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Abstract

In this study we analyzed the microbiota composition of fecal samples from the lesser-long
nosed bat Leptonycteris yerbabuenae in different reproductive stages (juveniles and adult
bats of both sexes as well as pregnant and lactating females). The V4 region of the 16s
rBNA gene from 33 individuals was analyzed using alpha and beta diversity metrics. We
found that microbiota diversity (expressed in Amplicon Sequence Variants) is higher in preg-
nant and lactating females. The microbiota of the juveniles and non-reproductive adults was
dominated by Gammaproteobacteria and Firmicutes. Reproductive females had a much
more diverse microbiota, with a significant increase in phyla such as Bacteroidetes and
Alphaproteobacteria. There was no difference in fecal microbiota diversity between preg-
nant and lactating females and juveniles and non-reproductive adults. Results suggest that
differences in microbiota diversity are related to reproduction. We infer that males maintain
stable microbiota composition because they do not undergo the large physiological changes
that females do during reproduction and maintain a more specialized diet throughout all life
stages.

Introduction

The community of microorganisms that reside in the vertebrate gut executes a variety of func-
tions that impact host phenotype, nutrition, detoxification of xenobiotics, gut stimulation,
immune development and behavior [1,2,3]. Thus, bacteria are directly involved in their hosts’
fitness. In particular, bacteria can improve energy assimilation from different food sources
through the synthesis of vitamins necessary for physiological functions [4]. For instance, mam-
malian genomes do not encode most of the enzymes needed to degrade the structural polysac-
charides present in plant material [5], leaving them dependent on symbiotic gut
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microorganisms that are capable of accessing different sources of energy. Herbivores and
omnivores benefit from additional energy from microbial fermentation of carbohydrates in
the gut [6]. This has led to major changes in digestive anatomy and physiology that allow effi-
cient microbial fermentation to take place alongside the recovery of dietary energy by the host
[6]. In some vertebrates, such as ruminants, gut microbes are so essential that hosts coevolved
specialized organs to enhance gut microbial functionality [7].

Studying the microbiotas of wildlife is difficult, since there are many variables that are likely
to impact microbiota that cannot be controlled. For example, diet has been demonstrated to
be a main factor shaping the functionality and diversity of the gut microbiota, resulting in con-
vergent microbial communities among hosts with similar feeding habits [8,9]. There is evi-
dence that diet shapes the relative abundance of dominant phyla, and populations of specific
bacterial groups are influenced by the composition of macronutrients consumed; in addition,
food itself can serve as a reservoir for new microbial introductions [10,11]. Empirical studies
show that microbiota respond rapidly to changes in host diet [12,13].

Animals’ dietary needs change depending on their life-history stage. In the genus Nasonia,
the microbiota differs among the three developmental stages present in this genus, particularly
between the pupal and adult stages [14]. As mentioned above, changes in the microbiota can
be due to a variety of factors that may change among life stages, including environmental con-
ditions, diet, weight, and hormones [15].

During pregnancy, there are various hormonal, immune, and metabolic changes that are
associated with increases in the bacterial load in several organs, including the vagina, oral cav-
ity, and intestine [15]. In the case of L. yerbabuenae, there is a significant change in females’
feeding habits during reproduction, with pregnant and lactating females consuming an
increased diversity of plants [16]. These changes may be temporary, related to the preferences
and nutritional requirements of the individual during different reproductive stages [16].
Reproductive females of L. yerbabuenae and other females of nectarivorous bats (Glossophaga
soricina) have been reported as active feeders on flowers in the driest season of the Mexican
central highlands when flowers are the only food resource [17].

Microbes that reside in the gastrointestinal tract respond dynamically as a community to
those changes over an individual’s lifespan [10]. In small mammals, the direct costs of preg-
nancy and lactation include increased energy, protein and calcium demands. Organ re-model-
ling is necessary to achieve the high demands of lactation and involves growth of the
alimentary tract and associated organs such as the liver and pancreas [18]. The pre-natal
period is shaped by immunological and inflammatory changes that modify the functionality of
the gut and bacterial composition in females as much as pregnancy [19,20], while in non-preg-
nant healthy females microbiota composition has been reported to be relatively stable [21].
Another factor affecting the functionality of the gut during the pregnancy and pre-natal stages
are the hormones estrogen and progesterone [19]. Geography and behavior can also shape
microbial composition. For example, the microbiota of an isolated human population of
hunter-gatherers in Hadza, Tanzania presents a cyclical succession of bacterial species that cor-
respond to the richness of functions associated with the season, and which differs from that of
urbanized communities [22]. This population has limited access to plant-based foods and a
carbohydrate-rich diet [23,24]. In amphibians, the biodiversity of the microbiota has been
shown to vary within species depending on the geographic position along a river [25]. Some
authors describe the host as a topographic map, since physical and chemical variables change
along different parts of the host’s body, including pH, texture, salinity, and sebaceous content;
these variables are determined by factors that are intrinsic to the host (e.g. genotype, age, sex),
as well as factors that are extrinsic but depend on the individual (e.g. in humans, occupation,
lifestyle, geographic location, and use of antibiotics or cosmetics) [26, 27]. The host microbiota
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can also be shaped by individual behavior [28]; social animals acquire much of their resident
bacterial population directly through social grooming of their group members or indirectly
from the environment [28].

Leptonycteris yerbabuenae is a migratory nectar specialist bat that is a pollinator of colum-
nar cacti and Agave in North America [29]. Unlike other bat species such as Phyllostomus has-
tatus [30] or Artibeus jamaicensis [31] which carry out all of their activities and spend their
whole life cycles in a single roost, L. yerbabuenae has a more complex life cycle in that it uses
geographically separate roosts for copulation, giving birth, and rearing young, with roosts
occupied by adult males and females [32-37]. This species is migratory, and has different
roosts where they will complete their life cycles, which are limited by food availability [17].

L. yerbabuenae has two differentiated populations in Mexico: one along the Pacific coast
including Baja California, Sonora and Jalisco, and a central population that occurs in south-
central Mexico, in the states of Oaxaca, Morelos, and Guerrero [38-41]. This central popula-
tion has local migration patterns, but is considered a resident population since there is con-
stant food availability due to the large diversity of cacti in the region [38,39] (Fig 1). In this
study we collected fecal samples from the central population of the lesser-long nosed bat to
explore the microbiota composition in different reproductive stages (juvenile and adult males
and females, and pregnant and lactating females), in order to describe how the microbiota dif-
fers among different reproductive stages over the complex life history of this species. Our
hypothesis is that pregnant females will have the highest microbiota diversity due to the dietary
and physiological changes that occur during pregnancy.

Methodology
Study site

Bat fecal microbiota samples were collected at three caves previously known to host specific
reproductive stages of the lesser long-nosed bat from the Central population, between January
and November, 2015 (as reproduction progressed in L. yerbabuenae reproductive stages).
Reproductive adult males were sampled in San Juan Noxchitlan, Oaxaca (97° 40’ N and 18° 03’
W), a colony of 100,000 resident bats [42] in June, 2015. Pregnant and lactating females were
captured in Juxtlahuaca Cave, Guerrero (17°23” 3" N and 99° 16” 1'W) in November, 2015,
and non-reproductive adult females were sampled in Salitre Cave, Morelos (18° 45” 0.05'N
and 99° 11”7 23.17°) in April, 2015 (Table 1). As mentioned above, because caves are segregated
by life history stage, it is not possible to find all of the different life stages in a single cave, and
roosts can change from year to year.

The colony in “San Juan Nochixtlan” cave where adult males were sampled, has a mean
annual rainfall of ca. 400 mm with an average temperature of 21° C in a semi-arid region [43].
The region has a high number of columnar cacti species, containing 19 of the 45 reported for
south-central Mexico [29]. The landscape surrounding the “Juxtlahuaca” cave is characterized
by deciduous forest vegetation and seasonal maize cultivation [44]. The characteristic climate
region is dry sub-humid warm weather with rainy season in summer, with mean temperatures
between 20 and 29° C [44,45]. Pregnant and lactating females were sampled here.

The “El Salitre” cave, where non-reproductive adult females were sampled, is located at an
altitude of 1140 masl, in a warm sub-humid climate region with an annual total of 800-1000
mm of rain concentrated in the summer, dry winters and a mean temperature of 22°C [44,46]
in a deciduous forest environment, with fragments of secondary vegetation and sugarcane and
maize fields [44,46,47].
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Fig 1. Distribution of the two differentiated L. yerbabuenae populations in Mexico. The Pacific population is found in the states of Baja California, Sonora and
Jalisco. The Central population (from which our samples were collected) is found in Morelos, Guerrero and Oaxaca.
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Bat fecal microbiota sampling

Bats were captured with 12m-long mist nets (Avinet, Dryden, New York, USA) at the entrance
of the caves using Kunz’s technique [48], between 18:30 and 7:00 h. Each captured bat was
individually placed into a clean sterile plastic bag, leaving a gap to ensure ventilation and avoid

Table 1. Sampling data from different reproductive stages of L. yerbabuenae.

Reproductive stage Feeding
Lactating Nectar
Pregnant Nectar
Adult Nectar
Adult Nectar
Juvenile Nectar

https://doi.org/10.1371/journal.pone.0219982.t001

Study Site
Guerrero
Guerrero
Morelos

Oaxaca

Oaxaca

Sex
Female
Female
Female

Male
Male

Number of bats
6
6
6
11
4
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suffocation. Individuals defecated in a matter of seconds, and no chemical immobilizers, anal-
gesics or sedatives, were needed. The fecal samples were collected using sterile 1.5 ml Eppen-
dorf tubes and frozen in liquid nitrogen until they arrived at the laboratory, where they were
stored at -80° C until processing. The bats were taken out of the bag to take standard body
measurements and released in-situ. Total samples processed per reproductive stage are shown
in Table 1.

Standard measurements of each individual included forearm length (measured using a
manual caliper with a precision of 0.01 mm) and body mass (measured with a 100 g spring bal-
ance). Individuals’ age category (juvenile or adult) was estimated based on the ossification of
wing bones (metacarpals and phalanges) [49]. The condition of testes (scrotal or inguinal) was
recorded in males to determine whether they were reproductively active. Pregnancy and lacta-
tion was confirmed in females by palpation of the belly and mammary glands, respectively.

Ethics statement

Samples were taken from wild bats that were released in the same area as capture immediately
after fecal samples a body measurements were taken, causing no apparent harm to any of the
individuals captured. Leptonycteris yerbabuenae is not under federal protection by Mexican
law (NOM-059-SEMARNAT-2010). Scientific collection activities were carried out under a
scientific collection permit number granted by the Mexican Secretary of the Environment and
Natural Resources (SEMARNAT), number FAUT-0231, SGPA/DGVS/05780/15. SEMAR-
NAT approved and authorized the tissue sampling methods under this collection permit. Lab-
oratory activities were carried in the Ecology Institute of the Universidad Nacional Auténoma
de Mexico (UNAM); no specific permit was needed because only tissue and skin samples were
used (no in-vivo studies were included). All Biosecurity standard requirements from the Ecol-
ogy Institute were satisfied.

Extraction of DNA from feces

Metagenomic DNA was extracted from the fecal samples using the DNeasy Blood & Tissue kit
(Qiagen, Valencia, CA) according to the manufacturer’s instructions. Briefly, feces collected
into 1.5 ml sterile tubes were diluted with 180 pl of ATL extraction buffer with 20ul of protein-
ase K (10 mg ml™"), were mixed thoroughly by vortexing and incubated at 56°C at 1500 rpm
for 50 min. 200ul of AL Buffer with 200 pl ethanol (96-100%) were added and mixed thor-
oughly by vortexing. The mixture was transferred into the DNeasy Mini spin column, washed
with Buffer AW1 and then with AW2. The DNA was eluted with 200 ul of Buffer AE and pre-
cipitated with absolute ethanol, 0.1 volume 3 M sodium acetate and 2 uL glycoblue. DNA was
resuspended in 30 pL of molecular grade water and stored at -20°C until PCR amplification.

16S rRNA gene amplification and sequencing

DNA samples were PCR amplified using the hypervariable region V4 of the 16S rRNA gene
with universal bacteria/archaeal primers 515F/806R following the procedures reported by
Caporaso et al. [50] and Carrillo et al. [51]. PCR reactions (25 pL) contained 2-6 ng of total
DNA, 2.5 uL Takara ExTaq PCR buffer 10X, 2 uL Takara dNTP mix (2.5 mM), 0.7 uL bovine
serum albumin (BSA, 20 mg mlh), 1 uL primers (10 uM), 0.125 pL Takara Ex Taq DNA Poly-
merase (5 U ul™') (TaKaRa, Shiga, Japan) and nuclease-free water. Samples were amplified in
triplicate using a PCR protocol including an initial denaturation step at 95°C (3 min), followed
by 35 cycles of 95°C (30 s), 52°C (40 s) and 72°C (90 s), followed by a final extension (72°C, 12
min). Triplicates were then pooled and purified using the SPRI magnetic bead, AgencourtAM-
Pure XP PCR purification system (Beckman Coulter, Brea, CA, USA). The purified 16S rRNA
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fragments (~20 ng per sample) were sequenced on an Illumina MiSeq platform (Yale Center
for Genome Analysis, CT, USA), generating ~250 bp paired-end reads. The sequence data are
available from the NCBI Bioproject number PRJNA508738 with accession numbers
SRR8303327 to SRR8303359.

Analysis of sequence data

Sequences were analyzed using the QIIME2 pipeline (v.2018.6) [50] (https://qiime2.org).
Paired-end reads were demultiplexed with the Qiime plugin demuxemp-paired, then processed
with the DADA?2 plugin in the denoise-paired mode [52], trimmed at position 14 from the 5’
end, and truncated at position 200 from the 3’ end in both forward and reverse after manually
verifying quality. Sequences were then denoised, and the amplicon sequence variants (ASVs)
were resolved. Chimeric sequences were removed using the consensus method. Representative
sequences of each ASV were taxonomically assigned using the QIIME plugin feature-classifier
classify-consensus-vsearch (v 2.9.0) [53] searching in the SILVA database (release 132-99%
OTUs, 515-806 region, L7 taxonomy) which was used to analyze the microbiota composition
for each reproductive stage. The representative ASVs were aligned with the MAFFT algorithm
[54]. After the subsequent masking of the positional conservation and gap filtering, a tree was
built with the FastTree algorithm [55]. The feature table was rarified according to the same
level of surveying effort of 12,569 reads per sample (S1 Fig). Mitochondrial and plastid
sequences were filtered from all samples before rarefaction. The data was exported to the R
environment (http://www.R-project.org/). Alpha diversity indices (Observed species, Shannon
and Simpson index) were calculated with the phyloseq package [56] (Fig 2, S1 Table).

A Principal Coordinate Analysis was calculated with the weighted unifrac distance (Fig 3).
To assess whether the differences between stages were statistically significant, a PERMANOVA
was carried out using the vegan package [57] with the weighted unifrac distance matrix and
1000 permutations. A permutation test for homogeneity of variance (with betadisper and per-
mutest functions) was carried out to assess the reliability of the beta diversity results.

A linear discriminant analysis (LDA) effect size (LEfSec) [58] was performed at the ASV
level to find the microbial taxa whose abundances differed amongst reproductive stages, using
an LDA cut-off of 2 and a Kruskal-Wallis alpha value of 0.01 (Fig 2).

Results
Microbiota composition during different reproductive stages

A total of 33 fecal samples were obtained and classified according to the sex, age and reproduc-
tive stage of the individual: Juvenile male, Adult male, Juvenile female, Adult (non-reproduc-
tive) female, Pregnant female, and Lactating female. Sample sizes per group are given in

Table 1.

A total of 5,980,446 16S rRNA gene reads were obtained. After quality filtering, this was
reduced to 4,120,896 reads. We found a total of 41 bacterial phyla in the bats’ fecal microbiota.
The dominant phyla in the samples as a whole were Firmicutes, Proteobacteria (principally
class Alphaproteobacteria, Gammaproteobacteria and Deltaproteobacteria), followed by Bac-
teroidetes, Chloroflexi, Planctomycetes, Verrumicrobia, Acidobacteria, Tenericutes and Cya-
nobacteria in reproductive (pregnant and lactating) females (Fig 4).

The most abundant phylum in lactating females was Proteobacteria (35%) followed by Bac-
teroidetes (21%) and Cyanobacteria (20%). Pregnant females’ gut microbiota was dominated
by the phylum Cyanobacteria (27%) followed by Proteobacteria (21%) and Bacteroidetes
(17%). The microbiota of non-reproductive adult females, adult males, and juveniles was
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dominated by the phylum Proteobacteria (54%, 62% and 48% respectively), followed by Firmi-
cutes (34%, 30% and 47% respectively) (Fig 4).

Lactating females’ gut microbiota composition was dominated by the class Bacteroidia
(20%), Oxyphotobacteria (19%), and Alphaproteobacteria (15%), while in pregnant females
Oxyphotobacteria (27%) was the most abundant class followed by Bacteroidia (16%), and
Alphaproteobacteria (11%). Non-reproductive adult females, adult males, and young males’
gut bacteria were dominated by Gammaproteobacteria (51%, 60% and 46% respectively) and
Bacilli (30%, 26% and 41% respectively) (Fig 5). The genus Escherichia-Shigella was the most
abundant among juveniles and adults, followed by Lactococcus (Figs 6 and 7)

The PERMANOVA analysis with 1000 permutations and the weighted unifrac distance
showed no significant difference between the fecal microbiota composition of pregnant
females and lactating females or between juveniles and adults; the strongest differences were
between pregnant and lactating females and adult males and females followed by pregnant and
lactating females and juveniles (Table 2) (Fig 2). The PCoA showed that the bacterial commu-
nity structure in pregnant and lactating females is different from that found in non-reproduc-
tive adult females, adult males and juvenile males. The PCoA grouped the fecal microbiota
compositions of pregnant and lactating females together, differentiating them from the rest of
the population (non-reproductive adult males and females and juvenile males) (Fig 3).

Bacteroidetes, Cyanobacteria, Alphaproteobacteria, Gammaproteobacteria, and Firmicutes
had high abundances in pregnant females. In juveniles, Firmicutes was the most abundant, fol-
lowed by Gammaproteobacteria. In adults of both sexes Gammaproteobacteria were more
abundant than Firmicutes (Figs 4 and 5).
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The microbiota of the non-reproductive adult population was dominated by Gammapro-
teobacteria and Firmicutes. Reproductive females had a much more diverse microbiota, with a
clear increase in phyla such as Cyanobacteria, Bacteroidetes and Alphaproteobacteria. Esheri-
chia-Shigella bacteria were one of the main contributors to the microbiota of non-reproductive
adults (Fig 6). The pregnant and lactating females shared 54 ASV at the Family level, juveniles
and adults (of both sexes) shared 5 (Figs 7 and 8), and no families were shared by all four
reproductive stages.

A Venn diagram (Fig 8) of microbiota composition shows more clearly how pregnant and
lactating females differed from the rest of the population, with only 10% of their microbiota
composition shared with the other stages. Interestingly, juveniles had 79% similarity in micro-
bial composition to non-reproductive adults. Pregnant and lactating females shared 226 ASV;
there were 125 representative ASV for pregnancy and 122 representative ASV of lactation.
Juveniles and adults shared 52 ASV, and there were 2 ASV representative of adults and 3 repre-
sentative of juveniles (Fig 8).

Discussion
Pregnant and lactating females

The analysis of the fecal microbiota of Leptonycteris yerbabuenae individuals in different
reproductive stages shows a higher microbial diversity in pregnant and lactating females com-
pared to non-reproductive females, males, and juvenile bats. This could be associated with
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their increased energy, protein and calcium requirements [18]. Pregnancy (in small mammals)
results in the rearrangement of several organs including the stomach and the growth of the
intestine [18]. This leads to an increased surface area for colonization by bacteria, which has
been reported as an increase in the bacterial carrying capacity during pregnancy in humans
and mice [15] and could explain the increase in microbial diversity among pregnant and lac-
tating females. In L. yerbabuenae, there is a 2.4-fold increase in the diversity of plants con-
sumed by pregnant and lactating females compared to non-reproductive females and males
[16]. When there is little nectar available, reproductive females can consume fruits and insects,
and females (but not males) of this species [17]. The diet of L. yerbabuenae has been widely
studied, and while it is considered a strictly nectarivorous species [59], the microbiota data
reported here suggest a dietary shift during pregnancy and lactation [15]. Bats are adapted to
seasonal changes, and can adapt to food resources depending on the food available in the envi-
ronment [59].

These changes in the gastrointestinal tract in reproductive female bats could suggest that an
increase in the diversity of foods consumed and the assimilation of new food sources are the
main physiological and morphological responses to the higher energetic demands during preg-
nancy and lactation [60]. Furthermore, the energy requirements of migration to the pregnancy
and lactation caves to which females are phylopatric, imposes additional stress. These high
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energy requirements may be offset by shifting from a nectar-specialist diet to a more generalist
one. During pregnancy, levels of progesterone and estrogen increase, influencing the growth
of some bacteria, and some of the changes during pregnancy are similar to changes that occur
with illnesses such as obesity and diabetes, which can lead to changes in the microbiota [15].

L. yerbabuenae’s physiological restrictions on hydrolyzing sucrose imposes physiological
limitations due to the lack or inefficiency of sacarase to use this sugar as an energy source [61].
Our results show an increased abundance of Bacteroidetes in pregnant and lactating females.
This change may be due to the increased requirements of the host to hydrolyze polysaccharides
[62], since intestinal Bacteroidetes are specialized in the degradation of plant-derived poly-
mers, such as plant cell wall compounds (e.g., cellulose, pectin, and xylan) [63].

There is a clear increase in the abundance of Bacteroidetes in both pregnant and lactating
females compared to the rest of the population, this change in composition may be considered
a host-microbiota adaptation determined by physiological changes during these reproductive
stages that result in significant benefits to the host, increasing their nutrient adsorption
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capacity and energy intake. The phylum Bacteroidetes is a very diverse bacterial phylum, but
generally the interactions between Bacteroidetes and their animal hosts are considered mutual-
istic rather than commensal, since both the bacterium and host receive fitness benefits from
the association [63]. The bacteria-mediated fermentation of these foods and host-derived poly-
saccharides in the colon lead to the release of volatile short-chain fatty acids (mainly acetate,
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Fig 7. Linear discriminant analysis (LDA) effect size (LEfSec) showing similarities in the microbial communities of L. yerbabuenae at the family level.
https://doi.org/10.1371/journal.pone.0219982.g007
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Table 2. PERMANOVA analysis with 1000 permutations and the weighted unifrac distance. In the pairwise mode, the p-value was adjusted using the false discovery
rate (FDR) method. The significant comparisons at a p.value 0.05 are marked with asterisk. The permutest analysis was not significant (p.value = 0.149), thus the PERMA-
NOVA result is reliable because the dispersion of the groups is homogeneous.

Pairwise
Adult vs Lactating
Adult vs Pregnant
Adult vs Young
Lactating vs Pregnant
Lactating vs Juvenile
Pregnant vs Juvenile
Single
Stage
https://doi.org/10.1371/journal.pone.0219982.t1002

Model F R? FDR-adjusted P value
4.8059527 0.17928677 0.006*
4.3205027 0.1641497 0.006"
0.5715419 0.02778313 1
0.6055095 0.05709386 1
2.6686511 0.2501395 0.024*
2.4378676 0.23355992 0.042*

Model F R? p.value

2.8305 0.22061 0.001"

propionate, and butyrate). The assimilation of short-chain fatty acids (SCFA) produced by
microbial fermentation of polysaccharides can contribute more than 50% of the total caloric
supply [64]. Hence, the presence of Bacteroidetes optimizes the extraction of energy from the
diet, likely helping to provide an additional source of energy to pregnant and lactating females.
Some members of this phylum can have strong pathogenic behavior, but the emergence of an
infection seems to be linked to the assemblage of pathogens in bacterial consortia more than to
the individual action of a particular species [65].

The change in the microbiota composition in pregnant and lactating females can be consid-
ered a short-term microbiota-host adaptation driven by the physiological changes during these
reproductive stages, and which is beneficial because it increases their nutrient adsorption
capacity and energy uptake. At the end of this cycle, the organs that were modified during
pregnancy return to their non-reproductive state, reducing the size of the gut and the associ-
ated bacterial diversity [18]. Cyclical changes in the microbiota have been observed previously,
such as seasonal changes marked by food availability [22].

Lactating Pregnant

Adult

52

Fig 8. Venn diagram of different reproductive stages of L. yerbabuenae.

https://doi.org/10.1371/journal.pone.0219982.9008
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There is no evidence to suggest that the microbiota varies between sexes of non-reproduc-
tive adults. Males do not present the changes to the intestine that females do; this suggests that
after weaning, when females’ energetic demands are reduced, their foraging behavior reverts
to that of a nectar specialist. More studies are needed to test this hypothesis and more thorough
studies on food availability and diet would be very informative in this context. On the other
hand, while males from this species do spend energy on the development of the dorsal patch, a
secondary sexual organ developed during mating season [66], without the excessive energy
requirements imposed by giving birth they are likely consistently nectar-feeding specialists
throughout their life-history and thus more effective pollinators of agaves and cacti. This
hypothesis is consistent with reports by Ibarra-Lopez [67] of Central-population males feeding
mainly on two Cactaceae and Agavaceae families. In contrast, a maternity and lactation colony
of L. yerbabuenae in Chiapas, Mexico was found to feed from seven different families and 19
species of plants; it was also reported that the diversity of plant species consumed was lower in
lactating females than in pregnant females [16]. These findings are of relevance to conservation
management planning of this species, including ecological restoration for mezcal and tequila
production, alcoholic beverages of significant economic importance in Mexico.

Microbiota composition among non-reproductive L. yerbabuenae

Juvenile bats share 79% of their microbiota with non-reproductive adults and have a less
diverse microbiota. In both juvenile and non-reproductive adult males and females, the phy-
lum Firmicutes has a high relative abundance. Eight out of nine genera within this phylum
recovered from this microbiota study are SCFA fermenters (genera Solobacterium, Lactococ-
cus, Enterococcus, Gemella, Streptococcus, Weissella, Anaerococcus and Staphylococcus) [68]. A
high proportion of the SCFA produced by microbial fermentation of indigestible carbohy-
drates in the large intestine is absorbed by the host. Thus, microbial activity contributes energy
to the host (estimated to be around 10% of the calories obtained from the diet) that would oth-
erwise be lost through excretion of undegraded substrate in the feces [6]. Increased SCFA con-
centration may also increase the solubility of certain minerals such as calcium and enhance
absorption and expression of calcium-binding proteins. Bacteria of the phylum Firmicutes
have a lower ability for polysaccharide degradation [69] and are better known for their produc-
tion of butyric acid. Butyrate-producing bacteria play an important role in the human colon,
supplying energy to the gut epithelium and regulating host cell responses [70]. Butyrate-pro-
ducing gut bacteria are an important component of the microbiota, in terms of both abun-
dance and functionality [70].

The change in diet and foraging behavior among the different reproductive stages determine
the microbiota composition, shaping their physiological requirements. Adults and young could
require the production of SCFA to aid calcium absorption [6]. Changes in the intestinal micro-
bial metabolism following the consumption of inulin fructans have also been shown to benefit
bone health by increasing calcium absorption, while B-glucans may lower total cholesterol levels
[6]. There might be a higher intake of mono-saccharides in non-reproductive females and
males due to differences in foraging. Inulin fructans affect gastrointestinal functions not because
of their physico-chemical properties, but rather because of their biochemical and physiological
attributes. In the colon, they are rapidly fermented to produce SCFA that are good candidates
to explain some of the systemic effects of the inulin-type fructans.

Importance of the microbiota for L. yerbabuenae reproduction

Bacteria that colonize the mammalian intestine collectively possess a far wider diversity of
genes and a larger repertoire of degradative enzymes and metabolic capabilities than their
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hosts. Fermentation of complex carbohydrates in the intestine involves interactions between
community members that include both nutritionally specialized and widely adapted species.
Certain dominant species allow them to switch readily between different energy sources in the
gut depending on availability, using sophisticated sensing and regulatory mechanisms to con-
trol gene expression [6].

The gut microbiota may also influence the expression of host peptides and hormones by
producing SCFA via their interactions with free fatty acid receptors, influencing host energy
metabolism and appetite regulation [6]. Another potential route linking microbial activity
with the host is via the gut-brain axis, a bi-directional communication system based on neural,
endocrine and immunological mechanisms [6]. The immune system is influenced by micro-
bial metabolic products, leading to complex interactions between the species composition of
the microbiota and the host’s innate and adaptive immune systems that are thought to underlie
many probiotic effects [71].

The relevance of the microbiota in L. yerbabuenae reproduction is not limited to females.
In males, the skin microbiota plays an important role in pheromone production during the
reproductive season. There is a synchrony between testicle growth and the development of a
structure known as the sebaceous patch; a wound-like structure in the interscapular area
where fermentative bacteria produce SCFAs, commonly known as pheromones [72]. In light
of this, it is worthwhile to further examine the role of the microbiota in reproduction and mat-
ing behavior in wildlife.

Conclusion

This study focused on the diversity of the fecal microbiota in different reproductive stages of
the central population of Leptonycteris yerbabuenae. Results suggest that the microbiotas of
pregnant and lactating females are similar to each other and have higher abundance than juve-
niles and non-reproductive adults. There was no significant difference in microbiota between
juveniles and non-reproductive adults in this population, regardless of the roost in which the
adults were captured. Diet is considered to be the main factor shaping the diversity and func-
tion of the microbiota [8,9]. The reproductive stage of L. yerbabuenae, a strictly nectarivorous
bat, is important in shaping the microbiota due to physiological changes in the energy require-
ments during pregnancy and lactation which are consistent with data from the literature that
show increased dietary diversity during female reproduction. A relationship exists between the
abundances of fecal microbial communities and the different reproductive stages of this nec-
tar-feeding bat. This host-microbiota relationship is more evident in pregnant and lactating
females than in other reproductive stages, due to the physiological, anatomical and energy-
requirements changes associated with maternity. These requirements trigger a need to con-
sume different foods, and the microbiota is strongly shaped by diet [9,13,51]. Pregnant and lac-
tating females become more generalist feeders to cope with the increased energy requirements,
feeding on resources other than nectar. This dietary modification suggests that non-reproduc-
tive individuals, which retain a specialist feeding strategy, are more efficient pollinators than
reproductive females.

Migration and the segregation between females and males in maternity and bachelor caves
might have evolved as a strategy to guarantee resource availability during the high-energy
demanding stages of pregnancy and lactation. It may be speculated that the adaptation of gut
microbiota could have been important to these evolutionary adaptations of populations. The
flexibility of the gut microbiota to shift from a specialist to a generalist diet could have
coevolved in reproductive females to increase their fitness and guarantee yearly reproductive
success. There are more questions than answers in our understanding of the host-microbiota
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relationship. Is there a signal that directs the change of abundances in microbiota composi-
tion? What is the ecological succession of these communities from one reproductive stage to
the other? More research is needed to unravel the patterns of bat-microbiota association, to
understand its implications in this species’ ecology, evolution, and life-history.
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