
RESEARCH ARTICLE

Arginase expressionmodulates nitric oxide

production in Leishmania (Leishmania)

amazonensis

Stephanie Maia Acuña☯, Juliana Ide Aoki☯, Maria Fernanda Laranjeira-Silva, Ricardo

Andrade Zampieri, Juliane Cristina Ribeiro Fernandes, Sandra Marcia Muxel*, Lucile
Maria Floeter-Winter*

Departamento de Fisiologia, Instituto de Biociências, Universidade de São Paulo, São Paulo, Brazil

☯ These authors contributed equally to this work.
* lucile@usp.br (LMFW); sandrammuxel@usp.br (SMM)

Abstract

Background

Arginase is an enzyme that converts L-arginine to urea and L-ornithine, an essential sub-

strate for the polyamine pathway supporting Leishmania (Leishmania) amazonensis replica-

tion and its survival in the mammalian host. L-arginine is also the substrate of macrophage

nitric oxide synthase 2 (NOS2) to produce nitric oxide (NO) that kills the parasite. This com-

petition can define the fate of Leishmania infection.

Methodology/Principal findings

The transcriptomic profiling identified a family of oxidoreductases in L. (L.) amazonensis

wild-type (La-WT) and L. (L.) amazonensis arginase knockout (La-arg-) promastigotes and

axenic amastigotes. We highlighted the identification of an oxidoreductase that could act as

nitric oxide synthase-like (NOS-like), due to the following evidences: conserved domain

composition, the participation of NO production during the time course of promastigotes

growth and during the axenic amastigotes differentiation, regulation dependence on argi-

nase activity, as well as reduction of NO amount through the NOS activity inhibition. NO

quantification was measured by DAF-FM labeling analysis in a flow cytometry.

Conclusions/Significance

We described an arginase-dependent NOS-like activity in L. (L.) amazonensis and its role in

the parasite growth. The increased detection of NO production in the mid-stationary and late-

stationary growth phases of La-WT promastigotes could suggest that this production is an

important factor to metacyclogenesis triggering. On the other hand, La-arg- showed an earlier

increase in NO production compared to La-WT, suggesting that NO production can be argi-

nase-dependent. Interestingly, La-WT and La-arg- axenic amastigotes produced higher lev-

els of NO than those observed in promastigotes. As a conclusion, our work suggested that

NOS-like is expressed in Leishmania in the stationary growth phase promastigotes and
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amastigotes, and could be correlated to metacyclogenesis and amastigotes growth in a

dependent way to the internal pool of L-arginine and arginase activity.

Introduction

Leishmaniasis is an important neglected tropical disease caused by the protozoa from Leish-

mania genus [1,2]. The infection caused by L. (L.) amazonensis can generate cutaneous and/or

diffuse cutaneous manifestations [1,2]. This parasite has a dimorphic life cycle: the procyclic

promastigote form can be found in the mid-gut of the phlebotomine sand fly; the metacyclic

promastigote can be found in the insect foregut and stomodeal valve and corresponds to the

infective form; and the amastigote form can be found into macrophages of the mammalian

host [3,4]. Leishmania has a complex metabolic arsenal to enable its survival, replication and

differentiation in different environments of both invertebrate and vertebrate hosts [3–5].

In L. (L.) amazonensis (La-WT), the L-arginine uptake is mediated by the amino acid per-

mease 3 (AAP3) [6], then metabolized by arginase to produce urea and ornithine, being this

last a substrate of polyamine pathway [7,8]. The availability of L-arginine and arginase activity

is essential for the survival of Leishmania inside both invertebrate and mammalian hosts [9–

12]. Additionally, L. (L.) amazonensis harbors NOS-like activity, producing NO [13–17]. L-

arginine availability can interfere in the half-life of AAP3 transcripts, increasing the stability

of the transporter and L-arginine uptake in L. (L.) amazonensis promastigotes [6]. The absence

of arginase activity in L. (L.) amazonensis arginase knockout (La-arg-) leaded to an increase in

L-arginine and citrulline levels and decrease in proline, ornithine and putrescine levels [18].

The availability of L-arginine and arginase influence the survival of Leishmania in axenic con-

ditions and inside its mammalian host [9–12,19–22].

NOS is an oxidoreductase enzyme that catalyzes the conversion of L-arginine and molecu-

lar oxygen into L-citrulline and NO, using NADPH, heme, FAD, FMN and tetrahydro-L-biop-

terin (BH4) as cofactors, producing Nω-hydroxy-L-arginine (OH-arginine or NOHA), an

intermediate product that is oxidized into citrulline with the release of NO [23–25]. In mam-

malian cells, the amplitude and concentration of NO are dependent on the NOS isoform activ-

ity and its cellular/tissue distribution [24–26]. Many NO functions have been described as

directly dependent on its concentration in different tissues [26,27]. In mammals, NO regulates

synapses (nNOS or NOS1), promotes the killing of pathogens (iNOS or NOS2) and modulates

vascular smooth muscle contraction (eNOS or NOS3) [26], among other functions. In addi-

tion, other organisms such as plants can produce NO during germination and flowering [28].

NO production has also been described in Trypanosomatidae parasites. Paveto’s group

(1995) purified a calcium-dependent NOS from Trypanosoma cruzi and demonstrated an L-

arginine conversion to NO and L-citrulline [29], similar to neuronal-NOS (nNOS or NOS1)

from mammalian cells [24]. Piacenza (2001) showed a NOS-dependent NO production and its

role in suppressing T. cruzi apoptosis [30]. Pereira (2015) showed NOS activity, citrulline and

NO production in T. cruzi and reduction in NO production during contact with the extracellu-

lar matrix of host cells [31]. Leishmania species also presents an enzyme that produces citrul-

line and NO [6,13,14,16–18,20]. The first demonstration of Leishmania-NOS-like protein was

described by Basu (1997) for L. (L.) donovani [32]. Later, a NOS-like activity was also described

for L. (L.) amazonensis, L. (V.) braziliensis and L. (L.) infantum chagasi [13–15,33]. A transcrip-

tomic profiling of L. (L.)mexicana showed the presence of a NOS-like (LmxM.19.1450.1, EC
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1.14.13.39), an enzyme with similar levels in promastigotes, and in both macrophage-derived

and axenic amastigotes [34].

Based on RNA-seq data, here we identified a family of putative oxidoreductases in La-WT

and La-arg- differentially expressed when we compared La-WT vs. La-arg- promastigotes and

La-WT promastigotes vs. axenic amastigotes, as well a NOS-like gene expression, validated by

qPCR. These findings indicated that NO production could be related to the parasite growth

phase and to arginase activity. The quantification of NO production in the promastigote

growth curve and in axenic amastigote forms of La-WT, La-arg- and the arginase addback

(La-arg-/+ARG) revealed increased detection in the mid- to late-phase of the parasite growth.

The absence of arginase activity induced early NO production compared with La-WT. The

inhibition of NOS activity reduced NO amount and the frequency of metacyclic forms. Axenic

amastigotes produced around 10-fold increased amount of NO compared with La-WT pro-

mastigotes, but the absence of arginase activity reduced NO production in both forms. Alto-

gether, these data indicated a possible biological role for NO in parasite differentiation

signaling.

Methods

Leishmania culture

La-WT (MHOM/BR/1973/M2269) promastigotes were maintained in culture at 25˚C by inoc-

ulating 5x105 cells/mL in 10 mL of M199 medium, supplemented with 10% fetal bovine serum

(FBS; Gibco, South America), 5 ppm hemin, 100 μM adenine, 100 U penicillin, 100 μg/mL

streptomycin, 40 mMHEPES-NaOH and 12 mMNaHCO3, at pH 7.0, for a week-long culture

at low passages (P1- 5). La-arg- promastigotes were maintained in the same M199 medium

supplemented, as described above, with addition of 30 μg/mL hygromycin B, 30 μg/mL puro-

mycin (Sigma, St. Louis, MO, USA) and 50 μM putrescine (Sigma, St. Louis, MO, USA) [20].

La-arg-/+ARG was maintained in the same medium of La-arg- with addition of 20 μg/mL

phleomycin [20].

The growth curve was performed starting from an initial inoculum of 5x105 cells/mL from

stationary growth phase, and then the number of parasites was determined using a Coulter Z1

particle counter (Beckman, Fullerton, CA, USA), on days 3, 5, 7 and 9.

Axenic amastigote differentiation

Mid-logarithmic growth phase promastigotes of La-WT, La-arg- or La-arg-/+ARG (5x106,

each) were transferred to 10 mL of M199 medium supplemented as described above at pH 5.5

and maintained at 34˚C. After 4 days of differentiation, amastigotes were flushed 5 times using

a 22G syringe needle, washed twice with PBS (950 x g, 10 min, 4˚C) and counted in Neubauer

chamber [35,36].

NOS/NO inhibition assays

For analysis of differentiation of procyclic to metacyclic promastigote forms, promastigotes of

La-WT and La-arg- at day 3 or 5 of culture were treated with 10 mM of ω-nitro-L-arginine

methyl ester (L-NAME, NOS inhibitor) and/or 100 μM of 2-(4-Carboxyphenyl)-4,4,5,5-tetra-

methylimidazoline-1-oxyl-3-oxide (cPTIO, NO scavenger) for two days in M199 medium, as

described above, at 25˚C. Next, the frequency of metacyclic forms was analyzed by flow

cytometry.

For analysis of NO production during amastigotes differentiation, mid-logarithmic growth

phase promastigotes of La-WT and La-arg- were differentiated to amastigotes as described

Nitric oxide production in Leishmania amazonensis
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above, with 10 mM of L-NAME and/or 100 μM of cPTIO at days 0 or day 2 of culture and at

day 4 of culture NO production was analyzed.

Total RNA isolation and library construction

Total RNA from La-WT and La-arg- promastigotes and axenic amastigotes was isolated using

TRIzol reagent (Life Technologies, Carlsbad, CA, USA), according to the manufacturer’s

instructions. RNA samples were treated with DNase I (Thermo Scientific, Lithuania, EU), and

the RNA concentration was determined by spectrophotometry (Nanodrop ND1000, Thermo

Scientific, USA). In addition, the RNA integrity was evaluated using an Agilent 2100 Bioanaly-

zer and Pico Agilent RNA 6000 kit (Agilent Technologies, Santa Clara, CA, USA), according

to the manufacturer’s instructions. Library preparations from three independent biological

replicates were performed using Strand-specific TrueSeq RNA-seq Library Prep (Illumina),

according to the manufacturer’s instructions.

RNA-seq and data analysis

Paired-end reads (125 bp) were obtained using the Illumina HiSeq 2000 platform at the Nor-

wegian Sequencing Centre at the University of Oslo. Trimmomatic was used to remove the

Illumina adapter sequences [37]. The quality of the produced data was analyzed using FastQC

by the Phred quality score [38]. Reads with Phred quality scores lower than 20 were discarded.

The reads were aligned to the L.mexicana (MHOMGT2001U1103) genomic data obtained

from TriTrypDB (www.tritryp.org) using TopHat [39,40]. Thereafter, read mapping was per-

formed for transcript assembly using Cufflinks [41]. After assembly, the abundance of tran-

scripts was calculated as the Fragments Per Kilobase of transcript per Million mapped reads

(FPKM), which reflects the abundance of a transcript in the sample by normalization of the

RNA length and the total read number [42]. Differentially expressed gene analysis was per-

formed on four comparison pairs (La-WT promastigotes vs. La-arg- promastigotes; La-WT

axenic amastigotes vs. La-arg- axenic amastigotes, La-WT promastigotes vs. La-WT axenic

amastigotes; La-arg- promastigotes vs. La-arg- axenic amastigotes) [43].

RT-qPCR

Reverse transcription was performed using 2 μg of total RNA as a template, reverse transcrip-

tase and random primers (Revertaid H minus Reverse Transcriptase kit, Thermo-Scientific,

Canada), according to the manufacturer’s instructions. Equal amounts of cDNA were assessed

in duplicates in a total volume of 25 μL containing LuminoCt SYBR Green qPCR ReadyMix

(SigmaAldrich, St Louis,MO, USA) and the following primers (200 nM): NOS-L_F 5´- aca
gcgactccaaaccttcc—3́ , NOS-L_R 5´- gggacctgtttcagaggacg -3´, GAP
DH_F 5´-tcaaggtcggtatcaacggc-3´, GAPDH_R 5´-tgcaccgtgtcgtacttc
at-3´, amastin-like (LmxM.33.0960)_F, 5´-ggagcgctacttcagctatgga-3´, amastin-

like_(LmxM.33.0960)_R, 5´-cggatcatcaataagacgatgttg-3´, amastin-like (LmxM.08.

0800)_F 5´-agttcctcgcgtttctctttgt-3´, amastin-like (LmxM.08.0800)_R 5´ggcac
tgtgtactggcaaacc-3 ,́ amastin-like (LmxM.08.0760)_F 5´-cggctgccttttgctgt
act-3´ and amastin-like (LmxM.08.0760)_R 5´-cagacaacgcaagctgtg aca-3´. The
mixture was incubated at 94˚C for 5 min, followed by 40 cycles at 94˚C for 30 s and 60˚C for 30

s. Reactions were carried out using an PikoReal 96 RealTime PCR System (Thermo Scientfic, Fin-

land). A negative control without reverse transcriptase was included in RT-qPCR assays to certify

no contamination with DNA in RNA samples. A non-template control was included in all qPCR

plates. The Fold Change of the target genes (nosL and amastins-like) and reference gene (gapdh)

were quantified in three to six biological replicate samples, using a relative quantification.

Nitric oxide production in Leishmania amazonensis
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Quantification of NO production

Parasites were washed twice with PBS (1479 x g, 10 min, 4˚C) and were incubated with 1 μM

DAF-FM (4-amino-5methylamino-2’,7’-difluorofluorescein diacetate) (Life Technologies,

Eugene, OR, USA) in PBS for 30 min at 25˚C or 34˚C for promastigotes and axenic amasti-

gotes, respectively. Next, the cells were washed with PBS and were labeled with 1 ng/mL propi-

dium iodide (PI) to analyze cell viability. Fluorescence acquisition was performed using a

FACSCalibur (BD, Franklin Lakes, NJ, USA), and the collected data were analyzed using

FlowJo Software (LLC, Ashland, OR, USA). The frequency of DAF-FM-positive cells and the

mean fluorescence intensity (MFI) of DAF-FM-labeled cells (FL1 detector) were analyzed in

viable cells (PI-; FL2 detector) from 20,000 events, based in forward scatter (FSC) and side scat-

ter (SSC) features.

Statistical analysis

Statistical analysis was determined based on Student’s t-test, one-way ANOVA or Tukey’s

comparison post-test, using the GraphPad Prism 6 Software (GraphPad Software, Inc., La

Jolla, CA, USA) and considering p< 0.05 as significant.

Results

Oxidoreductases transcriptomic profiling of La-WT and La-arg-

promastigotes and axenic amastigotes

The transcriptomic profiling data of La-WT and La-arg- promastigotes and axenic amastigotes

are available on the NCBI BioProject under the accession number PRJNA380128 and Sequence

Read Archive (SRA) under accession numbers SRX2661998 and SRX2661999 [43]. Based on

this RNA-seq data, we identified oxidoreductases transcripts expression in the samples La-WT

and La-arg- promastigotes and axenic amastigotes (Tables 1–4).

The oxidoreductase synthase-like (LmxM.19.1450/ EC 1.14.13.39) was identified and

appeared up-regulated in La-arg- promastigotes when compared with La-WT promastigotes

and in La-WT axenic amastigotes when compared with La-WT promastigotes, with fold-

change 1.38 and 1.26, respectively. In silico search revealed the presence of the following oxido-

reductase family domains: ferredoxin reductase (FNR)-like and flavin adenine dinucleotide

(FAD) binding (Fig 1). In addition, previous data with metabolome fingerprints identified

metabolic products such as NO and citrulline which could be produced by the enzyme (EC

1.14.13.39) [18].

In silico orthologs search revealed the presence of one gene copy per haploid genome in

other Leishmania species: L. donovani, L. panamensis, L. braziliensis, L.major and L. infantum.

The NOS-like alignment showed high identity among these species, confirming a biological

role in the maintenance of parasite (S1 Fig). Additionally, a BLAST search for NOS-like

(LmxM.19.1450) in the TriTryp database showed an identity of 99% with a contig of L. (L.)

amazonensisMHOM/BR/71973/M2269 (KE391486.1). And a low identity was detected with

Leptomonas seymouri, T. cruzi genome database (Dm28c), T. vivax (Y486), 74.2%, 21% and

16.2%, respectively (TriTryp database).

In addition, we analyzed the expression of nos-like by RT-qPCR in La-WT and La-arg- pro-

mastigotes and axenic amastigotes (Fig 2). As expected, an increase amount of nos-like was

detected in La-arg- promastigotes when compared to La-WT.

Then, we analyzed the gene differential expression of other oxidoreductases identified

through RNA-seq analysis. In Table 1, quinone oxidoreductase (LmxM.03.0570/EC 1.6.5.5)

Nitric oxide production in Leishmania amazonensis
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was down-regulated in La-arg- promastigotes compared to La-WT promastigotes. No differ-

ential expression gene was observed among the other oxidoreductases (Table 1).

In La-arg- axenic amastigotes compared to La-WT axenic amastigotes showed an up-regu-

lation of FAD dependent oxidoreductase (LmxM.36.5660), and modest up-regulation of

NADPH:ubiquinone oxidoreductase (Lmx>05.0980/EC 1.6.5.3), NADPH:ubiquinone oxido-

reductases (LmxM.18.1480/EC 1.6.5.3, LmxM.20.0120/EC 1.6.5.3), NADH:adrenodoxin oxi-

doreductases (LmxM.21.0420/EC 1.18.1.6). No differential expression gene was observed

among the other oxidoreductases (Table 2).

In La-WT axenic amastigotes compared to promastigotes presented an up-regulation of

NADH:flavin oxidoreductase/NADH oxidase (LmxM.12.1130/EC 1.3.1.42), NADH:adreno-

doxin oxidoreductase (LmxM.31.2210) and oxidoreductases-like (LmxM.32.1770 and

Lmx.36.4170/EC 1.6.5.5). No differential expression gene was observed among the other oxi-

doreductases (Table 3).

Finally, in La-arg- axenic amastigotes compared to promastigotes identified an up-regula-

tion of quinone oxidoreductases (LmxM.03.0570/EC 1.6.5.5), NADH:flavin oxidoreductase/

NADH oxidase (LmxM.12.1130/EC 1.3.1.42) as well as oxidoreductases-like (LmxM.23.1590,

LmxM.28.0949, LmxM.32.1770, LmxM.36.3230/EC 1.1.99.1, LmxM.36.4170/EC 1.6.5.5),

NADH:adrenodoxin oxidoreductases (LmxM.21.0420/EC 1.18.1.6, Lmx.31.2210 and

LmxM.33.4320) and FAD-dependent oxidoreductase (LmxM.36.5660) (Table 4).

Table 1. Oxidoreductase-like transcripts expression of La-WT and La-arg- promastigotes.

ID EC number pro La-WT vs. pro La-arg-

Product description

Fold change

LmxM.03.0570 1.6.5.5 quinone oxidoreductase, putative 0.23

LmxM.05.0980 1.6.5.3 NADH-ubiquinone oxidoreductase, putative 1.05

LmxM.07.0600 1.5.5.1 electron transfer oxidoreductase, putative 0.88

LmxM.12.1130 1.3.1.42 NADH:flavin oxidoreductase/NADH oxidase, putative 0.93

LmxM.13.0720 1.6.5.5 oxidoreductase-like protein 0.75

LmxM.17.0270 1.6.5.3 NADH: ubiquinone oxidoreductase, putative 0.88

LmxM.18.1480 1.6.5.3 NADH: ubiquinone oxidoreductase, putative 1.08

LmxM.20.0120 no data NADH: ubiquinone oxidoreductase, putative 0.69

LmxM.21.0420 1.18.1.6 NADH: adrenodoxin oxidoreductase, putative 0.60

LmxM.23.0670 no data oxidoreductase-like protein 1.09

LmxM.23.0860 1.6.5.5 quinone oxidoreductase, putative 0.98

LmxM.23.1590 no data oxidoreductase-like protein 0.74

LmxM.23.1600 no data oxidoreductase-like protein 0.86

LmxM.28.0940 no data oxidoreductase-like protein 0.51

LmxM.31.2210 no data NADH: adrenodoxin oxidoreductase, putative 0.80

LmxM.32.1770 no data oxidoreductase-like protein 0.79

LmxM.33.4320 no data NADH: adrenodoxin oxidoreductase, putative 0.56

LmxM.36.3230 1.1.99.1 oxidoreductase-like protein 0.59

LmxM.36.4170 1.6.5.5 oxidoreductase-like protein 0.63

LmxM.36.5660 no data FAD dependent oxidoreductase 0.87

Comparison of the oxidoreductases-orthologs transcripts between pro La-WT vs. pro La-arg-, adjusted for p < 0.05. pro: promastigote, La-WT: L. (L.)

amazonensis wild-type, La-arg-: L. (L.) amazonensis arginase knockout.

https://doi.org/10.1371/journal.pone.0187186.t001
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The increase in NO production is arginase-dependent and indicative of
metacyclogenesis in L. (L.) amazonensis promastigotes

To correlate the expression of nos-like transcript and enzyme activity, we quantified NO

amount in La-WT, La-arg-, and La-arg-/+ARG, along days 3, 5, 7 and 9 of a promastigote

growth curve. We observed that all parasites lines reached the mid-logarithmic growth phase

on day 3, the early-stationary growth phase occurred on day 5, the mid-stationary on day 7

and the late-stationary growth phase on day 9 (Fig 3A).

We also analyzed the viability of cells by PI labeling using gating of unlabeled cells (PI-)

(gate 1, S2 Fig); from this gating, we analyzed the DAF-FM+ cells (Fig 3B and gate 2, S2 Fig)

and the mean of fluorescence intensity of DAF-FM using flow cytometry (Fig 3C and 3D, S2

Fig). Viable cells (PI- cells) represented approximately 99% of the total population (S2 Fig) for

all tested promastigotes; only viable cells were used for DAF-FM analysis.

Then, we evaluated the NO production by DAF-FM labeling at every counting day in La-

WT promastigotes in mid-logarithmic and early-stationary growth phase (days 3 and 5). We

did not observe NO production in early growth phase of the parasite (Fig 3B). The detectable

NO production was observed on day 7 at low levels, and high levels were detected on day 9

(Fig 3B), indicating that NO production can be related to the growth phase of the parasite.

The frequency of DAF-FM+ cells was nearly 1% on days 3, 5 and 7 in promastigotes La-

WT and increased to 30% on day 9 in promastigotes late-stationary growth phase. In La-arg-

promastigotes, NO-producing cells were induced at the mid-stationary growth phase (day 7),

showing nearly 5-fold increase compared to La-WT (Fig 3B). Similarly, the mean DAF-FM

Table 2. Oxidoreductase-like transcripts expression of La-WT and La-arg- axenic amastigotes.

ID EC number ama La-WT vs. ama La-arg-

Product description

Fold change

LmxM.03.0570 1.6.5.5 quinone oxidoreductase, putative 1.08

LmxM.05.0980 1.6.5.3 NADH-ubiquinone oxidoreductase, putative 1.22

LmxM.07.0600 1.5.5.1 electron transfer oxidoreductase, putative 1.12

LmxM.12.1130 1.3.1.42 NADH:flavin oxidoreductase/NADH oxidase, putative 1.18

LmxM.13.0720 1.6.5.5 oxidoreductase-like protein 1.17

LmxM.17.0270 1.6.5.3 NADH: ubiquinone oxidoreductase, putative 1.00

LmxM.18.1480 1.6.5.3 NADH: ubiquinone oxidoreductase, putative 1.26

LmxM.20.0120 no data NADH: ubiquinone oxidoreductase, putative 1.43

LmxM.21.0420 1.18.1.6 NADH: adrenodoxin oxidoreductase, putative 1.33

LmxM.23.0670 no data oxidoreductase-like protein 0.94

LmxM.23.0860 1.6.5.5 quinone oxidoreductase, putative 1.07

LmxM.23.1590 no data oxidoreductase-like protein 1.06

LmxM.23.1600 no data oxidoreductase-like protein 0.59

LmxM.28.0940 no data oxidoreductase-like protein 1.22

LmxM.31.2210 no data NADH: adrenodoxin oxidoreductase, putative 0.67

LmxM.32.1770 no data oxidoreductase-like protein 1.01

LmxM.33.4320 no data NADH: adrenodoxin oxidoreductase, putative 0.88

LmxM.36.3230 1.1.99.1 oxidoreductase-like protein 1.26

LmxM.36.4170 1.6.5.5 oxidoreductase-like protein 0.60

LmxM.36.5660 no data FAD dependent oxidoreductase 1.81

Comparison of the oxidoreductases-orthologs transcripts between ama La-WT vs. pro La-arg-, adjusted for p < 0.05. ama: axenic amastigotes, La-WT: L.

(L.) amazonensis wild-type, La-arg-: L. (L.) amazonensis arginase knockout.

https://doi.org/10.1371/journal.pone.0187186.t002
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per cell was 1.3-fold increase in La-arg- at the mid-stationary growth phase compared to La-

WT (Fig 3C). In promastigotes La-WT at the late-stationary growth phase, the mean levels of

DAF-FM per cell 2.5-fold increase compared to those on days 3, 5 or 7. The absence of argi-

nase activity (La-arg-) or reduced arginase activity (La-arg-/+ARG) compared with La-WT

[20] enabled an increase in DAF-FM+ cells in promastigotes at the mid-stationary growth

phase, and the frequency was maintained in late-phase promastigotes, lower than La-WT, but

the amount of NO per cell was increased in the absence of arginase activity (Fig 3B–3E). Alto-

gether, these results suggested that NO production in L. (L.) amazonensis promastigotes is

dependent on arginase activity and varies according to the growth phase of the parasite.

To analyze the function of NOS-like activity and NO production in metacyclogenesis, we

used L-NAME (as NOS inhibitor), cPTIO (as NO scavenger) or L-NAME plus cPTIO treat-

ments in mid-log (day 3) or early-stationary (day 5) growth phase of La-WT and La-arg- pro-

mastigotes (Fig 4A).

The frequency of metacyclic forms 4-fold from increased in early- to mid -stationary pro-

mastigote growth phase in La-WT of (untreated, Fig 4B and 4C). The inhibition of NOS activ-

ity or reduction of NO amount during the differentiation of mid-log to early-stationary

growth phase reduced the frequency of metacyclic forms around 74% (4-fold) and 67%

(3-fold), respectively. NOS activity and NO reduced in 90% (10-fold) the frequency of meta-

cyclic forms (Fig 4C and 4D). However, treatments with L-NAME, cPTIO or L-NAME/cPTI

during differentiation of early- to mid-stationary growth phase reduced this metacyclic

Table 3. Oxidoreductase-like transcripts expression of La-WT promastigotes and axenic amastigotes.

ID EC number pro La-WT vs. ama La-WT

Product description

Fold change

LmxM.03.0570 1.6.5.5 quinone oxidoreductase, putative 0.48

LmxM.05.0980 1.6.5.3 NADH-ubiquinone oxidoreductase, putative 0.62

LmxM.07.0600 1.5.5.1 electron transfer oxidoreductase, putative 0.84

LmxM.12.1130 1.3.1.42 NADH:flavin oxidoreductase/NADH oxidase, putative 1.31

LmxM.13.0720 1.6.5.5 oxidoreductase-like protein 0.74

LmxM.17.0270 1.6.5.3 NADH: ubiquinone oxidoreductase, putative 0.85

LmxM.18.1480 1.6.5.3 NADH: ubiquinone oxidoreductase, putative 0.82

LmxM.20.0120 no data NADH: ubiquinone oxidoreductase, putative 0.53

LmxM.21.0420 1.18.1.6 NADH: adrenodoxin oxidoreductase, putative 0.66

LmxM.23.0670 no data oxidoreductase-like protein 0.91

LmxM.23.0860 1.6.5.5 quinone oxidoreductase, putative 0.78

LmxM.23.1590 no data oxidoreductase-like protein 1.11

LmxM.23.1600 no data oxidoreductase-like protein 0.99

LmxM.28.0940 no data oxidoreductase-like protein 1.11

LmxM.31.2210 no data NADH: adrenodoxin oxidoreductase, putative 1.64

LmxM.32.1770 no data oxidoreductase-like protein 1.79

LmxM.33.4320 no data NADH: adrenodoxin oxidoreductase, putative 0.81

LmxM.36.3230 1.1.99.1 oxidoreductase-like protein 0.76

LmxM.36.4170 1.6.5.5 oxidoreductase-like protein 1.60

LmxM.36.5660 no data FAD dependent oxidoreductase 1.03

Comparison of the oxidoreductases-orthologs transcripts between pro La-WT vs. ama La-WT, adjusted for p < 0.05. pro: promastigotes, ama: axenic

amastigotes, La-WT: L. (L.) amazonensis wild-type.

https://doi.org/10.1371/journal.pone.0187186.t003
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Table 4. Oxidoreductase-like transcripts expression of La-arg- promastigotes and axenic amastigotes.

ID EC number pro La-arg- vs. ama La-arg-

Product description

Fold change

LmxM.03.0570 1.6.5.5 quinone oxidoreductase, putative 2.27

LmxM.05.0980 1.6.5.3 NADH-ubiquinone oxidoreductase, putative 0.73

LmxM.07.0600 1.5.5.1 electron transfer oxidoreductase, putative 1.07

LmxM.12.1130 1.3.1.42 NADH:flavin oxidoreductase/NADH oxidase, putative 1.66

LmxM.13.0720 1.6.5.5 oxidoreductase-like protein 1.16

LmxM.17.0270 1.6.5.3 NADH: ubiquinone oxidoreductase, putative 0.97

LmxM.18.1480 1.6.5.3 NADH: ubiquinone oxidoreductase, putative 0.96

LmxM.20.0120 No data NADH: ubiquinone oxidoreductase, putative 1.09

LmxM.21.0420 1.18.1.6 NADH: adrenodoxin oxidoreductase, putative 1.47

LmxM.23.0670 No data oxidoreductase-like protein 0.79

LmxM.23.0860 1.6.5.5 quinone oxidoreductase, putative 0.86

LmxM.23.1590 No data oxidoreductase-like protein 1.59

LmxM.23.1600 No data oxidoreductase-like protein 0.68

LmxM.28.0940 No data oxidoreductase-like protein 2.64

LmxM.31.2210 No data NADH: adrenodoxin oxidoreductase, putative 1.37

LmxM.32.1770 No data oxidoreductase-like protein 2.27

LmxM.33.4320 No data NADH: adrenodoxin oxidoreductase, putative 1.27

LmxM.36.3230 1.1.99.1 oxidoreductase-like protein 1.62

LmxM.36.4170 1.6.5.5 oxidoreductase-like protein 1.52

LmxM.36.5660 No data FAD dependent oxidoreductase 2.14

Comparison of the oxidoreductases-orthologs transcripts between pro La-arg- vs. ama La-arg-, adjusted for p < 0.05. pro: promastigotes, ama: axenic

amastigotes, La-WT: L. (L.) amazonensis wild-type, La-arg-: L. (L.) amazonensis arginase knockout.

https://doi.org/10.1371/journal.pone.0187186.t004

Fig 1. NOS-like graphical summary of conserved domains. Structure of the oxidoreductase synthase-like protein (LmxM.1950/EC 1.14.13.39) with
the following conserved domains hits: ferredoxin reductase (FNR) binding domain, flavin adenine dinucleotide (FAD) binding pocket, conserved FAD
binding motif, nicotinamide adenine dinucleotide (NAD) binding pocket, phosphate binding motif and beta-alpha-beta structure motif. The
representation was based on in silico search of conserved domain of NCBI database.

https://doi.org/10.1371/journal.pone.0187186.g001
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frequency to nearly 34% (1.5-fold), 17% (1.2-fold) and 65% (2.8-fold), respectively (Fig 4C and

4D).

The absence of arginase activity reduced the frequency of metacyclic forms in early-station-

ary phase, but increased in mid-stationary. Despite that, we observed a decrease in frequency

of metacyclic forms when NOS activity and NO was reduced in La-arg- (Fig 4C). The reduc-

tion on the frequency of metacyclics was pronounced during differentiation of early- to mid-

stationary phase treated with L-NAME, cPTIO or/and L-NAME/cPTIO, to reduced 74%, 53%

and 92%, respectively (Fig 4C and 4D). Thoroughly, these results correlated the NOS activity

and NO levels to metacyclogenesis, as well as to dependence of arginase activity.

The increase in NO production in L. (L.) amazonensis axenic
amastigotes

La-WT, La-arg- and La-arg-/+ARG promastigotes in the early-stationary growth phase

were subjected to amastigote differentiation in M 199 medium, at 34˚C and pH 5.5, for 4

days. The differentiation to amastigotes forms was confirmed by amastins gene expression

Fig 2. Nos-likemRNA expression by RT-qPCR. The nos-likemRNA levels were based on quantification of
the target and were normalized by gapdh expression in promastigotes (pro) and amastigotes (ama) of La-WT
and La-arg-. The values are the mean ± SEM of three independent biological replicates (n4-6). (*) p < 0.05.

https://doi.org/10.1371/journal.pone.0187186.g002
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(LmxM.08.00760, LmxM.08.0800 and LmxM.33.0960) by RT-qPCR. The amastins transcripts

were increased in axenic amastigotes than stationary-phase promastigotes of La-WT or La-

arg-, with exception of LmxM.33.0960 in La-arg- (S3 Fig). Next, the axenic amastigotes were

labeled with DAF-FM and PI, as described for promastigotes. The viable cells (PI-) represented

approximately 95% of the total population (S4 Fig). La-WT amastigotes represented the higher

population labeled with DAF-FM, and approximately 75% of viable cells were DAF-FM+ (Fig

5A), a value higher than promastigotes. Compared to La-WT, NO-producing amastigotes

were lower in La-arg- (50%) and La-arg-/+ARG (70%) (Fig 5A and 5B). The La-WT promasti-

gotes in the late-stationary phase were used as the positive control of this experiment.

Mean of fluorescence intensity (MFI) analysis of the tested amastigotes showed the same

pattern regarding the percentage of cells producing NO. La-WT amastigotes was 2-fold and

3.5-fold increased amount of NO than La-arg- and La-arg-/+ARG, respectively (Fig 5C–5E).

The NO production in La-WT amastigotes was 10-fold increased than La-WT promastigotes.

These results showed a higher production of NO in axenic amastigotes of L. (L.) amazonensis

and the absence or reduction of arginase activity led to a reduction of NO production.

The role of NOS activity and NO production during La-WT amastigotes differentiation

was evaluated using a L-NAME (as NOS inhibitor) at day 0 or day 2 of culture of early-station-

ary promastigotes subjected to amastigotes differentiation for 4 days, at 34˚C and pH 5.5

(Fig 5A). As observed previously, viable cells represented nearly 80% of total population of

untreated or L-NAME treated cells. The frequency of DAF-FM+ cells presented a 10% slight

increase after L-NAME treatment, (Fig 6B and 6C). However, the inhibition of NOS activity

by L-NAME reduced the amount of NO per cell, in 58% and 29% in cells treated at day 0 or

day 2, respectively (Fig 6C and 6D). The reduction in amastigotes numbers was pronounced

after L-NAME treatment at day 0 compared to day 2 (Fig 6E and 6F), correlating reduction in

NOS activity and NO production to number of amastigotes. These data revealed the NO pro-

duction in the initial steps of amastigotes differentiation correlating with the replication of

amastigotes forms.

Discussion

The biological function of NO in trypanosomatids is still not completely understood. The

main controversy is to understand why the parasite produces NO, the same molecule pro-

duced by the host macrophages to kill them [19,22,44]. The key to answer this question can be

related to the NO concentration. NO can perform multiple actions depending on its concen-

tration, production time and exposure time. Previous studies with T. cruzi demonstrated that

low NO concentration (nM levels) resulted in the induction of cGMP production and post-

translational modifications, interfering in several biological processes, such as PKC signaling,

cytochrome C regulation, caspase-cascade inactivation, protein degradation and control of the

redox environment [45–50]. On the other hand, at high concentrations (mM), NO can be

toxic, passing across various chemical reactions [26,51].

Physiological processes mediated by NO are modulated due the characteristics of the free

radical with a short half-life [52] and quick diffusion away from the site of its synthesis [27].

Other modulation factor of these processes includes the source of L-arginine, presence of

molecular oxygen and cofactors, such as NADPH, FAD, heme, FMN and BH4, the presence

an active NOS, and the intracellular or extracellular environment limits/boundaries for the

NO action [26,53,54]. Additionally, NO can react with other free radical species, such as super-

oxide, thiol radicals or lipid peroxides, or metal-coupled proteins such as hemoglobin [51,53].

In this work, we focused on oxidoreductases expression. Oxidoreductase is a class of

enzymes that catalyze biological oxidation/reduction reactions [55]. The transcriptomic
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profiling analysis identified several oxidoreductases: (1) NADH:quinone oxidoreductase, pre-

vious described with important role in yeasts and prokaryotes to maintain the [NADH]/[NAD

+] balance and for the entrance point of electrons into the respiratory chains of complex I cou-

pling to the pumping of protons across the inner mitochondrial membrane [56,57]; (2)

NADPH:ubiquinone oxidoreductases, previously described as related to the transfer of elec-

trons from NADH to ubiquinone with the translocation of protons across the membrane in

the respiratory complex I [58]; (3) electron transfer oxidoreductase or electron-transfer flavo-

protein:ubiquinone oxidoreductase, previously described as a component of the mitochondrial

respiratory chain, which catalyzes the electron-transfer of flavoprotein to the ubiquinone pool,

as the electron acceptor [59]; (4) NADH:adrenodoxin oxidoreductases, previously described to

initiate electron transport for cytochrome P450 receiving electrons from NADPH to reduce

O2 to a superoxide radical [60]; (5) NADH:flavin oxidoreductase/NADH oxidase, previously

described catalyzing the reduction of free flavins by NADPH or NADH; such enzymes are

present in all microorganisms [61,62]; and (6) FAD-dependent oxidoreductase previously

described as one of the assembly factors in the respiratory chains of complex I [63].

We highlighted one of them, the oxidoreductase-like (LmxM.19.1450/ EC 1.14.13.39). This

oxidoreductase-like appeared up-regulated in La-arg- promastigotes compared to La-WT pro-

mastigotes and in La-WT axenic amastigotes compared to La-WT promastigotes, indicating a

Fig 3. Growth curve and NO production in La-WT, La-arg- and La-arg-/+ARG on days 3, 5, 7 and 9. L. (L.) amazonensis promastigotes wild-type (La-
WT—black); arginase null knockout (La-arg-—dark gray) and the arginase addback (La-arg-/+ARG–light gray) growth curve and the NO production by
DAF-FM labeling in flow cytometry. A total of 2x106 cells was labeled with 1 ng/mL propidium iodide (PI) and was analyzed using FACSCalibur (Becton
Dickinson). The viable cells (PI-) were used for the analysis of the frequency of DAF-FM-labeled cells and the mean fluorescence (MFI). (A)Growth curves
and the establishment of the logarithmic growth phase (day 3); early-stationary (day 5), mid-stationary (day 7) and late-stationary phase (day 9). (B)
Frequency of DAF-FM+ cells. Each bar represents the mean of the percent ±SEM of DAF-FM+ cells (n = 3–9). (C)MFI of DAF-FM+ cells. Each bar
represents the mean of the fluorescence intensity ±SEM of viable cells (n = 3–9). (D)Normalization of MFI values in relation to day 7 of La-WT (100%). (E)
Histogram of MFI of the PI- gate at the 9th day of culture. These data were analyzed by Student’s t-test, and (*) p < 0.05, (α) p < 0.05 compared the day 7
with the days 3 and 5, (β) p < 0.05 compared the day 9 with the days 3, 5 and 7. The data are representative of 3 independent experiments.

https://doi.org/10.1371/journal.pone.0187186.g003
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modulation during promastigote to amastigote differentiation as well as a dependence on argi-

nase activity. According to the conserved domains content and to the metabolome data point-

ing to the expression of an enzyme (EC 1.14.13.39), which could be involved in the production

of NO and citrulline [18], we suggested this oxidoreductase as a NOS-like. In addition, the

multiple alignment revealed this NOS-like conserved among Leishmania spp.

The fate of Leishmania infection in the mammalian host depends on dual role of macro-

phage L-arginine metabolism: the production of NO promoting the killing of the pathogen

[19,22,44], or the production of ornithine, the polyamine precursor allowing the parasite repli-

cation [19,44,64]. Leishmania presents its own machinery to metabolize L-arginine: the AAP3

for the uptake and the arginase activity to metabolize the amino acid to polyamines produc-

tion, which are essential for in vitro proliferation, as shown for L. (L.) amazonensis [6,8,20], L.

donovani [65], L. (L.) mexicana [66] and L. (L.) major [66,67]. The lack of arginase activity

reduces AAP3 and arginase levels and the infectivity of L. (L.) amazonensis [20,22], L. donovani

[65], L. (L.) mexicana [66] and L. (L.) major [66,67]. In infected macrophages, L-arginine can

Fig 4. Inhibition of NOS activity or NO amount andmetaclyclogenesis in La-WT and La-arg- promastigote. (A) L. (L.) amazonensiswild-type (La-
WT) and arginase null knockout (La-arg-) at logarithmic (log—day 3) and early-stat (early-stationary—day 5) phase promastigotes were untreated (white) or
treated with 10 mM of L-NAME (light gray), 100 μMof cPTIO (dark gray) and L-NAME plus cPTIO (dark). After 2 days of culture metacyclic promastigotes
forms were quantified by flow cytometry. (B) Dot plot of SSC and FSC features representative of metacyclics promastigote forms viable cells analyzed using
FACSCalibur (Becton Dickinson). (C) Frequency of metacyclics promastigotes. Each bar represents the mean of the percent ±SEM of metaclyclic cells
(n = 3–9). (D) Normalization of the percentage of metacyclic forms in relation to log phase of La-WT (100%). These data were analyzed by Student’s t-test,
and (*) p < 0.05, (α) p < 0.05 compared the La-WT to La-arg-. The data are representative of 3 independent experiments (n = 6–9).

https://doi.org/10.1371/journal.pone.0187186.g004
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be metabolized by both arginases, from the Leishmania (La-ARG) and from the macrophage

(ARG1), supplying the polyamine pathway and enabling parasite survival [7,8,19,22,66].

Depending on substrate competition, L-arginine can be hydrolyzed by the macrophage NOS2

or by the parasite NOS-like [13–15,17,18]. Based on that, we proposed a schematic representa-

tion on the fate of the infection (Fig 7).

The attenuation of infectivity in La-arg- [20,22], as well as in L.mexicana-arg- [68] was asso-

ciated with NO overexpression by host macrophages but not in L.major-arg- [69]. The deple-

tion of L-arginine in macrophages can inhibit both polyamines and NO production. In

addition, the lower infectivity of La-arg- could correlate with lower levels of CAT2B [21] or

AAP3 expression and amino acid uptake [70], reducing L-arginine availability for ARG1 in

infected macrophages, reducing parasite survival. In this way, infectivity could be recovered by

putrescine supplementation [21].

Our data showed NO production in L. (L.) amazonensis stationary phase promastigotes cor-

roborating previous studies that detected NO in promastigotes of L. (L.) amazonensisM2269,

L. (V.) braziliensisM2903, L. (L.) chagasi PP75, L. (L.) donovani AG83, L. (L.) donovani DD8,

L. (L.) infantum IPT1, L. (L.) major 5ASKH, L. (L.) mexicanaMIC and L. (V.) panamensis LS94

[17]. Indeed, the suggestion of NOS-like expression in Leishmania corroborates other studies

that Leishmania harbors NOS-like activity to produce NO [13–15,17]. Genestra et al. (2006)

Fig 5. L. (L.) amazonensis axenic amastigotes produced NO in a higher amount than promastigotes. La-WT, La-arg- and La-arg-/+ARG promastigotes
at the early-stationary phase (day 5 – 5x106 cells/10 mL) were differentiated into amastigotes by changing the M199 medium to pH 5.5 and maintaining the
culture at 34˚C during 4 days. Next, the cells were labeled with 1 μMDAF-FM and 1 ng/mL PI and were analyzed by flow cytometry. La-WT promastigotes in
the late-stationary phase were used as a positive control. The viable cells (PI-) were used to analyze the frequency of DAF-FM+ cells and MFI. (A) Frequency
of DAF-FM+ cells. These are representative of 1 independent experiment (n = 3–4). (B)Normalization of the percentage of DAF-FM+ La-arg- and La-arg-/
+ARG in relation to La-WT (100%). These are representative of 3 independent experiments (n = 9). (C)MFI of DAF-FM+ cells. These are representative of 1
independent experiment (n = 3–4). (D)Normalization of the MFI values of La-arg- and La-arg-/+ARG in relation to La-WT (100%). These data are
representative of 3 independent experiments (n = 9). These data were analyzed were analyzed by one-way ANOVA and Tukey’s comparison post-test.
Significance p-value is represented by *, p<0.05. (E)Histogram of MFI of DAF-FM.

https://doi.org/10.1371/journal.pone.0187186.g005
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purified a protein that exhibited NOS activity in L. (L.) amazonensis and showed similarities to

T. cruziNOS and neuronal NOS (nNOS). In addition, this group demonstrated NOS-like

activity as Ca2+ and calmodulin dependent, corresponding to a constitutive form of protein

[15]. Leon’s group also showed an increased amount of NO in L. (L.) amazonensismetacyclic

form and in axenic amastigotes [15]. Our data correlated the NO production signaling to

metacyclogenesis, since reduction in NOS activity and NO levels reduced the metacyclic differ-

entiation, as well as reduced the amastigotes differentiation and growth.

The NO could confer parasite protection altering the steady state of promastigotes and

amastigotes to resist to toxicity signals mediate by macrophage inflammatory. Corroborating

with this idea, some studies show the influence of NO in protecting parasites from antimony-

mediated oxidative stress promoting a higher H2O2 scavenging activity and increase in thiol

levels [71]. Indeed, NO induction induces heat shock proteins expression [72] and could

inhibit molecules involved in the apoptosis signal, such as cysteine proteinases [73], cis-aconi-

tase and glyceraldehydes-3-phosphate dehydrogenase [74,75]. Although, NO-resistant para-

sites are able to differentiate from promastigotes to amastigotes and from amastigotes to

promastigotes, but the differentiation of NO-resistant promastigotes to amastigotes occurs in

Fig 6. Inhibition of NOS activity during La-WT and La-arg- amastigotes differentiation. (A) L. (L.) amazonensis La-WT at early-stationary phase
promastigotes (pro) were differentiated into amastigotes (ama), by changing the M199 medium to pH 5.5 and maintaining the culture at 34˚C during 4
days, untreated (white) or treated with 10 mM of L-NAME (light gray) at day 0 or day of culture. Next, a total of 2x106 cells was labeled with 1 μMDAF-FM
and 1 ng/mL propidium iodide (PI) and analyzed using FACSCalibur (Becton Dickinson). B) Frequency of of DAF-FM+ cells. (C) Normalization of the
percentage of DAF-FM+ cells in relation to La-WT-untreated (100%). (D) MFI of DAF-FM+ cells. (E) Normalization of the MFI of DAF-FM+ cells in relation
La-WT-untreated (100%). (F) Number of amastigotes forms. (G) Normalization of number of amastigote forms in relation La-WT-untreated (100%). Each
bar represents the mean of the values ±SEM (n = 3–9). These data were analyzed by Student’s t-test, and (*) p < 0.05. The data are representative of 3
independent experiments.

https://doi.org/10.1371/journal.pone.0187186.g006
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lower levels than non-resistant parasites, probably by increased levels of 6-phosphogluconate

dehydrogenase involved in NADPH and ribose-5-phosphate generation resulting in rapid

consumption of glucose that accelerates the entry in stationary phase of growth [74].

Meanwhile, the high levels of NO detected in late-stationary growth phase of L. (L.) amazo-

nensis promastigotes support the link between NO production and metacyclogenesis, similar

to the previous observation that correlated a high amount of NO production in culture with a

high number of metacyclic forms as well as with the infectivity [13]. In addition, L-arginine

starvation of promastigotes L. (L.) amazonensis at the logarithmic growth phase reduced orni-

thine and putrescine levels [18]. By contrast, the absence of arginase activity increased the L-

arginine availability and the citrulline levels, but decreased the levels of ornithine and putres-

cine in promastigotes [6,18,20]. As a consequence, it promoted NO production in the earlier

steps of the stationary phase growth phase of promastigote differentiation (this communica-

tion). This evidence points to the importance of the competition for the same substrate, L-argi-

nine, by arginase and NOS-like during metacyclogenesis and amastigotes differentiation,

influencing the NO production.

Supporting information

S1 Fig. Alignment of the nitric oxide synthase-like (LmxM.19.1450) from L.mexicana and

their orthologs.Multiple alignment of the amino acid sequence of the nitric oxide synthase-

like NOS-like of. L. amazonensis (Lam), L.mexicana (Lmx), L. donovani (Ldo), L. panamensis

(Lpa), L. braziliensis (Lbr), L.major (Lmj) and L. infantum. The identical amino acids are

Fig 7. Schematic representation of L. (L.) amazonensis promastigote and amastigote NO production in the infection context. In L. (L.) amazonensis,
the AAP3 transporter takes up L-arginine, and this amino acid is metabolized by arginase into ornithine to produce polyamines or via NOS-like to produce NO.
La-WT-infected macrophages increase the activity of the polyamine pathway, increasing the expression of the L-arginine transporter from the host (CAT2B)
and parasite (AAP3), arginase1 (host) and parasite-arginase to metabolizing L-arginine to produce polyamines, consequently sustaining the basal level of
NOS2 expression and NO production. Indeed, the La-WT amastigote differentiation induces NOS-like expression and NO production, higher levels than
promastigotes, but lower than those produced by macrophages. The lack of arginase activity in promastigotes increases the L-arginine levels, even that the
reduction in AAP3 expression, inducing the expression of NOS-like, NO and citrulline production. The La-arg—infected macrophages present lower levels of
CAT2B and AAP3, which could reduce L-arginine uptake, and lower the levels of arginase 1 and polyamine production compared with La-WT infection
allowing the increase in NOS2 expression and NO production, reducing infectivity. In addition, the La-arg- amastigote differentiation induces NOS-like
expression but not AAP3 expression and L-arginine uptake sufficient to increase NO production compared with La-WT promastigotes. PV: parasitophorous
vacuole.

https://doi.org/10.1371/journal.pone.0187186.g007
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highlighted in gray. The alignment was performed based on NCBI multiple alignment tool.

(TIF)

S2 Fig. Experimental procedures for DAF-FM analysis in promastigotes by flow cytometry.

The DAF-FM labeling of La-WT, La-arg- and La-arg-/+ARG promastigotes and analysis were

performed as follows: (1) DAF-FM labeling followed by PI (propidium iodide) staining; (2)

The data were acquired using a FACSCalibur (BD) flow cytometer followed by analysis of the

resulting pattern of labeling: PI-DAF-, PI-DAF+, PI+DAF- and PI+DAF+. Using FlowJo soft-

ware (as described on methods section), the cells were gated based on the Forward Scatter

(FSC) and the PI label was used to gate viable cells (PI-); (3) Using viable cells, DAF+ popula-

tions were selected for frequency analysis, and (4) the population producing NO was gated

based on the histogram of the Mean of Fluorescence Intensity (MFI).

(TIF)

S3 Fig. Experimental validation of amastigotes differentiation. (A) The amastins

LmxM.08.00760 (A), LmxM.0800800 (B) and LmxM.33.0960 (C) mRNA levels were based on

quantification of the target and were normalized by gapdh expression in promastigotes (pro)

and amastigotes (ama) of La-WT and La-arg-. The values are the mean ± SEM of three inde-

pendent biological replicates (n = 4–6). (�) p< 0.05

(TIF)

S4 Fig. Experimental procedures for DAF-FM analysis from amastigotes by flow cytome-

try.DAF-FM labeling of La-WT, La-arg- and La-arg-/+ARG amastigotes and analysis were

performed as follows: (1) DAF-FM labelling followed by PI (propidium iodide) staining; (2)

The data were acquired on a FACSCalibur (BD) flow cytometer with analysis of the resulting

pattern of labelling: PI-DAF-, PI-DAF+, PI+DAF- and PI+DAF+. Using FloJo software (as

described on methods section), the cells were gated based on the Forward Scatter (FSC) and PI

labeling was used to gate viable cells (PI-); (3) Using viable cells, DAF+ populations were

selected for frequency analysis, and (4) the population producing NO was gated based on the

histogram of the Mean Fluorescence Intensity (MFI).

(TIF)
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