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Abstract. Land cover change is a threat to wildlife globally. It may also impact the gut microbiome harbored
by wildlife, with implications for their health, conservation, and One Health more broadly. Bats are a diverse
group of mammals that can be found in a range of habitats, with differing degrees of anthropogenic disturbance.
Here, we analyzed the V3–V4 region of 16S rRNA from fecal samples from 109 individual little free-tail bats
(Mops pumilus) in northeastern Eswatini. We aimed to describe the species composition, richness, and com-
munity structure of the gut microbiome and identify and potentially pathogenic bacteria that M. pumilus might
harbor. We then measured the effects of host characteristics, land cover composition and configuration on the
species richness, phylogenetic diversity, prevalence of potentially pathogenic genera, and community compo-
sition of the gut microbiome. We found high levels of individual variability and no significant differences in
species richness, phylogenetic diversity, or community composition based on sex, age, or reproductive condi-
tion. We detected five potentially pathogenic bacterial genera, four at high prevalence: Mycoplasma (88 %),
Rickettsia (36 %), Salmonella (34 %), Bartonella (23 %), and Campylobacter (4 %). The co-occurrence of two to
five of these genera within an individual was common. Using a subsample of 83 individuals captured at 17 dis-
tinct roosts, we found a small influence of fine-scale land cover on the community composition but none on the
richness or phylogenetic diversity of the gut microbiome. We did not find associations between land cover com-
position, configuration, or host characteristics with the prevalence of potentially pathogenic genera. Our results
demonstrate the complex influences on bat gut microbiome, while the high prevalence of potential pathogens
shows the importance of continued research and surveillance.
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1 Introduction

Humans have drastically changed the face of the Earth, and
one of the primary ways is through land cover change (Fed-
dema et al., 2005; Leemans and Zuidema, 1995; Song et
al., 2018), the conversion of Earth’s surface (Wulder et al.,
2018). Land cover change threatens biodiversity, contributes
to climate change, and may increase the emergence of infec-
tious diseases (Daszak et al., 2001; Lambin et al., 2010; Lee-
mans and Zuidema, 1995). These changes have profound im-
pacts on wildlife through the reduction of available habitats
and resources (Fischer and Lindenmayer, 2006; Tscharntke
et al., 2012), edge effects, patch isolation, and loss of con-
nectivity across the landscape (Fahrig, 2003).

Land cover change affects not only wildlife populations
but also individuals and the microbiome they harbor. The
microbiome consists of microorganisms, including bacteria,
Archaea, protozoa, and fungi that live on or in organisms
(Leonard et al., 2024; Ley et al., 2008b; Zilber-Rosenberg
and Rosenberg, 2008). This is essential for an organism’s
health as it may affect metabolism, nutrients acquisition, en-
ergy uptake and storage, immune system function, suscep-
tibility to pathogens, aging, and longevity (Bäckhed et al.,
2004; Biagi et al., 2016; Claesson et al., 2012; Ley et al.,
2006; Turnbaugh et al., 2007). The gut microbiome in turn is
shaped by numerous factors, including host phylogeny (Ley
et al., 2008a, b; Sanders et al., 2014), genetics (Goodrich
et al., 2014), diet (Carmody et al., 2015; Ley et al., 2008b;
Muegge et al., 2011; Storm et al., 2024), social interac-
tions (Raulo et al., 2024), and the surrounding environment
(Bernardo-Cravo et al., 2020; Rothschild et al., 2018).

In a range of wildlife species, land cover change may re-
duce individuals’ gut microbiome diversity or alter its com-
position, likely due to modified diets (Barelli et al., 2015;
Chang et al., 2016; Ingala et al., 2019; Mistrick et al., 2024),
altered environmental microbiomes (Bernardo-Cravo et al.,
2020), and direct or indirect interactions with domestic an-
imals (Fackelmann et al., 2021). There is evidence in some
wildlife species that reduced gut microbiome diversity and
altered community structure can have negative effects on
animals’ fitness (Suzuki, 2017; Worsley et al., 2021) and
their immune systems (Amato et al., 2013; Siddiqui et al.,
2022), leaving them vulnerable to disease (Jiménez and Som-
mer, 2017; Warne et al., 2019) or parasites (Schmid et al.,
2022; Weldon et al., 2015). In fact, this relationship be-
tween gut microbiome and disease is characterized by com-
plex interactions and feedback loops as a healthy gut micro-
biome provides a first line of defense against colonization
by pathogens, prevents opportunistic pathogens that may be
present from multiplying, and contributes to healthy immune
system function (Bernardo-Cravo et al., 2020). Dysbiosis,
often characterized by altered community composition and
shifted beta diversity, leaves hosts vulnerable to infections,
which may then further alter the gut microbiome, increasing
the risk of co-infections and repeated infections with various

types of pathogen (Schmid et al., 2022; Weldon et al., 2015).
However, defining dysbiosis in wildlife remains challenging,
if not impossible, for most species (Handy et al., 2023). Ob-
served patterns, such as reduced alpha diversity or shifts to
beta diversity, are often interpreted as indicative of potential
dysbiosis, although explicit signs of resulting pathology or
dysfunction are often not evident or measured. Nevertheless,
it is likely that all of these factors have cumulative effects
on wildlife populations and their conservation. Thus, a better
understanding of how land cover change affects the gut mi-
crobiome of wildlife is important for conservation, wildlife
health, and One Health (Muhummed et al., 2025; Trevelline
et al., 2019) – the principle that the health of the environ-
ment, animals, and humans is interconnected (Mettenleiter
et al., 2023).

Bats are the second-most diverse order of mammals, with
1500 described species (Burgin et al., 2025; Simmons and
Cirranello, 2025). They are threatened globally by land cover
change (Frick et al., 2020; Pekin and Pijanowski, 2012), yet
relatively little is known about how this affects their micro-
biome. In the common vampire bat (Desmodus rotundus),
land cover change is associated with a shift in diet from
wildlife to livestock (Ingala et al., 2019). While the subse-
quent effects on alpha diversity and richness in this species’
microbiome appear marginal (Fleischer et al., 2024), land
cover change may lead to shifts in the core microbiota, mi-
crobiome heterogeneity (Ingala et al., 2019), and abundance
of specific bacterial genera (Fleischer et al., 2024). In Glos-
sophaga soricina, a Neotropical frugivore, individuals feed-
ing in banana monoculture in Costa Rica showed less indi-
vidual variation and had less diverse microbiomes than those
foraging in organic banana farms and forests, which the au-
thors interpreted as potential indicators of dysbiosis (Alpízar
et al., 2021). For Pipistrellus kuhlii in Catalonia, Spain, ur-
ban and agricultural land covers were associated with lower
alpha diversity (Lobato-Bailón et al., 2023).

These changes in the bat microbiome may also have im-
portant implications from a One Health perspective. Many
bat species are known to host many different viruses (Ge et
al., 2012; Geldenhuys et al., 2018; Hayman, 2016; Shapiro
et al., 2021; Wu et al., 2016), which could be pathogenic to
humans, other animal species, or the bats themselves. While
studies are currently limited, there is some evidence that en-
teric viral infections may be linked to decreased gut micro-
bial diversity and altered community composition. Further,
such viral infections may cause dysbiosis in the gut and
leave bats vulnerable to co-infections with other pathogens
(Melville et al., 2025; Wasimuddin et al., 2018) or from po-
tentially pathogenic bacteria found in the gut microbiome
itself (Szentivanyi et al., 2023), with negative effects such
as reduced body condition found in some cases (Melville et
al., 2025). Bartonella, Leptospira, Mycoplasma, Rickettsia,
Anaplasma, Borrelia, and Coxiella are the most commonly
identified potential pathogens, although their pathogenicity
and capacity to spill over to other species are often unknown
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(Szentivanyi et al., 2023). These bacteria may cause fatal
disease in bats (Evans et al., 2009; Imnadze et al., 2020),
potentially threatening populations. Further, Myotis species
in northern Europe (Veikkolainen et al., 2014) and Ptero-
pus species in New Caledonia (Descloux et al., 2021) have
been identified as reservoirs of Bartonella mayotimonensis
and Mycoplasma haemohominis, respectively, both of which
cause disease in humans.

The savannas of southern Africa are home to a high diver-
sity of bat species (Monadjem et al., 2020; Monadjem et al.,
2021) but are severely threatened by land cover change, par-
ticularly conversion to agriculture, including both lower in-
tensity small-holder crops and intensive commercial mono-
cultures (Aleman et al., 2016; Laurance et al., 2014). This
land cover change can decrease bat diversity and activity, al-
though the effects vary widely between foraging guilds and
species (Mtsetfwa et al., 2018; Shapiro et al., 2020; Swartz
et al., 2022; Weier et al., 2018, 2021), with open-air foragers
in particular using and even preferring these habitats (Mt-
setfwa et al., 2018; Noer et al., 2012; Shapiro et al., 2020).
While the year-round availability of water and insect prey in
monocultures may provide apparently favorable habitat for
these bats (Shapiro et al., 2020; Swartz et al., 2022; Weier
et al., 2018), this could essentially be an ecological trap
(Tanalgo et al., 2025) with potential changes in foraging al-
tering their microbiome (Alpízar et al., 2021; Lobato-Bailón
et al., 2023).

Thus, with its implications for maintaining healthy bat
populations and preventing disease spillover, describing the
bat gut microbiome and understanding how it is affected by
land cover change is important. As a model, we use the lit-
tle free-tailed bat Mops pumilus, a widespread species found
in both natural and anthropogenic land covers (Monadjem et
al., 2020) whose gut microbiome has not yet been charac-
terized. We collected samples from 109 individuals in north-
eastern Eswatini (formerly Swaziland), a hotspot of bat di-
versity (Monadjem et al., 2021) undergoing rapid land cover
change (Bailey et al., 2015; Shapiro et al., 2020). Our ob-
jectives were to (1) describe the species composition of the
gut microbiome in M. pumilus; (2) identify potential bacte-
rial pathogens and their prevalence; (3) determine the role of
both host characteristics (age, sex, reproductive condition)
and land cover metrics on gut microbiome richness, phylo-
genetic diversity, potential pathogen prevalence, and com-
munity composition. We expected anthropogenic land cov-
ers and fragmentation to decrease the species richness of the
microbiome and alter the community composition (Amato et
al., 2013; Barelli et al., 2015; Lobato-Bailón et al., 2023).
We also expected to find a higher prevalence of potential
pathogens in areas with higher proportions of anthropogenic
land covers and fragmented savanna (Daszak et al., 2001;
Lambin et al., 2010; Mistrick et al., 2024).

Figure 1. Map of the study area and land cover types. Sites of bat
capture are indicated by the numbered points. Tick marks and values
correspond to Universal Transversal Mercator (UTM) coordinates
(zone 36S), equivalent to approximately 10 km.

2 Methods

2.1 Study area

This study was conducted in the Lowveld region of east-
ern Eswatini, bordered by the Drakensberg Mountains in the
west and the Lubombo Mountains in the east (Fig. 1). The
area is a part of the Maputaland-Pondoland-Albany biodiver-
sity hotspot (Monadjem et al., 2021; Steenkamp et al., 2005)
with an elevation ranging from approximately 150 to 600 m
above sea level. Land cover is dominated by commercial sug-
arcane plantations, subsistence maize fields, grazing lands
for domestic livestock, rural villages, and several protected
parks (Monadjem and Reside, 2008; Shapiro et al., 2020). It
has been subject to rapid land cover change, particularly due
to the expansion of commercial sugarcane plantations and
small-holder agriculture (Bailey et al., 2015). The dominant
vegetation type prior to agricultural transformation was open
savanna or woodland (Monadjem et al., 2003).

To quantify variability in the land cover of our study site,
we used Google Earth Engine (https://earthengine.google.
com, last access: 27 November 2016) to classify the land-
scape based on using a Landsat 8 8 d raw composite image
from 21 to 29 March 2016 at 30 m resolution. We classi-
fied the image using a voting support vector machine (vot-
ing SVM) classifier based on 193 training points for the fol-
lowing four categories: rural settlements (hereafter “rural”),
savannas, sugarcane plantations (hereafter “sugarcane”), and
water (Shapiro et al., 2020). To further distinguish savanna
vegetation from crops and pasture in rural areas (Prestele et
al., 2016), we overlaid the population count raster for Eswa-
tini (Swaziland) from WorldPop projected for 2015 (Linard
et al., 2012) and reclassified cells with population count > 1
as rural (Shapiro et al., 2020).
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2.2 Bat capture and sample collection

We collected bats under a permit from the Eswatini National
Trust Commission. Handling methods were approved by the
Institutional Animal Care and Use Committee (IACUC) at
the University of Florida (Protocol #201508751).

We surveyed bats from November 2015 to July 2016 at a
total of 28 different sites reflecting the variation of land cover
in the area. Capture sites included 17 roosts and 11 other
areas of likely bat activity not directly near a roost (trails,
clearings, edges of lakes, reservoirs, streams, irrigation, etc.).
To capture bats, we used mist nets (EcoTone) measuring
12m×3m and/or one harp trap at each site (Fig. 1). We iden-
tified bats to species according to distinctive physical charac-
teristics and measurements as described in Monadjem et al.
(2020). To aid in the identification of species, we measured
the forearm length of each captured bat to the nearest 0.1 mm
with calipers and recorded mass to the nearest 0.5 g with
a spring balance. We recorded the sex of each bat. We as-
sessed reproductive condition as follows: females were clas-
sified as pregnant, lactating (producing milk, enlarged nip-
ples, no surrounding fur), post-lactating (enlarged nipples not
producing milk, fur regrowth), or non-reproductive. Males
were classified as reproductive (enlarged, visible testes) or
non-reproductive (Racey, 1974). We determined age (juve-
nile or adult) by examining calcification of the epiphyseal
joints (Kunz and Anthony, 1982; Racey, 1974).

We placed captured bats individually in cloth holding bags
for the deposition of feces. All bags were soaked in a diluted
bleach solution prior to the first use and between each use
(Shapiro et al., 2024). Bats were released after the collection
of feces. We then placed fecal samples in Eppendorf tubes
with silica gel to desiccate them and preserve DNA. Samples
remained in a freezer at −10 °C until the end of the field
season in July 2016, after which we transferred them to a
−20 °C freezer.

2.3 DNA extraction

We extracted DNA using the MoBio PowerViral Environ-
mental RNA/DNA Isolation kit according to the manufac-
turer’s instructions, with the following modifications: sam-
ples were vortexed in a Tissuelyzer II (Qiagen) at a fre-
quency of 30 Hz for 10 min and subsequently centrifuged at
13000× g for 2 min.

We ran an initial SYBR Green chemistry quantitative poly-
merase chain reaction (qPCR) on a subset of 10 samples
and two blanks to optimize cycle number and ensure that
inhibitors co-purified with the DNA would not bias the re-
sults (Bustin et al., 2009). The qPCR was done in a dilu-
tion series of extract (1 µL undiluted, 1 µL 1 : 2, 1 µL 1 : 5,
1 µL 1 : 10). We carried out qPCRs on an Agilent Tech-
nologies Stratagene Mx3005P quantitative PCR thermocy-
cler using the Amplitaq Gold enzyme system. The 25 µL
reactions consisted of 1 µL DNA, 0.2 µL Amplitaq Gold

(5 UµL−1, ThermoFisher Scientific), 2.5 µL 10× Gold PCR
Buffer (ThermoFisher Scientific) and 2.5 µL MgCl2 (25 mM,
ThermoFisher Scientific), 0.2 mM dNTP Mix (25 mM, Invit-
rogen), 1 µL BSA (20 mgmL−1, New England Biolabs, Inc.),
1.5 µM each of forward and reverse 16S primer, and 1 µL of
SYBR Green/ROX solution consisted of 1 part SYBR Green
I nucleic acid gel stain (S7563) (Invitrogen), 4 parts ROX
reference dye (12223-012) (Invitrogen) and 2000 parts high-
grade DMSO.

We performed PCR on extracts with tagged bacte-
rial 16S ribosomal RNA primers (16S) forward (341F):
5’-CCTAYGGGRBGCASCAG-3’ and reverse (806R):
5-GGACTACNNGGGTATCTAAT-3; each primer had a
unique 6 nucleotide base tag added to the 5-end (Hansen
et al., 2012), and each tag combination was used only
once through this study (e.g., no repetition of any tag
combinations). These primer sets flank the V3–V4 region
of 16S rRNA of bacteria, resulting in a PCR product of
approximately 440 bp. We ran three separate PCR reactions
for each sample.

We performed PCR reactions in a total volume of 25 µL
with 3 µL DNA, 0.2 µL Amplitaq Gold (5 UµL−1, Ther-
moFisher Scientific), 2.5 µL 10× Gold PCR Buffer (Ther-
moFisher Scientific) and 2.5 µL MgCl2 (25 mM, Ther-
moFisher Scientific), 0.2 mM dNTP Mix (25 mM, Invitro-
gen), 1 µL BSA (20 mgmL−1, New England Biolabs, Inc.),
1.5 µM each of forward and reverse primer. We ran all sam-
ples for 25 cycles in Thermocyclers (Applied Biosystems
2720 Thermal Cycler) with the following settings: 95 °C –
5 min; (95 °C – 15 s; 55 °C – 30 s; 72 °C – 40 s) × 25 cycles;
72 °C – 4 min; 4 °C hold. We visualized all PCR products
(5 µL) on 2 % agarose gel stained with GelRed Nucleic Acid
Gel Stain (Biotium). We then carried out separation by elec-
trophoresis with 140 V, 350 mA for 40 min to determine the
presence of the desired target. We included negative controls
of extraction and PCR blanks in all PCRs, electrophoresis,
and sequencing reactions to rule out contamination.

We then pooled PCR products based on band intensity
from the gel electrophoresis by adding 5 µL of samples with
bright bands to the pool and 10 µL of samples with weaker
bands. We made a total of nine pools, each containing 35–
45 samples. We purified pooled samples with the QIAquick
PCR Purification Kit (Qiagen) as preparation for library
building. We built a library on each of the nine pools with
the Illumina TruSeq DNA PCR-Free Library Preparation Kit
according to the manufacturer’s manual. We also made a
negative library control. We purified libraries with Beckman
Coulter Agencourt AMPure XP (1 : 1, library: bead ratio)
to remove primer dimers. We ran the purified libraries on
an Agilent Technologies 2100 Bioanalyzer using the Agi-
lent High Sensitivity DNA kit to determine the length of
the products and concentration for pooling of libraries for
sequencing. We pooled libraries in equimolar ratios based
on results from the Bioanalyzer. Pooled libraries were se-
quenced on an Illumina MiSeq 250 bp paired-end sequencer
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at the Danish National High-Throughput Sequencing Centre,
Centre for GeoGenetics, Copenhagen, Denmark.

2.4 Bioinformatic processing

We demultiplexed the libraries to samples using a custom
script (available from http://github.com/tobiasgf/lulu, last ac-
cess: 17 March 2021) (Frøslev et al., 2017) that assigns reads
to samples based on an exact match of both the forward
and reverse tags. Adapters, primers, and internal tags were
also removed during demultiplexing using CutAdapt (v1.9.1)
(Martin, 2011). We removed unpaired reads below 100 bp.

Reads were demultiplexed using the DADA2 pipeline
(Callahan et al., 2016) within the R environment (version
4.1.2) (R Core Team, 2013) following Barnes et al. (2020)
using custom scripts (available from https://github.com/
jtshapiro/Mops_pumilus_Gut_microbiomes, last access: 18
September 2026) (Shapiro, 2026). Demultiplexed reads were
deposited in the Sequence Read Archive (SRA), the National
Center for Biotechnology Information (NCBI; BioProject
PRJNA1420193), and are freely available for download. The
pipeline performs quality filtering by calculating error rates
and removing reads above the threshold. We identified and
removed chimeras using the removeBimeraDenovo function
in DADA2. Finally, we assigned taxonomy to each amplicon
sequence variant (ASV) using DADA2’s native naïve RDP
Bayesian classifier against the Silva 138 database (Quast et
al., 2012).

We checked negative controls for the number of reads and
their species content. Any ASVs identified in negative con-
trols were removed from further analysis. We further filtered
the ASV table to remove any non-bacterial ASVs (eukary-
otes and Archaea). We counted ASVs as occurring in a sam-
ple only if it was detected in at least two out of three PCR
replicates because those found in only a single replicate may
be the result of sequencing errors or contamination (Ficetola
et al., 2015; Willerslev et al., 2014).

In order to visualize the completeness of our survey, we
calculated a sample-based rarefaction curve for all samples
together using the function “specaccum” in the vegan pack-
age (Oksanen et al., 2007) (Fig. S1 in the Supplement). We
then repeated this for each individual bat to ensure that our
results and analyses regarding individual species richness
were not biased by sequencing depth. As the species accu-
mulation curves for both the full data set and all individual
bats reached an asymptote (Fig. S2), we included all individ-
ual bats in downstream analyses without exclusions or rar-
efaction.

All downstream analyses were based on the presence/ab-
sence of ASVs and their relative abundances.

2.5 Statistical analysis

All statistical analyses were completed using custom scripts
(available from https://github.com/jtshapiro/Mops_pumilus_
Gut_microbiomes) (Shapiro, 2026) in R (version 4.1.2) (R
Core Team, 2013).

2.5.1 Landscape metrics

We measured landscape metrics around all roost capture sites
following Shapiro et al. (2020), using the “ClassStat” func-
tion in the SDMTools package (VanDerWal et al., 2014). To
measure land cover composition, we calculated the propor-
tion of land cover of each type (rural, savanna, sugarcane, and
water). We also measured two landscape configuration met-
rics: savanna edge density, because many bats use edges of
natural vegetation (Chambers et al., 2016; Ethier and Fahrig,
2011; Mendes et al., 2017; Müller et al., 2012); and savanna
splitting index (hereafter “savanna splitting”), to account for
the fragmentation of savanna vegetation, which has a posi-
tive effect on M. pumilus activity in this region (Shapiro et
al., 2020).

We calculated these metrics at the fine scale (120 m buffer
radius) and landscape scale (2 km buffer radius) as both
scales are relevant to explaining the activity of M. pumilus
in the region (Shapiro et al., 2020). The fine scale captures
local conditions around the bats’ roosts. The larger scales
correspond to the scale at which M. pumilus responds to the
environment, and its range of home ranges and nightly forag-
ing distances (Noer et al., 2012; Shapiro et al., 2020). Only
bats captured at roosts (n= 83) were included in models us-
ing landscape metrics.

2.5.2 Bacterial species identity, richness, and
phylogenetic diversity

We measured bacterial species richness for each individual
bat. Species richness was measured by summing the total
number of ASVs per bat. We counted the most common bac-
terial phyla and orders across all individual bats. We calcu-
lated estimated bacterial species richness of the full data,
including all bats, set using the Chao1 Estimator (Chao,
1987) with a confidence interval of 95 % using the function
“spp.est” in the fossil package (v.0.3.7) (Vavrek, 2011). We
then calculated Faith’s phylogenetic diversity (Faith, 1992)
for each bat. To do so, we first aligned all the ASV se-
quences using the ClustalW method (Thompson et al., 1994)
with the function “msa” in the MSA package (v.1.26) (Bo-
denhofer et al., 2015). Using the seqinr package (v.4.2-30)
(Charif and Lobry, 2007), we converted the msa object to an
alignment with the function “msaConvert” and then calcu-
lated the pairwise distance between all the aligned sequences
with the function “dist.alignment”. Based on these distances,
we built a neighbor-joining tree (Saitou and Nei, 1987) us-
ing the function “nj” in the ape package (v.5.7-1) (Paradis et
al., 2004). Finally, we calculated the phylogenetic diversity
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within each bat using the function “pd” in the picante pack-
age (v.1.8.2) (Kembel et al., 2010).

We analyzed differences in both ASV richness and phylo-
genetic diversity between bats based on sex and age (adult
or juvenile) using Welch’s two sample t test, which is ro-
bust to unequal sample sizes and variances between groups
(Ruxton, 2006; Welch, 1947). We then analyzed differences
based on reproductive condition (non-reproductive females
or males, lactating, post-lactating, or pregnant females, scro-
tal males), which may influence microbiome (Dietrich et al.,
2018; Phillips et al., 2012). To do so, we used a Kruskal–
Wallis test, due to unequal sample sizes between reproduc-
tive conditions and the relatively low number of individu-
als for each. We then tested for a correlation between ASV
richness and body condition using Spearman’s ρ with func-
tion “rcor” in the Hmisc package (Harrell, 2006), which we
then repeated for phylogenetic diversity. We examined this
correlation because declines in species richness or phyloge-
netic diversity could potentially be indicative of ill health,
although evidence in wildlife remains limited (Weldon et al.,
2015; Williams et al., 2024). Body condition is considered a
useful indicator of general health in bats, with higher values
correlated with greater energy reserves, survival, and repro-
ductive success (Johnson et al., 2014; Law, 1996; Phelps and
Kingston, 2018; Racey, 1982; Speakman and Racey, 1986).
We calculated body condition by dividing the mass of the bat
by its forearm length, which is the standard method for bats,
with lower values indicating poorer body condition (Speak-
man and Racey, 1986).

Each model included one of the following variables at ei-
ther the fine or landscape scale: percent sugarcane cover or
percent rural cover. At the fine scale we also included percent
savanna cover. At the landscape scale, we included three ad-
ditional models with the variables water cover, savanna split-
ting, or savanna edge density. We could not include these
variables at the fine scale due to one severe outlier site for
each of the first two explanatory variables and a high corre-
lation with percent savanna cover for the third (Fig. S3). We
also further included a null model. The response variable was
the number of ASVs or the value of Faith’s phylogenetic di-
versity. We used generalized linear mixed models (GLMMs)
using the “glmer” function in the lme4 package (Bates et
al., 2015), with a Poisson distribution for the ASV richness
models as the response variable is a count and linear mixed
models using the “lmer” function (also in the lme4 package)
for phylogenetic richness models, for which the response is
continuous. P values for explanatory variables were calcu-
lated using the “summary” function in the lmerTest package
(V.3.2-1) (Kuznetsova et al., 2017). The capture site was used
as a random effect in both sets of models.

We compared models with the Akaike information crite-
rion corrected for small sample size (AICc) using the func-
tion “model.sel” in the MuMIn package (Barton, 2017). We
considered models within 2 AICc units as competing models.
We evaluated the parameters of the top overall models by ex-

amining their 95 % confidence intervals (CIs) and considered
parameters whose 95 % CIs did not cross 0 to be relevant.

2.5.3 Potential bacterial pathogens

We identified potentially pathogenic bacteria from the ASV
table based on Szentivanyi et al. (2023), who identified
the following 11 genera as potentially zoonotic bacterial
pathogens that have been found relatively frequently in
bats: Anaplasma, Bartonella, Borrelia, Brucella, Coxiella,
Ehrlichia, Francisella, Leptospira, Mycoplasma, Neorick-
ettsia, and Rickettsia. In addition to these 11 genera, we
also considered ASVs belonging to the genera Campylobac-
ter and Salmonella as potential pathogens as both are com-
mon zoonotic pathogens (Coburn et al., 2007; Man, 2011)
that have also been previously identified in bats (Müldorfer,
2013). For downstream analysis, we considered the occur-
rence of any ASVs from each of these genera at the level of
the individual bat as a positive sample.

We compared the prevalence of potentially pathogenic
genera between the sexes, ages, and reproductive condition
using the chi-squared test, with each test independently con-
sidering one of these three variables. For each variable, we
counted the number of individuals that were positive and neg-
ative for each potentially pathogenic based on each of these
characteristics. For each test, all categories were mutually ex-
clusive, and we considered each observation to be indepen-
dent. We implemented the chi-squared test using the function
“chisq.test” in the stats package.

We then modeled the response of potentially pathogenic
bacterial genera to land cover composition and configuration
using the same general approach described above for ASV
richness. However, because there was substantial variation
in the number of bats and percentage of the colony sampled
at each roost, the response we modeled was the occurrence
(presence/absence) of each potentially pathogenic genus at
the level of each roost (e.g., if the genus was detected in
any bats from the roost). For each potentially pathogenic
genus, we built a set of generalized linear models (GLMs)
with a binomial distribution that each included one of land
cover or composition variables at either the fine or landscape
scale (percent savanna cover, percent sugarcane cover, per-
cent rural cover, and edge density at both scales; percent wa-
ter cover and savanna splitting at the landscape scale only),
and a null model. We then performed model selection us-
ing the “model.sel” function in the MuMIn package (Barton,
2017), considering models within 2 AICc units as competing
models. We evaluated the parameters of the top overall mod-
els by examining their 95 % CIs and considered parameters
whose 95 % CIs did not cross 0 to be relevant.
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2.5.4 Bacterial community

We used non-metric multidimensional scaling (NMDS) to vi-
sualize variation in the bacterial community between bats
using the vegan package (Oksanen et al., 2007). We first
calculated a similarity matrix using the function “vegdist”
with type “Jaccard”. We used the Jaccard distance, which is
based on taxon presence/absence, as a conservative measure
because the number of reads may not correspond to the ac-
tual abundance or relative abundance due to many biological
and technical factors affecting the amplification of sequences
by PCR, as well as the stochasticity of PCR itself (Edgar,
2017; Elbrecht and Leese, 2015). All ASVs were used to
calculate the Jaccard distance with ASV considered the tax-
onomic unit, regardless of the level to which they were clas-
sified. We made an NMDS plot visualizing the first two axes
of the NMDS using the function “monoMDS”. We plotted
the NMDS plots using ggplot2 (Wickham, 2016) to visualize
differences or clustering based on sex, age, and reproductive
condition.

In order to measure the influence of land cover composi-
tion and configuration on the bacterial communities within
the bats, we conducted partial distance-based redundancy
analysis, db-RDA (Legendre and Anderson, 1999), also us-
ing the vegan package (Oksanen et al., 2007). To prepare the
data for the db-RDA, we used Jaccard distance on a sam-
pling unit (bat) by species (ASV) matrix. We controlled for
the spatial autocorrelation between roosts (and bats in the
same roost) by “partialling” out the spatial component using
a principal coordinates of neighbour matrix (PCNM) based
on the distances between each site following Borcard et al.
(1992). We constructed the matrix by calculating the distance
between sites using the function “distm” in the geosphere
package (Hijmans, 2017) using Vincenty Ellipsoid distance,
due to the relatively small distances between sites (Vincenty,
1975). We transformed this distance matrix to PCNM using
the function “pcnm” in vegan (Oksanen et al., 2007).

As the first step of the db-RDA, we tested the significance
of a global model, with all variables – including sex, age,
and reproductive condition, land cover composition (sugar-
cane, savanna, and rural cover) at the fine scale, and land
cover composition and configuration (savanna edge and sa-
vanna splitting) metrics at the landscape scale – using the
function “anova.cca”. We excluded highly correlated vari-
ables (> 0.7) in the full model, removing fine-scale savanna
edge (highly correlated with both fine-scale savanna and fine-
scale rural cover) and landscape-scale savanna cover (highly
correlated with landscape-scale sugarcane cover) (Fig. S3).

As the global model was significant (F = 1.2, p = 0.001),
we then performed forward selection using the function “or-
diR2step” to identify the covariates that are significantly
associated with community composition (Blanchet et al.,
2008). Next, we conducted a permutation test on each covari-
ate in the forward-selected model to assess the significance of
the constraining variables, again using the “anova.cca” func-

tion. We plotted the model to visualize the strength and di-
rection of covariates on the bacterial community.

In order to incorporate the evolutionary relationship be-
tween ASVs and not simply their identity, we then repeated
the db-RDA using UniFrac distances. First, we rooted the
neighbor-joining phylogenetic tree by defining the longest
branch length as the outgroup using the ape package (Par-
adis et al., 2004). We calculated UniFrac distances with the
function “distance” in the phyloseq package (v.1.38.0) (Mc-
Murdie and Holmes, 2013). Using this matrix, we then re-
peated the db-RDA as described above, testing first for the
significance of the global model (F = 1.2, p = 0.001) using
the “anova.cca” function, then performing forward selection
using the “ordiR2step” function.

3 Results

3.1 Bacterial identification and occurrence

We identified 2249 unique bacterial ASVs from 109 individ-
ual bats. Taxonomic identification of ASVs was high, up to
the level of family (91 %) but then dropped steeply at genus
(72 %). Only 7.8 % of ASVs were identified to the level of
species. The rarefaction curve for the full data set clearly
reached its asymptote, as did the curve for each individual
bat (Figs. S1 and S2). The Chao1 Estimator (Chao, 1987) es-
timated richness at 2250–2253 species, indicating that we ob-
tained nearly 100 % of the bacterial diversity of M. pumilus.

The number of ASVs per individual bat ranged from 3 to
185 (mean= 47.0, median= 29, interquartile range= 21.0–
60.0). There was high variation in the distribution of indi-
vidual ASVs among bats; 72 % (n= 1622) of the 2249 iden-
tified ASVs were found in only one bat. Less than 1 % of
ASVs (n= 13) were found in more than 25 % of bats sam-
pled. The most common ASV, identified as an unknown
species of Mycoplasma, was found in 72 bats (66 %). Phy-
logenetic diversity ranged from 0.6 to 24.1 (mean= 6.1,
median= 3.7, interquartile range= 2.8–7.4).

Across all samples, the most commonly occurring bacte-
rial phyla were Proteobacteria and Firmicutes, which were
both found in all 109 bats. Actinobacteria was also com-
mon, found in 84 % of bats (n= 91). Bacteroidota occurred
in just over half of bats (54 %, n= 59). All other phyla were
found in< 30 % of bats. The most commonly occurring fam-
ilies were Enterococcaceae (88 %, n= 96), Enterobacteri-
aceae (84 %, n= 92), and Streptococcaceae (812 %, n= 89).
ASVs belonging to unknown families occurred in over half
of bats (56 %, n= 61) (Fig. 2).

3.2 Factors influencing bacterial species richness and
phylogenetic diversity

We found that there was no significant difference in either
ASV richness based on sex (t =−1.1, p = 0.28), age (t =
0.62, p = 0.55), or reproductive condition (chi-squared=
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Figure 2. Relative abundance of most common bacterial phyla (A) and families (B) found across all samples. Each bar represents an
individual bat. Colors correspond to the bacterial phylum or family. “Minor phyla” (A) correspond to phyla found in < 20 bats. “Minor
families” (B) correspond to families found in < 40 bats.

5.9, p = 0.12) (Fig. S4). We observed a similar pattern
for phylogenetic diversity, again with no significant differ-
ences based on sex (t =−1.5, p = 0.14), age (t = 0.45, p =
0.67), or reproductive condition (chi-squared= 3.4, p =
0.33) (Fig. S5). In addition, we found no correlation between
either ASV richness (ρ = 0.23, p = 0.02) or phylogenetic di-
versity (ρ = 0.09, p = 0.33) and body condition (Figs. S6
and S7).

We found no association between land cover composition
or configuration on ASV richness as the top model was the
null model (Table S1 in the Supplement). Similarly, there
was no clear association between phylogenetic diversity and
land cover composition or configuration. While the model
that best explained phylogenetic diversity included water
cover at the landscape scale, this variable was not significant
(β = 1.1, 95 % CI: −0.58–2.7, p = 0.22). All other models,
including the null model, were within 2 AICc units of this
model, and model weight was low (0.16) (Table S2).

3.3 Potential bacterial pathogens

We detected ASVs belonging to five potentially pathogenic
bacterial genera: Bartonella, Campylobacter, Mycoplasma,
Rickettsia, and Salmonella. Bartonella was represented by
eight ASVs, one identified as Bartonella tamiae (although
the 16S marker is generally not reliable for species-level
identification for this genus) (Kosoy et al., 2012), and the oth-
ers belonging to unknown species. Campylobacter was rep-
resented by a single ASV belonging to an unknown species.
Mycoplasma was represented by seven ASVs, none identi-
fied to the species level. Rickettsia was represented by 10
ASVs, none identified to the species level. Salmonella was
represented by 11 ASVs, three of which were identified as S.
enterica.

Mycoplasma was detected at a strikingly high preva-
lence: 87 % (n= 95) of bats at all but two roosts (n= 15,
88 %), with 1–12 positive bats detected per roost. The other
three genera were found at lower but still relatively high
prevalence: 36 % (n= 39) for Rickettsia, 34 % (n= 37) for
Salmonella, and 23 % (n= 25) for Bartonella. Rickettsia and
Salmonella were found in 59 % of surveyed roosts (n=
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10), with 1–10 bats per roost for Rickettsia and 1–8 for
Salmonella, while bats with Bartonella were found in 53 %
of roosts (n= 9), with detection in 1–5 bats per roost. In con-
trast, Campylobacter was the most rarely detected pathogen,
found in only four bats (4 %), all from different roosts. Co-
occurrence of these potentially pathogenic genera in the same
individuals was relatively common. We identified one bat in
which all five genera co-occurred, seven bats with four gen-
era, 23 with three genera, and 27 with a co-occurrence of two
genera.

We did not find significant differences in prevalence for
any of the five potential pathogens based on sex, age, or re-
productive condition (see Table 1).

The model that best explained Bartonella occurrence was
landscape-scale savanna splitting, but it was not significant
(β =−4.15, 95 % CI: −12.0 to −0.43, p = 0.17). Model
weight was low compared to the other models (0.30), with
several competing models (1AICc< 2): landscape-scale
sugarcane cover, landscape-scale savanna cover, and fine-
scale savanna cover (Table S3).

The occurrence of Campylobacter, Mycoplasma, Rick-
ettsia, and Salmonella were not well explained by any land
cover composition or configuration variables; the model that
best explained all of their occurrence was the null model (Ta-
bles S4–S7).

3.4 Bacterial community

The NMDS plots showed no clear clustering of the bac-
terial community based on sex, age, or reproductive status
(Fig. S8).

The global distance-based redundancy analysis (db-RDA)
model based on Jaccard’s distance was significant (p =
0.001) but explained only a relatively small amount of
the variation in community composition (15 %), while the
spatial component explained 19 %, and 66 % of the varia-
tion remained unexplained. When controlling for the num-
ber of variables, the adjusted R2

= 0.03. The forward-
selected db-RDA included four significant covariates: fine-
scale rural cover (p = 0.001), fine-scale savanna cover (p =
0.001), landscape-scale sugarcane cover (p = 0.003), and
landscape-scale savanna splitting (p = 0.03) (Fig. 3). How-
ever, the portion of variation explained was reduced to 6.7 %,
but the adjusted R2 was only marginally affected (adjusted
R2
= 0.026).

Similarly, the db-RDA based on UniFrac distances was
significant (p = 0.001) but explained slightly less of the vari-
ation in phylogenetic community composition (14 %) com-
pared to the ASV-based community composition. Mean-
while, the spatial component explained a slightly greater
amount of the phylogenetic variation at 23 %, and 62 %
remained unexplained. When controlling for the number
of variables, the adjusted R2

= 0.03. The forward-selected
model retained two variables, both of which were signifi-
cant: fine-scale savanna cover (p = 0.001) and landscape-

Figure 3. Distance-based redundancy (db-RDA) plot based on
Jaccard’s distance showing the relationship between the land
cover variables selected by forward selection: fine-scale rural
cover (Rur_cov_fine), fine-scale savanna cover (Sav_cov_fine),
landscape-scale sugarcane cover (Sug_cov_landscape), and
landscape-scale savanna splitting (Sav_split_landscape), along
with the bacterial communities within bats. Red crosses indicate
bats. Together, all covariates described 6.7 % of the variation
(adjusted R2

= 0.026).

scale water cover (p = 0.04); however, the portion of vari-
ation explained was only 3.2 %, with an adjusted R2 of only
= 0.013.

4 Discussion

4.1 Bacterial identification and occurrence

This is the first study of the microbiome of Mops pumilus. We
found that this bat hosted a species-rich microbiome, with
a total of 2249 ASVs identified in the full data set and up
to 185 ASVs in a single individual bat. Our sample-based
rarefaction curve indicated that this is a good representa-
tion of the diversity of the species’ gut microbiome, at least
within the geographical region, likely due to sampling depth
and the relatively high number of individuals from a single
species. The richness was comparable to what has been ob-
served in other insectivorous species (Dietrich et al., 2017;
Hughes et al., 2018), although other studies have found much
greater species richness in Phyllostomid (Carrillo-Araujo et
al., 2015) and Vespertilionid insectivores (Bennett et al.,
2025). At the individual level, bacterial species richness was
similar to what has been observed in other molossids in
Africa, including M. bivitattus, belonging to the same genus
(Lutz et al., 2019).

The most common phyla we identified were Proteobac-
teria, Firmicutes, and Actinobacteria, a pattern that differs
from other mammals but appears to be general across bat
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Table 1. Summary of results of χ2 tests measuring differences in prevalence of ASVs belonging to the genera Bartonella, Campylobacter,
Mycoplasma, Rickettsia, and Salmonella based on the sex, age, and reproductive condition of bats.

Host characteristic Bartonella Campylobacter Mycoplasma Rickettsia Salmonella

χ2 p value χ2 p value χ2 p value χ2 p value χ2 p value

Sex 0.48 0.49 1.68 0.20 0.92 0.34 0.28 0.59 0.24 0.62
Age 1.68 0.20 < 0.001 1 0.47 0.50 0.27 0.60 0.17 0.68
Reproductive condition 4.75 0.19 0.45 0.80 3.54 0.32 0.78 0.85 2.17 0.54

species and geographic regions (Carrillo-Araujo et al., 2015;
Dietrich et al., 2017; Hughes et al., 2018; Lutz et al., 2019;
Nishida and Ochman, 2018). Similarly, the most commonly
occurring bacterial families in M. pumilus – Enterobacte-
riaceae and Streptococcaceae – are also common in other
bat species, including both insectivores and frugivores (Ger-
báčová et al., 2020; Ingala et al., 2018; Li et al., 2018; Lutz
et al., 2019; Popov et al., 2023).

We found high variability in the specific ASVs present
within the microbiome of individuals, with most ASVs oc-
curring in only a single bat. High levels of individual vari-
ability have previously been observed in bats (Alpízar et al.,
2021; Banskar et al., 2016; Lutz et al., 2022; Núñez-Montero
et al., 2021; Vengust et al., 2018), even for groups in captiv-
ity with the same diet and housing (Riopelle et al., 2024). Gut
microbiomes based on fecal samples may be particularly sus-
ceptible to high levels of variation because they capture the
effect of diet more than phylogeny or evolutionary history
(Ingala et al., 2018). Mops pumilus is a generalist insecti-
vore that feeds on a wide range of insect species (Bohmann
et al., 2011; Bouchard, 1998). As diet may vary widely be-
tween individuals (Bohmann et al., 2011), it is not surprising
that the diversity and identity of ASVs in the microbiome
of M. pumilus would differ as well. While we hypothesize
that the high levels of individual variation in gut microbiome
reflect the high variability in diet observed in M. pumilus
(Bohmann et al., 2011), we are unable to make a direct link
between these factors. Further investigation directly corre-
lating gut microbiome diversity and community composition
with variation in diet could shed more light on these asso-
ciations at the individual level within a species. In addition,
while studies have shown that gut microbiome is dynamic
and changes over time (Riopelle et al., 2024), we sampled
each individual at a single point in time.

4.2 Factors influencing bacterial species richness,
phylogenetic diversity, and community

We found no significant differences in either bacterial species
richness, phylogenetic diversity, or community composi-
tion between males and females despite relatively balanced
sample sizes (58 females vs. 45 males). Evidence from
other studies is mixed, with some finding sex differences
(Arellano-Hernández et al., 2024; Dietrich et al., 2018; Fleis-

cher et al., 2024; Riopelle et al., 2024), while others did not
(Lobato-Bailón et al., 2023; Núñez-Montero et al., 2021).
We found no differences based on reproductive condition, al-
though other studies have (Dietrich et al., 2018; Gaona et al.,
2019; Phillips et al., 2012). This may be related to sample
sizes, with only four pregnant and no lactating females cap-
tured. As we did not detect differences between the sexes,
it is perhaps not surprising that bacterial richness, phyloge-
netic diversity, and composition did not vary between non-
reproductive bats, scrotal males, and post-lactating females.
Analyzing a larger sample size of pregnant and lactating fe-
male M. pumilus could yield different results. The lack of
differences between adults and juveniles has also been found
in other species, perhaps indicating a stable gut microbiome
once young bats are weaned and able to forage themselves
(Gaona et al., 2019; Hughes et al., 2018), although we again
note a very small sample size for juveniles (n= 9).

We found that land cover had no effect on species rich-
ness of the gut microbiome in M. pumilus. This is in con-
trast to other studies (Alpízar et al., 2021; Lobato-Bailón et
al., 2023). Mops pumilus is highly tolerant of anthropogenic
disturbance, for example, large numbers can be found roost-
ing in buildings (Bouchard, 1998; Shapiro and Monadjem,
2016), and they forage extensively over sugarcane planta-
tions (Noer et al., 2012; Shapiro et al., 2020). As their ac-
tivity and foraging habits are not negatively impacted by
anthropogenic land cover or degradation, their gut micro-
biomes may also be largely unaffected as well. The marginal
effects of land cover that we did see on microbiome com-
munity composition were stronger at the fine scale than the
landscape scale, despite the fact that M. pumilus has a large
home range and can fly over 4 km from its roost nightly
(Noer et al., 2012). However, the activity of this species is
also best explained by both fine- and landscape-scale vari-
ables, depending on the season (Shapiro et al., 2020). The
fact that we found effects at both scales on the gut micro-
biome may reflect the influences of both foraging activity at
large scales and the finer-scale variables surrounding their
roosts, where bats spend the majority of their time. However,
as the effects were small, other variables associated with the
local environment, including the local environmental micro-
biome (Bernardo-Cravo et al., 2020) or roost characteristics,
may ultimately be more important than land cover composi-
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tion (Lutz et al., 2022). Social interactions within each roost
likely also have a strong effect on shaping the gut micro-
biome of the bats using it (Kolodny et al., 2019; Lebeuf-
Taylor et al., 2025). However, due to the way we sampled
(many roosts, relatively small sample sizes for each, un-
even sample sizes between them), these effects are difficult
to untangle within our data set. We would not expect kin-
ship to be a factor within roosts to confound these results as
M. pumilus disperse from their natal roosts at maturity, and
therefore individuals at a single roost would not be more re-
lated to each other than those in different roosts (Bouchard,
1998; Mcwilliam, 1987). Complementary analyses, such as
network approaches, could shed light on these patterns.

We note that our sampling strategy prioritized spatial cov-
erage and variability in landscape metrics rather than tem-
poral scale. We did not explicitly sample by season, instead
sampling continuously from November to July, with a large
proportion of bats captured in November and March to May,
periods that are between the wet and dry season (Shapiro et
al., 2020). Therefore, we cannot capture the effect of sea-
son on gut microbiome, which may influence microbiome
due to reproductive cycles (Dietrich et al., 2016) or shifts in
diet (Xiong et al., 2026). However, as M. pumilus do not mi-
grate or hibernate (Bouchard, 1998; Monadjem et al., 2020),
which drives seasonal changes in gut microbiome in other
bats species (Shao et al., 2026; Víquez-R et al., 2021; Xiao
et al., 2019), such shifts could likely be less pronounced in
this species.

4.3 Potentially pathogenic bacteria

We detected ASVs belonging to five potentially pathogenic
bacterial genera – Mycoplasma (88 %), Rickettsia (36 %),
Salmonella (34 %), Bartonella (23 %), and Campylobacter
(4 %) – with the first four in particular at high prevalence.
All five of these genera are relatively common in bats world-
wide (Ferreira et al., 2024; Mühldorfer, 2013; Szentivanyi et
al., 2023). Owing to the use of fecal samples, we could not
determine whether any of the five potentially pathogenic gen-
era that we detected were in fact being shed by infected bats.
Screening of other sample types, particularly blood or saliva,
could provide evidence of any potential infection and shed-
ding (Dietrich et al., 2016, 2018). Nevertheless, as we did
not detect any signs of disease, ill health, or poor body con-
dition, it is more likely that bats were asymptomatic carriers
or that these bacteria originated in their insect prey, rather
than being carried by the bats themselves. While bacterial
disease caused by Borrelia (Evans et al., 2009), Staphylococ-
cus aureus (Weinberg et al., 2022, 2026), and Yersinia ente-
rocolita (Imnadze et al., 2020) have been reported in bats,
we are not aware of studies showing a direct pathogenic ef-
fect of Mycoplasma, Rickettsia, Salmonella, Bartonella, or
Campylobacter specifically in bats. However, previous stud-
ies have found correlations between the presence of poten-
tially pathogenic bacterial genera and enteric viruses, with

authors hypothesizing that the viral infections altered gut mi-
crobiome, potentially leading to a state of dysbiosis, and left
hosts with worse body condition and more vulnerable to col-
onization by these bacteria (Melville et al., 2025; Wasimud-
din et al., 2018).

Mycoplasma in particular was detected at a strikingly high
prevalence of 88 %, and the most common ASV across in-
dividual bats belonged to this genus as well. While this is
higher than the prevalence reported in most studies (Becker
et al., 2024; Di Cataldo et al., 2020; Mascarelli et al., 2014;
Volokhov et al., 2023; Wang et al., 2023), it is compara-
ble to results from Spain where Mycoplasma was detected
in 97 % (n= 31) of sampled Miniopterus schreibersii and
Myotis capaccinii (Millán et al., 2015). This high prevalence
suggests that the Mycoplasma we detected are unlikely to be
pathogenic. The seven distinct Mycoplasma ASVs that we
identified demonstrate a high diversity of this genus within
the M. pumilus population, which is in line with other stud-
ies (Millán et al., 2015; Volokhov et al., 2023; Wang et al.,
2023). While we found no indication of illness in the bats,
this genus can be asymptomatic in certain individuals in
species in which it is pathogenic (Dawood et al., 2022). Nev-
ertheless, Mycoplasma are considered emerging pathogens
that have caused mortality in other wildlife species (Hartup
et al., 2001; Tardy et al., 2012). Further, Pteropus species
in New Caledonia have been shown to be reservoirs of M.
haemohominis, and cases in humans have been epidemio-
logically linked to contact with these bats (Descloux et al.,
2021). Surveillance and vigilance regarding this genus in
M. pumilus may be warranted.

Bartonella and Rickettsia are both vector borne (Kosoy
et al., 2012; Weinert et al., 2009) and common across bat
species worldwide (Stuckey et al., 2017; Szentivanyi et al.,
2023). Both genera have previously been detected in insec-
tivorous miniopterid, rhinolophid, and vespertilionid bats,
along with the frugivorous pteropodid Rousettus aegyptia-
cus in South Africa as well as Nycteris thebaica in Eswatini
(Dietrich et al., 2016, 2017). While the four samples from
M. pumilus in Dietrich et al. (2016) were all negative, this
is not unexpected considering the small sample size. Bar-
tonella is often associated with the bat fly ectoparasites in
the families Streblidae and Nycteribiidae (do Amaral et al.,
2018; Billeter et al., 2012; Brook et al., 2015; Dietrich et
al., 2016; Kamani et al., 2014; Leulmi et al., 2016; Veikko-
lainen et al., 2014), and to a lesser extent fleas, ticks, and
mites (Hornok et al., 2019; Leulmi et al., 2016; Reeves et al.,
2007; Veikkolainen et al., 2014). Rickettsia is typically found
in ticks collected from bats (Cicuttin et al., 2017; Hornok et
al., 2019; Tompa et al., 2023; Zhao et al., 2020), although it
has been detected in bat flies as well (do Amaral et al., 2018).
However, this genus is also a common insect endosymbiont
(Weinert et al., 2009). The detection of Rickettsia in particu-
lar may be due to feeding on infected insects or insects that
had fed on infected plants, or the consumption of ticks they
groomed off. These scenarios could all lead to the detection
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of Rickettsia in feces, without causing infection in the bats
themselves.

Salmonella and Campylobacter are both enteric pathogens
that may cause diarrheal disease in humans and other animals
(Coburn et al., 2007; Man, 2011). When detected in bats,
Salmonella is usually found at low prevalence ranging from
< 1 % to 12 % (Adesiyun et al., 2009; Bernardo Reyes et al.,
2011; Ferreira et al., 2021; Islam et al., 2013; Mühldorfer,
2013), although a study in Nigeria found much higher preva-
lence at 72 % (Aladejana et al., 2025). It has been suggested
that these bacteria are transmitted to bats via contaminated
water (Dutta et al., 2025; Islam et al., 2013). It is unclear
whether this might be plausible in northeastern Eswatini, al-
though a study in a neighboring province of South Africa did
detect Salmonella in groundwater (Mpenyana-Monyatsi et
al., 2012). While Campylobacter is generally associated with
wild birds and poultry, recent studies have detected novel,
emerging species in wild mammals (Beisele et al., 2011;
Goldman et al., 2011; Man, 2011). In bats, this genus has
been rarely detected (Mühldorfer, 2013). In the Philippines,
Campylobacter was found in 7.5 % of sampled Rousettus
amplexicaudatus and was one of the most relatively abundant
genera (Hatta et al., 2016). It was also detected at 3 % in six
Vespertilionid bat species in the Netherlands (Hazeleger et
al., 2018). In Finland, Campylobacter prevalence was higher
in terrestrial small mammals found near livestock farms com-
pared to natural habitats (Olkkola et al., 2021). In contrast,
we did not find any association with Campylobacter preva-
lence and land cover, likely due to the fact that we detected
this genus in only four bats from four very different sites.

5 Conclusion

In conclusion, we find that M. pumilus harbors a diverse gut
microbiome marked by high variability between individuals.
The limited effects of land cover composition and configu-
ration metrics may be indicative of this species’ generally
adaptability to anthropogenic disturbance. The detection of
potentially pathogenic bacteria is cause for vigilance for the
health of both M. pumilus and other species, including hu-
mans, although there is currently no evidence that they cause
illness in their chiropteran hosts, or can infect humans or
other animals. Nevertheless, continued research and surveil-
lance of the M. pumilus microbiome can contribute to both
the health and conservation of this species and those they
might interact with from a One Health perspective.
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