gov/pubmed/22950457
http://dx.doi.org/10.1371/journal.pntd.0002995
http://www.ncbi.nlm.nih.gov/pubmed/25032977
http://dx.doi.org/10.1073/pnas.1213839110
http://dx.doi.org/10.1073/pnas.1213839110
http://www.ncbi.nlm.nih.gov/pubmed/23341611
http://dx.doi.org/10.1016/j.ijpara.2011.07.013
http://www.ncbi.nlm.nih.gov/pubmed/21920365
http://dx.doi.org/10.1128/mBio.00611-13
http://www.ncbi.nlm.nih.gov/pubmed/24105765
http://www.ncbi.nlm.nih.gov/pubmed/19919762
http://dx.doi.org/10.1038/nrg2603
http://dx.doi.org/10.1038/nrg2603
http://www.ncbi.nlm.nih.gov/pubmed/19546856
http://www.ncbi.nlm.nih.gov/pubmed/12188216
http://dx.doi.org/10.1371/journal.pntd.0001833
http://www.ncbi.nlm.nih.gov/pubmed/23050028
http://www.ncbi.nlm.nih.gov/pubmed/17543969
http://www.ncbi.nlm.nih.gov/pubmed/14999607
http://www.ncbi.nlm.nih.gov/pubmed/2659372
http://www.ncbi.nlm.nih.gov/pubmed/3666964
http://dx.doi.org/10.1016/j.mimet.2012.12.006
http://www.ncbi.nlm.nih.gov/pubmed/23266389


32. da Luz RI, Vermeersch M, Dujardin JC, Cos P, Maes L. In vitro sensitivity testing of Leishmania clinical
field isolates: preconditioning of promastigotes enhances infectivity for macrophage host cells. Antimi-
crob Agents Chemother. 2009; 53(12):5197–5203. doi: 10.1128/AAC.00866-09 PMID: 19752271

33. Sundar S and Chakravarty J. Antimony toxicity. Int J Environ Res Public Health. 2010; 7(12):4267–
4277. doi: 10.3390/ijerph7124267 PMID: 21318007

34. Sundar S. Drug resistance in Indian visceral leishmaniasis. Trop Med Int Health. 2001; 6(11):849–854.
PMID: 11703838

35. Sundar S, Jha TK, Thakur CP, Sinha PK, Bhattacharya SK. Injectable paromomycin for Visceral leish-
maniasis in India. N Engl J Med. 2007; 356(25):2571–2581. PMID: 17582067

36. Mingeot-Leclercq MP, Glupczynski Y, Tulkens PM. Aminoglycosides: activity and resistance. Antimi-
crob Agents Chemother. 1999; 43(4):727–737. PMID: 10103173

37. Davis BD. Mechanism of bactericidal action of aminoglycosides. Microbiol Rev. 1987; 51(3):341–350.
PMID: 3312985

38. Garcia-Hernandez R, Manzano JI, Castanys S, Gamarro F. Leishmania donovani develops resistance
to drug combinations. PLoS Negl Trop Dis. 2012; 6(12):e1974. doi: 10.1371/journal.pntd.0001974
PMID: 23285310

39. Ait-Oudhia K, Gazanion E, Vergnes B, Oury B, Sereno D. Leishmania antimony resistance: what we
know what we can learn from the field. Parasitol Res. 2011; 109(5):1225–1232. doi: 10.1007/s00436-
011-2555-5 PMID: 21800124

40. Downing T, Stark O, Vanaerschot M, Imamura H, Sanders M, Decuypere S et al. Genome-wide SNP
and microsatellite variation illuminate population-level epidemiology in the Leishmania donovani spe-
cies complex. Infect Genet Evol. 2012; 12(1):149–159. doi: 10.1016/j.meegid.2011.11.005 PMID:
22119748

41. Vanaerschot M, Decuypere S, Downing T, Imamura H, Stark O, De Doncker S et al. Genetic markers
for SSG resistance in Leishmania donovani and SSG treatment failure in visceral leishmaniasis patients
of the Indian subcontinent. J Infect Dis. 2012; 206(5):752–755. doi: 10.1093/infdis/jis424 PMID:
22753945

42. Ait-Oudhia K, Gazanion E, Oury B, Vergnes B, Sereno D. The fitness of antimony-resistant Leishmania
parasites: lessons from the field. Trends Parasitol. 2011; 27(4):141–142. doi: 10.1016/j.pt.2010.12.003
PMID: 21216196

43. Kink JA and Chang KP. Biological and biochemical characterization of tunicamycin-resistant Leish-
mania mexicana: mechanism of drug resistance and virulence. Infect Immun. 1987; 55(7):1692–1700.
PMID: 3036710

44. Detke S, Chaudhuri G, Kink JA, Chang KP. DNA amplification in tunicamycin-resistant Leishmania
mexicana. Multicopies of a single 63-kilobase supercoiled molecule and their expression. J Biol Chem.
1988; 263(7):3418–3424. PMID: 2449440

45. Al-Mohammed HI, ChanceML, Bates PA. Production and characterization of stable amphotericin-resis-
tant amastigotes and promastigotes of Leishmania mexicana. Antimicrob Agents Chemother. 2005; 49
(8):3274–3280. PMID: 16048936

46. Gazola KC, Ferreira AV, Anacleto C, Michalick MS, Andrade AF, Moreira ES. Cell surface carbohy-
drates and in vivo infectivity of glucantime-sensitive and resistant Leishmania (Viannia) guyjanensis cell
lines. Parasitol Res. 2001; 87(11):935–940. PMID: 11728019

47. Ali KS, Rees RC, Terrell-Nield C, Ali SA. Virulence loss and amastigote transformation failure deter-
mine host cell responses to Leishmania mexicana. Parasite Immunol. 2013; 35(12):441–456. doi: 10.
1111/pim.12056 PMID: 23869911

48. Moreira D, Santarem N, Loureiro I, Tavares J, Silva AM, Amorim AM et al. Impact of continuous axenic
cultivation in Leishmania infantum virulence. PLoS Negl Trop Dis. 2012; 6(1):e1469. doi: 10.1371/
journal.pntd.0001469 PMID: 22292094

49. Baptista-Fernandes T, Marques C, Roos RO, Santos-Gomes GM. Intra-specific variability of virulence
in Leishmania infantum zymodeme MON-1 strains. Comp Immunol Microbiol Infect Dis. 2007; 30
(1):41–53. PMID: 17109961

50. Murray HW. Interaction of Leishmania with a macrophage cell line. Correlation between intracellular kill-
ing and the generation of oxygen intermediates. J Exp Med. 1981; 153(6):1690–1695. PMID: 7252424

51. Murray HW and Cartelli DM. Killing of intracellular Leishmania donovani by humanmononuclear phago-
cytes. Evidence for oxygen-dependent and -independent leishmanicidal activity. J Clin Invest. 1983; 72
(1):32–44. PMID: 6308049

52. Croft SL. In vitro screens in the experimental chemotherapy of leishmaniasis and trypanosomiasis.
Parasitol Today. 1986; 2(3):64–69. PMID: 15462773

Impact of Paromomycin Resistance on Parasite Fitness

PLOS ONE | DOI:10.1371/journal.pone.0140139 October 15, 2015 13 / 14

http://dx.doi.org/10.1128/AAC.00866-09
http://www.ncbi.nlm.nih.gov/pubmed/19752271
http://dx.doi.org/10.3390/ijerph7124267
http://www.ncbi.nlm.nih.gov/pubmed/21318007
http://www.ncbi.nlm.nih.gov/pubmed/11703838
http://www.ncbi.nlm.nih.gov/pubmed/17582067
http://www.ncbi.nlm.nih.gov/pubmed/10103173
http://www.ncbi.nlm.nih.gov/pubmed/3312985
http://dx.doi.org/10.1371/journal.pntd.0001974
http://www.ncbi.nlm.nih.gov/pubmed/23285310
http://dx.doi.org/10.1007/s00436-011-2555-5
http://dx.doi.org/10.1007/s00436-011-2555-5
http://www.ncbi.nlm.nih.gov/pubmed/21800124
http://dx.doi.org/10.1016/j.meegid.2011.11.005
http://www.ncbi.nlm.nih.gov/pubmed/22119748
http://dx.doi.org/10.1093/infdis/jis424
http://www.ncbi.nlm.nih.gov/pubmed/22753945
http://dx.doi.org/10.1016/j.pt.2010.12.003
http://www.ncbi.nlm.nih.gov/pubmed/21216196
http://www.ncbi.nlm.nih.gov/pubmed/3036710
http://www.ncbi.nlm.nih.gov/pubmed/2449440
http://www.ncbi.nlm.nih.gov/pubmed/16048936
http://www.ncbi.nlm.nih.gov/pubmed/11728019
http://dx.doi.org/10.1111/pim.12056
http://dx.doi.org/10.1111/pim.12056
http://www.ncbi.nlm.nih.gov/pubmed/23869911
http://dx.doi.org/10.1371/journal.pntd.0001469
http://dx.doi.org/10.1371/journal.pntd.0001469
http://www.ncbi.nlm.nih.gov/pubmed/22292094
http://www.ncbi.nlm.nih.gov/pubmed/17109961
http://www.ncbi.nlm.nih.gov/pubmed/7252424
http://www.ncbi.nlm.nih.gov/pubmed/6308049
http://www.ncbi.nlm.nih.gov/pubmed/15462773


53. Kothari H, Kumar P, Sundar S, Singh N. Possibility of membrane modification as a mechanism of anti-
mony resistance in Leishmania donovani. Parasitol Int. 2007; 56(1):77–80. PMID: 17169604

54. Berg M, Vanaerschot M, Jankevics A, Cuypers B, Maes I, Mukherjee S et al. Metabolic adaptations of
Leishmania donovani in relation to differentiation, drug resistance, and drug pressure. Mol Microbiol.
2013; 90(2):428–442. doi: 10.1111/mmi.12374 PMID: 24020363

Impact of Paromomycin Resistance on Parasite Fitness

PLOS ONE | DOI:10.1371/journal.pone.0140139 October 15, 2015 14 / 14

http://www.ncbi.nlm.nih.gov/pubmed/17169604
http://dx.doi.org/10.1111/mmi.12374
http://www.ncbi.nlm.nih.gov/pubmed/24020363

