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Understanding how host-microbiome interactions respond to abiotic and
biotic factors is key to elucidating the mechanisms influencing ecological
communities under current climate change scenarios. Despite increasing
evidence that gut microbial communities associated with bees influence
their health and fitness, including key roles in nutrient assimilation, toxin
removal, defense against pathogens, and immune responses, the distribution
of gut microbial communities and the dynamics of these associations along
environmental gradients remain poorly understood. In this study, we assessed
how environmental changes with elevation and host taxonomic identity
influence the bacterial gut microbiome of wild bees collected along a 3,600 m
elevation gradient in the Peruvian Andes. We applied DNA metabarcoding on
the 16S rRNA region of gut samples from five bee tribes: Apini (honey bees),
Bombini (bumble bees), Meliponini (stingless bees), Euglossini (orchid bees),
and Halictini (sweat bees). Our findings indicate a general decrease in bacterial
diversity and a high turnover of microbial taxa along the elevation gradient, with
notable differences among host tribes. Host taxonomic identity was a strong
predictor of gut microbial community composition, despite a high turnover
of microbial and host taxa along the gradient. Within tribes, the turnover of
microbial compositions was mainly explained by environmental changes with
elevation in bumble and stingless bees. The observed variations in gut microbial
diversity and composition at different elevations and different host taxa suggest
that both factors significantly impact the gut microbiomes. As climate change
continues to influence environmental conditions in the Andean-Amazonian
forests it is crucial to consider how these changes may affect host-microbiome
relationships. This highlights the necessity of understanding both abiotic and
biotic factors in the context of climate change.
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environmental gradient, host-microbiome interactions, microbial diversity, bee tribes,
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1 Introduction

Environmental conditions shape diversity patterns, community
composition, and biotic interactions in natural ecosystems
(Nottingham et al., 2018; Peters et al., 2019). Consequently, climate
change with increasing temperatures is expected to restructure
trophic interactions and impact ecosystem dynamics (McCain
and Garfinkel, 2021; Yuan et al,, 2021). Changes in ecological
properties, such as species diversity, phenology, or community
composition, are known to affect ecosystem functioning and
stability (Dzekashu et al., 2023; Hoiss et al.,, 2015; Konig et al,,
2022; Lara-Romero et al., 2019). However, unraveling interspecific
interactions is necessary for understanding species coexistence
and predicting ecological responses under future climate change
scenarios (Hoiss et al., 2015; Yuan et al., 2021).

Mountain ecosystems provide ideal natural laboratories to
study the effects of global warming on a smaller spatial scale (Wang
et al., 2022). These environmental gradients are characterized by
shifts in abiotic conditions, in particular shifts in temperature
and precipitation, resulting in a turnover of species across
relatively short geographic distances (Bryant et al,, 2008; Siles
and Margesin, 2016). As a result, elevational gradients have been
widely used to examine the responses of various taxonomic groups
to environmental change (Dzekashu et al, 2022; Hoiss et al,
2015; Perillo et al., 2021; Peters et al., 2016; Pitteloud et al.,
2021). A well-established pattern is that the species richness of
most above-ground organisms tends to decline with elevation
or peak at mid-elevations (Peters et al., 2016). The metabolic
theory is frequently invoked to explain this trend, positing that
ecological and evolutionary rates in ectothermic organisms, are
tied to ambient temperature (Brown et al, 2004; McCain and
Grytnes, 2010). This suggests that varying rates of evolution and
biotic interactions occurring along climatic gradients on mountains
influence diversity gradients (Pellissier et al., 2018; Yuan et al,
2021).

It remains largely unclear how patterns and drivers of species
diversity can be transferred to microbial communities within insect
guts. Research on microbial diversity across elevation gradients
has focused mainly on soil or plant-associated communities. For
instance, Bryant et al. (2008) found that soil bacterial richness
consistently declined from the lowest to the highest elevations
in the Rocky Mountains of Colorado, whereas Nottingham et al.
(2018) observed a similar decline in soil microbial richness along
an elevation gradient in the Andean mountains. Fierer et al. (2011)
reported that bacterial diversity in organic soil, mineral soil, as well
as on leaf surfaces exhibited no significant elevation pattern, which
stands in strong contrast to the clear diversity changes observed in
plant and animal communities along the same elevation gradient
in eastern Peru. For fungi, no significant differences were found
in plant endophyte diversity along an elevation gradient in Mauna
Loa on Hawai‘i (Cobian et al., 2019). These results highlight a
key knowledge gap in ecology about microbial diversity gradients:
Despite their ubiquity, abundance, and functional importance,
microbes may follow distinct biogeographical rules that are not
adequately explained by theories developed for macro-organisms
(Fierer et al., 2011). As such, inclusive and revised conceptual
frameworks are needed to account for microbial dynamics,
particularly within host-associated systems like the animal gut.
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There is growing evidence that the gut microbial communities
associated with bees influence their health and fitness (Engel
et al, 2016; Li et al, 2023). Gut symbionts play a key role in
nutrient assimilation, toxin removal, defense against pathogens,
and the immune responses (Douglas, 2015; Schmidt and Engel,
2021) and can modulate the physiology and behavior of their
bee hosts (Zheng et al, 2018). Gut microbes associated with
bees are transmitted through two distinct routes: First, through
social interactions with conspecifics (i.e., vertically transmitted),
allowing these symbionts to be passed on for generations (Mee
and Barribeau, 2023). Alternatively, they can be acquired from
the surrounding environment (i.e., horizontally transmitted) as
short-term residents in the gut (Mayr et al, 2021; Voulgari-
Kokota et al., 2019). The transmission routes of gut microbes
vary among the bee taxa due to their distinct lifestyles and social
structures (Mee and Barribeau, 2023). For instance, social bees
like honey bees, bumble bees and stingless bees often engage in
frequent physical interactions, facilitating vertical transmission of
microbes through social grooming and trophallaxis (Hammer et al.,
2021b; Zheng et al., 2018). In contrast, orchid and sweat bees may
rely more on horizontal transmission from their environment, as
their social interactions are less frequent or more opportunistic
(Mee and Barribeau, 2023; Voulgari-Kokota et al., 2019). As a
consequence, these associations range from highly host-specialized
gut microbial communities (Koch et al., 2013; Kwong et al., 2017;
Zheng et al., 2018), to those hosts with environmentally driven
microbial communities (Keller et al., 2021; McFrederick et al., 2012;
Voulgari-Kokota et al., 2019).

Insect-associated microbial communities, especially those of
bees, provide an excellent opportunity to explore host-microbiome
dynamics across environmental gradients. In general, gut microbial
communities are fundamentally distinct from environmental
microbiomes, due to the unique biotic and abiotic conditions
within host organisms (Thompson et al., 2017). Considering the
important interactions between the gut symbionts, their hosts,
and the environment, it is essential to unravel the factors that
shape the microbial community structures in wild pollinators (Li
et al., 2023). A key question is whether microbial communities of
ectothermic bee hosts are more strongly shaped by host-taxonomic
identity or by environmental factors. To date, only a few studies
have reported patterns of gut microbiomes associated with bees
along elevation gradients. For instance, Dong et al. (2024) reported
species replacement in both gut symbionts and bumble bees
with increasing elevation in a gradient in Hengduan Mountains
of southwestern China. Mayr et al. (2021) reported the highest
gut bacterial diversity and turnover of microbial taxa associated
with Lasioglossum bees at high elevations across an elevation
gradient at Mt. Kilimanjaro, Tanzania. Conversely, in honey bees
the highest microbial diversity was found at lower elevations in
a gradient in Tamil Nadu, India, with microbial taxa dynamically
shifting, suggesting potential adaptations of gut microbiota to
different ecological niches (Hariprasath et al., 2025). However, these
studies are restricted each to a single bee group, which limits the
understanding of how different hosts might influence gut microbial
communities along the same environmental gradient.

In this study, we address this limitation by examining the
five bee tribes from the corbiculate bees, i.e., Apini (honey bees),
Bombini (bumble bees), Meliponini (stingless bees), Euglossini
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(orchid bees), and the Halictini (sweat bees) tribe, all of them
differing in phylogeny, ecology, and thermoregulatory capacity.
Bees are not strictly ectothermic; many exhibit facultative
thermoregulation, actively modulating their colony or body
temperature and, by extension, the gut environment (Hammer
etal., 2021a). Nonetheless, the plasticity of thermoregulation varies
throughout bee phylogeny, and among individuals, across time,
and location. As a consequence, some bee species are exposed to
more significant fluctuations in temperature than others, which
can influence the interactions with their gut microbial symbionts
(Hammer et al., 2021a).

Understanding how elevation and host taxonomy influence the
diversity and composition of gut microbial communities is essential
for predicting how mutualistic interactions will respond to climate
change (Engel et al., 2016; Pellissier et al., 2018). To our knowledge,
no previous study has investigated these dynamics across an entire
elevation gradient (covering tropical lowland, mountain and cloud
forests up to the tree line) with 29 bee genera across five bee
tribes encompassing a broad taxonomic range. Here, we assess the
diversity and composition patterns of gut microbial communities
across a ~3600-m elevation range in the Peruvian Andes, using
16S rRNA gene metabarcoding. Our research aims to answer the
following questions:

1. How does bacterial diversity of bee microbiomes vary with
elevation; does it decrease linearly, or does it peak at mid-
elevations along the elevation gradient?

2. Does host taxonomy and elevation jointly or independently
influence the variation in microbial community composition?

3. Does the composition of gut microbial communities change
along the elevation gradient and between host tribes?

Our study offers novel insights into how host identity and
environmental conditions interact to shape bee-microbiome
associations along an elevation gradient, with implications
for better understanding bee health and resilience under
climate change.

2 Methods
2.1 Study area

The study was conducted in the Kosfipata valley in south-
eastern Peru. This region offers access to largely intact forest
habitats along a complete elevation gradient. Consequently, many
different habitat types are present to cover tropical lowlands,
mountain rainforests at mid-elevations, and vegetation in the
highlands. Our research was conducted on 33 collection sites
in the forest and around the research stations and camps (Tres
Cruces, Wayqecha, San Pedro, Tono, Pantiacolla, Villa Carmen,
Los Amigos) from 245m above sea level (masl) to 3,658 masl
(Figure 1; Supplementary Table S1). The temperature was recorded
by one TMS logger and one iButton per plot, which took a reading
every 15min in 4h intervals, respectively, for a complete year
(September 2022-December 2023; Supplementary Table S1), for
details see Holzmann et al. (2025). Samples were collected between
September to December 2022, i.e., in a period with less than the
average precipitation.
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2.2 Bee sampling and specimen
identification

We targeted to collect at least N = 3 samples for each
bee species per study site. Bees were collected manually by net
sweeping and placed in sterile collection tubes with 96% ethanol.
Collected bees were stored at the research stations/base camps in
an insulated cooler with ice packs until being dissected. Each bee
was individually dissected on plastic petri dish using a scalpel and
dissection scissors (all sterilized) to obtain the entire gut region. Gut
samples were stored in 96 well plates filled with Zymo DNA/RNA
shield lysis solution to preserve nucleic acid until isolation in
the lab.

All collected bees were allocated to the different taxonomic
groups morphologically in the field as accurately as possible
according to relevant reference materials (Allen and Villacampa,
2017; Ferndndez and Sharkey, 2006; Rasmussen, 2003; Rasmussen
and Vasquez, 2019). Additionally, we removed one leg from each
bee for further confirmation of species identity by DNA barcoding.
Taxonomic identification of bees by DNA barcoding was performed
at the Canadian Center for DNA Barcoding (CCDB; Guelph,
Ontario, Canada; http://ccdb.ca/). COI sequences were submitted
to the Barcode of Life Database (http://www.boldsystems.org) for
taxonomic assignment. A phylogenetic analysis of each tribe was
conducted to link the morphological and molecular classifications.
The sequences were aligned using MUSCLE (Edgar, 2004), and
the final alignment was > 600 bp long. Reference sequences were
obtained by a BLAST search against GenBank (Benson et al., 2014).
We selected closely related taxa as well as outgroup sequences
to construct a neighbor-joining tree using MEGA version 11.0.13
(Hall, 2013).

2.3 Microbiome profiling by DNA
metabarcoding

The genomic DNA from the guts was isolated using the
Zymo BIOMICS™ 96 DNA kit for microbiome or metagenome
analyses, according to manufacturer instructions (Zymo Research,
D4309). Each plate contained 88 samples and was accompanied
by at least four negative extraction controls (water) and four
positive extraction controls (ZymoBiomics Mock community).
The concentration of the isolated DNAs was quantified using
a Qubit® 4.0 Fluorometer (Invitrogen, Carlsbad, CA, USA).
16S rRNA gene libraries were constructed using a dual-indexing
approach as described in Kozich et al. (2013) to amplify
the V4 variable region of the 16S rRNA gene. We used 16
forward primer with index sequences SA501-SB508 and 24
reverse primer with indices SA701-SB712, allowing a total of
384 unique combinations for sample indexing (Additional file
of Kozich et al.). PCR was performed in triplicates following
the 96-well PCR sample design two as described in Sickel
et al. (2015; Additional file of Sickel et al.). To avoid bias
triplicate reactions of each sample were combined after PCR
and further processed as described in Kozich et al. (2013). To
pool each 96-well plate sample, the normalization was performed
using the SequalPrep™ Normalization Plate Kit (Invitrogen)
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FIGURE 1

(a) Map of the study area along the Kosfiipata valley in Peru, (b) locations and elevations of the 33 study sites from which the microbial communities
of the bees were determined. The Manu buffer line indicates the transition between the protected area Manu NP and surrounding landscapes. Colors
of dots indicate plot elevations. (c) Zoomed- in view of the high and mid elevations of the gradient (map lines delineate study areas in the National
Park Manu and do not necessarily depict accepted national boundaries). Map created using Bing Maps. Microsoft product screen shot(s) reprinted
with permission from Microsoft Corporation. For more information, visit Microsoft Print Rights.
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and concentrated using AMPure XP beads. Pools were quality
controlled using a Bioanalyzer High Sensitivity DNA Chip
(Agilent Technologies, Santa Clara, CA, USA), quantified with the
dsDNA High Sensitivity Assay using a Qubit
(Invitrogen, Carlsbad, CA, USA). Then, pools were combined

2.0 Fluorometer

into a single pool and afterward diluted to have an equimolar
concentration of 1.8nM. Eight pM of the libraries combined
with 5% Phix Control (Illumina Inc., San Diego, CA, USA) was
sequenced with the Illumina MiSeq platform at The Center for
Genome Studies, LMU Biozentrum using 2 x 250 cycles reagent
kit v2 according to the manufacturer’s instructions (Illumina Inc.,
San Diego, USA).

2.4 Bioinformatic analysis and data
availability
Raw sequence reads were obtained directly from the Illumina

MiSeq output, which includes sample reads already demultiplexed
by MID barcode with the Illumina device’s software. Bioinformatic

Frontiers in Microbiology

analysis followed the pipeline established by Leonhardt et al
(2022), available at https://github.com/chiras/metabarcoding_
pipeline. Low-quality (Emax = 1, no ambiguous base pairs) and
short (<170 bp) reads were removed. Cleaning of reads, i.e.,
removal of bad quality reads and filtering of chimeric artifacts,
denoising, and dereplication to amplicon sequence variants (ASVs)
was performed with VSEARCH global alignments (Rognes et al.,
2016). The taxonomy assignment was made using direct global
alignment classifications against the databases RDP_16s (v18;
Edgar, 2016), GreenGenes 16s (v13.5; DeSantis et al., 2006), and
SILVA 16S (v123; Quast et al, 2012) using VSEARCH and a
threshold of 97% identity. Remaining unclassified reads were
hierarchically classified using the SINTAX implementation of
VSEARCH against SILVA 16S (v123) using a threshold cutoff of
0.8 (Edgar, 2016). Microbiome data was imported into R (R Core
Team, 2021) and managed with the phyloseq package (McMurdie
and Holmes, 2013). Positive controls were removed from the
data set to mitigate any potential spillover into the samples. Any
chloroplast or mitochondrial ASVs were identified in the ASV
table and excluded.
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2.5 Data analyses

All analyses were performed in R version 4.4.1 (R Core Team,
2021) using the following packages: Vegan (Oksanen et al., 2013),
iNEXT (Hsich et al., 2016), Betapart (Baselga and Orme, 2012),
Ime4 (Bates, 2010), r2glmm (Jaeger, 2017), MuMIn (Barton, 2009),
and Microbiome (Lahti and Shetty, 2017).

2.5.1 Covariation of elevation and temperature

Considering that temperature can influence the patterns of
biotic variables along the elevation gradient (Peters et al., 2019),
we assessed for all subsequent analyses whether temperature might
be a more robust predictor of the observed variations in microbial
community than elevation. We calculated the average temperature
recorded by the data loggers per each plot. We compared models
using Akaike’s Information Criterion with the model.sel function
(Barton, 2009). The goodness of fit between alternative models
was tested with an ANOVA. Since both variables were highly
correlated, they appeared to be mostly interchangeable in our
study. Elevation was, in most cases, slightly more predictive;
therefore, we used this as the explanatory variable in the
following analyses.

2.5.2 Effect of elevation on microbial richness
and Shannon diversity («-diversity)

Estimates of alpha diversity (local species richness and
diversity) were analyzed using the iNEXT approach, which applies
rarefaction and extrapolation to standardize the variables for
sampling effort (Hsieh et al, 2016). We calculated microbial
species richness (¢ = 0; thereafter called “microbial richness”)
and microbial species diversity (q = 1, i.e., the Shannon diversity
index; thereafter called “microbial diversity”). For each host tribe,
differences among microbial richness and diversity with elevation
were determined using a negative binomial generalized linear
models (GLMs) and corresponding 95% confidence intervals (95%
CI) with alpha diversity indices as the response variable and
elevation (continuous) as the predictor variable. The relationships
between microbial richness and diversity with elevation, were
explored with linear and quadratic models. The better model was
selected based on lower value of Akaike’s information criterion
(Yamaoka et al., 1978).

2.5.3 Effects of elevation and host identity on
bacterial community composition (B-diversity)

To characterize differences in microbial community
composition among the different host tribes along the elevation
gradient, we estimated overall community beta-diversity with
the Bray-Curtis dissimilarity index (Bray and Curtis, 1957) using
ASV abundances.

Compositional changes along the elevation gradient were
investigated by examining the correlation between elevation and
community compositional dissimilarities using Mantel tests with
10,000 permutations (Mantel, 1967).

Next, to investigate and visualize correlations among

the explanatory variables influencing microbial community
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composition, we applied non-metric multidimensional scaling
(NMDS) along two axes based on Bray-Curtis dissimilarity.
A permutational multivariate analysis of variance model
(PERMANOVA, adonis2) was performed on the Bray-Curtis
dissimilarity matrix by applying the adonis2 function to discern the
amount of variation attributed to elevation and host tribe (with 999
permutations). Our models included host taxon at different levels:
species level for bumble bees, while for stingless bees, orchid bees,
and sweat bees, it was assessed at the genus level. For honey bees,
the host genus or species could not be utilized as a variable due to
the sampling of only one species within this group. R? values were
obtained using the Nakagawa and Schielzeth approach (Nakagawa
and Schielzeth, 2013).

2.5.4 Variance partitioning

The relative contributions of the elevation and host identity
in shaping microbial community composition were estimated by
variance partitioning analysis using the varpart function. For this
method, forward selection based on redundancy analysis (RDA)
of variables was conducted to exclude the variables that did
not significantly explain patterns of community similarity. We
started from intercept-only and all-variables were modeled with
the ordiR2step function. The respective amounts of variance (i.e.,
individual and shared) were determined by the adjusted R? with
redundancy analysis (RDA; Ramette and Tiedje, 2007). An ANOVA
test was carried out to test whether there was a significant difference
in the individual contribution of elevation and host tribe on the
microbial composition.

2.5.5 Partitioning of B-diversity components
(turnover and nestedness)

To further quantify the variations in beta diversity along
our gradient, we analyzed the relative contributions of species
nestedness and species turnover for each host separately (Baselga,
2017) using the beta.multi.abund function (Baselga and Orme,
2012). The component Ppc_p, reflects changes in community
composition resulting from balanced variations in abundance,
where individuals of specific species at one site are replaced by
an equivalent number of individuals from different species at
another site (i.e., species turnover; Baselga, 2017). The component
BBC—gra Tepresents changes in community composition driven by
abundance gradients, where some individuals are lost from one site
to another (i.e., community nestedness; Baselga, 2017). Then we
performed Mantel tests to analyze the correlation between each beta
diversity component (i.e., turnover and nestedness) and elevation.

2.5.6 Elevation effects on gut microbial dominant
bacterial groups

To assess whether the environmental gradient and host
identity lead the turnover of microbial communities, we analyzed
the changes in relative abundances of the most abundant
bacterial families present in the gut of most of the organisms
along the elevation gradient. This included the Acetobacteraceae
and Neisseriaceae families from the phylum Proteobacteria,
as well as the Lactobacillaceae and Orbaceae families from

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1671348
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Pinos et al.

the phylum Firmicutes. The relationships between microbial
relative abundances and elevation were tested using generalized
linear models (GLMs), with the data family set to “Gaussian”
and corresponding 95% confidence intervals (95% CI). The
relationships between the relative abundances and elevation were
explored with linear and quadratic models. The better models were
selected based on lower value of Akaike’s information criterion
(Yamaoka et al., 1978).

2.5.7 Core microbiome

To determine the consistent presence of microbial taxa across
our five hosts tribes, we identified the “core microbiome.” Core taxa
at genus level were defined as those present at a relative abundance
of above 1% and a prevalence of 50% for each host tribe.

3 Results

3.1 Host distribution along the elevation
gradient

We collected a total of 820 individuals from five bee tribes:
honey bees (only Apis mellifera, n = 74) ranging from 275 to
3,000 masl; bumble bees (n = 44, five Bombus species) found
between 275 and 3,658 masl; stingless bees (1 = 393, representing
16 genera) occurring between 245 and 3,000 masl; orchid bees
(n = 152, from four genera) distributed between 245 and 2,250
masl; and sweat bees (n = 157, consisting of 11 genera) also
found between 245 and 3,000 masl (Supplementary Figure S1;
Supplementary Table S2). Our barcoding approach confirmed these
identifications, although stingless, orchid, and sweat bees could not
be identified at species level.

We observed distinct elevational patterns in the distribution of
bee taxa. Bumble bee species were present throughout the entire
elevation gradient but were more concentrated either at high or low
elevations. In contrast, stingless and sweat bees reached up to 3,000
masl, exhibiting the highest richness at low and mid-elevations.
Orchid bees were found up to 2,250 masl, with their highest
richness occurring at low elevations (Supplementary Figure S2;
Supplementary Table S2).

3.2 Microbial richness and diversity are
influenced by elevation

Our results indicated that elevation has a more pronounced and
variable impact on microbial richness and diversity across different
bee host tribes compared to temperature, suggesting that elevation
is a more informative variable for understanding the dynamics of
microbial communities in this context (Supplementary Table S3).
Our findings indicated a non-linear relationship between elevation
with microbial richness and diversity within honey-, stingless- and
orchid bees (Figure 2, Supplementary Table S3). We observed an
initial decline followed by a slight increase at higher elevations.
In contrast, we found a positive non-linear relationship between
elevation and microbial diversity in bumble bees. For sweat
bees, microbial richness exhibited an unimodal pattern that
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was marginally significant, with the highest richness observed
at mid elevations, while microbial diversity increased linearly
with elevation.

3.3 Elevation and host taxonomic identity
both predict bacterial community
composition

The Mantel test revealed that elevation influences microbial
community structure; thus, bees located at similar elevations tend
to have more similar microbial communities than bees from
differing elevations (Table 1a). In four of our five host tribes
(bumble-, stingless-, orchid-, and sweat bees) elevation correlated
with dissimilarities in gut microbiome compositions. In contrast,
elevation had no influence on the microbial beta diversity in
honey bees (Table 1a). This highlights a more pronounced effect of
elevation on microbial community composition in the four native
host tribes.

The NMDS indicated that the differences in the microbial
community composition were associated with the host tribe
(Figure 3). A PERMANOVA revealed that 9% of the dissimilarity
in the gut bacterial communities was attributed to host tribe,
while elevation accounted for only 1% (Table 1b). When examining
host tribes individually, the variation in microbial community
composition explained by the host taxonomic identity was higher
than that explained by elevation, although both factors accounted
for a small portion of the total variation (Table 1b).

The variance partitioning results indicated that 8% of the
total variance can be attributed to the host identity, while
elevation explained 4% (Table 2). This relationship accounted for
a relatively small but significantly correlated effect as predictors of
variation in microbial community composition when host tribes
were considered together. These results were further examined
by analyzing host tribes separately; for both bumble bees and
sweat bees, the host species and genera was the best predictor
of community composition compared to elevation, respectively
(Table 2). Interestingly, the largest portion of the explained
variation in community structure (14%) for bumble bees was
attributed to the shared fraction between elevation and host
species. This finding indicates that the influences of elevation
and host species on bumble bee community structure cannot be
separated independently due to their significant interaction effect.
On the other hand, elevation accounted for the highest variation
in microbial community structure for stingless and orchid bees
(Table 2).

3.4 Partitioning of microbial beta diversity
(turnover and nestedness)

Partitioning ~ B-diversity =~ between  hosts along  the
elevation gradient revealed that microbial p-diversity was
predominantly driven by species turnover (Bpc_pa) for all
hosts (Supplementary Table S4a). This indicates that changes in
species composition rather than loss of microbial species, play

a critical role in shaping microbial communities in response
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FIGURE 2
Effect of elevation on gut microbial richness and diversity arranged by host tribe along the elevation gradient. Points represent sampled bees at each
study site. The trend lines along elevation were modeled with binomial negative generalized linear models and indicate the slope estimate. The gray
shadows are the 95% confidence intervals around the estimate. The better fit model between linear and quadratic was selected based on the lower
value of Akaike's information criterion.

to elevation. Additionally, microbial turnover increased at
high elevations for bumble, stingless, orchid, and sweat bees
(Supplementary Table 54b), suggesting a dynamic and adaptative
response of microbial taxa to environmental conditions influenced
by elevation. In contrast, we found that on average, for honey bees,
dissimilarity due to nestedness marginally increased with elevation
that
communities consist of fewer microbial taxa that are subsets of

(Supplementary Table S4b),  indicating higher-elevation

those found at lower elevations (Baselga, 2017).
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3.5 Effects of elevation on dominant
bacterial groups in the gut microbiota

The analysis of dominant bacterial families across the different
bee tribes revealed distinct patterns in microbial community
composition (Figure 4, Supplementary Table S5). In honey bees,
no significant associations were observed for any bacterial
families. In contrast, bumble bees exhibited significant declines in
Lactobacillaceae and Neisseriaceae, indicating a potential shift in
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TABLE 1 Variation in microbial community composition (beta-diversity)
among host tribes along the elevation gradient using Bray-Curtis distance
matrices determined by (a) Mantel correlations and (b) PERMANOVA.

(a) Host Predictor Mantel
p-value
All hosts Elevation 0.04 0.01*
Honey bees 0.03 0.25
Bumble bees 0.2 <0.001***
Stingless bees 0.04 0.01*
Orchid bees 0.14 <0.001***
Sweat bees 0.24 <0.001***
(b) Host Predictor PERMANOVA
F p-value
All taxa Full model 0.1 17.23 <0.001**
Elevation 0.01 11.61 <0.001***
Host tribe 0.09 19.86 <0.001***
Honey bees Elevation 0.02 1.65 0.04*
Bumble bees Full model 0.32 3.62 <0.001***
Elevation 0.11 4.9 <0.001***
Species 0.29 3.98 <0.001***
Stingless bees Full model 0.14 3.86 <0.001***
Elevation 0.01 441 <0.001**
Genus 0.13 3.86 <0.001***
Orchid bees Full model 0.07 2.56 <0.001***
Elevation 0.03 5.08 <0.001***
Genus 0.04 1.91 0.002**
Sweat bees Full model 0.17 2.81 <0.001***
Elevation 0.04 5.97 <0.001***
Genus 0.15 2.69 <0.001**

Significant differences are denoted with asterisks as follows: *p < 0.05, **p < 0.01, and **p
< 0.001.

their gut microbiota. Stingless bees showed a significant increase
in Lactobacillaceae and a decrease in Neisseriaceae, suggesting
a dynamic response to environmental factors. Orchid bees and
sweat bees did not demonstrate significant changes in any of the
evaluated families. These findings highlight the varying influences
of host taxonomic identity on gut microbial composition along
different elevations, emphasizing that elevation plays a crucial role
in shaping gut microbiota depending on the host species.

3.6 Core microbiome is only slightly
influenced by elevation in stingless bees
and orchid bees

In our study, we found the presence of Snodgrassella,
Gilliamella, Bifidobacterium, and Lactobacillus, in four of
our hosts: and orchid bees

honey-, bumble-, stingless-,
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These taxa were absent from
the sweat bees’ core microbiome, which instead included
Apilactobacillus and Wolbachia. LMM analyses revealed that

the cumulative abundance of taxa in the core microbiome

(Supplementary Table S6a).

was negatively associated with elevation for stingless bees

and positively for orchid bees (Supplementary Figure S3;
Supplementary Table S6b). In contrast, for honey, bumble, and
sweat bees, the abundance of the core microbiome was not affected

by elevation (Supplementary Figure S3; Supplementary Table S6b).

4 Discussion

Our study reveals a significant decline in bacterial diversity
and a pronounced turnover of microbial taxa along the elevation
gradient, with marked differences among host tribes. Host
taxonomic identity was identified as a robust predictor of gut
microbial community composition, despite the notable turnover
of both microbial and host taxa across the gradient. Within
bumble bees and stingless bees, the observed shifts in microbial
composition were predominantly attributed to environmental
alterations correlating with elevation. These results underscore the
substantial impact of elevation and host taxonomic identity on
the gut microbiome, emphasizing their critical roles in shaping
microbial diversity and community structure.

4.1 Microbial alpha diversity patterns along
the elevation gradient

Honey-, stingless-, and orchid bees showed a decrease in
microbial richness and diversity at higher altitudes. This trend
could be explained by the environmental changes associated with
elevation (e.g., temperature), which act as strong filtering factors
against existing environmental microbial species (Sepulveda and
Moeller, 2020; Yuan et al, 2021). A decrease in diversity with
increasing elevation is a typical pattern for tropical mountains
(Bryant et al., 2008; Hoiss et al,, 2012; McCain and Grytnes,
2010; Perillo et al., 2021). This trend aligns with predictions
regarding temperature limitations and the metabolic theory of
ecology (Albrecht et al., 2021; Brown et al., 2004; Iltis et al., 2022),
both of which indicate a decline in diversity associated with lower
temperatures (McCain and Grytnes, 2010).

However, the relationship between elevation and microbial
diversity is not consistent across microbial communities and hosts
species (Hariprasath et al., 2025; Maihoff et al., 2025; Mayr et al,,
2021; Palmer-Young et al., 2019; Sudhagar et al.,, 2017). In sweat
bees we observed an unimodal pattern on microbial richness and
general trend of microbial diversity increasing with elevation.
Our findings are consistent with the patterns reported by Mayr
et al. (2021) in Lasioglossum bees at Mt Kilimanjaro, suggesting
that these wild bee microbiomes tend to be more influenced
by environmental variables (Keller et al., 2013). In bumble bees,
the richness of microbial taxa increased at higher elevations, a
pattern that has also been reported in other studies (Maihoff
et al, 2025; McCain and Grytnes, 2010). Along our elevation
gradient, we observed replacement among bumble bee species
inhabiting different environmental niches. These variations in host
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distributions reflect the distinct adaptations to changing climatic
conditions at each elevation (Dong et al., 2024; Kwong et al., 2014).
While it is known that some bumble bee species are capable of
thriving at high elevations, there is currently limited information
regarding their thermoregulatory abilities and how these may affect
microbial diversity in the same environment. Bumble bee species
that thrive at high elevations tend to exhibit high diversity in gut
symbiont composition (Maihoff et al., 2025), a phenomenon also
observed in our study. This increasing microbial diversity may be
attributed to a reduction in pathogen pressure at higher elevations,
which could be partially influenced by the gut microbiome (Palmer-
Young et al., 2023). Consequently, the high cost of maintaining a
consistent gut microbiome may be unnecessary and its loss may
translate into an adaptative advantage (Maihoff et al., 2025). We
further support this idea with our finding that the abundance of the
core microbiome decreases with increasing elevation, likely because
bumble bee foragers occasionally encounter environmental bacteria
that largely displace the associated core bacterial groups (Li et al.,
2015). Similar microbiota of bumble bees showed a rapid increase
in diversity and reduction of core taxa when shifted from warmer
indoor into colder outdoor conditions (Weinhold et al., 2024).

4.2 Host taxonomic identity and elevation
influence the microbial community
composition

We found host tribe-specific gut microbiome compositions

along the elevation gradient, highlighting a strong relationship
between the gut bacteria and their hosts. These findings do not
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account for the role of abiotic factors; however, they indicate
that host identity is a more crucial factor influencing microbiome
compositions. Our results can reflect distinct microbial interactions
within their gut environments, influenced by various factors
related to their host’s ecology, including differing life histories,
reproductive strategies, morphological characteristics, and
seasonality (Kueneman et al.,, 2023). In particular, host sociality
promotes the development of heritable microbial communities
by creating a system that offers dependable transmission routes
between host within similar environments (Kwong et al., 2017).
However, hosts with lower degrees of social organization, ranging
from communal to solitary, are likely to have less stable microbial
communities largely acquired from the immediate environment

(Voulgari-Kokota et al., 2019).

4.2.1 Microbiomes are more host-specific rather
than influenced by elevation

Along our gradient, host taxonomic identity seems to be
more important for microbial community structure in sweat
and bumble bees. This finding was particularly surprising given
the pronounced microbial and host species turnover observed
across our elevation gradient. While the host taxonomic identity
emerged as the primary factor influencing microbial structure, it
is noteworthy that sweat- and bumble bees are associated with a
predominantly unique set of microbial taxa at each elevation. These
distinct taxa differ from those found in congener hosts at other
elevations, highlighting the complexity of microbial associations
within these groups. The patterns of microbial community
structure observed here could relate to the unique biotic
environments provided by different host species/genera, which
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select specific microbial partners (Kwong et al., 2017). Thus, host
selection remains a strong determinant of microbial composition
regardless of local abiotic conditions in these groups of bees
(Li et al., 2023).

There was no evidence that elevation is influencing the
microbial compositions in honey bees, it might be due to their
ability to maintain brood temperatures (Jones et al., 2004; Palmer-
Young et al, 2023). This ability may allow their gut microbial
symbionts to be less influenced by the environmental gradient,
as we observed in our study. Moreover, the colony management
of honey bees (i.e., sociality, storage of food reserves) facilitates,
to some extent, compensation for several factors changing with
the gradient (Hammer et al., 2021b). As a result, they manage to
provide suitable conditions that are favorable for their core gut

microbiota members.

Frontiers in Microbiology

4.2.2 Effects of elevation on microbial
community structure

The effect of elevation was notably stronger in the microbial
communities associated with orchid and stingless bees than in other
host tribes. It is noteworthy though that the limit in the distribution
for most of the orchid and stingless bees taxa is around 2,000 masl
along our gradient. Therefore, several factors could be related with
the significant contribution of elevation for these hosts.

Elevation influences the community composition by
incorporating diverse environmental factors (McCain and Grytnes,
2010; Wang et al,, 2022). Additionally, environmental parameters
change more rapidly along an elevation gradient compared to a
latitudinal gradient (Margesin and Niklinska, 2019). In particular,
changes in temperature have been linked to alterations in the

community composition and relative abundances on bacterial taxa

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1671348
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Pinos et al.

TABLE 2 Variance partitioning analysis.

Host Predictor Adjusted R* F  p-value
All hosts Full model 0.14 5.15 <0.001***
Overlap 0.02 - -
Elevation 0.04 291 <0.001***
Host tribe 0.08 24.42 <0.001***
Bumble bees Full model 0.17 1.67 0.01*
Overlap 0.14 - -
Elevation 0.01 1.76 0.02*
Species 0.02 3 <0.001**
Stingless bees Full model 0.14 2.72 <0.001"*
Overlap 0.01 - -
Elevation 0.07 2.63 <0.001***
Genus 0.06 2.95 <0.001%**
Orchid bees Full model 0.2 2.8 <0.001**
Overlap 0.003 - -
Elevation 0.15 2.57 <0.001***
Genus 0.04 3.23 0.002**
Sweat bees Full model 0.18 2.13 <0.001***
Overlap 0.03 - -
Elevation 0.06 1.75 <0.001***
Genus 0.09 3.16 <0.001***

Adjusted R? values represent the estimated percentage of variance explained by each of
the predictor variables (elevation and host) tested for each individual host tribe. Significant
differences are denoted with asterisks as follows: *p < 0.05, **p < 0.01, and **p < 0.001.

within individual hosts e.g., increases in temperature have been
associated with increased relative abundances of Proteobacteria
(Sepulveda and Moeller, 2020). Indeed, we demonstrated that
microbial communities located at similar elevations tend to have
more similarities in species composition. As we compare more
distant communities, we observe more significant variations in
the species present. Further, by partitioning the microbial beta
diversity in nestedness and turnover (Ulrich and Almeida-Neto,
2012), we unveiled the differential mechanisms underlying
microbial community assembly under changes in elevation
(Baselga, 2010). Shifts in microbial communities were mainly
driven by species replacement (i.e., turnover) rather than by spatial
gain/loss of species (i.e., nestedness). These results are congruent
with a meta-analysis across differing macroorganisms, where the
effect of species turnover was typically the larger component of
total beta diversity (Soininen et al,, 2018). In this context, local
environmental heterogeneity enhances species turnover, as species
have varying niche requirements, allowing different species to
thrive in distinct environments (Jankowski et al., 2013; Wang
etal, 2018). In particular, the turnover of microbial taxa associated
with bumble-, orchid-, stingless- and sweat bees was promoted at
higher elevations or at the limits of their distribution, which could
favor microbial species adapted to these environments (Albrecht
et al., 2021). Our study confirms the key role of the environmental
changes with elevation in driving microbial composition along our
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gradient, which is, in turn, due to the high turnover of species with
narrow elevation ranges (Jankowski et al, 2013). Interestingly,
despite high microbial species turnover, the contribution of
microbial nestedness was significant for honey bees and increased
as one approached to the top of the elevation gradient. This
implies that the microbial symbionts associated with honey bees in
harsher environments represent a nested subset of those found in
more favorable environments (Ulrich and Almeida-Neto, 2012).
Thus, environmental filtering reduces microbial richness and
promotes nestedness (Jankowski et al., 2013; Wang et al., 2018).
These patterns are consistent with previous reports indicating
that elevation reduces species richness through local extinction
(Classen et al., 2015; Hoiss et al., 2012; Perillo et al., 2021; Dzekashu
et al., 2023). Our results suggest that the assembly mechanisms
governing the gain or loss of species can play a more critical role
in shaping the microbial composition of honey bees than species
replacement in our elevation gradient.

4.3 Changes in relative abundances of
major bacterial taxa along the elevation
gradient

In our study, we found that the composition of bacterial
communities was influenced by the host identity and also the
elevation of the host habitat, indicating potential adaptations of gut
microbiota to various ecological niches (Dong et al., 2024; Maihoff
et al., 2025). This observation aligns with previous research, which
has shown that species replacements of gut microbiota along
elevation gradients are common due to the differing adaptations
to local conditions, as noted in bumble bees (Dong et al., 2024),
sweat bees (Mayr et al., 2021), and honey bees (Hariprasath et al.,
2025). Interestingly, our findings revealed that Lactobacillaceae, the
most abundant family in the gut of bees (Kueneman et al., 2023;
Mayr et al., 2021), strongly increased with elevation for stingless
bees but decreased at high elevations in bumble bees, suggesting
host driven changes. The decline of Lactobacillaceae at high
elevations was also reported by Mayr et al. (2021) in sweat bees.
Indeed, heat tolerance experiments in bumble bees demonstrated
that Lactobacillaceae appear to have greater abundance in the
gut as temperature increases (Maihoff et al., 2025; Palmer-Young
et al, 2019). It is plausible that, since stingless bees can thrive
up to 2,000 m, the abundance of Lactobacillaceae increases until
this elevation and beyond 2,000m, this abundance is likely to
decrease. However, the absence of stingless bees at higher elevations
limits our ability to observe their presence and any corresponding
changes in Lactobacillaceae abundance. We also found a decline
in Neisseriaceae with elevation in bumble- and stingless bees. The
decline in relative abundances at higher elevations suggests that
these symbionts struggle to sustain growth in prolonged cold
conditions. Our findings are consistent with previously observed
correlations between thermotolerance of Neisseriaceae and the local
thermal environment. Certain strains within this family are heat-
resistant and tend to grow at a slower rate below 35 °C, likely due
to their adaptation to the higher body temperatures maintained
by bees through thermoregulation (Hammer et al., 2021a). Finally,
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honey-, sweat- and orchid bees gut microbial families were more
resilient in response to environmental change.

While our study represents the most comprehensive survey of
gut microbial communities associated with bees along a complete
elevation gradient to date, it is important to acknowledge a few
limitations. The absence of certain host taxa within each tribe at
various elevations, combined with the limited taxonomic resolution
of most host groups (typically only to genus level) did not allow us
to compare full elevational gradients at host species level for each
tribe. Still, our findings provide valuable insights into the dynamics
of gut microbiota in relation to elevation and host identity, paving
the way for future research in understanding the driver of wild
bee microbiota.

5 Conclusions

Our study presents a detailed investigation of the diversity and
community composition patterns of gut microbiota associated with
five bee tribes along a complete elevation gradient in the Peruvian
Andes. Exploring the interplay between abiotic and biotic factors
influencing the gut microbiota of bees could provide valuable
insights into the potential impacts of climate warming on host-
microbe symbiosis. This opens the door to future research on
how changes in the gut microbiome in response to environmental
changes may affect host fitness within natural ecosystems.
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