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The Yucatán Peninsula (YP) is home to approximately 60 bat species with differing

feeding strategists that, collectively, are fundamental for the health of tropical forests.

During the SARS-CoV-2 pandemic, biophobic (aversive) responses towards bats

were recorded in urban and rural areas of the YP, making evident the need to

monitor bat diversity, investigate species’ biology (e.g., microbiome) and, perhaps

most importantly, conduct educational activities that foster an affinity for bats. We

designed a multi-scale effort to characterize bat populations and their gut

microbiome in urban (Mérida), agricultural (Tizimıń), and conserved (Calakmul)

landscapes of the YP, while conducting outreach activities to promote biophilic

responses. In general, children showed positive responses toward bats, recognizing

that they are important parts of their environment. A total of 308 bats from 18 species

were sampled; frugivorous species were themost abundant guild (93%), represented

mainly by Artibeus jamaicensis and Artibeus lituratus, followed by insectivorous

species. Conserved and agricultural landscapes harbored 11 and 16 bat species

respectively, both with higher diversity than the suburban areas (eight species).

Findings suggest that land use differences in the YP are a factor affecting bat diversity,

as well as bat microbiome diversity. Gut microbiome was mainly composed of

Pseudomonadota, Bacillota and Actinobacterota (>90%), and abundant bacterial

families included Enterobacteriaceae, Staphylococcaceae and Streptococcaceae.
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Our results have set the baseline for zoonotic disease screening and prevention in

the YP, highlighting the importance of coexistence with bats given their key role in

maintaining the health of ecosystems.
KEYWORDS

Artibeus jamaicensis, Artibeus lituratus, bats, biophilia, habitat fragmentation,
microbiome, One Health, Yucatán Peninsula
1 Introduction

Bats are keystone species in tropical forests. They provide

numerous ecosystem services beneficial to human well-being,

such as seed dispersal, pollination, and insect control (Hougner

et al., 2006; Kasso and Balakrishnan, 2013; Gannon et al., 2016;

Ramirez-Francel et al . , 2022). Nonetheless, effectively

communicating these benefits to the human communities where

bats are distributed, including policy makers and other

stakeholders, remains challenging. Misconceptions and the lack of

knowledge about bats have likely led to an underestimation of the

ecological roles of bats and their significance to human lives and

livelihoods (Kasso and Balakrishnan, 2013; Medellin et al., 2017;

Ramirez-Francel et al., 2022).

In México, around 142 species of bats have been reported,

approximately 60 of which inhabit the Yucatán Peninsula (YP)

(Sosa-Escalante et al., 2013; Gaona et al., 2024). For the Maya

people, who have dwelled in this region for the past 4,000 years, bats

represent an important symbol as messengers of the dead.

Camazotz, the vampire bat god, represents death and annihilates

dying men on their way to the Underworld (Sieradzki and Mikkola,

2022). Cultural beliefs that associate bats with evil spirits, largely

because of the animals’ nocturnal nature, foster fear, explicitly

‘chiroptophobia’ (Sieradzki and Mikkola, 2022). Further

exacerbating this fear, some bat species are natural reservoirs of

viruses that can cause infectious diseases in humans, including

Marburg, Nipah, Hendra, Ebola, influenza, rabies, Middle East

(MERS) and severe acute respiratory syndrome coronaviruses

(SARS-CoV-2) (Donaldson et al., 2010; Letko et al., 2020). Fear of

bats and the misunderstanding of their ecological importance

increased during and after the COVID-19 pandemic (Lu et al.,

2021). Chiroptophobia induces biophobic (biological aversive)

responses that challenge human coexistence with bats, hindering

efforts to conserve their diversity and habitat globally (Sieradzki and

Mikkola, 2022), consequently threatening the services bats provide.

Pathogens (disease-causing microbes) have also been identified

in a diversity of wild animals (Donaldson et al., 2010; Bai et al.,

2015; Bolatti et al., 2022). The natural transmission of zoonotic

pathogens (those passed from fauna to humans) is called spillover

(Jones et al., 2009; Saba-Villarroel et al., 2023). The rising number

and magnitude of the emergence of zoonotic diseases are closely

related to the ongoing socioeconomic and ecological changes
02
associated with landscape modification, which forces wildlife into

closer contact with humans and domestic animals, thereby

facilitating pathogen (Jones et al., 2009; Federici et al., 2022;

Sánchez-Soto et al., 2024). Urbanization and agriculture

intensification, driven by human growth and affluence, are

undoubtedly one of the main factors increasing the risk of

zoonotic diseases (Jones et al., 2013). Disease-causing bacteria

(e.g. Leptospira, Rickettsia, Bartonella, Staphylococcus, Anaplasma)

have been detected in some bat species (Stuckey et al., 2017; Lugo-

Caballero et al., 2021; Torres-Castro et al., 2020 and Torres-Castro

et al., 2021; Federici et al., 2022) as common components of their

microbiome (Federici et al., 2022). A growing body of research has

shown that the microbiome responds to land‐use and

environmental changes, particularly where such changes lead to

altered food resources (Amato et al., 2013; Barelli et al., 2015).

Considering the zoonotic pathogens found in the microbiome of

wild animals, recent studies have emphasized the importance of

preserving their habitat from anthropogenic activities to minimize

the spillover of potential infectious diseases (Federici et al., 2022).

The YP in México, like many other tropical regions, has a long

history of landscape modification by human activities, which have

failed to appropriately manage tropical forests and their biodiversity

(Garcıá-Frapolli et al., 2007). Such land modification started during

the development of the Mayan civilization (2,000 BCE–), followed by

the prolific henequen production of the 19th century, until the

current accelerated urbanization and expansion of economic

activities in the region (Gómez-Pompa and Kaus, 1999; González-

Iturbe et al., 2002). Specifically, regarding the three states that

constitute the YP in México (Figure 1), urbanization and tourism

mainly affect the coasts of Quintana Roo, while agriculture and

livestock dominate the deforestation trends in Yucatán and

Campeche, as a result of recent agricultural intensification policies

(Ellis et al., 2017; Špirić et al., 2022). The YP loses over 280,000 ha of

tropical forests every year (CCMSS, México 2024), thus under the

current social and economic development model, biodiversity and

ecosystem health will continue to be threatened (Garcıá-Frapolli

et al., 2007).

Information regarding biodiversity, especially bat ecology and

the role of bats in providing essential ecosystem services, can

enhance opportunities to promote biophilia (biological affinity),

particularly within the communities where bats are distributed. This

can in turn aid in the development of conservation strategies and,
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concurrently, in actions that favor insect control. By promoting a

biophilic perspective that fosters human-wildlife coexistence, it is

possible to build a future where people and nature thrive together

(Hougner et al., 2006; Tidball, 2012). Working with local

communities is fundamental for conservation of wildlife and

natural habitats. We became particularly conscious during the

CoVID-19 pandemic that negative perceptions were growing

towards bats. To promote bat conservation, we thus paired field

work with a pilot program to promote biophilic responses to bats

through outreach activities, giving educational talks in primary

schools in the localities where we did sampling. Public outreach and

the dissemination of scientific knowledge are critical to the

promotion of conservation and the implementation of strategies

that build towards a sustainable future. To this end, the project

objectives we report on in this paper were to 1) perform educational

intervention intended to cultivate positive feelings toward bats in

school-aged children (5-11 years old); 2) assess the perception of

bats in the children who participated in this pilot program; and at

the same time 3) analyze bat diversity and microbiome across three

landscapes (urban, agricultural and conserved) to produce locally

relevant data for integration into further education efforts. Our

analyses included screening for bacterial taxa and Betacoronavirus

(b-CoV) that may pose potential threats to public health.
2 Materials and methods

2.1 Study region and sampling sites

The YP in southeastern México is characterized by a tropical

warm and subhumid climate with an average annual temperature of

22°C-26°C and 800-1500 mm of rainfall (Vidal-Zepeda, 1990). The
Frontiers in Conservation Science 03
flat and low land relief is in the range of 0-250 m above sea level with

a bedrock dominated by limestone (Garcıá-Rejon et al., 2008). Native

vegetation in the most southern region is composed of tropical and

subtropical evergreen high rainforests, characterized by a highly

diverse floristic composition. Towards Campeche, Quintana Roo,

and the south of the state of Yucatán, the vegetation is dominated by

medium forest, semi-evergreen and sub deciduous forest. The

northwestern region, including a large area of Yucatán, a small

extension of Campeche, and dispersed along the Quintana Roo

coast, is mostly covered by low deciduous and sub deciduous

forests. The rocky and shallow soils of low forest result in a

floristically and structurally simpler composition (Islebe et al., 2015).

The three study regions encompassed urban, agricultural and

conserved landscapes (Figure 1). The urban region was located in

the city of Mérida (population ∼1,008,000), including the suburban
communities of Ucú and Caucel. The agricultural region (ecotone)

was located in Tizimıń (population ∼80,672) and the conserved

region was located in the Calakmul Biosphere Reserve (population

∼31,714), which harbors the largest continuous tropical forest cover
in the Americas, after the Amazon (INEGI, México 2020).
2.2 Perception of bats in the
Yucatán Peninsula

The SARS-CoV-2 pandemic evidenced the need to communicate

the importance of bats globally because it was apparent that some

people thought bats where to blame (Burki, 2020). As part of this

effort, we worked with children (5-11 years old) in the localities of

Mérida, Tizimıń and Calakmul (Figure 1) during our bat sampling

field work. This approach included informative talks in local

elementary and preschools using teaching and game materials (i.e.
FIGURE 1

Sampling sites in the Yucatán Peninsula, México. Urban, agricultural and conserved landscapes according to the predominant land use correspond to
Mérida, Tizimıń and Calakmul municipalities. Sampling site shapes were generated with a buffer of 30 km that correspond to the average dispersal of
sampled bat species. Source: Map modified with permission from INEGI, México (2020) land use and vegetation map, 2021.
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coloring masks/mandalas, paper sheets, crayons, game boards,

infographic material showing myths and truths of bats). We

displayed a mist net to show how field work is performed. Talks

focused on bat diversity, morphological attributes, behavior, feeding

habits, common beliefs, and the environmental services bats provide.

Importantly, information given during the talks, as well as the games

and teaching materials, were prepared and presented in accordance to

the school level of the children in each school (see Table 1 for each

school region, number of children participating and school level, and

activities). After the talks, a basic questionnaire was distributed to all

the children to assess the children’s knowledge and perception

towards bats (Supplementary Material S1). We highlighted the

relevance of bats for humans’ lives and provided basic

recommendations (e.g., not handling bats and avoiding disturbing

the animals and their shelters by any means). Respect for wildlife was

instilled and we used inclusive language with respect for cultural and

gender diversities. The complete bat perception and environmental

education strategy is described in SupplementaryMaterial S2. Schools

approved, permitted, and supervised the talks, the general perception

survey, and the teaching and game materials used. Additionally, we

conducted a review of news articles and reports on biophilic or

biophobic actions towards bats in the YP, before, during, and after the

SARS-CoV-2 pandemic. The publication source, date, location, bat

species involved, action on bats, and the motives were recorded (see

Supplementary Material S3).
2.3 Sampling protocol

Bats were sampled following the guidelines of the American Society

of Mammalogists for capture, handling, and welfare for wild mammals

(Gannon and Sikes, 2007; Gardner, 1979). We set three mist nets

during seven consecutive nights (19:00-01:00h), in each landscape

during the dry (November 2021 and March 2022) and rainy (May

2022) seasons. Bats were placed in sterile plastic bags with ventilation

until they defecated. Fecal samples were collected using sterile gloves

and placed in empty and sterilized Eppendorf tubes (1.5 ml). All

samples were frozen in liquid nitrogen until processing in the

laboratory. Anal and oral swabs were taken using sterile applicators,

stored in cryogenic tubes with RNA later (500µls) and preserved in

liquid nitrogen. Standard measurements such as body and forearm

length, weight, gender, age (adult or young by checking wing bone

ossification), and females as lactating or pregnant, were recorded for all

captured bats (Anthony, 1988; Jones et al., 1996). All sampling was

done under collector permit SGPA/DGVS/07572/2.
Frontiers in Conservation Science 04
2.4 DNA extraction

DNA extractions from fecal samples were performed with the

QIAamp PowerFecal Kit (Qiagen, Valencia, CA) following the

manufacturer ’s instructions. To increase DNA yield we

concentrated DNA with a 3M sodium acetate (10%) precipitation

resuspended in 30 µL of molecular grade water and stored at -20°C

until PCR amplification. Additionally, total nucleic acids were

extracted from anal and oral swabs for viral analysis following the

MagNA Pure DNA and Viral NA small volume protocol using a

MagNAPure DNA instrument (Roche) at the Institute of Virology,

Charité, Universitätsmedizin Berlin.
2.5 Gene amplification and sequencing

Fecal DNA samples were PCR amplified with universal bacterial/

archaeal primers 515F/806R (16S rRNA hypervariable region V4)

following the procedures reported by Apprill et al. (2015). PCR

reactions (25 µl) contained 2-6 ng of total DNA, 2.5 µl Takara ExTaq

PCR buffer 10X, 2 µl Takara dNTP mix (2.5 mM), 0.7 µl bovine

serum albumin (BSA, 20 mg ml-1), 1 µl primers (10 mM), 0.125 µl

Takara Ex Taq DNA Polymerase (5 U ml-1; TaKaRa, Shiga, Japan)
and nuclease free-water. Samples were amplified in triplicate using a

PCR protocol including an initial denaturalization step at 95°C (3

min), followed by 35 cycles of 95°C (30 s), 52°C (40 s) and 72°C (90

s), adding a 12 min final extension at 72°C. Triplicates were pooled

and purified using the SPRI magnetic bead, AgencourtAMPure XP

PCR purification protocol (Beckman Coulter, Brea, CA, USA). The

purified 16S rRNA 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 in the NCBI BioProject PRJNA1153560.

Anal and oral nucleic acid samples were analyzed for b-CoV
following a PCR approach. b-CoV RNA was amplified with a hemi

nested PCR method (Annan et al., 2013) using primers

Pan2cRdRP-FWD and Reverse (10 µM). First round reactions

had 12.5µls final volume, BSA (1 mg/ml), MgSO4 (50mM) with

an initial reverse transcription of 50°C;C for 20 min, followed by an

initial denaturation of 95°C; 3 min and 20X of 94°C; 15 sec, 60°C; 15

sec and 72°C; 30 sec; 30X 95°C 15sec, 50°C; 15 sec, 72°C; 30 sec with

a touchdown of -0.5°C;C per cycle. The second round PCR included

1µl of the first-round product and primers pan2cRdRp-FWD and

Rnest (10µM) with the same amplification protocol in 25 µl volume,

MgCl2 (50mM), dNTP (10mM each). All PCR reactions were done
TABLE 1 Local rural communities where bat perception was surveyed in the Yucatán Peninsula.

Locality Site Participants NP/NQ Activity

Mérida, Ucú Elementary School Felipe Alcocer Castillo 3° and 4° grade 70/4 Talk, questionnaire, teaching materials, games, Mist net.

Mérida, Ucú Kindergarden Nezahualcóyotl preschool 30/0 Talk, teaching materials, games, Mist net.

Tizimıń Elementary School Luis Álvarez Barret 3° and 4° grade 89/33 Talk, questionnaire, teaching materials, games, Mist net.

Calakmul Elementary School Hector Perez Martinez 2°, 3°, 4° and 5° grade 150/27 Talk, questionnaire, teaching materials, games, Mist net.
NP, number of participants; NQ, number of questionnaires obtained.
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with the SuperScript™ III One-Step RT-PCR System with

Platinum™ Taq High Fidelity DNA Polymerase (Invitrogen).

Amplicons (398-bp) were verified with agarose gel-electrophoresis

and Sanger sequencing, but no further analysis was performed since

no positive sequences were detected.
2.6 Microbiome bioinformatics and
data analyses

We used fastp 0.23.2 (Chen et al., 2018) for quality control of

the sequencing reads in fastq format and QIIME2 qiime2-

amplicon-2023.9 (Bolyen et al., 2019) for quality processing of

sequences. Sequence data were denoised with DADA2 and clustered

by amplicon sequence variants (ASVs) (Callahan et al., 2016) with

the q2‐dada2 plugin. All ASVs were aligned with MAFF (Katoh

et al., 2002) with the complement q2‐alignment, which were used to

construct a phylogenetic tree with fasttree2 (Price et al., 2010) and

the q2‐phylogeny plugin. Taxonomy was assigned to ASVs using

the SILVA 138 database (Quast et al., 2013). Finally, we removed all

sequences classified as Eukaryote or unclassified at the phylum level

in the R programming environment (R Core Team, 2024) and filC;

tered the samples between the 25th and 75th quartiles based on the

frequency and type of feeding.

We used the ‘tidyverse’ package (Wickham et al., 2019) in R for

data manipulation and visualization, ‘qiime2R’ (Bisanz, 2018) for

integration of results coming from QIIME 2, ‘phyloseq’ (McMurdie

and Holmes, 2013) for analysis of amplicon sequencing data and

‘microbiome’ (Lahti and Shetty, 2019) to perform biodiversity-

specific analyses from a subsampling of 200,000 sequences per

sample. Beta-diversity was tested on Unifrac metrics through the

PERMANOVA model implemented in the ‘adonis’ function of the

vegan package in R. Graphics for data analysis were elaborated in

‘ggplot2’ (Wickham, 2009).
2.7 Pathogenic bacterial survey

Sequence identification and analysis of pathogenic bacteria

followed a meticulous process. We aimed to identify ASVs related

at the family level to the most abundant bacterial families with known

pathogens, which in this study were represented by Clostridiaceae,

Mycoplasmataceae, Staphylococcaceae and Streptococcaceae, and at

the order level to Enterobacterales, Rhizobiales, Rickettsiales and

Xanthomonadales. We conducted restrictive blast searches (Altschul

et al., 1990) against a specialized pathogen database (Yang et al., 2023)

to identify sequences similar to organisms of epidemiological interest.

The sequences with the best hits were extracted for further analysis.

These selected sequences were then clustered with cd-hit (Li and

Godzik, 2006), aligned from the V4 16S rRNA region with MAFFT,

and phylogenies were constructed using FastTree. We used FigTree

software (http://tree.bio.ed.ac.uk/software/figtree/) to visually

represent the phylogenetic relationships between sequences.

Finally, an analysis of each ASV that clustered to a known

zoonotic bacterial agent was performed for each bat species per

study area.
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3 Results

3.1 School children survey

The number of children participating in the talks and in the

drawing and gaming activities in each school are indicated in Table 1

(see SupplementaryMaterial S1 for detailed information).We provided

the questionnaire to all the children and obtained responses from 73;

the total number of drawings was 94 (data not shown). The survey

aimed to explore the children’s knowledge and positive or negative

feelings toward bats after the talks we presented; we found that most

(96%, 70/73) are familiar with bats and knowledgeable of their feeding

strategies and habits (Supplementary Material S1). Interestingly, all

children answering the questionnaire from Calakmul, the most

conserved landscape, had a 100% positive perception of bats. Most

children (78%) from agricultural Tizimıń considered bats to be

beneficial for ecosystems. Drawings showed a positive trend of the

children’s perception and feelings towards bats after the educational

intervention (Figure 2).

Our review of news articles and reports on biophilic actions

toward bats in the YP revealed that few biophobic incidents have

been recorded in the YP, with only 10 news reports since 2006

(Supplementary Material S3). During the SARS-CoV-2 pandemic,

three incidents were reported of direct attacks from people to bat

colonies, whereas previous to the pandemic, four reports occurred

related to rabies (SENASICA, México, 2024), and the rest had no

direct cause.
3.2 Bat diversity

A total of 308 bats representing three families (Phyllostomidae,

Vespertilionidae, and Mormoopidae), and 18 species were sampled,

42.2% of which (130/308) were found in the most conserved

landscape (Calakmul), 31.5% (97/308) in the agricultural (Tizimıń)

and 26.3% (81/308) in the urbanized landscapes (Mérida suburbs)

(Figure 3). The number of bat species and diversity (Shannon

diversity index) were similar in all localities (Figure 3;

Supplementary Material S4). A total of six bats species, four

frugivorous Artibeus jamaicensis, A. lituratus, Glossophaga soricina

and Sturnira parvidens and two insectivorous Pteronotus

mesoamericanus and Rhogeessa aeneus, were observed in the three

landscapes (conserved, agricultural and urban). Frugivorous

strategists accounted for 93% of all observations (Figure 3), while

the insectivorous strategists accounted for only 5%. Fruit eaters were

mostly represented by A. jamaicensis, the dominant bat species (35%,

109/308) in all the sampling settings. Other frugivorous bats

including A. lituratus (18%, 55/308), G. soricina (13%, 48/308),

Carollia sowelli (10%, 32/308), Dermanura phaeotis (7.5%, 23/308)

and S. parvidens (7.5%, 17/308) were relatively abundant in different

landscapes (Figure 3). A. lituratus was more abundant in the

agricultural and conserved landscapes, C. sowelli and D. phaeotis

were better represented in conserved areas, while G. soricina showed

higher abundances in the urbanized and S. parvidens in the

agricultural landscapes. The insectivorous bats (15 individuals)

were mostly observed in the agricultural landscape. Carnivorous
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and hematophagous bats included one species each, observed in

agricultural and in the conserved landscapes respectively (Figure 3).
3.3 Microbiome analysis

A total of 108,656,360 paired end raw sequences from fecal

microbiome amplifications were obtained. After applying quality-

control filters 94,519,756 (86.98%) of paired end sequences and

75,409,547 (69.40%) of non-chimeric denoising sequences remained.

In total, we recovered 34,835 ASVs from 77 fecal samples and 12 bat

species (Figure 3). The sampling effort was sufficient to assess the

microbial diversity present in the fecal samples for most bat species

(Supplementary Material S5) suggesting a similar composition

according to the beta-diversity analysis (Figure 4; Supplementary

Material S6). Alpha-diversity indexes of the fecal-associated

microbiome was similar among different bat species at the

landscape scale (Supplementary Materials S7, S8), and higher
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diversity was found in the agricultural landscape (Supplementary

Material S8). No statistically different structure of the A. jamaicensis

fecal microbiome composition was observed between agricultural and

urban landscapes, which significantly differ from the conserved area

(Supplementary Material S9).

Each bat species analyzed harbors a distinct fecal microbiome

which is related to their feeding strategies and landscapes. The

predominant bacterial phyla included Pseudomonadota, Bacillota,

Actinomycetota, Bacteoridota, Desulfobacterota, Chloroflexota,

Planctomycetota, Myxococcota and Verrucomicota (Figure 5).

Transient chloroplasts were more abundant in frugivorous bats

from the conserved Calakmul landscape (Figure 5).

A few sequences were related to putative pathogenic bacterial

families (Supplementary Material S10), which had different relative

abundances in bat species (Figure 6). Overall, Enterobacteriaceae,

Streptococcaceae, Staphylococcacea and Erwiniaceae formed a large

proportion of the fecal microbiome (Figure 6). It is important to

note that only the fecal microbiome of A. jamaicensis and G.
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FIGURE 3

Identified bat species and associated feeding strategies. Proportion of observed bats per feeding strategy (left). Number of bats per species among
conserved, agricultural and urban landscapes, which respectively correspond to Calakmul, Tizimín and Mérida (right). Bracket colors according to the
feeding strategists indicated in the pie chart. Asterisks show bat species assessed in the gut microbiome analysis.
FIGURE 2

Surveys on children’s perception toward bats. Results based on a total of 73 questionnaires obtained. Number of children who like bats per
landscape (top left); Bat perception provided by scholar children from different ages (top right); Some examples from 94 drawings performed by the
children surveyed (bottom).
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soricina could be assessed across the three landscapes. In A.

jamaicensis, Enterobacteriaceae and Staphylococcacea were

abundant in the conserved landscape (Calakmul), while

Streptococcaceae abundance increased in the agricultural

landscape (Tizimıń), and Erwiniaceae in the urban landscape

(Mérida). In G. soricina, Enterobacteriaceae clearly dominated the

fecal microbiome in all landscapes (Figure 6). Regarding viral

pathogens, the focused surveillance of b-CoVs from anal and oral

swabs of bats performed following a hemi nested PCR approach,

showed no positive results.
4 Discussion

4.1 Local perception towards bats

This study of bats is framed within the basic principles of One

Health which recognize the interconnection among humans, animals,
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and ecosystems (Mackenzie et al., 2014). We aimed to address the

coexistence between humans and bats in the Yucatán Peninsula (YP),

by combining an educational intervention with ecological and

microbiome characterizations. This survey on the biophilic or

biophobic actions towards bats, in light of the perception generated

after the global pandemic of SARS-CoV-2, provides a basic

understanding of local traditions and people’s relationship with the

natural environment in YP regions (Figure 2). Importantly, because

the localities we studied include Mayan populations, our approach

and the educational pilot study performed were designed to include

aspects of their customs and traditions. Interviewed children revealed

that there is an appreciation for bats in local communities, which is

not that surprising since they live in contact with wildlife on an

everyday basis. Moreover, the cosmovision of the Mayan culture,

constructed around a deep relationship with the natural world,

respects all living and nonliving things, believing they possess a

soul (Lucero, 2018). The bat-god ‘Camazotz’ is a Mayan deity which

was ancestrally revered and respected (Sieradzki and Mikkola, 2022).
FIGURE 4

Gut microbiome community structure analysis for the most abundant bat species. PCoA ordination method performed with the weighted Unifrac
distance matrix from bacterial 16S rRNA gene sequences. Sites correspond to conserved (Calakmul), agricultural (Tizimıń) and urban
(Mérida) landscapes.
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The optimistic reception of the informative talks revealed a latent

interest in wildlife among the communities in rural settings,

confirming the potential to help bridge the gap between humans

and nature.

The outreach activities implemented in primary schools

promoted positive feelings towards bats. Collaborative participation

with the local communities fosters a sense of coexistence with wildlife

and of support for appropriate management of ecosystems. School-

aged children effectively permeate knowledge to their younger

siblings, parents and to other children through their games. This

supports the long-term benefits of educating children, who will grow

up to become informed adults. As ecologists we observe that educated

children foster greater respect towards nature. Although this is a pilot

program for Yucatán, similar educational activities have been

replicated in other states of México (RELCOM Latinoamérica,
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2024). To develop a long-standing project to promote biophilic

responses, we propose that subsequent studies should perform

questionnaires before and after educational interventions,

broadening the target audience to include a similar number of

participants from different ages, socioeconomic contexts and

educational levels. Adapting the program for Maya speakers is key.

It will also be important to incorporate our locally relevant research

findings on bat diversity and microbiomes, making the connection to

land use scenarios.

Previous studies performed in the peninsula have addressed

various aspects concerning bat fauna, including their composition,

morphology and seasonality behavior (Arita, 1997; Rydell et al.,

2002; Hernández-Dávila et al., 2012). Others have explored bat

responses to habitat fragmentation, the ecological role of

frugivorous bats and the importance of habitat management in
FIGURE 5

Gut microbiome composition. Relative abundances of the top 10 bacterial phyla for the frugivorous, insectivorous and carnivorous bats sampled in
the conserved (Calakmul), agricultural (Tizimín) and urban (Mérida) landscapes. Bat species with only one individual is indicated with the symbol ★.
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conserving bat assemblages (Montiel et al., 2006; Vilchis et al., 2007;

Medellin et al., 2017; Cafaggi et al., 2024). The presence of zoonotic

pathogens in certain bat species has begun to be studied (Machain-

Williams et al., 2013; Torres-Castro et al., 2020), including our

current research. None of these studies involved outreach to

promote biophilic actions towards bats. While educational

interventions in the region have focused on preventing specific

zoonotic diseases (e.g. Chagas, dengue, rickettsiosis), primary

through vector control (Valdez-Tah et al., 2015; Chávez-Arias

et al., 2017; Dzul-Rosado et al., 2023), there is a lack of initiatives

promoting a positive relationship between local communities and

bats and other natural insect predators. Recognizing the

interconnection between nature and society, conservation biology,

and applied ecology emphasize that effective management of nature

is both an outcome and a driver for social, economic and ecological
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changes (Cumming and Allen, 2017). Driven by this understanding,

our research team is committed to generating scientific knowledge,

while developing and implementing more effective strategies that

foster stronger connections between nature and local communities.
4.2 Ecological insights of bats and their gut
microbiome supporting biophilia

Findings suggest that land use differences in the YP are a factor

affecting bat diversity and their microbiome composition. Notably,

bats are recognized as indicator or sentinel species (Jones et al.,

2009; Wolf et al., 2022). During the present study, a higher diversity

of bat species was registered in agricultural dominated (Tizimıń)

and conserved (Calakmul) (Figure 3) than in urban landscapes. The
FIGURE 6

Putative pathogenic bacterial families. Relative abundances of bacterial families of epidemiological interest based on 16S rRNA gene sequences
compared against specialized pathogen databases. Bat species with only one individual is indicated with the symbol ★.
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interconnection of natural habitats and the adjoining managed

lands, where silvicultural activities are performed, are likely

serving as biological corridors, supporting bat dispersal and

providing habitat and food availability. This suggests that these

corridors contribute to biodiversity conservation allowing

connectivity between populations, communities and ecological

processes in fragmented landscapes (Laurance, 2004 Bolıv́ar-Cimé

et al., 2013). The Calakmul Biosphere Reserve is part of the

Mesoamerican Biological Corridor, a region of great biodiversity

(Vester et al., 2007). It harbors the largest region of continuous

rainforest in the Americas, second only to the Amazon. This reserve

still sustains populations of large mammals, including Baird’s Tapir

(Tapirus bairdii),jaguar (Panthera onca), and the largest diversity of

bats reported (Vester et al., 2007) (Figure 3). Further, across the

study sites (Figure 3), we found a higher abundance of opportunistic

fruit eating bats, such as A. jamaicensis (Montiel et al., 2006; de

Souza and Vizentin-Bugoni, 2020), and a scarcity of insectivores

that are more environmentally sensitive to landscape changes

(Threlfall et al., 2011). Particularly for the Calakmul reserve, these

results might be explained by potential habitat loss due to the

increasing establishment, expansion and intensification of

agricultural activities (Vester et al., 2007; Špirić et al., 2022).

Unfortunately, this process is doomed to continue because

Calakmul is further threatened by fragmentation triggered by a

controversial train that will run through the heart of this nature

reserve (Ortega and Jaber, 2022).

The high abundance of frugivorous bats, especially of A.

jamaicensis in urban areas, demonstrates their great adaptability

to fairly hostile and resource-limited conditions (Moretto et al.,

2023). This adaptability likely relies on diversifying their food

sources, which enables them to displace the more selective or

dietary specialized species that are not able to persist in such

fragmented ecosystems (Meyer et al., 2008; Montiel et al., 2011).

Bat species that tolerate urban and suburban habitats in the YP are

vital for the sustainability of forests as seed dispersers, contributing

to forest regeneration (Hougner et al., 2006; MacSwiney et al.,

2017). Furthermore, bat species that are better adapted to human

modified landscapes will continue to interact with urban human

populations, which are expected to be poorly connected to, and

knowledgeable of, natural landscapes (Moretto et al., 2023).

Experiences that combine education and immersion in natural

landscapes have a positive influence on human behavior (Dzul-

Rosado et al., 2023). Thus, it is fundamental to continue with the

design and implementation of educational strategies in the region

that promote biophilic responses towards bats, while informing the

different actors of the key environmental benefits they provide.

Microbiome assessments are essential tools to monitor microbes

of zoonotic importance, and this information significantly impacts

the perception towards bats and the way people indirectly interact

with them in the YP. As part of this ongoing research, we aim to

incorporate the microbiome knowledge here generated in future

outreach activities to continue promoting bat conservation and

public health. The low abundance of insectivorous bats observed in

this survey suggests a potential loss of biological insect control.

Molecular identification of prey remains in insectivorous bat feces
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has revealed the consumption of insects, including mosquitoes that

can transmit diseases of medical importance (Burgar et al., 2021).

Given the prevalence of mosquito-borne diseases in the YP, such as

dengue, Zika and West Nile Virus (Sánchez-Soto et al., 2024),

insectivorous bats can perform a role in controlling populations of

these disease-vector insects.

Importantly, food resources influence the host microbiome.

Hence, microbiome data offers valuable insights into the potential

ecological consequences of land-use changes on bat populations. Our

results show differences between the gut microbiome of the

frugivorous A. jamaicencis from conserved areas and that from

suburban and agricultural settings (Supplementary Material S9),

likely as a result of differences in food resource quality, abundance

and diversity, and/or by exposure to novel bacteria (Carrillo-Araujo

et al., 2015; Ingala et al., 2021). This study can establish a reference of

the diversity and composition of the gut microbiome in contrasting

landscapes of the YP. It can serve as a basis for future studies to

evaluate the effects of habitat modification on bat health and fitness,

and the relation between habitat modification and potential

pathogens spillover and transmission (Ingala et al., 2018). In this

regard, an important research venue would be to survey bacteria of

clinical interest in bat microbiomes (Cláudio et al., 2018), to perform

zoonotic risk analysis to address effective control measures in priority

areas with presence of specific pathogens.

Nonetheless, it is important to emphasize that the presence of

opportunistic potential pathogens in the gut microbiome (Figure 6)

does not indicate that bats in the YP are reservoir hosts for the

transmission of bacterial zoonotic diseases (Wolkers-Rooijackers

et al., 2018). Results show that the individual bats analyzed did not

host b-CoV. In a recent study, Colunga-Salas and Hernández-

Canchola (2020) analyzed sequences for the ORF1ab polyprotein

of CoVs detected in 11 bat species distributed in México and

confirmed that SARS-CoV-2 was not present. Although these bats

did not present a zoonotic disease threat, there is evidence of certain

viruses associated with A. jamaicensis, including influenza, dengue,

Zika, West Nile and rabies, which could contribute to potential

disease spread (Cabrera-Romo et al., 2016; Almeida-Campos et al.,

2019; Torres-Castro et al., 2021). Yet, we underline the need for

wildlife microbiome surveillance that aids in the assessment of

public health risks in the region (Sánchez-Soto et al., 2024).

Considering that bats are key species that indicate the health of

ecosystems, their gut microbiome will also be representative at the

landscape level and could be monitored with relative ease.

Far from generating a negative perception towards bats,

addressing public concerns about these flying mammals is

essential for bat conservation, since negative attitudes frequently

stems from misinformation, fear, and a lack of awareness about the

key environmental benefits they provide (Lu et al., 2021; Ramirez-

Francel et al., 2022). Current dominant socioeconomic models have

ignored the relation between human population growth, habitat

modification, and ecosystem health. Our findings support that land

use has an impact on bats’ diversity and their microbiome, whereby

the diversity of bats decreases in the most urbanized sites and their

gut microbiome tends to be more similar in modified landscapes.

Bat diversity in the YP was dominated by frugivorous species,
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suggesting loss of other ecosystem services, such as insect control by

bats that can consume large quantities of insects, including those

that transmit diseases. The lower the insect predators, the higher the

potential of some zoonotic diseases and spillover, such as dengue,

Zika and others. Pollinating bats are also essential in the ecosystems;

changes in land use and fragmentation affect this bat guild. Clearly,

studies that promote biophilia responses in the YP are fundamental;

while surveying bat populations and their microbiome dynamics

offer an indirect means to understand ecosystem health. A biophilic

approach promotes healthy bat populations in hand with

sustainable development, while it is in healthy ecosystems that

zoonotic diseases will be controlled.
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111. doi: 10.7818/ecos.2017.26–1.16

Federici, L., Masulli, M., De Laurenzi, V., and Allocati, N. (2022). An overview of bats
microbiome and its implication in transmissible diseases. Front. Microbiol. 13.
doi: 10.3389/fmicb.2022.1012189

Gannon, M. R., Bovard, B. N., Butchkoski, C. M., Reeder, D. M., Turner, G. G., and
Whidden, H. P. (2016). “The value of bats: Keystone species in the Keystone State,” in
Conservation and ecology of pennsylvania’s bats.ds. M. B. D. M. Butchkoski, D. M.
Reeder, G. G. Turner and H. P. Whidden (Pennsylvania Academy of Science,
Pennsylvania, USA).

Gannon, W. L., and Sikes, R. S. (2007). The animal care and use committee of the
american society of mammalogists, guidelines of the american society of mammalogists
for the use of wild mammals in research. J. Mammal. 88, 3, 809–823. doi: 10.1644/06-
mamm-F-185R1.1

Gaona, O., Colli, A., Cruzado, J., Falcón, L., López, S., Marruenda, P., et al. (2024).
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Noh-Pech, H., Tello-Martıń, R., et al. (2021). Molecular identification of zoonotic
Rickettsia species closely related to R. typhi, R. felis, & R. rickettsii in bats from Mexico.
Indian J. Med. Res. 154, 536–538. doi: 10.4103/ijmr.IJMR_1083_19
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