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Abstract

Cutaneous leishmaniasis, a parasitic disease caused by Leishmania major, is a widely frequent form in humans. To explore
the importance of the host gut microbiota and to investigate its changes during L. major infection, two different groups of
mouse models were assessed. The microbiome of two parts of the host gut—ileum and colon—from infected and non-infected
mice were characterised by sequencing of 16S rDNA using an Ion Torrent PGM platform. Microbiome analysis was per-
formed to reveal changes related to the susceptibility and the genetics of mice strains in two different gut compartments and
to compare the results between infected and non-infected mice. The results showed that Leishmania infection affects mainly
the ileum microbiota, whereas the colon bacterial community was more stable. Different biomarkers were determined in the
gut microbiota of infected resistant mice and infected susceptible mice using LEfSe analysis. Lactobacillaceae was associ-
ated with resistance in the colon microbiota of all resistant mice strains infected with L. major. Genes related to xenobiotic
biodegradation and metabolism and amino acid metabolism were primarily enriched in the small intestine microbiome of
resistant strains, while genes associated with carbohydrate metabolism and glycan biosynthesis and metabolism were most
abundant in the gut microbiome of the infected susceptible mice. These results should improve our understanding of host-
parasite interaction and provide important insights into the effect of leishmaniasis on the gut microbiota. Also, this study
highlights the role of host genetic variation in shaping the diversity and composition of the gut microbiome.

Key points

e Leishmaniasis may affect mainly the ileum microbiota while colon microbiota was more stable.

e Biomarkers related with resistance or susceptibility were determined in the gut microbiota of mice.

e Several pathways were predicted to be upregulated in the gut microbiota of resistant or susceptible mice.
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Introduction

The gut harbours a complex and dynamic community of
microorganisms called the gut microbiota that plays a cru-
cial role in maintaining individual health and welfare. The
healthy intestinal microbiota is a complex ecological com-
munity of a huge number of microorganisms comprising,
bacteria, viruses, protozoa and fungi. The gastrointesti-
nal tract is a multi-organ system and the colonisation of
microbiota differs between intestinal segments providing
disparate functions (Martinez-Guryn et al. 2019). Several
factors, such as host genetics, age, gender, gastrointesti-
nal infections, antibiotic use, diet and lifestyle, may have
an effect on the distribution of the gut microbiota among
individuals. Alteration of microbial balance of the gut, or
“dysbiosis”, may have a major impact on an individual’s
health (Chang and Kao 2019). Many evidences have illus-
trated that host genetics may contribute in structuring gut
microbial communities in human and mice (Bubier et al.
2021; Suzuki et al. 2019; Org and Lusis 2018; Goodrich
et al. 2014; Goodrich et al. 2016). However, it is still
unclear how host genes regulate the gut microbiota.

The intestinal microbiota has a potential impact on
the maturation, development and function of major com-
ponents of the host’s immune system. In addition, gut
microbiota can modulate host immunity, and it may also
affect the host immune response against parasites (Partida-
Rodriguez et al. 2017). The relationship between parasite
and host-microbiota is bi-directional; parasitic infections
shape the host-microbial composition directly or indirectly
through systemic immune responses. Conversely, host-
microbiota predisposes an individual to parasite infection,
which could influence disease outcome including leishma-
niasis (Bhattacharjee et al. 2017).

Leishmaniasis is a neglected tropical disease. It is
caused by Leishmania, an obligatory intracellular proto-
zoan parasite, which comprises a group of more than 20
species that are transmitted to humans by the bite of an
infected female sand fly vector of the genus Phlebotomus
in the Old World and the genus Lutzomyia in the New
World (Alvar et al. 2012; Desjeux 1996). Three main clini-
cal forms of this disease have been described in humans:
cutaneous leishmaniasis (CL); mucocutaneous leishmania-
sis (MCL) and visceral leishmaniasis (VL) also known as
kala-azar (Desjeux 1996; Dedet 2002). Cutaneous leish-
maniasis is the most common and less severe form of the
disease. According to the WHO, more than 1 million new
cases of CL occur annually (Alvar et al. 2012). Leishmania
major causes cutaneous leishmaniasis in North Africa, the
Middle East and Asia (Alemayehu and Alemayehu 2017).

Leishmaniasis manifests differently depending on the
infecting species, environmental and social context and the
genotype of the mammalian host (Lipoldova and Demant
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2006). This disease has several limitations for recovery
including suboptimal and inconsistent clinical diagnosis
of disease, restricted treatments and development of drug
resistance. Therefore, it is essential to apply novel tools
and identification methods to understand the pathogenesis
better for developing more effective diagnosis and poten-
tial treatment. By development of molecular biology and
bioinformatics, microbiome analysis revealed the crucial
role of host-microbiota and its metabolites in the progres-
sion and development of major human diseases as well as
in regulating the function of the immune system (Kamada
et al. 2013; Allen 2016; Partida-Rodriguez et al. 2017,
Wang et al. 2017; Ding et al. 2019).

The role of the cutaneous microbiota during CL has been
investigated in several studies, which analysed the associa-
tion between host cutaneous microbiome and lesion devel-
opment in human CL (Salgado et al. 2016; Gimblet et al.
2017; Misra and Singh 2019) or by studying the disease
manifestation in germ-free mice model and in mice kept in
conventional conditions (Vieira et al. 1987, 1998; Oliveira
et al. 2005; Borbén et al. 2019). The majority of studies
have been focused on the characterisation of the midgut
microbiome of different species of vectors of leishmania-
sis (Naik et al. 2012; Dostalova and Volf 2012; Monteiro
et al. 2016, 2017; Karakus et al. 2017; Fraihi et al. 2017,
Kelly et al. 2017; Karimian et al. 2019; Vivero et al. 2019;
Gunathilaka et al. 2020; Campolina et al. 2020). A limited
number of studies have been conducted to examine the
correlation between Leishmania and the host’s gut micro-
biota. Few studies have reported the effect of the indig-
enous microbiota on the regulation of immune response
during Leishmania infection highlighting how the interac-
tion between the host immune system and the microbiota
can determine the outcome of leishmaniasis in the murine
model (Oliveira et al. 1999, 2005; Julia et al. 2000; Lamour
et al. 2015; Lopes et al. 2016; Campolina et al. 2020). In
L. major infection models, results have demonstrated that
Swiss/NIH germ-free infected mice were unable to heal
lesions and had high numbers of parasitised macrophages
in comparison to their conventional counterparts (Oliveira
et al. 1999). Despite this, cells from these mice produced
high levels of IFNy and generated a strong Thl immune
response (Oliveira et al. 2005). These observations suggest
that the microbiota act as an adjuvant for macrophages to
efficiently respond to this intracellular parasite infection,
which strongly elucidates that the gut microbiota is impli-
cated in establishing a strong host immune response to the
parasite (Oliveira et al. 1999, 2005). Furthermore, it was
reported that iNOS + macrophage numbers were reduced in
germ-free mice infected by L. major. The ability of germ-
free mice to control the infection was established when
they were colonised by microbiota from conventional mice.
This illustrates the critical role of host-microbiota in the
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innate immune response to L. major infection by driving
host macrophages to develop a resistance phenotype (Lopes
et al. 2021). Moreover, Lamour et al. (2015) revealed that
the differences in leishmaniasis outcome between the two
different mouse strains, C57BL/6 self-healing and BALB/c
non-healing mice, are associated with host faecal microbi-
ome and host metabolism profiles. They concluded that a
successful defence against Leishmania infection may be due
to an efficient connection between immunological, metabolic
and gut microbial systems (Lamour et al. 2015). Another
study has reported that LACK-specific T cells in the infec-
tion of BALB/c mice with L. major acquired the ability to
rapidly secrete interleukin 4 (IL-4) after they were primed in
gut-associated lymphoid tissues by cross-reactive microbial
Ags (antigens) derived from the indigenous intestinal micro-
biota (Julia et al. 2000). Recently, the only study, which
analyses the correlation between leishmaniasis and human
microbiota, has been performed by Lappan and colleagues
(Lappan et al. 2019). They used a meta-taxonomic approach
to determine the prokaryotic and eukaryotic composition of
faecal samples of individuals from an endemic region for
VL in India caused by Leishmania donovani and compared
the differences in microbial composition between VL cases
and non-VL endemic controls (EC) (Lappan et al. 2019).
No significant difference in the diversity of prokaryotic or
eukaryotic microflora was observed between VL cases and
EC. However, some differences were reported at the indi-
vidual bacterial level or protozoan taxa. The level of Rumi-
nococcaceae UCG- 014 and Gastranaerophilales_uncultu
red bacterium was higher in EC compared to VL cases. In
addition, Pentatrichomonas hominis was more abundant in
VL cases than in EC, whereas it was the reverse for Enta-
moeba (Lappan et al. 2019). According to our knowledge,
no studies on the role of different compartments of host gut
microbiota on leishmaniasis progress has been performed,
nor the influence of L. major infection on the gut microbiota
composition in its different compartments.

In the present study, microbiome analysis of two parts of
the digestive tract—ileum and colon—of L. major-infected/
non-infected mice were assessed in order to (i) characterise
the microbiota composition of two compartments of murine
models, (ii) to investigate whether the microbiota composi-
tion of two compartments differs between L. major-infected
and non-infected mice, and/or between resistant and sus-
ceptible strains, (iii) to determine the effects of L. major
on the microbial diversity on host gastrointestinal tract and
(iv) to reveal the potential influence of host genetic on gut
microbiota after L. major infection.

To achieve this, we analysed non-infected and L.
major-infected eight mouse strains that were derived
from two genetically distant, but internally related groups:
CcS/Dem (BALB/c, STS, CcS-5, CcS-12, CcS-20) and
OcB/Dem (020, C57BL/10 [B10], C57BL/10-H2P* [B10.

020]). Each CcS/Dem strain contains a different, random
set of approximately 12.5% genes of the donor strain STS
and approximately 87.5% genes of the background strain
BALB/c (Demant and Hart 1986; Stassen et al. 1996).
B10.020 carries 3.6% of genes of the strain O20 on the
B10 genetic background (Krayem et al. 2022). Strains
were classified as resistant or susceptible according to
their organ pathology and parasite load in organs (Lipol-
dova et al. 2002; Sohrabi et al. 2018). Highly suscepti-
ble strains BALB/c and CcS-12 exhibit massive parasite
infiltration into organs and develop large skin lesions,
splenomegaly and hepatomegaly. CcS-12 contains even
higher parasite numbers in lymph nodes than BALB/c
(Lipoldova et al. 2002). Susceptible strain B10.020 has
rather a high parasite load in the skin and develops skin
lesions (Sohrabi et al. 2018). Resistant strains STS, 020,
B10 and CcS-5 contain low numbers of parasites in their
organs but do not develop skin lesions, splenomegaly or
hepatomegaly (Lipoldova et al. 2002; Sohrabi et al. 2018).
Intermediate strain CcS-20 has intermediate numbers of
parasites in skin, develops none or small lesions and does
not exhibit splenomegaly or hepatomegaly (Lipoldova
et al. 2002; Sohrabi et al. 2018).

Material and methods
Mice

Females of mice strains BALB/c (9 infected; 9 non-
infected), STS (9 infected; 9 non-infected), CcS-5 (8
infected, 8 non-infected), CcS-12 (4 infected, 6 non-
infected), CcS-20 (9 infected, 9 non-infected), 020 (8
infected, 10 non-infected), C57BL/10 [B10] (3 infected, 3
non-infected) and C57BL/10-H2P* [B10.020] (13 infected,
14 non-infected) were used in this experiments. Their
age was between 8 and 16 weeks at the time of infection.
The strains were classified previously according to organ
pathology, systemic disease and parasite load in organs
(Sohrabi et al. 2018; Lipoldova et al. 2002). Mice were
maintained on a 12-h light/dark cycle in specific-patho-
gen-free (SPF) conditions.

The animals were monitored for skin lesions and body
weight development for another 8 weeks and then euthan-
ised. The size of the skin lesions was measured weekly using
the Profi LCD Electronic Digital Caliper Messschieber
Schieblehre Messer (Shenzhen Xtension? Technology Co.,
Ltd. Guangdong, China), which has an accuracy of 0.02 mm.
The digestive tract was removed, and ileum and colon parts
were separated under sterile conditions into a sterile micro-
centrifuge tube and stored immediately at — 80 °C until DNA
extraction.
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Parasite

Sub strain of L. major LV 561 (MHOM/IL/67/LRCL 137
JERICHO 1I) used in the current experiments is kept in lig-
uid nitrogen in the Institute of Molecular Genetics. It was
maintained in rump lesions of BALB/c females. Flagella-
free amastigotes were isolated from BALB/C lesions and
transformed to promastigotes using blood agar SNB-9 (Gre-
kov et al. 2011). 107 flagellate promastigotes from the sec-
ond passage cultivated for 6 days were inoculated in 50 ul
sterile saline then injected subcutaneously into a mice rump
(Lipoldova et al. 2000). Control non-infected mice were
injected with 50 pl sterile saline.

DNA extraction

The DNA was extracted from the samples (ileum and colon)
using QIAamp PowerFecal DNA Kit (Qiagen, Hilden, Ger-
many) as per the manufacturer’s instructions. The disintegra-
tion step was performed with a FastPrep-24 homogenisation
system (MP Biomedicals, Santa Ana, CA, USA) for 1 mn at
a maximum speed of 6.5 m/s. The elution was done with 60
pL of elution buffer. The eluted DNA was stored at—20 °C
until further use.

Preparation of 16S rDNA and sequencing

The hypervariable V4-V5 region of the 16S rRNA gene was
amplified from the total bacterial extracted DNA. Then, the
purified amplicons (300 bp) were processed as previously
described (Mekadim et al. 2022). Briefly, libraries were pre-
pared using NEBNext Fast DNA Library Prep Set kit (New
England Biolabs, Ipswich, MA, USA) according to Milani
et al. (2013). The sequencing was then performed on an Ion
Torrent platform (Thermo Fisher Scientific, Waltham, MA,
USA).

Microbiome and statistical analysis

Bacterial 16S rDNA sequences were obtained in FASTQ
format, and they were analysed by the QIIME 2 2020.2 pipe-
line (Bolyen et al. 2019). The quality control, filtration and
trimming were performed on the demultiplexed sequences
using DADA?2 (Callahan et al. 2016). Clustering and tax-
onomy classification was assigned to the resulting amplicon
sequence variants (ASVs) with VSEARCH using SILVA
database release132 with 99% OTU (operational taxonomic
unit) reference sequences (Rognes et al. 2016).

Shannon index of diversity (alpha diversity) was deter-
mined based on the Kruskal-Wallis test, and principal
coordinate analysis (PCoA) based on Bray—Curtis distance
(beta diversity) was estimated after samples were rarefied.
Alpha diversity box plots for Shannon index of diversity
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and the two-dimensional PCoA plots were generated by
giime2R (Bisanz 2018) (https://github.com/jbisanz/qiime
2R) and ggplot2 (Wickham 2016) (https://ggplot2.tidyverse.
org) packages in R-Studio (version 3.6.3) (RStudio Team
2020), (http://www.rstudio.com/). Ellipses mark 95% of con-
fidence around each group, and a p-value <0.05 was con-
sidered statistically significant. The impact of certain fac-
tors (susceptibility-infection, host genetics) on the relative
composition of microbiomes was evaluated using the adonis
plugin in QIME?2, utilising Adonis permutational multivari-
ate analysis (Adonis/PERMANOVA) and Bray—Curtis dis-
tance matrix to evaluate the dissimilarity among samples
with permutation set at 999 (Anderson 2017).

The linear discriminant analysis (LDA) with effect size
(LefSe) algorithm (Segata et al. 2011) in Galaxy module
http://huttenhower.sph.harvard.edu/galaxy was used for
biomarker detection based on the factorial Kruskal-Wal-
lis (KW) test and the pairwise Wilcoxon test to detect taxa
with significant differential relative abundances of bacterial
families in the susceptible and infected resistant group in
colon and ileum with alpha values of 0.05 and a threshold
value of 2.0 on the logarithmic linear discriminant analysis
(LDA) scores for discriminative features.

PICRUSt 2 was applied for metabolic functional predic-
tion (Langille et al. 2013). The predictions were collapsed
into KEGG pathways at levels 2 and 3, and the resulting
abundance table was imported in the STAMP v2.1.3 pro-
gram for statistical analysis (Parks et al. 2014) by using
non-corrected Welch’s t-test type two-sided, with the confi-
dence interval (CI) method of Welch’s inverted adjustment
of 0.95 between resistant and susceptible strains (p <0.05)
considered to be of statistical significance. The relationships
among functional capacities were analysed by PCA (princi-
pal component analysis).

Results

Impact of Leishmania infection on gut microbiome
diversity

A total of 13,671,855 sequences were obtained from samples
of different mice. The majority of these were from the colon
part (9,762,045 sequences). The mean sequence length was
260 bp. The analysis of two mice strain groups CcS/Dem
and OcB/Dem was done independently in which the ileum
and colon samples were treated separately.

Alpha diversity of samples from different gastrointestinal
segments (ileum and colon) of different mouse strains was
evaluated to determine the bacterial diversity of each ani-
mal group (susceptible/resistant and infected/ non-infected).
The Shannon index was commonly used to determine the
diversity and abundance of species in a community. The
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results of the Shannon index were represented in the box-
plot graph (Fig. 1, Supplemental Fig. S1). The different
values were reported in Supplemental Table S1. The bac-
terial community was the largest and most diverse in the
colon and least diverse in the ileum (Fig. 1). The diversity
of the bacterial community was more stable in the CcS/Dem
group than in the OcB/Dem group. For CcS/Dem strains,
the results showed non-significant differences (p > 0.05)
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Fig. 1 Microbiome alpha diversity (Shannon index) among different
mouse strains (susceptibles/ resistants) of infected or non-infected
mice in a colon of CcS/Dem, b colon of OcB/Dem, ¢ ileum of CcS/

between infected and non-infected animals or between resist-
ant and susceptible mice in both ileum and colon microbi-
ome (Fig. 1a, ¢) (Supplemental Table S1). For OcB/Dem
strains, a significant difference was noticed between infected
and non-infected resistant mice in the colon (p=0.02) and
the ileum (p =0.01) microbiome (Fig. 1b, d) (Supplemental
Table S1). The diversity of infected mice was lower than
that of non-infected mice in the colon of the OcB/Dem
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Fig. 2 Principal coordinate analysis (PCoA) plots based on the Bray—
Curtis distance showed distinct clusters among different groups (sus-
ceptibles/ resistants) of infected or non-infected mice in: a) colon of
CcS/Dem, b) colon of OcB/Dem, c) ileum of CcS/Dem and d) ileum
of OcB/Dem. Ellipses mark 95% confidence ellipses around each

group (Fig. 1b). Non-significant statistical differences were
observed between different mice strains in the colon micro-
biome of all animals (Supplemental Figs. Sla, b, Supple-
mental Table S1). The diversity in the ileum microbiome
of the susceptible BALB/c strain was significantly higher
(p=0.04) than in the infected susceptible CcS-12 strain
(Supplemental Fig. S1c). The diversity in the ileum micro-
biome was significantly higher (p =0.02) in the infected
resistant B10 strain than in the infected resistant O20 strain
(Supplemental Fig. S1d).

In order to study the similarity between different samples,
beta diversity was used to analyse the composition between
bacterial communities in the colon and ileum separately.
Principal coordinate analysis (PCoA) based on Bray—Curtis
distance was performed to compare the microbiome diver-
sity between resistant vs susceptible and infected vs non-
infected mice from different strains (Fig. 2). The diversity
of colon microbiome was largely dispersed in samples from
CcS/Dem strains (R>=0.404, p=0.001) (Fig. 2a). In the
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group and (p-value<0.05) was considered statistically significant.
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infected), Susceptible_Inf: infected susceptible, Susceptible_ctr: sus-
ceptible control (non-infected)]

ileum microbiome of samples from CcS/Dem strains, beta
diversity was more centred in susceptible mouse strains and
dispersed in resistant mouse strains (R*=0.327, p=0.001)
(Fig. 2¢).

Beta diversity of different strains from CcS/Dem mouse
series was analysed separately (Fig. 3).

In the colon microbiome, a higher significant difference
was observed between susceptible mouse strains (R2 =0.39,
p=0.001) and resistant mouse strains (R2 =0.37, p=0.001),
and clusters of different strains were distinguished and sepa-
rated to each other (Fig. 3a, b). However, in the ileum micro-
biome, all resistant samples were clustered together sepa-
rated to CcS-20 strain (R*=0.29, p=0.001) (Fig. 3d). The
results showed that beta diversity was similar in the infected
and non-infected mice except samples from the CcS-12 sus-
ceptible strain where they were separated into an infected
group and a non-infected group in both colon and ileum
microbiome (R?=0.33, p=0.001) (Fig. 3a, ¢).
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Moreover, for OcB/Dem mice, in both colon and ileum
microbiomes, two major clusters were distinguished: a clus-
ter of resistant mice and the other cluster for susceptible ones
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(R*=0.342, p=0.001) (Fig. 2b, d). However, there were no
significant differences between infected and non-infected
mice, except in the ileum microbiome of resistant lines, the
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clusters of infected and non-infected mice were separated
(R*=0.528, p=0.001) (Fig. 2d).

Impact of Leishmania infection on gut microbiota
composition

Colon microbiota

In general, gut bacterial abundancy was variable and dissim-
ilar in different mouse strains. For the CcS/Dem mice group
(Supplemental Table S2, Fig. 4a, Supplemental Fig. S2a),
the microbiota of colon samples from all animals was
dominated by Bacteroidetes and Firmicutes (Supplemental
Fig. S2a). Bacteroidetes was slightly higher in the infected
susceptible CcS-12 strain (49.2%) and Muribaculaceae was
the most abundant family (39.5%). Muribaculaceae was
the dominant family in infected intermediate strains CcS-
12 (46.39%). Lachnospiraceaec was more abundant in the
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infected resistant CcS-5 strain (31.9%) than the infected sus-
ceptible CcS-12 strain (10.3%). However, Lachnospiraceae
was the dominant bacterial family in the colon microbiome
of the non-infected CcS-12 strain (59.1%) (Fig. 4a).

LEfSe analysis identified Lactobacillaceae as the highest
biomarker correlated with the colon microbiota of infected
resistant CcS/Dem mice group in addition to Family XIII
(Clostridiales), Peptococcaceae, Tannerellaceae and Bur-
kholderiaceae. Rikenellaceae, Deferribacteriaceae and a
family of uncultured Firmicutes bacterium were identified
as biomarkers associated with the infected susceptible CcS/
Dem mice group in their colon (Fig. 5a, b).

For OcB/Dem mouse strains (Supplemental Table S3,
Fig. 4b, Supplemental Fig. S2b), the colon microbiota of
all animals was dominated by Bacteroidetes and Firmi-
cutes phyla (Supplemental Fig. S2b). Bcteroidales was the
dominant order in all animals, but it was slightly higher
(61.8%) in the infected susceptible group (B10.020) where
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Muribaculaceae was the most abundant family (52.9%). The
relative abundance of Lactobacillaceae and Lactobacillus
was higher (35.2%) in the infected resistant B10 mice strain
than in the infected susceptible group (B10.020) (8.9%).
Lachnospiraceae was found in all animals, but it was esti-
mated slightly higher in the non-infected resistant B10 mice
strain (39.8%) (Fig. 4b).

LEfSe results (Fig. 5a, b) identified two bacterial fami-
lies (Lactobacillaceae and Clostridiaceael) that were related
with the infected resistant OcB/Dem mice group, while
Ruminococcaceae, Rikenellaceae, Moraxellaceae, Ten-
nerellaceae and Christensenellaceae were associated with
the infected susceptible OcB/Dem mice group.

lleum microbiota

Globally, Firmicutes, Proteobacteria and Bacteroidetes were
the main phyla in the ileum microbiota of all mice. For the
CcS/Dem mice group (Supplemental Table S4, Fig. 4c, Sup-
plemental Fig. S2c¢), Firmicutes was the abundant phylum
in the ileum microbiota of infected resistant animals where
the frequency was 52.3% in the strain CcS-5 and 61.4% in
the strain STS. Firmicutes was higher and the dominant phy-
lum in the ileum microbiota of infected susceptible mice
with percentages of 86.3% in the CcS-12 strain, 69.7% in
the BALB/c strain and in the infected intermediate strain
CcS-20 81.2%. Proteobacteria was higher (38.2%) in the
ileum microbiota of the infected resistant strain CcS-5. Bac-
teroidetes was higher (12.9%) in the ileum microbiota of the
infected resistant strain STS (Supplemental Fig. S2c). Gam-
maproteobacteria was higher (36.1%) in the ileum microbi-
ota of the infected resistant strain CcS-5, in which the family
of Moraxellaceae and the genus of Acinetobacter (29.5%)
were higher in this bacterial class. However, the family of
Moraxellaceae and the genus of Acinetobacter were infre-
quent in ileum microbiome of the resistant strain STS. Lac-
tobacillaceae and Lactobacillus were the most abundant
family and genus, respectively, in the infected resistant mice
with percentages of 43.4% for the strain CcS-5 and 49.0%
for the strain STS. Lactobacillaceae and Lactobacillus were
higher and the dominant family and genus, respectively, in
the susceptible and infected intermediate animals with per-
centages of 83.8% in the strain CcS-12, 56.9% in the strain
BALB/c and 62.36% in the strain CcS-20. Muribaculaceae
was higher in resistant STS mice with a percentage of 10.1%
in ileum microbiota of infected STS mice and 15.7% in
ileum microbiota of non-infected ones (Fig. 4a).

LEfSe results (Fig. 5c, d) indicated four bacterial fami-
lies were related with resistance in ileum microbiota of
infected CcS/Dem mice (Microbacteriaceae, Sphingobac-
teriaceae, Veillonellaceae and Clostridiaceael) and three
bacterial families (Bacillaceae, Corynebacteriaceae and

Solimonadaceae) in ileum microbiota of infected suscepti-
ble CcS/Dem series.

For the OcB/Dem mouse group (Supplemental Table S5,
Fig. 4d, Supplemental Fig. S2d), the ileum microbiota of
infected resistant animals was dominated by Proteobacte-
ria with relative percentages of 48.3% and 57.8% for the
B10 strain and the O20 strain, respectively (Supplemental
Fig. S2d). Gammaproteobacteria was the most abundant
class in the ileum microbiota of resistant strains represented
by 39.5% of Moraxellaceae and Acinetobacter in B10-
infected mice and 49.4% in O20-infected mice (Fig. 4d).
Bacteroidetes was higher in the infected resistance B10 mice
(22.1%) than in the non-infected B10 strain (2.6%) and the
infected resistance 020 strain (3.2%). The ileum microbiota
of infected susceptible B10.020 mice was mostly dominated
by Firmicutes with relative frequencies of 66.4% for non-
infected mice and 73.1% for infected mice (Supplemental
Fig. S2d). Lactobacillaceae was the most abundant family
(63.9%) in the ileum microbiota of infected susceptible B10.
020 mice represented by the genus Lactobacillus. Bacte-
roidetes was higher (17.8%) and Proteobacteria was lower
(6.1%) in the ileum microbiota of infected susceptible B10.
020 mice. Muribaculaceae was higher in ileum microbiota
of infected susceptible mice (17.4%) and of infected resist-
ant B10 (20.52%) than in the infected resistant O20 strains
(0.7%) (Fig. 4d).

LEfSe results (Fig. 6¢, d) from ileum samples showed that
various bacterial families were associated with the infected
resistant OcB/Dem mice group: Moraxellaceae, Veillonel-
laceae, Family XI (Clostridiales), Enterococcaceae, Leu-
conostocaceae, Xanthomonadaceae, Deferribacteriaceae,
Tannerellaceae, Beijerinckiaceae, Sphingomonadaceae,
Clostridiaceael, Sphingobacteriaceae, Micrococcaceae,
Prevotellaceae, Microbacteriaceae, Weeksellaceae, Strep-
tococcaceae, Coriobacteriaceae, Enterobacteriaceae, Pro-
pionibacteriaceae and Bacteroidaceae. Lctobacillaceae,
Caulobacteraceae and Eggerthellaceae were associated with
the ileum microbiota of the infected susceptible OcB/Dem
mice group.

Impact of host genetics on gut microbiome
of non-infected mice

There was no significant difference in alpha diversity
between different non-infected mice models used in
this study (Supplemental Tables S1 and S2). However,
Bray—Curtis dissimilarity was significantly correlated with
the genetic make-up of the host (p=0.001) (Fig. 2). Rela-
tive abundancy of taxa at different bacterial taxonomical
levels was wide-ranging within different mouse strains
(Fig. 3, Supplemental Fig. S2, Supplemental Tables S3
and S4).
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Metagenomic functional prediction

Functional inference analyses based on PICRUSt were per-
formed on the microbiota of colon and ileum separately to
determine whether there were significant differences in the
abundance of potential functions between the two groups of
infected mice: resistant and susceptible. Histograms of the
relative abundance of functions were generated (Supplemen-
tal Fig. S3). The results revealed that the functional genes
of the two groups were mainly involved in “cellular pro-
cesses”, “environmental information processing”, “genetic
information processing”, “human diseases”, “metabolism”
and “organismal systems” in KEGG level 1 (Supplemental
Tables S6-S8).
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By collapsing the data at KEGG level 2, the largest dif-
ference between the two groups was found in ileum samples
of OcB/Dem strains where 31 differently abundant pathways
indicated a significant difference in the functions of the
infected resistant strains compared with the infected suscep-
tible strains (Supplemental Fig. S2a). The functional predic-
tion showed that the ileum microbiota of infected resistant
OcB/Dem strains was principally related to “xenobiotics
biodegradation and metabolism”, “amino acid metabolism”,
“lipid metabolism” and “cellular processes and signalling”.
“replication and repair”, “translation”, “nucleotide metabo-
lism”, “carbohydrate metabolism”, “transcription”, “genetic
information processing energy metabolism”, “metabolism

of cofactors and vitamins” and “enzyme families” were the
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most significant pathways associated with the ileum microbi-
ome of infected susceptible OcB/Dem strains (Supplemental
Fig. S2a). However, only nine KEGG pathways were signifi-
cantly different between the two groups in their colon micro-
biome of OcB/Dem strains (Supplemental Fig. S2b). The
majority of predicted functions were significantly abundant
in the infected susceptible B10020 strains: “glycan biosyn-
thesis and metabolism”, “transport and catabolism”, “bio-
synthesis of other secondary metabolites”, “metabolism”,
“enzyme families”, “endocrine system”, “neurodegenerative
diseases” and “digestive system”. “Environmental adapta-
tion” was the only significantly abundant function associated
with the colon microbiome of resistant OcB/Dem strains
(Supplemental Fig. S2b).

The functional prediction in the ileum microbiome of
CcS/Dem strains revealed 8 KEGG pathways that were
significantly abundant (Supplemental Fig. S2¢). The abun-
dance of “membrane transport” and “carbohydrate metabo-
lism” were significantly higher in the ileum microbiome of
infected susceptible CcS/Dem mice. Though, the significant
abundance of “amino acid metabolism”, “poorly character-
ised” functions, “glycan biosynthesis and metabolism” and
“metabolism of terpenoids and polyketides” was observed
in the ileum microbiome of infected resistant CcS/Dem mice
(Supplemental Fig. S2¢). Only three KEGG pathways were
predicted that were significantly different in the colon micro-
biome of the CcS/Dem strains. All three functions “poorly
characterised” functions, “metabolism” and “neurodegenera-
tive diseases” were significantly higher in the colon microbi-
ome of infected susceptible CcS/Dem strains (Supplemental
Fig. S2d). Details can be found in the Supplementary Mate-
rials (Supplemental Tables S6-S8).

PCA revealed that the functions of ileum microbiota from
the same mouse group (infected resistant or infected suscep-
tible) were clustered together (Supplemental Fig. S4). Two
clusters were more separated in the ileum of OcB/Dem mice
strains with the first two components explaining a total of
92.7% of the variation (Supplemental Fig. S4d). The results
suggested that the functional KOs (KEGG orthology) varied
mainly in the ileum microbiota (Supplemental Fig. S3c, d).
There was no significant difference between the two mice
groups (infected resistant and infected susceptible) in the
predicted functions of colon microbiota for both mice strains
(Supplemental Fig. S3a, b).

Discussion

Different bacterial communities are harboured along the
mice gastrointestinal tract, including stomach, duode-
num, jejunum, ileum, cecum, colon and faeces (Gu et al.
2013; Wang et al. 2019; Han et al. 2020). The results from
Oliveira et al. (1999) show the importance of the intestinal

microbiota for effective resistance to infection with L.
major. The authors found that germ-free mice infected
with L. major had significantly larger lesions than the
conventional controls. Therefore, the present study was
carried out to investigate the microbiome and bacterial
diversity in the ileum and colon of two groups of mouse
models of leishmaniasis using a next-generation sequenc-
ing approach.

The data showed that the intestinal microbiota of OcB/
Dem mice was more variable after infection in comparison
to the intestinal microbiota of CcS/Dem strains, which was
more stable after infection (Figs. 1, 2, and 3, Supplemental
Fig. S1, Supplemental Tables S1 and S4). The bacterial
composition of the gastrointestinal tract of the two mouse
groups was diverse and distinct in different taxonomical
levels. Three main phyla were abundant in the gut of all
mouse strains: Firmicutes, Bacteroidetes and Proteobac-
teria. Similar findings were reported in previous studies
(Gu et al. 2013; Han et al. 2020). Proteobacteria was the
dominant phylum in the ileum microbiota of resistant mice
OcB/Dem strains. Firmicutes was the most abundant phy-
lum in the ileum of susceptible mice in OcB/Dem strains
and colon of resistant OcB/Dem strains and the ileum and
colon of all CcS/Dem strains. Bacteroidetes was higher in
the colon of infected susceptible CcS/Dem strains and was
the dominant phylum in the colon of susceptible OcB/Dem
mice and colon of infected resistant OcB/Dem mice. The
ileum was the most affected gastrointestinal part (Figs. 2
and 3), and colon microbiota was more stable. Many find-
ings have indicated more stable microbial communities in
the large intestine compared with the small intestine (Gu
et al. 2013; Wang et al. 2019; Han et al. 2020). Also, no
significant difference was observed in human stool micro-
biome diversity of visceral leishmaniasis (VL) cases com-
pared to endemic controls (EC) (Lappan et al. 2019).

Using LEfSe analysis, some biomarkers were deter-
mined in the gut microbiota of infected resistant mice and
infected susceptible mice (Figs. 4 and 5). Clostridiaceael,
Sphingobacteriaceae, Veillonellaceae and Microbacte-
riaceae were common biomarkers correlated with infected
resistant animals in the ileum microbiota. Moraxellaceae,
a bacterial family, which belong to the Gammaproteobac-
teria class, was the highest biomarker in the ileum micro-
biota of infected resistant OcB/Dem strains, but it was not
identified as a biomarker for infected resistant CcS/Dem
strains. Accordingly, the Gammaproteobacteria class was
correlated only with resistance to L. major infection in
C57BL/6 (Lamour et al. 2015) and the O20 strain (this
paper). Bacilli were associated with the susceptibility in
the ileum microbiota of infected OcB/Dem mouse strains.
Similar to our finding, a study of the faecal microbiota
of the two experimental models of L. major infection
BALB/c and C57BL/6 found that Gammaproteobacteria
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was strongly related with the self-healing strain C57BL/6,
and the Bacilli class was associated with the non-healing
phenotype BALB/c (Lamour et al. 2015). Rikenellaceae
was the common biomarker in the colon microbiota of
all infected susceptible mouse strains. Tannerellaceae was
associated with resistance to leishmaniasis in the colon
microbiota of infected resistant CcS/Dem mice and the
ileum microbiota of infected OcB/Dem strains. However,
it was significantly abundant in the colon microbiota of
infected susceptible OcB/Dem strains. Also, Clostridi-
aceae was significantly abundant in the colon microbiota
of infected resistant OcB/Dem strains and the ileum micro-
biota of all infected resistant strains. The Clostridia class
was associated with the non-healing phenotype (Lamour
et al. 2015). Lactobacilaceae was correlated with the
resistance in the colon microbiota of all infected resistant
mouse strains while it was significantly abundant in the
ileum microbiota of infected susceptible OcB/Dem strains.
Those divergent results are because of the distinction in
the diversity of faecal microbiota and the microbiota of the
small intestine and the large intestine.

Parasites Leishmania infantum (Cavallone et al. 2022;
de Lima et al. 2021; Passos et al. 2020) and Leishmania
(Viannia) braziliensis (Santos et al. 2021) were detected in
gastrointestinal tract of hamsters, whereas presence of L.
donovani was observed in the intestinal tract of mice and
hamsters (Lewis et al. 2020) and in the human duodenum
(Chattopadhyay et al. 2020). There is no literary reports
about the detection of L. major in the intestinal tract of
mice, and it was out of the scope of our study to analyse the
parasitic dissemination to the ileum or the colon. However,
we cannot exclude that L. major parasites could be present
in the ileum or colon and can influence the microbiome
composition.

PICRUSt was used to obtain the functional composi-
tion and determine differences in the intestinal microbiota
in infected resistant and infected susceptible mice (Sup-
plemental Figs. S1 and S2, Supplemental Tables S6-S8).
PICRUSt cluster analysis showed significant differences
between the ileum and colon. In the ileum function, there
were large distinctions between clusters of infected resist-
ant and infected susceptible mice which lead to suggesting
that the ileum microbiota is the most affected intestinal
part by Leishmania infection. The functional prediction
analysis revealed richness in the intestinal microbiota
with many microbial functional genes related to “metabo-
lism”, “environment information processing”, “genetic
information processing”, “human diseases” and “cellular
processing”.

It was inferred that the ileum microbiome of resistant
OcB/Dem strains was significantly rich in genes related to
xenobiotic biodegradation and metabolism (metabolism
of xenobiotics by cytochrome P450 in KEGG level 3).
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Intestinal microbiota represents a site for xenobiotic metabo-
lism (Bjorkholm et al. 2009; Toda et al. 2009; Li et al. 2017;
Collins and Patterson 2020). The gut microbiome regulates
the metabolic outcomes of xenobiotic and host gene expres-
sion of CYP450s (Collins and Patterson 2020). Experimen-
tal studies have investigated the impact of leishmaniasis on
drug metabolism by decreasing cytochrome P450 (CYP)
levels. An early study has suggested that infection with L.
donovani affects the xenobiotic-metabolising enzymes of
mice liver (Coombs et al. 1990). It was reported that the
phenotypic activities of CYP3A4 and CYP2C19 were signif-
icantly reduced in Brazilian patients during the acute phase
of visceral leishmaniasis (Lanchote et al. 2015). Decreased
xenobiotic metabolism function leads to an alteration of drug
clearance rates, which would have severe implications for
individuals infected with Leishmania. Another study has
revealed that nitric oxide (NO) mediates the impairment
of cytochrome P450-dependent metabolism in the liver of
hamsters infected with L. donovani (Samanta et al. 2003).

Genes related to amino acid metabolism function were
upregulated in the ileum microbiome of infected resistant
mice in all model strains. Some amino acids such as argi-
nine, asparagine and tryptophan are considered mediators
of metabolic cross-talk between the host and pathogen (Ren
et al. 2018). The supplementation of glutamine to mice
infected with L. donovani may act as a promising adjuvant
during miltefosine treatment to improve anti-Leishmania
immune response by considerably decreasing the parasite
charge (Ferreira et al. 2020). The L-arginine metabolic path-
way was realised to be required in the regulation of iNOS-
mediated parasite killing and polyamine-mediated parasite
growth. Also, amino acids are involved in the regulation
of immune cells during leishmaniasis (Wanasen and Soong
2008).

The abundance of genes involved in “carbohydrate
metabolism” and “glycan biosynthesis and metabolism” was
significantly higher in the gut microbiome of the infected
susceptible mice. It was determined that L. major promas-
tigotes induce the macrophages to promote anaerobic glyco-
lysis and cause the accumulation of cholesterol (Rabhi et al.
2012). The observations of Bodhale et al. (2018) suggest an
association between cytokine secretion profile, Leishmania
susceptibility and the expression of different enzymes of
the glycolytic pathway in the spleen of L. donovani-infected
mice. A recent study has inferred that diet-induced obesity
reduces the resistance of C57BL/6 mice to L. major infection
(Martins et al. 2020).

This study assessed differences in cutaneous leishmania-
sis outcomes in the colon and ileum using different experi-
mental mice models. Bacterial composition and diversity
of intestinal microbiota were analysed in susceptible and
resistant leishmaniasis mice models. L. major infection
altered the ileum microbiome composition widely; however,
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no significant changes in the colon microbiome have been
observed. Moreover, the results indicated that the host
genetic make-up has an important impact on shaping and
modulation of gut microbiome composition. In addition, a
large dissimilarity in beta diversity of the colon microbiome
was noticed between all mice strains. Furthermore, the pre-
sent study revealed biomarkers in the gut microbiome that
were linked to susceptibility or resistance to the infection
with L. major. Rikenellaceae was the common biomarker
correlated with susceptibility in the colon microbiota of all
infected susceptible mice strains. Several biomarkers were
determined in the ileum microbiota of infected resistant
OcB/Dem mice, and Moraxellaceae was the dominant bio-
marker. Besides, potential gene functions in the gut microbi-
ome of infected mice were highlighted. Xenobiotic biodegra-
dation and metabolism and amino acid metabolism pathways
were principally related to the ileum microbiome of infected
resistant strains, whereas genes associated with carbohydrate
metabolism and glycan biosynthesis and metabolism were
significantly higher in the gut microbiome of the infected
susceptible mice. Determination of biomarkers and predic-
tion of possibly implicated functional pathways related to the
susceptible or resistant models may provide useful insight
into pre-emptive microbiome-based medicine and the devel-
opment of novel anti-leishmanial drugs by identifying new
targets.
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