
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Joana Tavares,
University of Porto, Portugal

REVIEWED BY

Supriya Khanra,
University of Glasgow, United Kingdom
Naseh Maleki-Ravasan,
Pasteur Institute of Iran (PII), Iran

*CORRESPONDENCE

Pedro Cecilio

pedro.amadocecilio@nih.gov

Fabiano Oliveira

loliveira@niaid.nih.gov

†These authors have contributed equally to
this work

RECEIVED 02 October 2025

REVISED 26 November 2025
ACCEPTED 02 December 2025

PUBLISHED 05 January 2026

CITATION

Tang K, Zhang Y, Meneses C, Rogerio LA,
Willen L, Iniguez E, Kamhawi S,
Valenzuela JG, Oliveira F and
Cecilio P (2026) Phlebotomus duboscqi
gut microbiota dynamics in the
context of Leishmania infection.
Front. Immunol. 16:1717935.
doi: 10.3389/fimmu.2025.1717935

COPYRIGHT

© 2026 Tang, Zhang, Meneses, Rogerio, Willen,
Iniguez, Kamhawi, Valenzuela, Oliveira and
Cecilio. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Brief Research Report

PUBLISHED 05 January 2026

DOI 10.3389/fimmu.2025.1717935
Phlebotomus duboscqi gut
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Introduction: The manipulation of the gut microbiota of disease vectors has

emerged as a new approach to use in the integrated control of vector-borne

diseases. For this purpose, a deep knowledge of their gut microbial communities

is essential. To our knowledge, to date, no study has documented the gut

microbiome dynamics of Phlebotomus duboscqi sand flies over the entire

time-period required for the maturation of a Leishmania infection. Here, we

address this limitation.

Methods: P. duboscqi midguts were dissected both before and at different days

after L. major infection and subjected to genomic DNA extraction followed by

amplification of the V3-V4 hypervariable regions of the 16S rRNA, sequencing,

and metagenomics analysis.

Results: We observed a decrease in the number of Amplicon Sequence Variants

(ASVs) early after infection, at D2, and late after infection, at D12. More so

Sphingomonas, Ochrobactrum, and Serratia emerged as the most prevalent

genera in relative terms, before, early after, and late after infection, respectively.

These results translated into a separation between the 3 groups in the context of

a beta diversity analysis, with statistical relevance. Importantly, we were able to

establish Corynebacterium spp. and Enterococcus spp. as potential markers of

non-infected and infected sand flies, respectively, as well as Streptococcus spp.,

Sphingomonas spp., Ralstonia spp., and Abiotrophia spp. as potential specific

markers of late infections (ANCOM-BC analysis).

Discussion: Overall, we show that the composition of the gut microbiota of P.

duboscqi sand flies changes significantly over the course of an infection with L.

major parasites.
KEYWORDS

sand fly, Leishmania infection, gut microbiota, relative abundance, diversity
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1717935/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1717935/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1717935/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2025.1717935&domain=pdf&date_stamp=2026-01-05
mailto:pedro.amadocecilio@nih.gov
mailto:loliveira@niaid.nih.gov
https://doi.org/10.3389/fimmu.2025.1717935
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2025.1717935
https://www.frontiersin.org/journals/immunology


Tang et al. 10.3389/fimmu.2025.1717935
1 Introduction

Although often not recognized as so, sand flies are among the

insects of significant public-health concern; they show a worldwide

distribution, depend on blood to complete their life cycle, and can

transmit different pathogens (1). Among these, Leishmania

parasites, the causative agents of human leishmaniasis, are the

ones associated with the highest disease/socioeconomic burden (2,

3); over 1.000.000 leishmaniasis cases are estimated to occur yearly,

most referring to the non-fatal cutaneous form (4). Of note, most

human-infecting Leishmania spp. are zoonotic agents (1), a vaccine

for human leishmaniasis is yet not available (5), and the anti-

Leishmania chemotherapeutics are limited and increasingly

compromised by the emergence of drug resistance (6). Therefore,

the control of leishmaniasis is extremely challenging, requiring a

multifaceted approach that needs to have a major focus on the sand

fly vector, instead of relying solely on case-control strategies.

While there are a few sand fly-based approaches in use for the

control of leishmaniasis, they all aim to prevent sand fly-human

contact (e.g. repellents/insecticides) (7). However, these have

limitations, including the emergence of resistance (7). Of note,

contrary to the reality for other disease vectors (8), no control

method targeting specifically the infection within sand flies is

available for application (7). Yet, recent studies reported that, if

depleted from their natural gut microbiota, sand flies are unable to

sustain the development of Leishmania spp. parasites within their

midguts (9, 10). This means that, likely, there are bacteria that promote

the establishment of Leishmania in sand flies, and thus, that we should

be able to make sand flies refractory to infection via the manipulation

of their gut microbiota. Such interventions will either directly target the

promoters of Leishmania growth, or depend on the introduction of

alternative agents that, either directly or indirectly, are detrimental for

the development of Leishmania parasites in the vector. In fact, our

recent work shows that the latest is possible. By introducing a mosquito

symbiont, Delftia tsuruhatensis TC1, in the sand fly midgut, we

induced a state of sand fly gut dysbiosis that negatively impacted the

development of Leishmania major parasites in the vector, and,

consequently, their transmission to hosts (11).

For the development of similar approaches, there is the need for

a comprehensive understanding of the composition and dynamics

of the gut microbiota of sand flies. However, while the gut

microbiota of some species of medical importance, including

Lutzomyia longipalpis and Phlebotomus papatasi, has been

extensively characterized, the information available on the subject

for other species is limited (12, 13). That is the case of Phlebotomus

duboscqi sand flies, the main West African vectors of L. major-

caused cutaneous leishmaniasis (14); only four studies looked at

their gut microbiota (colony-reared sand flies) (10, 15–17). The

older studies focused either on culturable bacteria (17), or on

temperature-gradient gel electrophoresis of whole DNA (16) and

only in the context of non-infected sand flies. The most recent

studies used more modern 16S-based sequencing methods,

including in the context of infected sand flies, but looking only at

a single time-point after infection [either early (15) or late (10)]. To

our knowledge, no study documented the gut microbiome
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dynamics of P. duboscqi sand flies over the entire time-period

required for the maturation of a Leishmania infection. Here, to

address this limitation, we looked at the differences of the gut

microbiome of laboratory-reared P. duboscqi sand flies before and

after L. major infection, with the necessary temporal resolution to

understand the dynamics of sand fly gut microbial communities

throughout the infection timeline.
2 Methods

2.1 Ethics statement

All animal experiments were carried out in accordance with the

NIAID Animal Care and Use Committee under the animal

protocol LMVR4E.
2.2 Parasites, sand flies, and infection

A cloned line of Leishmania major (WR 2885) was used (18).

Promastigotes were maintained at 26°C in Schneider’s insect

medium with 20% heat-inactivated FBS and 100 U/mL penicillin/

streptomycin (all Thermo Fischer Scientific).

Phlebotomus duboscqi sand flies were mass reared at the LMVR

insectary as previously (19). After an overnight starving period,

sand flies were infected by artificial feeding on defibrinated rabbit

blood (Spring Valley Laboratories) containing L. major

promastigotes (5x106/ml), as previously (20). Blood-fed females

were then sorted and kept on 30% sucrose.
2.3 Metagenomics analysis – layout and
samples

Sand fly midguts were dissected under a sterile-like

environment (21) at different time-points: before blood feeding

(D0), and different days after blood feeding (D2, D5, D7, D9, and

D12). Dissected midguts were washed three times with sterile PBS

and pooled into Eppendorf tubes; 20 midguts per condition were

collected, at least in triplicate. Genomic DNA was then extracted

and the samples were subjected to 16S rRNA amplification and

sequencing (~100,000 reads per sample) as previously (9); the V3-

V4 hypervariable regions of the 16S rRNA was targeted with the

pr imers 341F-CCTAYGGGRBGCASCAG, and 806R-

GGACTACNNGGGTATCTAAT. Altogether, 21 samples

were analyzed.
2.4 Metagenomics analysis - amplicon
sequence variant calling, phylogenetic tree,
and taxonomy classification

This paper results from a re-analysis of the data collected in a

different study (11), previously deposited at NCBI under the
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BioProject number PRJNA1079352 (https://www.ncbi.nlm.nih.gov/

bioproject/PRJNA1079352/con); only CTRL samples are relevant to

the present study. The initial analysis steps were common to the

ones previously reported (code available at https://github.com/

GaryZhangYue/Cecilio_2024_TC1_sandflies).

Briefly, 16S rRNA amplicon reads were demultiplexed and

trimmed using Novogene in-house scripts. These reads were then

imported into QIIME2 v.2021.4 (22) for downstream analysis.

DADA2 (23) was used to call Amplicon Sequence Variants

(ASVs). Chimeric sequences showing considerably lower

abundance than their parent sequences were identified and

removed by setting the flag “–p-min-fold-parent-over-abundance”

to 10. A rooted phylogenetic tree was generated using FastTree (24)

based on a multiple alignment with MAFFT (25). The ASVs were

taxonomically classified with a Naïve Bayes classifier pre-trained on

the SILVA rRNA database (release 138 SSURef NR99) (26). After

DADA2 quality filtering, and considering only the CTRL samples, a

total of 3,477,690 reads (165,604±4,990 reads/sample) were

retained. The samples were then rarefied to a subsampling depth

of 149,894 reads/sample to ensure an even sequencing depth. After

rarefaction, 1,844 ASVs and all samples were retained.
2.5 Metagenomics analysis - microbial
diversity calculation, statistical testing, and
differential abundance testing

Diversity metrics were calculated using the QIIME2 core-

metrics-phylogenetic function. The rarefied features’ table was

used to compute the Shannon’s (27), observed features, Faith’s

PD (28), and Pielou’s (29) metrics. Statistical comparisons in this

context were made using the Kruskal-Wallis test followed by a post-

hoc analysis, when applicable, using the Dunn’s test. To visualize the

dissimilarities in microbial communities across groups, the

weighted UniFrac distance metrics (30) was used to generate

PCoA coordinates after Cailliez transformation (31) to correct for

negative eigenvalues. Permutational multivariate analysis of

variance (PERMANOVA) (32) and permutational multivariate

analysis of group dispersion homogeneity (PERMDISP) (33) were

applied to compare the centroid location and within-group

dispersion level, respectively, across groups. Analysis of

compositions of Microbiomes with Bias Correction (ANCOM-

BC, version 2.0.3) (34) was also used to find differentially

abundant genera between conditions on each day and between

each pair of phases (early after versus before infection, late after

versus before infection, and late versus early after infection). The

unrarefied features’ table was used as input to ANCOM-BC as per

the standard recommendations.
3 Results

To investigate the dynamic changes in P. duboscqi gut microbial

communities in the context of Leishmania infection, pools of sand

fly midguts were collected one day before (day 0), as well as 2-to-12
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days post-L. major infection and subjected to metagenomics

analysis. The infection followed a healthy pattern, with the

number of parasites per midgut plateauing after day 7 of infection

(Supplementary Figure S1A), and the frequency of metacyclic

parasites increasing dramatical ly from day 7 onward

(Supplementary Figure S1B). For analysis purposes, samples were

either considered by individual time-point, or joined together in the

frame of three major groups: before infection, early after infection

(days 2/5 post-infection, when blood/blood remnants may still be

found in the midgut), and late after infection (days 7-to-12 post-

infection, when metacyclic promastigotes are present in the sand fly

midgut; Supplementary Figure S1B).

First, we looked at the number of observed ASVs as a reflection

of the bacterial richness. A significant difference was detected,

particularly when we compared the sand fly gut microbiota before

and early after infection, with a lower number of ASVs observed in

the latter group (Figure 1A; Supplementary Table S1 - adjusted

p=0.041). This was mostly due to a decrease in the number of ASVs

2 days post-infection (Supplementary Figure S2A; Supplementary

Table S2). Later after infection, a partial recovery in the number of

observed ASVs was evident, although to median group levels still

lower than those observed before infection (Figure 1A).

Considering the individual time-points pertaining to this period,

a tendency of reduction of the number of observed ASVs was

observed at D12 (Supplementary Figure S2A).

Next, we investigated the abundance of the 10 most relevant

bacterial groups found in the gut microbiota of P. duboscqi sand flies

throughout the Leishmania infection timeline. Of note, some

heterogeneity was visible, as expected, since each sample derives

from a pool of midguts. Before infection, more than 85% or relative

abundance was attributed to 4 main genera: Sphingomonas, Leifsonia,

Ochrobactrum, and Serratia (27.7%, 27.2%, 19.3%, 12.0%, respectively;

Figure 1B, right panel; Supplementary Table S3). This translated into

the dominance of 4 main families before Leishmania-infection (each

including one of the abovementioned genera, in the respective order):

Sphingomonadaceae, Microbacteriaceae, Rhizobiaceae, and

Yersiniaceae (Supplementary Figure S2B, right panel; Supplementary

Table S4).

Early after infection, the most evident change was an increase in

the relative abundance of the Ochrobactrum genus (and the

Rhizobiaceae family) to around 50% (Figure 1B; Supplementary

Figure S2B; right panels). Additionally, two other families,

Alcaligenaceae (no genus attributed) and Pseudomonadaceae

(referring to the Pseudomonas genus) also increased in abundance

to values above 6% at the group level; in the latter case, this was

mostly due to the contribution of one sample (Figure 1B;

Supplementary Figure S2B; left panels; Supplementary Tables S3,

S4). Conversely, all other abundance-wise relevant genera/families

maintained or decreased their prevalence early after infection at

the group level. Leifsonia (Microbacteriaceae family) contracted

the most in relative terms, followed by Sphingomonas

(Sphingomonadaceae family); for the sake of comparison relative

abundance values at the genus level dropped to 3.0%, and 11.3%,

respectively as compared to values of 27.2% and 27.7%, before

infection (Figure 1B; Supplementary Figure S2B; right panels;
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Supplementary Tables S3, S4). Of note, Serratia (Yersiniaceae

family) seemed to maintain a relative abundance weight (versus

before infection) of around 13% (Figure 1B; Supplementary Figure

S2B; Supplementary Tables S3, S4).

Late after infection both the Ochrobactrum and Sphingomonas

genera (and their respective families) returned to the relative

abundance levels observed before infection, with a contraction of

the former and an expansion of the latter (versus early after

infection; Figure 1B; Supplementary Figure S2B). The same was

true for the Alcaligenaceae and Pseudomonadaceae families; both

lost relevance later after infection, returning to the low relative

abundance values (below 1%) detected before infection
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(Supplementary Figure S2B; Supplementary Table S4). On the

other hand, Leifsonia (Microbacteriaceae family) did not recover,

maintaining an even lower relative abundance late after infection

(e.g. at the genus level, 0.9% versus 3.0% early after infection;

Figure 1B; Supplementary Figure S2B; Supplementary Tables S3,

S4). In contrast, 3 genera/families increased in relative abundance to

levels above those detected for both the pre-infection and early

infection statuses. Serratia (Yersiniaceae family) became the most

prevalent late after infection (25.8% both at the genus and family

level; Figure 1B; Supplementary Figure S2B; Supplementary Tables

S3, S4). Additionally, the Tsukamurella and Asaia genera

(Tsukamurellacea and Acetobacteraceae families, respectively)
FIGURE 1

Observed ASVs in function of the infection status and relative abundance at the genus level. Pools of P. duboscqi sand fly midguts were collected
one day before (day 0), as well as 2, 5, 7, 9, and 12 days after infection with L. major parasites and subjected to metagenomics analysis. (A) Variation
in the number of observed Amplicon Sequence Variants ASVs with the status of infection. Box-and-whisker graphs show an overview of the
calculated values per pool of sand fly midguts collected before infection (day 0; grey; n=4), early after Leishmania infection (days 2 and 5; red; n=8),
and late after Leishmania infection (days 7, 9, and 12; orange; n=9). Statistical significance was determined using the Kruskal-Wallis test followed by
post-hoc analysis and is highlighted. The complete statistical analysis results are listed in Supplementary Table S1. (B) Relative abundance at the
genus level per sample pool and time-point (left panel), as well as per infection status (right panel). The most abundant families are color-coded. All
results were obtained in three independent experiments.
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also increased in relative abundance from less than 0.5% before/

early after infection to around 5% late after infection (Figure 1B;

Supplementary Figure S2B; right panels; Supplementary Tables S3,

S4). Interestingly, both were detected in higher abundance from day

9 post-infection onward (Figure 1B; Supplementary Figure S2B; left

panels) . Of note, one other genus (family), Ralstonia

(Burkholderiaceae) showed relevant, although lower relative

abundance values throughout the experimental timeline; these

contracted from 3.6% before infection to 1.1% early after

infection and then expanded to 2.8% late after infection

(Figure 1B; Supplementary Figure S2B; Supplementary Tables S3,

S4). The combined relative abundance of all remaining genera

(families) varied from around 6% before infection to around 9%

late after infection.

The above-reported changes highlighted possible dynamic

alterations in the sand fly midgut microbiota composition, in the

context of Leishmania infection. Therefore, next we looked

specifically at bacterial diversity. With respect to alpha diversity

metrics, referring to within-sample diversity (richness/evenness),

no statistically significant differences were observed (Figures 2A–C).

Regarding both Shannon index and Pielou evenness metrics, the

distribution of individual samples overlapped group-wise

(Figures 2A, B). Regarding the Faith PD metric (Figure 2C), the

profile was similar to that of the Observed ASVs (Figure 1A), but

without statistical relevance. On the other hand, with respect to beta

diversity metrics (weighted UniFrac distance), reflecting the overall

composition at the group level, statistically significant differences

were detected. A group separation was evident [p(adonis)=0.003],

and to a greater extent between before infection and early after

infection samples (Figure 2D). This translated into significant

differences when we compared specifically the before infection

and early after infection groups [p(PERMANOVA)=0.024;

Supplementary Table S5], as well as almost significant differences

when we compared the early after infection and late after infection

groups [p(PERMANOVA)=0.054; Supplementary Table S5]. Of

note, no major differences in terms of sample dispersion within

groups (or group heterogeneity) were observed [p(betadisp)>0.2

and p(PERMDISP)>0.2; Figure 2D; Supplementary Table S5].

Overall, these results suggest that the composition of the sandfly

gut microbiota changes dynamically with the progression of

Leishmania infection in sand flies.

Last, we focused on differences in estimated absolute abundance

values (ANCOM-BC analysis) looking for potential markers of early

and/or late infection. A few of the above-reported apparent relative

abundance differences were still noted in the context of absolute

numbers (Figures 3A, B; Supplementary Tables S6, S7). For instance,

a significant decrease in the number of Microbacteriaceae late after

versus before infection was noted (Figure 3B; Supplementary Table S7).

More so, a significant increase in the number of Ralstonia, and

consequently of Burkholderiaceae at the family level, as well as of

Sphingomonas (only at the genus level in this case) were detected late

versus early after infection (Figures 3A, B; Supplementary Tables S6,

S7). Interestingly, via this estimated absolute abundance-based

differential analysis, nine new genera/families were noted to change

significantly in the context of Leishmania infection. Cutibacterium and
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Porphyromonas (Propionibacteriaceae and Porphyromonadaceae,

respectively, at the family level) showed significantly lower numbers

early after versus before infection (Figures 3A, B; Supplementary Tables

S6, S7). Corynebacterium (and Corynebacteriaceae at the family level)

also showed significantly lower numbers early after versus before

infection, as well as late after versus before infection, making this

genus/family a potential marker of non-infected sand flies (Figures 3A,

B; Supplementary Tables S6, S7). Conversely, the genus Enterococcus

(and the family Enterococcaceae) showed significantly higher absolute

abundance both early and late after infection, highlighting them as

potential general markers of Leishmania-infected sand flies in our

experimental context (Figures 3A, B; Supplementary Tables S6, S7).

More so, our results also revealed a decrease in the numbers of

Peptostreptococcaceae late after versus before infection (Figure 3B;

Supplementary Table S7). Importantly, we also detected significant

changes whenwe compared the late versus early after infection statuses.

In this context, we observed a significant increase in the absolute

numbers of the Streptococcus and Abiotrophia genera (and the

Streptococcaceae and Aerococcaceae families, respectively), as well as

of the order Saccharimonadales, to which we could not assign a family/

genera (Figures 3A, B; Supplementary Tables S6, S7). Overall, these

results further support the notion that the gut microbiota of P. duboscqi

sand flies changes dramatically in the context of Leishmania infection.
4 Discussion

With this study, we aimed to characterize the gut microbiota of

P. duboscqi sand flies at the steady-state, and after Leishmania

infection. Overall, we show that the composition of the gut

microbiota of P. duboscqi sand flies changes significantly over the

course of an infection with L. major parasites.

Curiously, we observed a decrease in the number of observed

ASVs both early (D2; significantly), and late (D12; tendentiously)

after infection. These results are in line with those previously

reported for Lu. longipalpis sand flies infected with L. infantum

parasites, both in the context of observed operational taxonomic

units - OTUs - and of phylogenetic diversity (9). Together, both

studies point to two distinct events of “microbial richness loss”,

likely driven by selective pressures of different origins. The first

decrease in richness is probably a result of the apport of new

nutrients after the ingestion of blood by the sand fly. The second can

be a consequence of bacteria-bacteria/bacteria-parasite competition

for limited resources within a midgut now populated by high

Leishmania numbers, and/or the result of a re-arrangement of

microbial communities shaped by Leishmania excreted/secreted

(by)products. Of note, our beta diversity results do not show a

recovery in the composition of the sand fly gut microbiota after the

defecation of blood meal remnants (before versus late after

infection), further supporting the occurrence of independent

selective pressure events that shape the midgut microbiota of

adult Leishmania-infected female sand flies.

We also detected changes in the relative abundance of different

bacterial genera/families. We can try to establish some parallels with

the published bibliography. For instance, an apparent dominance of
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https://doi.org/10.3389/fimmu.2025.1717935
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Tang et al. 10.3389/fimmu.2025.1717935
FIGURE 2

Bacterial diversity metrics. Pools of P. duboscqi sand fly midguts were collected one day before (day 0), as well as 2, 5, 7, 9, and 12 days after
infection with L. major parasites and subjected to metagenomics analysis. Three different indicators were used to evaluate the alpha diversity at the
infection status level: (A) Shannon Index, (B) Pielou Evenness, and (C) Faith PD. Box-and-whisker graphs show an overview of the calculated values
per pool of sand fly midguts collected before infection (day 0; grey; n=4), early after Leishmania infection (days 2 and 5; red; n=8), and late after
Leishmania infection (days 7, 9, and 12; orange; n=9). Statistical significance was determined using the Kruskal-Wallis test followed by post-hoc
analysis and is highlighted. (D) PCA plot referring to the beta-diversity weighed analysis at the infection status level. Each dot represents and
individual sample, which is color coded: samples collected before (day 0), early (days 2 and 5) after, and late (days 7, 9, and 12) after Leishmania
infection are highlighted in grey, red, and orange, respectively. Statistical significance (permutational ANOVA and beta dispersion analyses) is denoted
in the graph. Complete statistical analysis results, including between-group comparisons, are listed in Supplementary Table S5. All results were
obtained in three independent experiments.
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Ochrobactrum spp. in the gut microbiota of P. duboscqi sand flies

was previously reported, including in blood-fed insects (17). A

dominance of Rhizobiaceae (family Ochrobactrum spp. is part of),

was also reported in the gut microbiota of P. duboscqi sand flies

before, and after taking non-infected blood (15), as well as 14 days

post-infection (10). Our data, showing the relative dominance of

Ochrobactrum spp. early after infection, as well as a significant

relative abundance both before and late after infection, may align

with these published results. Of note, the first study only looked at

culturable bacteria (17) and thus the relative values reported are

probably over-estimated, while the second one was based on a
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limited number of samples (15), lacking the resolution necessary to

account for the expected sample-to-sample heterogeneity. This said,

other studies have reported the presence of Ochrobactrum spp. in

sand fly larval rearing sites, and the ability of these bacteria to be

transtadially transmitted from larvae to adults, explaining the

presence of this bacterial genus in the gut microbiota of different

lab-reared and wild-caught sand fly species (13, 35–38).

Additionally, the increase in the relative abundance of

Tsukamurella spp. late after infection observed in this study was

also previously reported in Lu. longipalpis sand flies infected with L.

infantum parasites (9); the same parallel can be made with the
FIGURE 3

Absolute abundance-based infection stage-specific markers. Pools of P. duboscqi sand fly midguts were collected one day before (day 0), as well as
2, 5, 7, 9, and 12 days after infection with L. major parasites and subjected to metagenomics analysis. Analysis was done in the frame of three major
groups: before infection (day 0), early after infection (days 2 and 5), and late after infection (days 7, 9, and 12). (A) Significant changes in the
estimated absolute abundance of different bacterial genera in the sand fly midgut early after versus before Leishmania infection (left panel), late after
versus before Leishmania infection (center panel), and late versus early after Leishmania infection (right panel). Data are represented by effect size
(LogFC) and Standard Error bars (two-sided; Bonferroni adjusted) derived from the ANCOM-BC model. All effect sizes with adjusted p < 0.1 (q value)
are indicated: s, *, **, and *** significant at 10%, 5%, 1%, and 0.1% level of significance, respectively. Complete statistical analysis results, including
exact adjusted p values can be found in Supplementary Table S6. (B) Significant changes in the estimated absolute abundance of different bacterial
families in the sand fly midgut early after versus before Leishmania infection (left panel), late after versus before Leishmania infection (center panel),
and late versus early after Leishmania infection (right panel). Data are represented by effect size (LogFC) and Standard Error bars (two-sided;
Bonferroni adjusted) derived from the ANCOM-BC model. All effect sizes with adjusted p < 0.1 (q value) are indicated: s, *, **, and *** significant at
10%, 5%, 1%, and 0.1% level of significance, respectively. Complete statistical analysis results, including exact adjusted p values can be found in
Supplementary Table S7. All results were obtained in three independent experiments.
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Acetobacteraceae family. Of note, the P. duboscqi and Lu.

longipalpis sand flies used in this study and in (9), respectively,

are reared in the same environment and with the same food and

sugar sources. However, while previously Tsukamurella spp.

together with the Actinobacteria/Actinomycetota phylum (among

others) were statistically defined, via linear discriminant analysis, as

potential markers of infected sand flies (9), that was not the case in

our context, after an ANCOM-BC analysis; for Tsukamurella spp.

this was likely due to the observed sample heterogeneity. Instead, in

this study, the genus Enterococcus and the family Enterococcaceae

were defined as potential markers of infected sand flies, while the

genus Corynebacterium and the family Corynebacteriaceae

(curiously belonging to the Actinobacteria/Actinomycetota

phylum) were defined as potential markers of non-infected sand

flies. While we cannot exclude the hypothesis that these

contradictory results may be just a consequence of the different

statistical methods used in the two studies, overall, they seem to

suggest that the diet is, likely, not the only factor that influences the

microbiota of adult sand flies, in line with what was reported for

mosquitoes (39). The hypothesis that, not only the genetic

background, but also the infectious agent (different in the two

contexts mentioned above) may condition the gut microbiota of

adult sand flies is something to consider. A future side-by-side study

of the gut microbiota of e.g Lu. longipalpis and P. duboscqi sand flies

infected with L. infantum and L. major parasites, respectively (or

even a more comprehensive study in the context of different sand fly

species, infected with different Leishmania parasites, at the single-

insect level) is warranted. Such study may address the above

hypothesis, helping to disclose potential vector-parasite specific

microbial signatures, but also, may simultaneously lead to the

unveiling of potentially conserved microbiota signatures shared

across different sand fly-Leishmania pairings.

Our ANCOM-BC analysis also revealed a significant higher

absolute abundance of Streptococcus, Sphingomonas, Ralstonia and

Abiotrophia spp. in sand flies late versus early after infection. The

fact that these genera are more abundant in sand flies with heavier

Leishmania infections may indicate a favorable parasite-bacteria

relationship. These bacteria may proliferate in response to

Leishmania growth, and/or they may be important to sustain the

development of Leishmania parasites in the sand fly midgut. Of

note, previous Leishmania infection studies in the context of

antibiotic-treated sand flies, reported that Leishmania parasites

need an undisturbed sand fly gut microbiota to establish

themselves in the vector (9, 10). We can, therefore, speculate that

some bacterial species within the abovementioned genera are

Leishmania infection/metacyclogenesis promoters; none of these

were previously identified as such. Future studies aiming at isolating

these bacteria and characterizing their role in the context of

Leishmania infection will help us to address this possibility. Of

note, in this context there is a precedent. A study reported that

Serratia rubidaea bacteria are Leishmania infection-enhancers in

the context of sand fly gut dysbiosis (10). Notably, in our study
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Serratia spp. was the genus with the higher relative weight detected

late after infection, and within the Serratia species we were able to

attribute via our metagenomics analysis we found Serratia rubidaea

(Data S1).

This study is not without limitations. For instance, our

experimental settings differ from what is expected to occur in the

field: i) sand flies take an infected bloodmeal from a living host (1)

(different animals), and not via artificial membrane feeding; and ii)

sand flies are expected to take multiple bloodmeals throughout their

adult life span with consequences for vector competence (40).

Future studies on the effect of multiple blood meals (different

blood sources) on the gut microbiota of naturally infected sand

flies are warranted. Additionally, we characterized the microbiota of

the whole sand fly midgut, thus lacking the spatial resolution

achieved elsewhere, where the microbiome of different midgut

regions was analyzed separately (10). The use of higher depth

techniques associated with a more compartmentalized analysis in

a future study may provide useful insights into the dynamics of the

sand fly gut microbiota as Leishmania spp. infection matures. Also,

we analyzed the microbiota in the context of pooled samples and

thus were neither able to look at potential individual variability, nor

to establish potential associations between gut microbial

composition and infection burden. To address this, we are now

starting to study the gut microbiota of individual sand fly

specimens, to undoubtedly establish bacteria-Leishmania

interactions in the context of sand fly (mature) infections and

potentially unveil new vector refractoriness-related intervention

targets. Lastly, we only looked at the adult female sand fly and

thus cannot know for sure the origin of the different gut microbiota

components of our sand flies. More comprehensive studies,

including not only the characterization of the gut microbiota of

larval and pupal stages, but also of food, sugar, and blood sources

(ideally under natural conditions, as reported elsewhere in the

context of a different sand fly species (41), or trying to reproduce

the sand fly-flora-habitat-reservoir interactions expected to happen

in nature, but in the lab) are needed for the complete understanding

of the life-long sand fly gut microbial dynamics.

All in all, our data contribute to the body of work in this field

and may guide future studies aiming to: i) characterize different

Leishmania-bacteria interactions in the sand fly midgut, ii) isolate

bacteria beneficial and detrimental for the development of

Leishmania parasites, and iii) leverage bacterial isolates/

byproducts to manipulate the sand fly gut microbiota and

negatively impact the development of Leishmania spp. parasites

in their respective vectors.
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