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ABSTRACT OF THE DISSERTATION 
 

Examining host-microbe interactions across multiple scales of organization 

 

by 

 

Denisse Alejandra Gamboa 

Doctor of Philosophy in Biology 

University of California, Los Angeles, 2025 

Professor Noa Pinter-Wollman, Chair 

 

Host-associated microbes impact individual host fitness, and it is therefore important to 

uncover the drivers of variation among hosts and their associated microbes. Animal 

microbiome composition and diversity is impacted by factors, including social 

interactions, phylogeny, and the environment. Although, all animals harbor microbes, 

delineating the intricate relationship of host-microbe interactions requires an expanded 

ecological perspective involving host behavior, evolutionary history, life stage, and the 

physical environment. To determine the relationship between eusocial colonies of 

harvester ants and their associated microbes we used a combination of observational, 

manipulative, and experimental approaches. We analyzed all harvester ant associated 

microbes using 16S rRNA gene sequencing. First, we ask whether reproductive role or 

behavioral task is more important in determining the composition and diversity of host-

associated microbes in harvester ants (Veromessor andrei). We found that reproductive 

role was a better predictor of bacterial communities than behavioral task. Second, to 
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test if social interactions impact microbial communities, we experimentally manipulated 

the ability of ants to interact with one another. To examine the impact of the 

environment, we compared the microbiome of ants from a natural setting to that of 

captive lab ants. To examine the influence of evolutionary history, we compared the 

microbial communities of three harvester ant species, Pogonomyrmex rugosus, P. 

californicus, and V. pergandei, which differ in phylogeny. We found that the environment 

and phylogeny explained differences in microbial communities. However, social 

interactions did not impact microbial composition or diversity. Lastly, to determine how 

the physical environment and social organization affect the microbiome, we examined 

the bacterial communities of V. andrei nests. We collected samples across ants, brood, 

seeds, reproductives, and soil (from inside and outside the nest, and from different 

chamber types). We found that both the environment and social organization impact the 

bacterial communities of ant colonies. Collectively, this work 1) suggests that individual 

morphological differences are a better predictor for microbial community composition, 2) 

highlights the importance of examining multiple drivers of microbiome composition and 

diversity and 3) underscores the importance of considering environmental and social 

factors to understanding microbiome dynamics. 
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Chapter 1: Overview of the dissertation 
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Overview of the dissertation 

Communities of associated microorganisms are integrated into macro-ecosystems, 

including eukaryotic hosts, and are crucial for their functioning and health. Host-

associated microbes, collectively known as the microbiome, consist of microbial 

communities that inhabit specific environments and exhibit unique physiochemical 

properties (Berg et al., 2020; Whipps et al., 1988). These properties include the 

microbial structures, metabolites, and any interacting molecules produced by the host 

organisms, all of which are influenced by the surrounding environmental conditions 

(Berg et al., 2020; Whipps et al., 1988). The microbiome is a dynamic and interactive 

micro-ecosystem that changes over time and at various scales. Symbiotic microbial 

cells even outnumber the cells of the host (Archie & Theis, 2011; Lewin-Epstein et al., 

2017; Parfrey et al., 2018; Theis et al., 2016). In these mutualisms, the host provides a 

habitat for microbial communities, which in turn have a beneficial impact on the host's 

health via nutrient acquisition, immune function, and even intraspecific communication 

(Archie & Theis, 2011; King et al., 2016; Mockler et al., 2018; Teseo et al., 2019). Host-

associated microbes impact individual host fitness, thus making it crucial to study the 

drivers of variation among hosts and their associated microbes. Various factors, 

including social behavior, evolutionary history, and the environment, influence the 

composition and diversity of an animal’s microbiome.  

The social environment mediates the exposure and susceptibility to microbes via 

social interactions (Archie & Theis, 2011; Braga et al., 2016; Collins et al., 2012). Social 

behavior determines patterns of physical contact and habitat overlap between 

individuals, thus playing a critical role in the transmission and acquisition of associated 



 3 

microbes in social species. Socially mediated microbe transmission is observed in a 

variety of species from primates to eusocial insects, including termites, aphids, and 

bees (Bourguignon et al., 2018; Chen & Purcell, 1997; Engel et al., 2016; Goodfellow et 

al., 2019; Koch & Schmid-Hempel, 2011; Moeller et al., 2016b; Perofsky et al., 2017; 

Tung et al., 2015). For example, in bumblebees, beneficial microbes obtained via social 

interactions protect individuals from a deadly parasite (Koch & Schmid-Hempel, 2011). 

Social transmission of microbes between conspecifics may inoculate future generations, 

providing a collective benefit for the colony. Thus, social organization and behavior may 

promote the transmission of beneficial bacteria at the individual level via social 

interactions.  

Host-microbe interactions often reflect the phylogeny and evolutionary history of 

the host, with closely related species tending to harbor more similar microbiomes. This 

pattern has been well documented in various mammalian species, including primates, 

deer mice, Drosophila flies, mosquitoes, and Nasonia wasps (Amato et al., 2017; 

Brooks et al., 2016; Moeller et al., 2016a; Ochman et al., 2010; Ross et al., 2018). In 

species-specific mutualisms between hosts and microbial communities, functional 

microbial communities play a crucial role in processes essential for host survival, 

including nutrient acquisition and immune function. For instance, fungus-farming ants 

have a well-known symbiotic relationship with their fungus symbiont, which provides 

food, and with their bacterial symbionts that protect against pathogens (Cafaro et al., 

2010; de Souza et al., 2013; Little & Currie, 2007; Moreau, 2020; Nygaard et al., 2011; 

Ronque et al., 2020; Sapountzis et al., 2015). Similarly, the core gut microbes of 

herbivorous and predatory ants play a critical role in host nutrient acquisition (Funaro et 
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al., 2011; He et al., 2014; Łukasik et al., 2017; Russell et al., 2009). As a result, 

herbivorous and predatory ant species each form distinct groups with more similar 

microbiomes among themselves than with the other group. Ultimately, the intricate 

relationship between host phylogeny and evolutionary history makes it challenging to 

separate their respective effects on microbiome composition.  

Animal hosts are constantly exposed to microbes from their physical environment 

(Gonzalez et al., 2011). All animals are colonized by microbes from their mother and 

their surroundings before, during, and after birth (Desbonnet et al., 2015; Schwarz et al., 

2016; Vaishampayan et al., 2010). In humans, this process is said to take months, and 

bacterial communities present in the mother may or may not be the dominant 

communities in the infant. Consequently, the external biotic environment may play a 

larger role than direct transmission from conspecifics in individual host-microbial 

community composition. Additionally, free-living animals that live in rural environments 

harbor distinct microbiome communities compared to animals that live in urban (Dillard 

et al., 2022; Littleford-Colquhoun et al., 2019; Sugden et al., 2020) or captive 

environments (zoos and laboratories) (Alfano et al., 2015; Bornbusch et al., 2022; 

Bowerman et al., 2021; McKenzie et al., 2017; Rosshart et al., 2017). Consequently, the 

physical environment may play a larger role than direct transmission from conspecifics 

or phylogeny in individual host-microbial community composition.  

Harvester ants offer an ideal system for studying host-microbe interactions, as 

they are a phylogenetically diverse, group-living species that inhabit various 

environments. Harvester ants are eusocial species, meaning that their colonies consist 

of overlapping generations, cooperative brood care, and reproductive division of labor 
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(sterile workers assist reproductive individuals) (Hölldobler & Wilson, 1990). The way in 

which individuals within a colony interact with one another results in collective 

behavioral phenotypes that influence the composition and success of the colony. 

Harvester ants are a functional group that includes any ant species that collects and 

stores seeds. This category is a broad classification that includes over 150 species 

across 18 genera and three subfamilies (Myrmicinae, Ponerinae, Formicinae) 

(Hölldobler & Wilson, 1990; MacMahon et al., 2000; Ward et al., 2015). Although prior 

studies have found evidence that the physical environment and life history shape the 

diversity of bacterial communities in Pheidole and V. andrei harvester ants, neither 

alone explains the bacterial diversity in this ecologically and evolutionarily diverse 

harvester ant group. To determine the relationship between eusocial colonies of 

harvester ants and their associated microbes, we used a combination of observational, 

manipulative, and experimental approaches. Using 16S ribosomal RNA gene 

sequencing of the V4 region, we analyzed the microbial communities associated with 

four species of harvester ants across two taxonomically diverse clades 

(Pogonomyrmecini and Stenammini): Pogonomyrmex Californicus, Pogonomyrmex 

Rugosus, Veromessor pergandei, and Veromessor andrei. 

In Chapter 2, I investigate the relationship between bacterial community 

composition, behavioral tasks, and reproductive role by comparing the microbial 

communities of foragers, nest maintenance workers, and reproductives (winged female 

and male alates) from eight V. andrei colonies. These individual-level differences are 

crucial for explaining host-microbe interactions. We find that morphological differences 

are a reliable predictor of host-associated bacterial community differences in harvester 
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ants. Our findings align with previous work on the relationship between social roles and 

host-associated microbial communities in social insects.  

In Chapter 3, I test for the impact of social interactions on microbial communities 

by experimentally manipulating the ability of ants to interact with one another. Second, I 

examined the impact of the environment by comparing the microbiome of ants from a 

natural setting to that of captive lab ants. Lastly, I examined the influence of 

evolutionary history by comparing the microbial communities of three taxonomically 

distinct harvester ant species, Pogonomyrmex rugosus, P. californicus, and V. 

pergandei. The physical environment and phylogeny were both important predictors of 

microbiome diversity and composition in the harvester ants that we studied. Despite 

ants being highly social animals, we did not find support for social interactions playing 

an important role in determining microbial diversity and composition across all species. 

In Chapter 4, I investigate how social organization, and the physical environment 

influence the microbiome by sampling the bacterial communities surrounding and within 

the nests of harvester ant colonies (V. andrei). We collected samples from (i) ants, 

brood, seeds, reproductives, and soil, (ii) soil from inside and outside the nest, and (iii) 

soil from different chambers. We found that both the environment and social 

organization impact the bacterial communities of V. andrei colonies. This work was 

accepted and published in the journal, Animal Microbiome.  

Overall, this work aims to understand the drivers of variation among hosts and 

their associated microbes across multiple scales of biological organization. 
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Harvest ant microbiome is associated with reproductive role 

Abstract 

Host-associated microbes can impact host fitness, and it is therefore important to 

uncover the drivers of variation among hosts in their associated microbes. In social 

insects, microbiome composition differs based on both reproductive role and behavioral 

task. Here, we asked whether reproductive role or behavioral task is more important in 

determining the diversity and composition of host-associated microbes in the harvester 

ant Veromessor andrei. Specifically, we compared the bacterial communities between 

workers and reproductives by sequencing the 16S rRNA gene region. We further 

compared the bacterial communities between workers that are foragers and those that 

perform nest maintenance, as well as between reproductives that are male alates and 

those that are female alates. We found that reproductive role was a better predictor of 

bacterial communities than behavioral task. Workers and reproductives differed in their 

bacterial communities. However, different types of workers (foragers and nest 

maintenance workers) and different types of reproductives (males and females) did not 

differ from one another. Our findings suggest that morphological differences are a better 

predictor for differences in microbial communities than behavioral differences. 

Introduction 

The relationship between insects and their associated microbial communities is vital to 

understand because of their ecological and evolutionary consequences. Gut bacteria, 

for example, facilitate nutrient acquisition in fruit flies (Bactrocera dorsalis) (Akami et al., 

2019), honeybees (Apis mellifera) (Engel et al., 2012; Motta & Moran, 2024; Zheng et 

al., 2016), carpenter ants (Camponotus floridanus) (Feldhaar et al., 2007), and 
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herbivorous turtle ants (Cephalotes spp.) (Hu et al., 2018). In addition, host-associated 

microbes assist with pathogen defense in bumble bees (Crithidia bombi) (Koch & 

Schmid-Hempel, 2011; Mockler et al., 2018), honeybees (A. mellifera) (Engel et al., 

2016; Jones et al., 2018), social wasps (family Vespidae) (Hoggard et al., 2011), and 

leaf-cutter ants (Genus: Acromyrmex and Atta) (de Souza et al., 2013; Heine et al., 

2018). Thus, variation in host-associated microbes may have important implications for 

host health and physiology. Uncovering the drivers of variation within a population in 

host-associated microbes will provide important mechanistic insights into the role that 

microbes may play in shaping the structure and function of animal societies.   

In social insects, there is a relationship between morphologically determined 

social roles and associated microbes (Liberti et al., 2024). Most social insect colonies 

are composed of morphologically distinct workers and reproductives and include a 

variety of life stages in the colony, such as brood and adults. This morphological 

diversity has been linked with microbiome diversity and composition. Larval 

developmental stages exhibit distinct microbial communities compared to those found in 

sterile workers and reproductive adults of the same species in parasitoid wasps (genus 

Nasonia) (Brucker & Bordenstein, 2012), hornets (Cini et al., 2020), arboreal trap jaw 

ants (Daceton armigerum) (Ramalho et al., 2020), and harvester ants (Veromessor 

andrei) (Gamboa et al., 2025). In fungus-farming termites, the gut microbiome of the 

queen and king is less diverse and differs from that of the morphologically distinct 

soldiers and workers (Otani et al., 2019). In honeybees, the gut microbiome composition 

of queens and males is less diverse than that of workers (foragers and nurses) 

(Kapheim et al., 2015). In carpenter ants, males harbor distinct microbial communities 
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compared to queens and workers (Koto et al., 2020). Finally, in the ant, Diacamma. cf. 

indicum, worker-specific bacteria are maintained and transmitted among workers but 

are not present in gamergates, which are morphologically different functional queens 

(Shimoji et al., 2021).  

The behavioral tasks that workers perform have been linked to differences in 

host-associated microbial composition and diversity, primarily in honeybees and 

termites. Adult workers in a social insect colony perform a variety of tasks, including 

foraging, nest maintenance, and brood care. Workers who perform a certain task tend 

to interact more with one another due to spatial segregation between tasks (Mersch et 

al., 2013). Indeed, in honeybees, social interactions can lead to the homogenization of 

the microbiome (Liberti et al., 2022), and the social environment can determine 

microbial composition (Vernier et al., 2020). While Jones et al. (2018) found differences 

in the gut microbiome across honeybee workers that performed different tasks 

(foragers, nurses, and food processors), Kapheim et al. (2015) did not find such 

differences between honeybee foragers and nurses. More recent work using shotgun 

metagenomics (Baud et al., 2023) identified strain-level, but not species-level, 

differences in the gut bacterial communities of honeybee nurses and foragers. Thus, 

task-based differences in microbial communities in honeybees may be quite nuanced. 

Furthermore, soldiers and workers differ in gut microbiota in fungus-farming termites 

(Otani et al., 2019). However, there are morphological differences between soldiers and 

workers; therefore, the observed microbial differences are not strictly based on 

behavioral differences. Lab manipulations in which the microbiome is experimentally 

manipulated have shown a causative link between microbial communities and 
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behaviors, such as mating preferences in fruit flies (Drosophila melanogaster) (Sharon 

et al., 2010; Venu et al., 2014), food preference in mosquitoes (Verhulst et al., 2011), 

kin recognition in hyenas (Rojas et al., 2020; Theis et al., 2012, 2013), and other 

microbe-mediated behavioral changes via the host’s neuroendocrine system in mice 

(Bravo et al., 2011). In social insects, such experimental manipulations of the 

microbiome have shown impacts on nestmate recognition in honeybees (Vernier et al., 

2020). In leaf-cutter ants (Teseo et al., 2019) and harvester ants (Pogonomyrmex 

barbatus) (Dosmann et al., 2016), manipulating the microbiome has been shown to 

impact both nestmate recognition and aggressive behavior. These experimental 

manipulations demonstrate a relationship between behavior and the microbiome in 

various systems, including ants. Thus, while much is known about how tasks and 

reproductive roles impact the microbiomes of honeybees (Nguyen et al., 2024) and 

termites (Sinotte et al., 2020), it is surprising that there is little work on the differences in 

microbial communities among behavioral tasks in ants (Liberti et al., 2024). 

Here, we investigate whether there is a relationship between social roles and 

host-associated microbes in the harvester ant Veromessor andrei. These ants are 

monogynous (one queen per colony), with monomorphic workers (similar sizes), and 

colonies can reach sizes of tens of thousands of individuals (Brown, 1999). Specifically, 

we examined the bacterial communities of the microbiome across individuals that 

perform different behavioral tasks (foraging and nest maintenance) and individuals that 

belong to different morphologically determined reproductive roles (female and male 

alates vs. sterile workers). Specifically, we test two non-mutually exclusive hypotheses 

that: (1) behavioral task (foraging and nest maintenance) relates to the composition and 
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diversity bacterial communities because individuals who perform similar tasks interact 

more often with one another and potentially share more microbes with one another than 

with individuals that perform other tasks; and (2) reproductive role relates to the 

composition and diversity of the bacterial communities due to physiological differences 

between reproductive (female and male alates) and sterile workers (foragers and nest 

maintenance workers). If behavioral task relates to microbial communities, we predict 

that bacterial communities extracted from workers of V. andrei will be more similar 

among workers who perform similar behavioral tasks (e.g., foragers) than among 

workers who perform different tasks (e.g., foragers vs. nest maintenance workers). If 

reproductive role (female and male alates vs. sterile workers) relates to microbial 

communities, we predict that V. andrei reproductives (female and male winged alates) 

will have different associated bacterial communities compared to those of sterile 

workers (foragers and nest maintenance). 

Methods 

Study site and sample collection 

To investigate the relationship between bacterial community composition, behavioral 

tasks, and reproductive role, we collected samples of foragers, nest maintenance 

workers, and reproductives (winged female and male alates) from eight V. andrei 

colonies in June 2023 (Figure 2.1). Ants were collected from colonies in a serpentine 

grassland at the Sedgwick Natural Reserve in southern California. We used gloves and 

soft tweezers, sterilized with 90% ethanol, to collect all samples. Foragers were 

identified as individuals traveling on foraging trails with seeds in their mandibles (Figure 

2.1b). All foragers were collected from the foraging trail at least 1m from the nest 
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entrance. Nest maintenance workers were identified as individuals emerging from the 

nest entrance with dirt in their mandibles (Figure 2.1c). Reproductives (female and male 

alates) were identified by their distinct winged morphology and collected as they 

emerged from the nest entrance (Figure 2.1d). Female and male alates were 

distinguished by head size, with males having noticeably smaller heads than females. 

We collected at least 3-5 ants of each type from each colony. All collected ants were 

placed in a freezer at the field station and later transported in a cooler to the UCLA 

campus (approximately 2 hours away). All samples were stored at -20℃ until 

processing.  

Sample processing 

Sample preparation for DNA extraction: We washed all samples (ants) with 70% 

ethanol, 5% bleach, and sterile deionized water. Each washed sample was placed in a 

sterile 1.5 ml tube and crushed using a sterile pestle (Fisher Scientific). We followed the 

Qiagen DNEasy PowerSoil Pro kit protocol and added 800 µL of Solution CD1 

(containing SDS for cell lysis) to the samples, then vortexed them. We incubated the 

samples overnight at 56℃ in a shaking incubator to maximize cell lysis. 

DNA extractions: After 24 hours in the incubator, we extracted microbial DNA using the 

Qiagen DNEasy PowerSoil Pro kit, following the manufacturer’s instructions. We sent 

34 samples for 16S rRNA gene amplification and library sequencing at the UCLA 

Microbiome Center. These samples included eight forager samples (each consisting of 

five foragers crushed together), eight nest maintenance worker samples (each 

consisting of three workers crushed together), seven male alates sample (each 

consisting of three males crushed together), eight female alates sample (each 
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consisting of three female alates crushed together), and three control blank samples of 

250 µl sterile distilled water, with no other material. Refer to the data in the GitHub 

repository: https://github.com/DAlejandraG/BT-microbes. Amplicon sequencing of the 

bacterial community targeted the V4 region of the 16S rRNA gene using primers 515F 

(59-GTGCCAGCMGCCGCGGTAA-39) and 806R (59-GGACTACHVGGGTWTCTAAT-

39, following the Earth Microbiome Project (EMP) protocol (Caporaso et al., 2011; 

Jacobs et al., 2021). 

Quantifying bacterial community diversity 

To determine the bacterial community composition and diversity associated with each 

behavioral task (foraging and nest maintenance) and reproductive role (workers vs. 

winged alates), we processed the sequencing data using QIIME2 version 24.5 (Bolyen 

et al., 2019). We followed the demultiplexing and quality filtering steps described by 

Gamboa et al. (2025). The 16S rRNA gene amplicon sequencing raw reads are 

available from NCBI via BioProject record [PRJNA1311736]. To visualize bacterial 

taxonomic composition with relative abundance plots at the phylum and order levels, we 

exported the feature table and analyzed the data using the ‘phyloseq' package in R 

(McMurdie & Holmes, 2013). Following quality control, we assessed rarefaction, beta, 

and alpha diversity using the q2-diversity plugin, based on ASVs. We rarefied the 

dataset at a sampling depth of 4,853 and retained 150,443 features (1.23%) after 

refraction. All three control blank samples were removed from further analysis of alpha 

and beta diversity due to low read numbers. We show the blank control samples in 

Figure 2.3. The remainder of the analysis and figures include the 31 samples from the 

workers and reproductives but exclude blank controls.   

https://github.com/DAlejandraG/BT-microbes
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 To determine how behavioral tasks and reproductive roles influence host-

associated bacterial communities, we examined the beta (between samples) and alpha 

(within samples) diversity of ASVs. Beta diversity reflects differences in bacterial 

community composition across multiple samples, grouping them based on similarities in 

sequence abundances or the presence and absence of sequences (Borcard et al., 

2018). Alpha diversity describes the distribution of microbes within a sample. To 

compare the microbial diversity of workers and reproductives, we used six indices of 

alpha diversity: Shannon’s index - a measure of how evenly species are distributed, 

independent of their richness (Kim et al., 2011; Lemos et al., 2011). Faith’s phylogenetic 

diversity (PD) - a measure of species richness that accounts for phylogenetic diversity 

(Faith, 2007). Pielou’s evenness - relative abundance of species (Pielou, 1966). 

Simpson’s index - assesses the dominance of a few abundant species in a sample, with 

higher values indicating lower diversity (Kim et al., 2017). Chao’s richness estimator 

(Chao1) - estimates the true number of species while considering rare species (Chao & 

Chiu, 2016). Observed amplicon sequence variants (Observed ASVs) - the number of 

observed unique sequences in a sample (Callahan et al., 2016). 

Statistical analysis 

Beta diversity: To determine if beta diversity differed among the different types of worker 

tasks (foraging and nest maintenance) and reproductive types (female and male alates), 

we applied a permutational multivariate analysis of variance (PERMANOVA) to a Bray-

Curtis dissimilarity matrix, which assesses compositional dissimilarity among bacterial 

communities (Bray & Curtis, 1957). Principal Coordinate Analysis (PCoA) ordination 

was generated from this matrix using the Adonis function in the Vegan package 



 22 

(Oksanen et al., 2001), with 999 permutations for the PERMANOVA. PCoA plots were 

visualized with the ‘ggplot2’ R package (Wickham, 2016). 

Alpha diversity: To determine if alpha diversity differed between reproductive roles 

(workers vs. reproductives), we ran six linear mixed models (LMM) for the six alpha 

diversity measures: Shannon, Faith’s phylogenetic distance, Pielou’s evenness, 

Simpson, Chao1, and Observed ASVs. In each model, the dependent variable was one 

of the alpha diversity measures. We only included reproductive role (worker or 

reproductive) as the explanatory variable in the LLMs because the results from the beta 

diversity analysis did not identify differences among categories within each reproductive 

role (i.e., no difference between foraging and nest maintenance workers and no 

difference between female and male alates), only between reproductive roles (i.e., 

between workers and reproductives) (Table 2.1, Figure 2.2). We included ‘colony’ as a 

random effect in all LLMs to account for variation in microbial communities among 

colonies. We used the lmer() function in the ‘lme4’ R package for these models (Bates 

et al., 2015). We report the proportion variance explained by the random effects as the 

conditional R2 minus the marginal R2, obtained using the r2_nakagawa () function in the 

‘performance’ R package (Lüdecke et al., 2021). Data and code are available on GitHub 

[https://github.com/DAlejandraG/BT-microbes]. 

Results 

We found significant differences in microbial composition and diversity between 

reproductive roles (males and queens) and workers (foragers and nurses), but we did 

not detect differences within each reproductive role. Forager and nest maintenance 

workers did not differ in their microbial composition, and neither did male and female 

https://github.com/DAlejandraG/BT-microbes
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alates. Bray-Curtis distances, visualized by a principal coordinate analysis (PCoA), 

demonstrated that ASVs clustered by reproductive role (workers vs reproductives) 

(Figure 2.2). Whether samples came from foragers, nest maintenance workers, female 

alates, or male alates explained approximately 28% of the total variation 

(PERMANOVA: FDF=3 = 3.50, R2 = 0.280, p-value = 0.001). Beta diversity was 

significantly different between workers (foragers and nest maintenance) and 

reproductives (female and male alates) (PERMANOVA: FDF=1 = 2.76, R2 = 0.252, p-

value = 0.001) (Figure 2.2, Table 2.1). However, within each reproductive role, we did 

not detect a significant difference - foragers were not significantly different from nest 

maintenance workers, and male alates were not significantly different from female 

alates (Table 2.1). 

The relative abundance of bacterial ASVs differed between workers and alates, 

but not within each reproductive role, especially at the level of ‘order’ but less at the 

level of the ‘phylum’ (Figure 2.3). Because we did not detect differences in beta diversity 

within workers and reproductives (Figure 2.2, Table 2.1), and because of our relatively 

small sample size, for the examination of alpha diversity, we lumped foragers and nest 

maintenance workers into one category (workers) and male and female alates into 

another category (reproductives) when comparing alpha diversity. We found that 

workers and reproductives had significantly different alpha diversity of their associated 

bacterial communities across all six measures of alpha diversity that we examined 

(Figure 2.4, Table 2.2).  



 24 

Discussion 

We found that reproductive role was a more important predictor of variation in host-

associated microbes in V. andrei harvester ants than behavioral task (Figure 2.2). 

Workers and reproductives differed in the composition and diversity of their host-

associated bacterial communities (Figures 2.3 and 2.4, Table 2.2). However, we did not 

find differences between forager and nest maintenance workers, nor did we detect a 

difference between male and female alates in their microbial communities (Table 2.1). 

 The bacterial phyla we found are similar to those identified in other ant species. 

Specifically, the Firmicutes bacterial phylum had the highest abundance in workers, 

while reproductives exhibited a more balanced distribution of Firmicutes, 

Proteobacteria, and Actinobacteria (Figure 2.3). Similar bacterial phyla were found to 

differ between workers and reproductives in the ant D. cf. indicum (Shimoji et al., 2021), 

which is consistent with our previous research on V. andrei (Gamboa et al., 2025). 

Firmicutes, Proteobacteria, and Actinobacteria are typical bacterial phyla in herbivorous 

and omnivorous ant species (Anderson et al., 2012; Russell et al., 2009). Interestingly, 

the Firmicutes bacterial phylum is frequently observed in predatory ant species such as 

army ants (Eciton) and bullet ants (Paraponera clavata) (Anderson et al., 2012; Valdivia 

et al., 2023), and the prevalence of Firmicutes found here in V. andrei is consistent with 

previous studies of the microbiome of the same ant population (Gamboa et al., 2025). 

There are slight differences in the bacterial orders identified here and in Gamboa et al., 

(2025), most likely because assignment of ASVs to taxonomic classifiers is less reliable 

at more detailed taxonomic levels. Additionally, the software used to classify the ASVs 
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taxonomically no longer supports the silva classifier (used Greengenes2 classifier), 

which was used to assign taxonomic groups in Gamboa et al. (2025). 

Our findings are consistent with those of many other studies on social insects, 

which have found differences in microbial communities between reproductives and 

workers (Liberti et al., 2024; Sinotte et al., 2020). Reproductives of harvester ants 

(Gamboa et al., 2025) and D. cf. indicum (Shimoji et al., 2021) have higher alpha 

diversity of their bacterial communities compared to sterile workers. In contrast, the 

microbiomes of reproductives were less diverse than those of sterile workers in termites 

(Otani et al., 2019) and honeybees (Kapheim et al., 2015). It seems as though 

morphological differences and the various physiological pathways that are associated 

with polymorphism may mediate the observed differences in host-associated microbes. 

For example, queens receive a different diet during development (royal jelly), which may 

explain why their gut microbiome differs from that of workers (Nguyen et al., 2024). 

Perhaps in harvester ants, reproductives receive different diets during development 

compared to workers (Smith & Suarez, 2010). Interestingly, a recent study on the 

microbiome of V. andrei (Gamboa et al., 2025) found that the bacterial communities of 

reproductives and brood are very similar but distinct from those of workers. Perhaps if 

reproductives leave the nest soon after eclosion, their associated microbiota is more 

similar to that of their previous developmental stage (brood). Whereas outside workers 

have had more time elapse since their eclosion, exposing them to different microbes 

through their diet and/ or environment. Furthermore, (Gamboa et al., 2025)) found that 

the associated bacterial communities of brood and reproductives in V. andrei were more 

similar to those of seeds than to workers. Seeds are primarily fed to brood as a source 
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of protein, whereas workers rely on other food items for primarily carbohydrates (Csata 

& Dussutour, 2019). This difference in diet can further explain the differences we found 

here between workers and reproductives in their bacterial communities. Thus, the 

different nutritional needs of workers and reproductives might be an important driver of 

variation in host-associated microbial communities. Whether these differences in 

microbial communities are further determined by physiological mechanisms that drive 

morphological differences remains to be examined. 

Our inability to detect differences in the host-associated bacterial communities of 

workers that perform different tasks is further consistent with prior work on social 

insects. Very few studies on the social insect microbiome have found differences in 

microbial communities based on behavioral tasks. This lack of relationship between the 

microbiome and behavior in social insects is surprising, given that work on other 

animals has found a relationship between the microbiome and behavior. For example, 

in fruit flies (Drosophila melanogaster), gut-specific microbes shape mating preferences 

(Sharon et al., 2010; Venu et al., 2014). The skin microbes of potential hosts influence 

food preference in mosquitoes (Verhulst et al., 2011).  Furthermore, host microbiome 

mediates information transfer and social recognition, as seen in honeybees (Vernier et 

al., 2020), leaf-cutter ants (Teseo et al., 2019), and harvester ants (P. barbatus) 

(Dosmann et al., 2016). In the case of leaf-cutter and harvester ants, the eradication of 

the microbiome affected nest-mate recognition and led to increased aggression against 

the treated ants. While differences in microbial communities among termite workers 

have been observed (Hongoh et al., 2006), these workers varied in age and 

morphotype, suggesting that morphology still played an important role in determining 
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their host-specific microbial communities. In honeybees, no differences were found in 

the microbiome of nurses and foragers (Kapheim et al., 2015); however, a shotgun 

metagenomics approach identified strain-level differences between nurses and foragers 

of honeybees (Baud et al., 2023). Thus, task-related differences in host-associated 

microbial communities may be more nuanced and require a more fine-grained analysis 

of host-associated microbes to identify task-based differences in the microbiome. 

Finally, it is possible that because workers in harvester ants often switch among tasks 

(Gordon, 1996), there is enough mixing within the worker population, and diet might not 

be sufficiently different across tasks to drive differences in microbiome. Foragers and 

nest maintenance workers both spend substantial amounts of time outside the nest. 

Perhaps, if outside workers are compared to inside workers (such as nurses), more 

differences in host-associated microbial communities would be found. Indeed, outside 

work alters the CHC composition of harvester ants (Sturgis & Gordon, 2012). While 

Gamboa et al. (2025) sampled V. andrei workers from inside the nest, they did not 

distinguish between brood care workers and foragers that returned to the nest, or nest 

maintenance workers that are working inside, due to the destructive sampling of the 

nest itself. Thus, further work with more nuanced analysis of microbial communities and 

comparison of outside to inside workers might reveal differences in host-associated 

microbes based on tasks in ants. 

  Finally, we found that colony ID explained 42-62% of the variation in the diversity 

of the microbial communities. Other studies of ant-associated microbial communities 

have found a significant effect of colony identity on the diversity of bacterial 

communities. Interestingly, colonies with more diverse bacterial communities produce 
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more brood (Segers et al., 2019). The strong effect of colony ID that we observed could 

be driven by differences in the bacterial communities within the ant nests. The bacterial 

communities associated with the soil of V. andrei nests differ across nests and 

correspond to their geographical distribution. Nests that are more geographically distant 

harbor more distinct bacterial communities (Gamboa et al., 2025). Thus, the 

environment may play an important role in shaping the community of host-associated 

microbes in ants. 

In conclusion, our work demonstrates that morphological differences are a 

reliable predictor of host-associated bacterial community differences in harvester ants. 

Our findings align with previous work on the relationship between social roles and host-

associated microbial communities in social insects. We thus provide additional support 

for the potential role of diet, developmental trajectory, and environment in shaping the 

host-associated microbial communities of social insects. 
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Figures and Tables 
 

 
1Figure 2.1 Sample collection 

Figure 2.1: Sample collection.  

(a) Map of the study site with the location of eight V. andrei colonies indicated with red 

dots and a corresponding letter ID for each colony. The inset shows the location of the 

field site on a map of the western United States, marked by a red asterisk. We collected 

at least (b) five foragers, (c) three nest maintenance workers, (d) three female, and 

three male alates (males not shown) from each of the eight colonies. All photo credits: 

Noa Pinter-Wollman.  
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2Figure 2.2: Beta diversity principal coordinate analysis (PCoA) from a Bray-Curtis dissimilarity matrix. 

Figure 2.2: Beta diversity principal coordinate analysis (PCoA) from a Bray-Curtis 

dissimilarity matrix. Each point represents a single sample, and the closeness of the 

points indicates high similarity between bacterial communities. Workers are represented 

in light orange for foragers and dark orange for nest maintenance. Alates are in purple - 

dark for males and light for females. 
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Table 2.1: Pairwise PERMANOVA results comparing beta-diversity using Bray-Curtis 

distances between forager (FOR) and nest maintenance (NM) workers and female (FA) 

and male (MA) alates. Significant differences are in bold. 

Pairs DF Sum of Squares F Model R2 P value P adjusted 

FOR vs. NM 1 0.12 0.53 0.036 0.609 1 

FOR vs. FA 1 1.45 5.03 0.264 0.006 0.036 

FOR vs. MA 1 1.33 4.44 0.255 0.008 0.048 

NM vs. FA 1 1.60 5.57 0.285 0.007 0.042 

NM vs. MA 1 1.45 4.90 0.274 0.005 0.030 

FA vs. MA 1 0.20 0.53 0.039 0.886 1 
Table 1Table 2.1: Pairwise PERMANOVA results comparing beta-diversity using Bray-Curtis distances between forager (FOR) and nest maintenance (NM) workers and female (FA) and male (MA) alates. 
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3Figure 2.3: Relative abundance of bacterial taxa at the phylum (a) and order (b) levels. 

Figure 2.3: Relative abundance of bacterial taxa at the phylum (a) and order (b) levels. 

Samples are grouped by social role: forager workers (FOR), nest maintenance workers 

(NM), female alates (FA), and male alates (MA). The blank control samples are shown 

in the last three bars but are not included in the analysis of alpha and beta diversity. 

Each vertical bar represents one sample from a single colony, with color indicating the 

bacterial phylum or order based on ASV counts. The sampling depth was 4853 reads.  
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4Figure 2.4: Alpha diversity measures (Shannon, Faith’s phylogenetic distance (PD), Pielou’s evenness, Simpson, Chao1, and Observed ASVs) of bacterial communities by reproductive role (worker vs. reproductives). 

Figure 2.4: Alpha diversity measures (Shannon, Faith’s phylogenetic distance (PD), 

Pielou’s evenness, Simpson, Chao1, and Observed ASVs) of bacterial communities by 

reproductive role (worker vs. reproductives). The boxes indicate interquartile ranges, 

lines inside the boxes denote medians, whiskers extend to 1.5 times the interquartile 

range, and dots are outliers.  
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Table 2.2: Statistical output of the six linear mixed models that tested the effect of 

‘reproductive role’ (workers vs. reproductives) on each of the six alpha diversity 

measures (Shannon, Faith’s phylogenetic distance (PD), Pielou’s evenness, Simpson, 

Chao1, and Observed ASVs). Number of samples in each statistical model: N=31. 

‘Reproductive role’ was the only explanatory variable in each model. ‘Colony’ was 

included as a random effect in all models to account for variation in bacterial 

communities among colonies. The percentage of model variance explained by colony ID 

is shown as the difference between the conditional and marginal R-squared values.  

Diversity measure Estimate SE 𝝌2 DF p-value % random effect ‘colony ID’ 

Shannon 1.09 0.350 9.68 1 < 0.001 62% 

Faith’s PD 2.02 0.820 6.08 1 0.01 42.7% 

Pielou’s evenness 0.19 0.053 13.0 1 < 0.0001 55.6% 

Simpson 0.273 0.070 5.13 1 0.02 48.9% 

Chao1 22.49 9.94 14.9 1 < 0.0001 52.6% 

Observed ASVs 22.0 9.71 5.13 1 0.02 48.3% 
2Table 2.2: Statistical output of the six linear mixed models that tested the effect of ‘reproductive role’ (workers vs. reproductives) on each of the six alpha diversity measures (Shannon, Faith’s phylogenetic distance (PD), Pielou’s evenness, Simpson, C 

  



 35 

References 

Akami, M., Andongma, A. A., Zhengzhong, C., Nan, J., Khaeso, K., Jurkevitch, E., Niu, 
C.-Y., & Yuval, B. (2019). Intestinal bacteria modulate the foraging behavior of 
the oriental fruit fly Bactrocera dorsalis (Diptera: Tephritidae). PLOS ONE, 14(1), 
e0210109. https://doi.org/10.1371/journal.pone.0210109  

Anderson, K. E., Russell, J. A., Moreau, C. S., Kautz, S., Sullam, K. E., Hu, Y., 
Basinger, U., Mott, B. M., Buck, N., & Wheeler, D. E. (2012). Highly similar 
microbial communities are shared among related and trophically similar ant 
species. Molecular Ecology, 21(9), 2282–2296. https://doi.org/10.1111/j.1365-
294X.2011.05464.x  

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting Linear Mixed-Effects 
Models Using lme4. Journal of Statistical Software, 67, 1–48. 
https://doi.org/10.18637/jss.v067.i01  

Baud, G. L. C., Prasad, A., Ellegaard, K. M., & Engel, P. (2023). Turnover of strain-level 
diversity modulates functional traits in the honeybee gut microbiome between 
nurses and foragers. Genome Biology, 24(1), 283. 
https://doi.org/10.1186/s13059-023-03131-4  

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A., 
Alexander, H., Alm, E. J., Arumugam, M., Asnicar, F., Bai, Y., Bisanz, J. E., 
Bittinger, K., Brejnrod, A., Brislawn, C. J., Brown, C. T., Callahan, B. J., 
Caraballo-Rodríguez, A. M., Chase, J., … Caporaso, J. G. (2019). Reproducible, 
interactive, scalable and extensible microbiome data science using QIIME 2. 
Nature Biotechnology, 37(8), 852–857. https://doi.org/10.1038/s41587-019-0209-
9  

Borcard, D., Gillet, F., & Legendre, P. (2018). Community Diversity. In D. Borcard, F. 
Gillet, & P. Legendre (Eds.), Numerical Ecology with R (pp. 369–412). Springer 
International Publishing. https://doi.org/10.1007/978-3-319-71404-2_8  

Bravo, J. A., Forsythe, P., Chew, M. V., Escaravage, E., Savignac, H. M., Dinan, T. G., 
Bienenstock, J., & Cryan, J. F. (2011). Ingestion of Lactobacillus strain regulates 
emotional behavior and central GABA receptor expression in a mouse via the 
vagus nerve. Proceedings of the National Academy of Sciences of the United 
States of America, 108(38), 16050–16055. 
https://doi.org/10.1073/pnas.1102999108  

Bray, J. R., & Curtis, J. T. (1957). An Ordination of the Upland Forest Communities of 
Southern Wisconsin. Ecological Monographs, 27(4), 325–349. 
https://doi.org/10.2307/1942268  



 36 

Brown, M. J. F. (1999). Semi-claustral founding and worker behaviour in gynes of 
Messor andrei. Insectes Sociaux, 46(2), 194–195. 
https://doi.org/10.1007/s000400050133  

Brucker, R. M., & Bordenstein, S. R. (2012). THE ROLES OF HOST EVOLUTIONARY 
RELATIONSHIPS (GENUS: NASONIA) AND DEVELOPMENT IN 
STRUCTURING MICROBIAL COMMUNITIES. Evolution, 66(2), 349–362. 
https://doi.org/10.1111/j.1558-5646.2011.01454.x  

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., & Holmes, 
S. P. (2016). DADA2: High-resolution sample inference from Illumina amplicon 
data. Nature Methods, 13(7), 581–583. https://doi.org/10.1038/nmeth.3869  

Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Lozupone, C. A., 
Turnbaugh, P. J., Fierer, N., & Knight, R. (2011). Global patterns of 16S rRNA 
diversity at a depth of millions of sequences per sample. Proceedings of the 
National Academy of Sciences, 108(supplement_1), 4516–4522. 
https://doi.org/10.1073/pnas.1000080107  

Chao, A., & Chiu, C.-H. (2016). Species Richness: Estimation and Comparison. In Wiley 
StatsRef: Statistics Reference Online (pp. 1–26). John Wiley & Sons, Ltd. 
https://doi.org/10.1002/9781118445112.stat03432.pub2  

Cini, A., Meriggi, N., Bacci, G., Cappa, F., Vitali, F., Cavalieri, D., & Cervo, R. (2020). 
Gut microbial composition in different castes and developmental stages of the 
invasive hornet Vespa velutina nigrithorax. Science of The Total Environment, 
745, 140873. https://doi.org/10.1016/j.scitotenv.2020.140873  

Csata, E., & Dussutour, A. (2019). Nutrient regulation in ants (Hymenoptera: 
Formicidae): a review. Myrmecological News, 29, 111–124. 
https://doi.org/10.25849/MYRMECOL.NEWS_029:111  

de Souza, D. J., Lenoir, A., Kasuya, M. C. M., Ribeiro, M. M. R., Devers, S., Couceiro, 
J. da C., & Della Lucia, T. M. C. (2013). Ectosymbionts and immunity in the leaf-
cutting ant Acromyrmex subterraneus subterraneus. Brain, Behavior, and 
Immunity, 28, 182–187. https://doi.org/10.1016/j.bbi.2012.11.014  

Dosmann, A., Bahet, N., & Gordon, D. M. (2016). Experimental modulation of external 
microbiome affects nestmate recognition in harvester ants (Pogonomyrmex 
barbatus). PeerJ, 4, e1566. https://doi.org/10.7717/peerj.1566  

Engel, P., Kwong, W. K., McFrederick, Q., Anderson, K. E., Barribeau, S. M., Chandler, 
J. A., Cornman, R. S., Dainat, J., de Miranda, J. R., Doublet, V., Emery, O., 
Evans, J. D., Farinelli, L., Flenniken, M. L., Granberg, F., Grasis, J. A., Gauthier, 
L., Hayer, J., Koch, H., … Dainat, B. (2016). The Bee Microbiome: Impact on Bee 
Health and Model for Evolution and Ecology of Host-Microbe Interactions. mBio, 
7(2), 10.1128/mbio.02164-15. https://doi.org/10.1128/mbio.02164-15  



 37 

Engel, P., Martinson, V. G., & Moran, N. A. (2012). Functional diversity within the simple 
gut microbiota of the honey bee. Proceedings of the National Academy of 
Sciences, 109(27), 11002–11007. https://doi.org/10.1073/pnas.1202970109  

Faith, D. P. (2007). The Role of the Phylogenetic Diversity Measure, PD, in Bio-
informatics: Getting the Definition Right. Evolutionary Bioinformatics Online, 2, 
277–283.  

Feldhaar, H., Straka, J., Krischke, M., Berthold, K., Stoll, S., Mueller, M. J., & Gross, R. 
(2007). Nutritional upgrading for omnivorous carpenter ants by the endosymbiont 
Blochmannia. BMC Biology, 5, 48. https://doi.org/10.1186/1741-7007-5-48  

Gamboa, D. A., Flynn, P. J., Horna-Lowell, E. S., & Pinter-Wollman, N. (2025). Social 
organization and physical environment shape the microbiome of harvester ants. 
Animal Microbiome, 7(1), 29. https://doi.org/10.1186/s42523-025-00390-3  

Gordon, D. M. (1996). The organization of work in social insect colonies. Nature, 
380(6570), 121–124. https://doi.org/10.1038/380121a0  

Heine, D., Holmes, N. A., Worsley, S. F., Santos, A. C. A., Innocent, T. M., Scherlach, 
K., Patrick, E. H., Yu, D. W., Murrell, J. C., Vieria, P. C., Boomsma, J. J., 
Hertweck, C., Hutchings, M. I., & Wilkinson, B. (2018). Chemical warfare 
between leafcutter ant symbionts and a co-evolved pathogen. Nature 
Communications, 9(1), 2208. https://doi.org/10.1038/s41467-018-04520-1  

Hoggard, S. J., Wilson, P. D., Beattie, A. J., & Stow, A. J. (2011). Social Complexity and 
Nesting Habits Are Factors in the Evolution of Antimicrobial Defences in Wasps. 
PLOS ONE, 6(7), e21763. https://doi.org/10.1371/journal.pone.0021763  

Hongoh, Y., Ekpornprasit, L., Inoue, T., Moriya, S., Trakulnaleamsai, S., Ohkuma, M., 
Noparatnaraporn, N., & Kudo, T. (2006). Intracolony variation of bacterial gut 
microbiota among castes and ages in the fungus-growing termite Macrotermes 
gilvus. Molecular Ecology, 15(2), 505–516. https://doi.org/10.1111/j.1365-
294X.2005.02795.x  

Hu, Y., Sanders, J. G., Łukasik, P., D’Amelio, C. L., Millar, J. S., Vann, D. R., Lan, Y., 
Newton, J. A., Schotanus, M., Kronauer, D. J. C., Pierce, N. E., Moreau, C. S., 
Wertz, J. T., Engel, P., & Russell, J. A. (2018). Herbivorous turtle ants obtain 
essential nutrients from a conserved nitrogen-recycling gut microbiome. Nature 
Communications, 9(1), Article 1. https://doi.org/10.1038/s41467-018-03357-y  

Jacobs, J. P., Gupta, A., Bhatt, R. R., Brawer, J., Gao, K., Tillisch, K., Lagishetty, V., 
Firth, R., Gudleski, G. D., Ellingson, B. M., Labus, J. S., Naliboff, B. D., Lackner, 
J. M., & Mayer, E. A. (2021). Cognitive behavioral therapy for irritable bowel 
syndrome induces bidirectional alterations in the brain-gut-microbiome axis 
associated with gastrointestinal symptom improvement. Microbiome, 9(1), 236. 
https://doi.org/10.1186/s40168-021-01188-6  



 38 

Jones, B., Shipley, E., & Arnold, K. E. (2018). Social immunity in honeybees—Density 
dependence, diet, and body mass trade-offs. Ecology and Evolution, 8(10), 
4852–4859. https://doi.org/10.1002/ece3.4011  

Jones, J. C., Fruciano, C., Marchant, J., Hildebrand, F., Forslund, S., Bork, P., Engel, 
P., & Hughes, W. O. H. (2018). The gut microbiome is associated with 
behavioural task in honey bees. Insectes Sociaux, 65(3), 419–429. 
https://doi.org/10.1007/s00040-018-0624-9  

Kapheim, K. M., Rao, V. D., Yeoman, C. J., Wilson, B. A., White, B. A., Goldenfeld, N., 
& Robinson, G. E. (2015). Caste-Specific Differences in Hindgut Microbial 
Communities of Honey Bees (Apis mellifera). PLOS ONE, 10(4), e0123911. 
https://doi.org/10.1371/journal.pone.0123911  

Kim, B.-R., Shin, J., Guevarra, R., Lee, J. H., Kim, D. W., Seol, K.-H., Lee, J.-H., Kim, 
H. B., & Isaacson, R. (2017). Deciphering Diversity Indices for a Better 
Understanding of Microbial Communities. Journal of Microbiology and 
Biotechnology, 27(12), 2089–2093. https://doi.org/10.4014/jmb.1709.09027  

Kim, M., Morrison, M., & Yu, Z. (2011). Status of the phylogenetic diversity census of 
ruminal microbiomes. FEMS Microbiology Ecology, 76(1), 49–63. 
https://doi.org/10.1111/j.1574-6941.2010.01029.x  

Koch, H., & Schmid-Hempel, P. (2011). Socially transmitted gut microbiota protect 
bumble bees against an intestinal parasite. Proceedings of the National Academy 
of Sciences of the United States of America, 108(48), 19288–19292. 
https://doi.org/10.1073/pnas.1110474108  

Koto, A., Nobu, M. K., & Miyazaki, R. (2020). Deep Sequencing Uncovers Caste-
Associated Diversity of Symbionts in the Social Ant Camponotus japonicus. 
mBio, 11(2), 10.1128/mbio.00408-20. https://doi.org/10.1128/mbio.00408-20  

Lemos, L. N., Fulthorpe, R. R., Triplett, E. W., & Roesch, L. F. W. (2011). Rethinking 
microbial diversity analysis in the high throughput sequencing era. Journal of 
Microbiological Methods, 86(1), 42–51. 
https://doi.org/10.1016/j.mimet.2011.03.014  

Liberti, J., Engel, P., & Cabirol, A. (2024). Interplay between gut symbionts and 
behavioral variation in social insects. Current Opinion in Insect Science, 65, 
101233. https://doi.org/10.1016/j.cois.2024.101233  

Liberti, J., Kay, T., Quinn, A., Kesner, L., Frank, E. T., Cabirol, A., Richardson, T. O., 
Engel, P., & Keller, L. (2022). The gut microbiota affects the social network of 
honeybees. Nature Ecology & Evolution, 6(10), Article 10. 
https://doi.org/10.1038/s41559-022-01840-w  

Lüdecke, D., Ben-Shachar, M. S., Patil, I., Waggoner, P., & Makowski, D. (2021). 
performance: An R Package for Assessment, Comparison and Testing of 



 39 

Statistical Models. Journal of Open Source Software, 6(60), 3139. 
https://doi.org/10.21105/joss.03139  

McMurdie, P. J., & Holmes, S. (2013). phyloseq: An R Package for Reproducible 
Interactive Analysis and Graphics of Microbiome Census Data. PLOS ONE, 8(4), 
e61217. https://doi.org/10.1371/journal.pone.0061217  

Mersch, D. P., Crespi, A., & Keller, L. (2013). Tracking individuals shows spatial fidelity 
is a key regulator of ant social organization. Science (New York, N.Y.), 
340(6136), 1090–1093. https://doi.org/10.1126/science.1234316  

Mockler, B. K., Kwong, W. K., Moran, N. A., & Koch, H. (2018). Microbiome Structure 
Influences Infection by the Parasite Crithidia bombi in Bumble Bees. Applied and 
Environmental Microbiology, 84(7), e02335-17. 
https://doi.org/10.1128/AEM.02335-17  

Motta, E. V. S., & Moran, N. A. (2024). The honeybee microbiota and its impact on 
health and disease. Nature Reviews Microbiology, 22(3), 122–137. 
https://doi.org/10.1038/s41579-023-00990-3  

Nguyen, J. B., Marshall, C. W., & Cook, C. N. (2024). The buzz within: The role of the 
gut microbiome in honeybee social behavior. Journal of Experimental Biology, 
227(3), jeb246400. https://doi.org/10.1242/jeb.246400  

Oksanen, J., Simpson, G. L., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., 
O’Hara, R. B., Solymos, P., Stevens, M. H. H., Szoecs, E., Wagner, H., Barbour, 
M., Bedward, M., Bolker, B., Borcard, D., Carvalho, G., Chirico, M., De Caceres, 
M., Durand, S., … Weedon, J. (2001). Vegan: Community Ecology Package (p. 
2.6-6.1) [Dataset]. https://doi.org/10.32614/CRAN.package.vegan  

Otani, S., Zhukova, M., Koné, N. A., da Costa, R. R., Mikaelyan, A., Sapountzis, P., & 
Poulsen, M. (2019). Gut microbial compositions mirror caste‐specific diets in a 
major lineage of social insects. Environmental Microbiology Reports, 11(2), 196–
205. https://doi.org/10.1111/1758-2229.12728  

Pielou, E. C. (1966). Species-diversity and pattern-diversity in the study of ecological 
succession. Journal of Theoretical Biology, 10(2), 370–383. 
https://doi.org/10.1016/0022-5193(66)90133-0  

Ramalho, M. O., Duplais, C., Orivel, J., Dejean, A., Gibson, J. C., Suarez, A. V., & 
Moreau, C. S. (2020). Development but not diet alters microbial communities in 
the Neotropical arboreal trap jaw ant Daceton armigerum: An exploratory study. 
Scientific Reports, 10(1), Article 1. https://doi.org/10.1038/s41598-020-64393-7  

Rojas, C. A., Holekamp, K. E., Winters, A. D., & Theis, K. R. (2020). Body site-specific 
microbiota reflect sex and age-class among wild spotted hyenas. FEMS 
Microbiology Ecology, 96(2), fiaa007. https://doi.org/10.1093/femsec/fiaa007  



 40 

Russell, J. A., Moreau, C. S., Goldman-Huertas, B., Fujiwara, M., Lohman, D. J., & 
Pierce, N. E. (2009). Bacterial gut symbionts are tightly linked with the evolution 
of herbivory in ants. Proceedings of the National Academy of Sciences, 106(50), 
21236–21241. https://doi.org/10.1073/pnas.0907926106  

Segers, F. H. I. D., Kaltenpoth, M., & Foitzik, S. (2019). Abdominal microbial 
communities in ants depend on colony membership rather than caste and are 
linked to colony productivity. Ecology and Evolution, 9(23), 13450–13467. 
https://doi.org/10.1002/ece3.5801  

Sharon, G., Segal, D., Ringo, J. M., Hefetz, A., Zilber-Rosenberg, I., & Rosenberg, E. 
(2010). Commensal bacteria play a role in mating preference of Drosophila 
melanogaster. Proceedings of the National Academy of Sciences of the United 
States of America, 107(46), 20051–20056. 
https://doi.org/10.1073/pnas.1009906107  

Shimoji, H., Itoh, H., Matsuura, Y., Yamashita, R., Hori, T., Hojo, M. K., & Kikuchi, Y. 
(2021). Worker-dependent gut symbiosis in an ant. ISME Communications, 1(1), 
Article 1. https://doi.org/10.1038/s43705-021-00061-9  

Sinotte, V. M., Renelies-Hamilton, J., Taylor, B. A., Ellegaard, K. M., Sapountzis, P., 
Vasseur-Cognet, M., & Poulsen, M. (2020). Synergies Between Division of Labor 
and Gut Microbiomes of Social Insects. Frontiers in Ecology and Evolution, 7. 
https://doi.org/10.3389/fevo.2019.00503  

Smith, C. R., & Suarez, A. V. (2010). The trophic ecology of castes in harvester ant 
colonies. Functional Ecology, 24(1), 122–130. https://doi.org/10.1111/j.1365-
2435.2009.01604.x  

Sturgis, S. J., & Gordon, D. M. (2012). Nestmate recognition in ants (Hymenoptera: 
Formicidae): A review. Myrmecological News, 16, 101–110. 
https://doi.org/10.25849/myrmecol.news_016:101  

Teseo, S., van Zweden, J. S., Pontieri, L., Kooij, P. W., Sørensen, S. J., Wenseleers, T., 
Poulsen, M., Boomsma, J. J., & Sapountzis, P. (2019). The scent of symbiosis: 
Gut bacteria may affect social interactions in leaf-cutting ants. Animal Behaviour, 
150, 239–254. https://doi.org/10.1016/j.anbehav.2018.12.017  

Theis, K. R., Schmidt, T. M., & Holekamp, K. E. (2012). Evidence for a bacterial 
mechanism for group-specific social odors among hyenas. Scientific Reports, 
2(1), 615. https://doi.org/10.1038/srep00615  

Theis, K. R., Venkataraman, A., Dycus, J. A., Koonter, K. D., Schmitt-Matzen, E. N., 
Wagner, A. P., Holekamp, K. E., & Schmidt, T. M. (2013). Symbiotic bacteria 
appear to mediate hyena social odors. Proceedings of the National Academy of 
Sciences of the United States of America, 110(49), 19832–19837. 
https://doi.org/10.1073/pnas.1306477110  



 41 

Valdivia, C., Newton, J. A., von Beeren, C., O’Donnell, S., Kronauer, D. J. C., Russell, J. 
A., & Łukasik, P. (2023). Microbial symbionts are shared between ants and their 
associated beetles. Environmental Microbiology, 25(12), 3466–3483. 
https://doi.org/10.1111/1462-2920.16544  

Venu, I., Durisko, Z., Xu, J., & Dukas, R. (2014). Social attraction mediated by fruit flies’ 
microbiome. Journal of Experimental Biology, 217(8), 1346–1352. 
https://doi.org/10.1242/jeb.099648  

Verhulst, N. O., Qiu, Y. T., Beijleveld, H., Maliepaard, C., Knights, D., Schulz, S., Berg-
Lyons, D., Lauber, C. L., Verduijn, W., Haasnoot, G. W., Mumm, R., 
Bouwmeester, H. J., Claas, F. H. J., Dicke, M., van Loon, J. J. A., Takken, W., 
Knight, R., & Smallegange, R. C. (2011). Composition of human skin microbiota 
affects attractiveness to malaria mosquitoes. PloS One, 6(12), e28991. 
https://doi.org/10.1371/journal.pone.0028991  

Vernier, C. L., Chin, I. M., Adu-Oppong, B., Krupp, J. J., Levine, J., Dantas, G., & Ben-
Shahar, Y. (2020). The gut microbiome defines social group membership in 
honey bee colonies. Science Advances, 6(42), eabd3431. 
https://doi.org/10.1126/sciadv.abd3431  

Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis (2nd ed.). Springer 
Publishing Company, Incorporated.  

Zheng, H., Nishida, A., Kwong, W. K., Koch, H., Engel, P., Steele, M. I., & Moran, N. A. 
(2016). Metabolism of Toxic Sugars by Strains of the Bee Gut Symbiont 
Gilliamella apicola. mBio, 7(6), 10.1128/mbio.01326-16. 
https://doi.org/10.1128/mbio.01326-16 

  



 42 

 

 

 

 

 

 

 

 

 

Chapter 3: The effects of social interactions, physical environment, and 

evolutionary history on the microbiome of harvester ants 

  



 43 

The effects of social interactions, physical environment, and evolutionary history 

on the microbiome of harvester ants 

Abstract 

The composition and diversity of animal microbiomes are impacted by a variety of 

factors, including the environment, behavior, and phylogeny. Uncovering which factors 

impact animal microbiomes is important for gaining a more in-depth understanding of 

the ways in which hosts interact with the microbial communities that they harbor. Here, 

we study three species of harvester ants to ask if social interactions, physical 

environment, and phylogeny relate to host microbial communities. To test if social 

interactions impact microbial communities, we experimentally manipulated the ability of 

ants to interact with one another. To examine the impact of the environment, we 

compared the microbiome of ants from a natural setting to the microbiome of ants that 

were kept in the lab. To examine the relationship between microbiome and evolutionary 

history, we compared the microbial communities of three harvester ant species, 

Pogonomyrmex rugosus, P. californicus, and V. pergandei, that have similar ecological 

roles but differ in phylogeny. We found that the environment (field vs. lab), as well as 

phylogeny, explained differences in microbiome composition and diversity among ants. 

However, despite ants being highly social animals, social interactions did not seem to 

impact microbial composition or diversity. The microbiome of ants that were kept in 

isolation did not significantly differ from the microbiome of ants that were allowed to 

interact with nestmates. Our work highlights the importance of examining multiple 

drivers of microbiome composition and diversity and provides a fertile foundation for 

future work on the mechanisms and function of microbiomes in harvester ants. 
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Introduction 

Studying the bacterial communities that live on and within animals provides new insights 

into animal behavior. The internal and/or external microbiome of social individuals can 

have implications for intraspecific recognition of group members and kin, mate choice, 

and evolutionary costs and benefits of social relationships (Archie & Theis, 2011; 

Desbonnet et al., 2014; Lu et al., 2018; Vuong et al., 2017). Several new studies 

demonstrate the potential for microbial ecology to advance our understanding of animal 

behavior, particularly in relation to social recognition and the consequences of sociality 

(Archie & Theis, 2011; Redford et al., 2012; Vuong et al., 2017). The application of 

animal microbiomes to broad ecological and behavioral questions suggests that there is 

a relationship between an individual’s microbiome and its social interactions, physical 

environment, evolutionary history, physiology, and genotype (Archie & Theis, 2011; 

Grieneisen et al., 2021). Here, we examine these relationships by manipulating social 

interactions and the physical environment in three different species of harvester ants, 

which differ in evolutionary history. 

Social relationships mediate the exposure and susceptibility to bacteria from 

conspecifics (Archie & Theis, 2011). While the transmission of pathogens is a well-

known cost of sociality, as it is facilitated through both direct physical contact and 

indirect contact from the environment (i.e., food, water, air, and refuges) (Ezenwa et al., 

2012), the study of how sociality impacts the transmission of beneficial, or natural, 

microbes is emerging. Previous studies in group-living primates suggest that social 

contact facilitates the transmission and composition of various types of microbes, 

including both harmful, beneficial, and neutral (Goodfellow et al., 2019; Moeller et al., 
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2016; Perofsky et al., 2017; Tung et al., 2015). A study by Raulo et al. (2021) found that 

social association strength was the strongest predictor of microbiome similarity among 

individuals in wild mice (Apodemus sylvaticus), even when controlling for spatial 

proximity and kinship. In Welsh mountain ponies, microbiome composition varied 

between groups, but there was significant individual variation within a group in 

microbiome composition and diversity despite communal living (Antwis et al., 2018). 

Similarly, bumblebees (Bombus terrestris) obtain functionally beneficial bacteria directly 

via social interactions (Koch & Schmid-Hempel, 2011). In carpenter ants (Camponotus 

fellah), there is a correlation between social network position and microbiome 

composition (Kay et al., 2023). Thus, group-living in animals shapes the microbiome 

composition at the individual and group level. In addition, the microbiome itself may 

shape social interactions and animal behavior. The composition of the gut-microbiome 

defines social group membership and influences the rate of social interactions in 

honeybees (Liberti et al., 2022; Vernier et al., 2020). Additionally, microbiome 

composition influences cuticular odor, which impacts nest-mate recognition and 

changes to it led to increased aggression levels in leaf-cutter ants (Acromyrmex 

echinatior) (Teseo et al., 2019). Furthermore, microbiome composition is related to 

learning performance in honeybees, with Lactobacillus Firm-5 cluster bacteria in the 

microbiome related to increased learning abilities (Li et al., 2021). Further research is 

needed to determine how changes in the microbiome relate to behavioral interactions 

because of the ways in which the microbiome influences the ability to recognize group 

members and because of the impact that interactions may have on microbial 

composition. The social environment is often confounded by the physical environment; 



 46 

therefore, manipulating the social environment in a set physical environment may help 

identify how sociality shapes microbiome composition.    

 Animal hosts are constantly exposed to microbes from their physical environment 

(Gonzalez et al., 2011). Animals that live in their natural environment harbor distinct 

microbiome communities compared to animals that live in urban cities (Dillard et al., 

2022; Littleford-Colquhoun et al., 2019; Sugden et al., 2020) or in captive environments, 

including zoos (Alfano et al., 2015; Bornbusch et al., 2022; McKenzie et al., 2017), and 

laboratories (Bowerman et al., 2021; Rosshart et al., 2017). For example, coyotes 

(Canis latrans) living in urban environments have increased gut microbiome diversity, 

poor average body condition, and increased susceptibility to parasites compared to rural 

coyotes (Sugden et al., 2020). Similarly, living in an urban environment reduced 

microbiome diversity and negatively impacted animal health in house sparrows (Passer 

domesticus) (Teyssier et al., 2018, 2020), American white ibises (Eudocimus albus) 

(Murray et al., 2020), tree frogs (Dendropsophus minutus) (Becker et al., 2017), lizards 

(Zootoca vivipara) (Bestion et al., 2017), and red columbus monkeys (Procobus 

gordonoorum) (Barelli et al., 2015). The observed decrease in microbiome diversity in 

urban environments and concomitant negative effects on survival was due to the loss of 

functional microbial symbionts that assist with essential metabolic and immunological 

pathways, thus decreasing body size and increasing susceptibility to pathogen 

exposure. Similarly, studies in ground beetles (Carabus convexus) (Magura et al., 2024) 

and carpenter bees (Ceratina calcarata) (Nguyen & Rehan, 2022) showed a decrease 

in microbial diversity in urban settings but did not find a negative impact on survival. 

White-crowned sparrows (Zonotrichia leucophrys) (Phillips et al., 2018) in urban settings 
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showed an increase in microbial diversity but no difference in body condition. Relatedly, 

studies on captive animals show differences in microbiome composition across natural 

and captive environments. For example, Florkowski et al. (2023) observed changes in 

the microbiome diversity of songbirds (Passer domesticus) that were moved from a 

‘wild’ environment to a ‘captive’ environment. The birds were kept in captivity for 5-10 

days, and even this brief exposure to captivity resulted in a decrease in both alpha and 

beta diversity of their microbiome. Animals kept in captive laboratory settings, such as 

deer mice (Peromyscus maniculatus) and house mice (Mus musculus), have an 

increased microbiome diversity (Bowerman et al., 2021; Diaz et al., 2023). The 

influence of the laboratory environment on microbiome diversity varies in ant species. 

Carpenter ants (Camponotus fragilis) reared in lab settings had an increased microbial 

diversity compared to ants collected in the field (He et al., 2014). Whereas lab 

conditions resulted in decreased microbial diversity in Temnothorax nylanderi (Segers 

et al., 2019). In a controlled lab setting, animals may be exposed to novel bacterial 

strains from humans, changes in their diet, or their housing containers. Although the 

directionality of microbial diversity varies in relation to the environment, it is clear that 

differences in the physical environment (natural vs captive) in which an animal resides 

can influence the acquisition and diversity of host-associated microbial communities.  

The relationship between ants and their associated microbes varies widely 

across species and is influenced by host natural history, ecology, and phylogeny. We 

often see species-specific conserved mutualisms with microbial symbionts in ant 

species that have specialized diets. One of the most well-known examples is fungus-

farming ants that have a symbiotic relationship with the fungus that they cultivate to feed 
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on and with bacterial symbionts (Pseudonocardia) that protect the fungus from 

pathogens (Little & Currie, 2007; Moreau, 2020). Previous work across ant species 

shows that species with highly specialized diets tend to have a higher density of gut-

associated bacteria (Moreau, 2020). For example, herbivorous ants such as carpenter 

ants (Camponotini) and turtle ants (Cephalotes) will have a more similar microbiome 

composition compared to predatory ants, such as army ants (Eciton) and bullet ants 

(Paraponera clavata) (Anderson et al., 2012; Russell et al., 2009; Valdivia et al., 2023). 

The core gut microbes of herbivorous and predatory ants are essential and assist the 

host with nutrient acquisition (Funaro et al., 2011; Hu et al., 2018; Łukasik et al., 2017; 

Russell et al., 2009). However, the gut microbiome of ants with generalized diets tends 

to have less diverse and fewer functional gut-associated microbial communities 

(Hammer et al., 2019; Moreau, 2020; Russell et al., 2017). There is very little work on 

the microbiome of granivorous seed-harvesting ants. A previous study on various 

species of Pheidole ants (clade Myrmicini) found that geographic location and food 

source may influence their microbial communities (Martins & Moreau, 2020). Similarly, 

in the harvester ant, V. andrei (clade Stenammini), reproductives and larvae had distinct 

microbial communities compared to adult workers (Gamboa et al., 2025). Both Pheidole 

and V. andrei were characterized by the presence of Actinobacteria, Proteobacteria, 

and Firmicutes, which is typical of herbivorous ant species (Anderson et al., 2012; 

Gamboa et al., 2025; Martins & Moreau, 2020; Russell et al., 2009). However, 

Firmicutes dominated the microbial communities of adult V. andrei workers, which is 

more typical of predatory ant species (Anderson et al., 2012; Gamboa et al., 2025; 

Valdivia et al., 2023). Although there is some information available about the 
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microbiome of Pheidole ants and V. andrei, harvester ants are a functional group that 

includes any ant species that collects and stores seeds. This category is a broad 

classification that includes over 150 species across 18 genera and three subfamilies 

(Myrmicinae, Ponerinae, Formicinae) (Hölldobler & Wilson, 1990; MacMahon et al., 

2000; Ward et al., 2015). Although prior studies found evidence that the physical 

environment and life history shape the diversity of the bacterial communities of Pheidole 

and V. andrei harvester ants, none of them alone explains the bacterial diversity in this 

ecologically and evolutionarily diverse harvester ant group.  

Here, we asked if social interactions, physical environment, and evolutionary 

history (phylogeny) impact the relationship between microbial communities and their 

hosts by studying three species of harvester ants. Pogonomyrmex californicus, P. 

rugosus, and V. pergandei harvester ant species provide an excellent opportunity to 

examine the relationship between host-associated bacterial communities and social 

interactions, physical environment, and evolutionary history. All three species are 

harvester ants that recruit to collect and store seeds (Branstetter, 2012; MacMahon et 

al., 2000; Ward et al., 2015). Pogonomyrmex rugosus and V. pergandei are from arid 

environments, whereas P. californicus is from a Mediterranean climate (Branstetter, 

2012; MacMahon et al., 2000; Ward et al., 2015). Additionally, they come from two 

genera (Pogonomyrmex and Veromessor), each from distinct clades, Pogonomyrmecini 

(P. californicus and P. rugosus) and Stenammini (V. pergandei) (Ward et al., 2015). To 

test if social interactions impact microbial communities, we experimentally manipulated 

the social environment. We predicted that ants living with nest mates would have more 

homogenous microbial communities (i.e., lower beta diversity) than solitary ants. To 
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examine the impact of the environment on microbial communities, we compared the 

microbiome of ants from a natural setting to the microbiome of ants that were kept in the 

lab for one week. We predicted that ants from the field would have a more diverse 

microbiome (higher alpha and beta diversity) than ants that were kept in a lab setting. 

Finally, to examine the relationship between microbiome and evolutionary history, we 

compared the microbial communities of three harvester ant species that have similar 

natural history and ecological roles but differ in their phylogeny. We predicted that the 

microbiome composition of ants from closely related species (P. californicus and P. 

rugosus) would be more similar to one another than to the composition of a species 

from a different genus and clade (V. pergandei). 

Methods 

Study site and sample collection 

We collected worker ants from three species of harvester ants, P.californicus, P. 

rugosus, and V. pergandei. Ants from each species were collected from a specific study 

site in southern California (Figure 3.1A), and all ants were collected outside of their 

nest, from foraging trails. For each species, we collected approximately 100 ants from 

three distinct colonies. We used gloves (sterilized with 90% ethanol) to collect all ants. 

To test the effect of the physical environment on ant microbiomes, a subset of collected 

ants was immediately placed in separate test-tubes and stored on ice in a cooler as 

‘control’ samples. To test the effect of social interactions on the microbiome, 

approximately two-thirds of the collected ants were maintained alive in plastic 

containers with a damp paper towel until arrival at the lab. All samples were transported 

to the UCLA campus, and the control samples were immediately stored at -20℃ until 

processing. 
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Testing the effect of the social environment 

To determine the relationship between social interactions and microbial communities, 

we manipulated the social environment of the ants in the lab by assigning the live ants 

to either a ‘group’ or an ‘individual’ treatment (Figure 3.1B). Ants assigned to the ‘group’ 

treatment were placed in a group of 25 ants in a large plastic container (0.7 L (24 oz) 

deli containers), and ants assigned to the ‘individual’ treatment were each placed 

individually in small plastic containers (0.05 L (2 oz) plastic cups). All containers were 

covered with lids that had small holes created with a pin, to allow for air flow and 

prevent ants from escaping. To reduce mortality, all ants were provided with Perky-Pet 

Red Hummingbird Nectar Concentrate diluted 1:5, which provides necessary sucrose 

and contains food preservatives that reduce the likelihood of bacterial and fungal growth 

on the food. In the ‘group’ treatment, the food was provided in small Eppendorf tubes 

plugged with cotton balls to allow the fluid food to wick and be available to the ants. In 

the ‘individual’ treatment, food was provided by dipping small cotton balls in the liquid 

food and placing them in Eppendorf tube lids. Ants in both treatments were kept in their 

containers for seven days (Figure 3.1B) and then frozen in separate Eppendorf tubes at 

-20℃ until processing. When freezing the ants, individuals from all treatments, including 

the control and group treatments, were each placed in a separate tube such that each 

test tube for processing and DNA isolation contained a single ant. 

Sample processing 

Each sample contained a single ant from one of the three treatments (control, group, or 

individual). We analyzed a total of 135 samples: five ants from each treatment for each 

colony (N=15 per colony), three colonies from each species (N=15*3 = 45 per species), 
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and three species (N=45*3 =135 total). Following the same sample preparation protocol 

used in Gamboa et al. (2025), we washed each ant with 70% ethanol, 5% bleach, and 

sterile deionized water. We placed each washed ant in a new, sterile 1.5 ml tube and 

crushed it with a sterile pestle (Fisher Scientific). We followed the Qiagen DNEasy 

PowerSoil Pro kit protocol and added 800 µL of cell lysis CD1 solution to all samples 

and then vortexed each sample for 5 seconds. We incubated the samples overnight at 

56℃ in a shaking incubator for 24 hours to facilitate cell lysis. We then extracted 

microbial DNA using the Qiagen DNEasy PowerSoil Pro kit protocol and sent the 

samples for 16S rRNA gene amplification and library sequencing at the UCLA 

Microbiome Center. Amplicon sequencing of the bacterial community targeted the V4 

region of the 16S rRNA gene using primers 515F (59-GTGCCAGCMGCCGCGGTAA-

39) and 806R (59-GGACTACHVGGGTWTCTAAT-39, following the Earth Microbiome 

Project (EMP) protocol (Caporaso et al., 2011; Jacobs et al., 2021). Information about 

the samples can be found in the GitHub repository: 

https://github.com/DAlejandraG/social-microbes. We processed the sequencing data 

using QIIME2 (version 24.5) (Bolyen et al., 2019) following the demultiplexing and 

quality filtering protocols from Gamboa et al. (2025). The raw 16S rRNA gene amplicon 

sequencing reads, totaling 7,290,950, are available on NCBI BioProject Record 

[PRJNA1311785]. We rarefied the dataset to a sampling depth of 21,788 and retained 

3,486,080 features (47.8%) after refraction. Ten samples were removed due to low read 

numbers and are not shown in any of the figures. We then assessed microbial diversity 

using the q2-diversity plugin, based on ASVs. To generate relative abundance plots at 

https://github.com/DAlejandraG/social-microbes
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the phylum and order levels, we used the ‘phyloseq’ package in R (McMurdie & Holmes, 

2013).  

Statistical analysis 

We examined the influence of social interactions, physical environment, and 

evolutionary history on the diversity of host-associated bacterial communities by 

analyzing beta diversity (between samples) and alpha diversity (within a sample). Beta 

diversity reflects the differences in bacterial community composition between samples, 

grouping them based on dissimilarities in sequence abundances or the 

presence/absence of sequences (Borcard et al., 2018). Alpha diversity describes the 

distribution of microbial taxa within a single sample. To determine if there are 

differences in microbial diversity based on ant species and treatment, we applied a 

permutational multivariate analysis of variance (PERMANOVA) on a Bray-Curtis 

dissimilarity matrix. Principal Coordinate Analysis (PCoA) ordination was generated 

from the dissimilarity matrix using the Adonis function in the Vegan package (Oksanen 

et al., 2001), with 999 permutations for the PERMANOVA. We used the ‘ggplot2’ R 

package (Wickham, 2016) to visualize PCoA plots.  

To compare the microbial diversity between ant species and experimental 

treatments (control, individual, and group), we used four alpha diversity indices: (1) 

Shannon’s diversity index measures how evenly bacterial taxa are distributed, 

independent of their richness (Kim et al., 2011; Lemos et al., 2011). (2) Faith’s 

phylogenetic distance (PD) measures species richness, accounting for phylogenetic 

diversity (Faith, 2007). (3) Pielou’s evenness is a measure of the relative abundance of 

bacterial taxa (Pielou, 1966). (4) Observed amplicon sequence variants (ASVs) 
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measure the number of observed unique sequences in a sample (Callahan et al., 2016). 

To compare alpha diversity across species and treatments, we ran four linear mixed 

models (LMMs) for the four alpha diversity measures (Shannon, Faith’s phylogenetic 

distance, Pielou’s evenness, and Observed ASVs). In each model, the dependent 

variable was an alpha diversity measure. We included treatment (control, individual, and 

group) and species (P. californicus, P. rugosus, and V. pergandei) as the explanatory 

variables in the LLMs. We included ‘colony’ as a random effect in all LLMs to account 

for variation in microbial communities among colonies. We used the glmmTMB() 

function in the ‘glmmTMB’ R package for all models (Brooks et al., 2017; McGillycuddy 

et al., 2025). For post hoc tests, we used the R package ‘emmeans’ (Lenth et al., 2024). 

We report the proportion variance explained by the random effects as the conditional R2 

minus the marginal R2, obtained using the r2_nakagawa() function in the ‘performance’ 

R package (Lüdecke et al., 2021). Data and code are available on 

GitHub:https://github.com/DAlejandraG/social-microbes 

Results 

Microbial composition was explained by species and by whether the ants were housed 

in the lab for a week before being frozen or whether they were frozen immediately upon 

being collected in the field (Figure 3.2). Analysis of the beta diversity of the samples 

showed clustering according to species and treatment (Figure 3.3). ‘Species’ explained 

13.7% of the variation in beta diversity (PERMANOVA: FDF = 2 = 10.1, R2 = 0.137, p-

value = 0.001). ‘Treatment’ explained approximately 5% of the total variation 

(PERMANOVA: FDF = 2 = 3.79, R2 = 0.051, p-value = 0.001). A post-hoc pairwise 

PERMANOVA showed that the microbial composition of V. pergandei differed 

significantly from the microbial composition of both Pogonomyrmex species, but that the 

https://github.com/DAlejandraG/social-microbes
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two Pogonomyrmex species did not differ significantly in their microbial composition 

from one another (Table 3.1). In addition, the post-hoc pairwise PERMANOVA analysis 

showed that the ‘control’ treatment was statistically significantly different from the 

‘individual’ and ‘group’ treatments, but that the ‘individual’ and ‘group’ treatments did not 

significantly differ from one another (Table 3.1).  

Furthermore, whether ants were frozen immediately after collection in the field or 

after being kept in the lab for 7 days significantly impacted microbial alpha diversity 

(Figure 3.4, Table 3.2). Control samples of ants that were frozen without spending time 

in the lab had higher alpha diversity compared to both the ‘group’ and the ‘individual’ 

treatments of ants that were kept in the lab, as measured by the Shannon and Faith’s 

phylogenetic distance diversity indices and Observed ASV (Figure 3.4A, B, D, Table 

3.2). Alpha diversity according to Pielou’s evenness was significantly different between 

the ‘control’ and ‘group’ treatments, but the ‘individual’ treatment did not differ 

significantly from the other two treatment groups (Figure 3.4C, Table 3.2). Finally, there 

was a significant effect of ‘species’ in the statistical model examining Pielou’s evenness 

(Table 3.2). Still, the post-hoc pairwise Tuckey test did not reveal which species were 

different from one another (Figure 3.5), possibly because other effects in the statistical 

model masked any slight differences in Pielou’s evenness between species. 

Discussion 

We found that the physical environment had a large impact on the microbial diversity of 

harvester ants. Ants that were frozen immediately after being collected from the field 

differed substantially in their microbial communities compared to ants that were brought 

into the lab and kept there for a week (either isolated or in a group) before being frozen 



 56 

(Figures 3.2, 3.3A, 3.4, and Tables 3.1, 3.2). Furthermore, ant species differed in their 

microbial diversity, with the two Pogonomyrmex species having similar microbial 

communities compared to V. pergandei (Figure 3.3B and Table 3.1). Interestingly, social 

interactions did not seem to impact the microbial composition of harvester ants. We did 

not detect differences in the microbial diversity between ants that were kept isolated in 

the lab and ants that were allowed to interact with nestmates for a week in the lab 

(Figures 3.3B, 3.4, and Table 3.1). 

 The bacterial communities we identified in the samples are typical of ant 

microbiomes. The most abundant phyla we detected are Firmicutes, Proteobacteria, 

and Actinobacteria (Figure 3.2). Other studies of ant microbiomes have also found 

these phyla to be the most abundant, in V. andrei (Gamboa et al., 2025) and other 

herbivorous and omnivorous ant species (Anderson et al., 2012; Russell et al., 2009). 

The presence of bacterial orders Lactobacillates and Enterobacterales was consistent 

with findings in adult V. andrei workers but not in reproductives (Gamboa et al., 2025). 

Additionally, the presence of the bacterial order Rhizobiales, which have been 

associated with nitrogen recycling and fixing, is consistent with bacterial communities 

found across various ant species, including leaf cutter ants, herbivorous turtle ants, 

arboreal ants, and predatory ants (Anderson et al., 2012; Eilmus & Heil, 2009; Hu et al., 

2018; Nepel et al., 2022; Neuvonen et al., 2016; Russell et al., 2009; Sapountzis et al., 

2015; Stoll et al., 2007). Previous studies on the harvester ant species V. andrei and 

Pheidole also found Rhizobiales in microbiome analysis (Gamboa et al., 2025; Martins 

& Moreau, 2020). Thus, Rhizobiales, Firmicutes, Proteobacteria, and Actinobacteria are 

present across three different clades and three genera of harvester ants 
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(Pogonomyrmecini: P. californicus, P. rugosus, Stenammini: V. Andrei, V. pergandei, 

Myrmicini: Pheidole spp), which may suggest a strong association of these bacteria with 

harvester ants. The nature of this relationship (e.g., whether it is symbiotic) should be 

investigated in future work.  

 Interestingly, the physical environment seemed to have a very large effect on the 

microbiome of the ants in our study. Ants that did not spend time in the lab had different 

and more diverse microbial composition compared to ants that were kept in the lab for a 

week (isolated or in a group) (Figures 3.2, 3.3A, 3.4, and Tables 3.1, 3.2). Indeed, 

Segers et al. (2019) found a similar pattern - ants that were kept in the lab for two 

months had different microbial communities compared to ants sampled in the field, with 

time in the lab decreasing microbial diversity. Interestingly, He et al. (2014) found an 

overall increase in gut bacterial diversity for lab-reared carpenter ants compared to field-

collected ants. One possible explanation for these observed differences between ants 

from the field and those that spent time in the lab is a change in diet. In our study, in the 

lab, ants were fed with a simple liquid sugar water diet, which might have altered their 

gut microbiome. Indeed, the food that animals (and humans) eat changes their gut 

microbiome (Diaz et al., 2023; Gonzalez et al., 2011; Sugden et al., 2020; Zhang, 

2022), and specifically in mammals and birds, sugars in the diet decrease the functional 

diversity of the gut microbiome (Sugden et al., 2020; Teyssier et al., 2018, 2020). While 

we did not specifically examine the gut microbiome, as done in other studies of ant 

microbiome (Flynn et al., 2021), we did sterilize the cuticle while processing the ant 

samples to obtain internal microbes, which would include the gut microbiome. Further 
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work on how sugars impact the gut microbiome of ants might inform lab rearing 

practices. 

 The three species we examined differed in their gut microbiomes despite all 

species being harvester ants and potentially sharing a similar diet composed 

predominantly of seeds. Interestingly, we found that the two species from the genus 

Pogonomyrmex had more similar microbial communities to one another than to V. 

pergandei ants (Figures 3.2, 3.3A). Specifically, at the phylum level, both 

Pogonomyrmex species were characterized by a higher abundance of Firmicutes 

compared to V. andrei, which was characterized by higher Proteobacteria abundance 

(Figure 3.1A). All species had similar Proteobacteria abundance (Figure 3.1A). Although 

Firmicutes, Actinobacteria, and Proteobacteria are consistent with other herbivorous ant 

species, predator ant species tend to have higher levels of Firmicutes (Anderson et al., 

2012; Russell et al., 2009; Valdivia et al., 2023). While the Pogonomyrmex and 

Veromessor genera are in the same subfamily, phylogenetic work shows that they 

belong to different non-sister clades (Ward et al., 2015). The genus Pogonomyrmex is 

in the Pogonomyrmecini clade, consisting of two genera (Pogonomyrmex and 

Hylomyrma) and characterized by granivory and preference for arid (dry, low moisture) 

(MacMahon et al., 2000; Ward et al., 2015) or mesic (moderate moisture levels) 

environment (MacMahon et al., 2000; Ward et al., 2015). Additionally, certain species in 

this clade are not always specialist seed-harvesters (Ward et al., 2015). The 

Veromessor genus belongs in the Stenammini clade, which is nonmonophyletic and 

consists of five other species-rich genera (Ward et al., 2015). Veromessor species are 

characterized by a granivorous diet and preference for arid environments (Branstetter, 
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2012). Ant species differ substantially in their microbiome across taxa (Moreau, 2020), 

just like the species in our study. Specifically, microbial community composition has 

been shown to be shaped by host phylogeny. For example, Formica ants are 

characterized by core microbes that vary based on host species (Jackson et al., 2023). 

While both V. pergandei and P. rugosus live in dry deserts, compared to P. californicus, 

which lives in a more Mediterranean climate, we did not find that their microbiomes 

were more similar to one another (Figure 3.3A). Although geographic location has been 

shown to be a good predictor of microbiome similarity (Birer et al., 2020; Gamboa et al., 

2025), the site from which we collected P. rugosus is similarly distant from the two other 

sites (Figure 3.1A). Yet, the microbiome of P. rugosus is more similar to that of P. 

californicus than to that of V. pergandei (Figure 3.3A). Furthermore, colony ID did not 

explain differences in microbial composition (Figure S3.1, Table 3.2). Thus, it seems as 

though phylogenetic similarity is a better predictor of microbiome similarity than 

geographic distance, climatic conditions, and colony identity. 

 Finally, the social environment did not appear to impact the microbial 

communities of harvester ants. Ants that were isolated did not differ in their microbial 

composition or diversity compared to ants that were allowed to interact with nestmates 

(Figures 3.2, 3.3B, 3.4). This finding is surprising because social interactions shape 

microbial composition in primates, rodents, equines, and certain social insects, including 

carpenter ants and bumblebees (Antwis et al., 2018; Goodfellow et al., 2019; Kay et al., 

2023; Koch & Schmid-Hempel, 2011; Moeller et al., 2016; Perofsky et al., 2017; Raulo 

et al., 2021; Tung et al., 2015). However, it is possible that because both treatment 

groups received the same food in the lab, the impact that the food had on their gut 
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microbiome masked differences that might have emerged from social interactions. In 

other social insects, trophallaxis is one way in which microbial communities are shared 

(Koch & Schmid-Hempel, 2011; Onchuru et al., 2018; Salem et al., 2015). However, 

harvester ants do not engage in much trophallaxis compared to other ant species. 

Social interactions may further facilitate the exchange of microbes among ants through 

brief antennal contacts. However, because we sterilized the ant samples, we were 

unable to examine extra-cuticular microbes, potentially reducing our ability to detect 

differences between ants that were kept in solitary vs group conditions. Future work is 

needed to uncover the mechanisms and types of interactions by which social behavior 

impacts either internal or external microbial communities in ants.  

Conclusions 

Physical environment (lab vs nature) and phylogenetic similarity were both important 

predictors of microbiome diversity and composition in the harvester ants that we 

studied. Despite ants being highly social animals, we did not find support for social 

interactions playing an important role in determining microbial diversity and composition. 

Thus, our work highlights that many factors can interact, sometimes in surprising ways, 

to impact the microbiome of animals. Further work on the mechanisms of microbiome 

acquisition and the functional characteristics of the microbiome is necessary to uncover 

the intricate relationships between animals and their associated microbial communities.  
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Figures and Tables 

 

 

1Figure 3.1. Sample collection and processing. 

Figure 3.1. Sample collection and processing. (A) Map of the three study sites in 

southern California where we collected P. californicus, P. rugosus, and V. pergandei 

ants. At each site, we collected approximately 100 ants from each of three distinct 

colonies. At each site, we collected ants from a different harvester ant species - as 

shown on the map. The inset to the right shows in a red rectangle the location of the 

detailed map in the western United States. (B) Schematic representation of sample 

processing. After collecting ants in the field, they were separated into three different 
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treatments (control, individual, and group). Control ants were put on ice and stored in 

the freezer immediately after returning from the field. Ants in the ‘individual’ and ‘group’ 

treatments were brought to the lab and either kept together in groups of 25 ants (‘group’ 

treatment) or isolated in individual plastic cups (‘individual’ treatment). Ants were kept in 

these conditions for seven days and were then placed in the freezer and stored until 

processing. After DNA extractions, all samples were sent to the UCLA Microbiome 

Center for 16S rRNA sequencing. 
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2Figure 3.2: Relative abundance of microbial taxa at the level of (A) phylum and (B) order. 

Figure 3.2: Relative abundance of microbial taxa at the level of (A) phylum and (B) 

order. In both panels, the samples are ordered by 1) ant species: P. californicus, P. 

rugosus, and V. pergandei, 2) treatment (C - control, I - isolated individuals, and G - 

groups), and 3) colony ID (1-9). Each vertical bar represents a single sample of a single 

ant as detailed in the text. The color of the bars represents the bacterial phylum or 

order, as determined by ASV counts, with a sampling depth of 21,788 reads. 
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3Figure 3.3: Microbial community beta diversity. 

Figure 3.3: Microbial community beta diversity. Principal coordinate analysis (PCoA) 

plot of Bray-Curtis dissimilarity matrix of ant samples across treatments (control (darkest 

shades), individual (medium shades), and group (lightest shades)) and species (P. 

californicus (red), P. rugosus (orange), and V. pergandei (lavender)). In both plots, the 

colors of the points correspond to species-treatment combinations, as detailed in the 

legend that is in the box to the right. The data in both panels are the same, but we 

grouped them by (A) species as colored ellipses and shapes corresponding to 

treatments, and (B) treatment as ellipses and shapes as species. See the legend in 

each panel for details. 
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Table 3.1: Pairwise PERMANOVA results comparing beta-diversity using Bray-Curtis 

distances between treatments (control, individual, and group) and species. Statistically 

significant values are in bold. 

Pairs DF 
Sum of 

Squares 
F Model R2 P value P adjusted 

Control vs Group 1 2.03 5.08 0.06 0.001 0.003 

Control vs Individual 1 1.40 3.35 0.04 0.002 0.006 

Group vs Individual 1 0.62 1.58 0.02 0.093 0.279 

P. californicus vs V. pergandei 1 4.48 11.89 0.13 0.001 0.003 

P. californicus vs P. rugosus 1 1.02 2.84 0.03 0.008 0.024 

V. pergandei vs P. rugosus 1 5.25 14.28 0.15 0.001 0.003 
1Table 3.1: Pairwise PERMANOVA results comparing beta-diversity using Bray-Curtis distances between treatments (control, individual, and group) and species. 
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4Figure 3.4: Microbial community alpha diversity across treatments (control, individual, and group) for all species. 

Figure 3.4: Microbial community alpha diversity across treatments (control, individual, 

and group) for all species. (A) Shannon diversity, (B) Faith’s phylogenetic distance (PD), 

(C) Pielou’s evenness, and (D) Observed ASVs. The boxes indicate interquartile 

ranges, horizontal lines inside the boxes denote medians, whiskers extend to 1.5 times 

the interquartile range, and dots are outliers. Boxes that do not share letters are 

statistically significantly different according to a post-hoc Tukey test (p-value < 0.05). 
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5Figure 3.5: Microbial community alpha diversity, measured as Pielou’s evenness, by ant species. 

Figure 3.5: Microbial community alpha diversity, measured as Pielou’s evenness, by 

ant species. While ‘species’ was a significant effect in the statistical model (Table 3.2), a 

post-hoc Tukey test did not reveal significant differences between the three species.  
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Table 3.2: Analysis of deviance for the statistical output of the four linear mixed models 

(LMMs) that tested the effect of ‘treatment’ (control, individual, and group) and ‘species’ 

(P. californicus, P. rugosus, and V. pergandei) on each of the four alpha diversity 

measures (Shannon, Faith’s PD (phylogenetic distance), Pielou’s evenness, and 

Observed ASVs). The number of samples in each statistical model: N = 125. ‘Colony’ 

was included as a random effect in all models to account for variation in bacterial 

communities among colonies.  

Diversity measure Effect X2 DF p-value % random effect ‘Colony ID” 

Shannon treatment 28.2 2 < 0.0001 0% 

species 5.16 2 0.076 

Faith’s PD (phylogenetic 
distance) 

treatment 50.8 2 < 0.0001 6.8% 

species 0.23 2 0.893 

Pielou’s evenness treatment 8.50 2 0.012 0% 

species 7.22 2 0.023 

Observed ASVs treatment 54.9 2 < 0.0001 2.7% 

species 1.29 2 0.527 

2Table 3.2: Analysis of deviance for the statistical output of the four linear mixed models (LMMs) that tested the effect of ‘treatment’ (control, individual, and group) and ‘species’ (P. californicus, P. rugosus, and V. pergandei) on each of the four alpha diversity measures (Shannon, Faith’s PD (phylogenetic distance), Pielou’s evenness, and Observed ASVs). 
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Supplementary Materials 
 

 
1Figure S3.1:  Relative abundance of microbial taxa at the order level. We use the same data as Figure 3.2, but the samples here are organized to emphasize colony ID on the x-axis. 

 
Figure S3.1:  Relative abundance of microbial taxa at the order level. We use the same 
data as Figure 3.2, but the samples here are organized to emphasize colony ID on the 
x-axis. Each vertical bar represents a single sample of a single ant, as detailed in the 
text. The color of the bars represents the bacterial phylum or order, as determined by 
ASV counts, with a sampling depth of 21,788 reads. 
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Social organization and physical environment shape the microbiome  

of harvester ants 

Abstract 

All animals harbor microbes, which are obtained from the surrounding environment and 

are impacted by host behavior and life stage. To determine how two non-mutually 

exclusive drivers - physical environment and social organization - affect an organism's 

microbiome, we examined the bacterial communities within and around nests of 

harvester ants (Veromessor andrei). We collected soil and nest content samples from 

five different ant nests. We used 16S rRNA gene sequencing and calculated alpha and 

beta diversity to compare bacterial diversity and community composition across 

samples. To test the hypotheses that physical environment and/or social organization 

impact ant colonies’ community of microbes we compared our samples across (i) 

sample types (ants, brood, seeds and reproductives (winged alates), and soil), (ii) soil 

inside and outside the nest, and (iii) soil from different chamber types. Interestingly, we 

found that both the environment and social organization impact the bacterial 

communities of the microbiome of V. andrei colonies. Soil from the five nests differed 

from one another in a way that mapped onto their geographical distance. Furthermore, 

soil from inside the nests resembled the surrounding soil, supporting the physical 

environment hypothesis. However, the bacterial communities associated with the 

contents within the nest chambers, i.e., ants, brood, seeds, and reproductives, differed 

from one another and from the surrounding soil, supporting the social organization 

hypotheses. This study highlights the importance of considering environmental and 

social factors in understanding microbiome dynamics. 
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Introduction 

Animals are associated with and are colonized by communities of microorganisms that 

are shaped by biotic and abiotic conditions, known collectively as the microbiome. In 

addition to vertical and horizontal acquisition, animals obtain microbes from the 

environment, and their behavior and life stage have a large impact on their microbiome. 

Throughout their lives, animals are colonized by microbes from their surroundings [1–3]. 

Because microbes are acquired in various ways, composition of microbial communities 

depends on how they are obtained or transmitted. Studies in humans and non-human 

primates suggest that the surrounding environment including habitat, diet, or social 

group can significantly influence microbiome composition [4–6]. The composition of the 

gut microbiome varies across captive, urban, and rural environments in many 

organisms such as Ring-tailed lemurs [7], Tasmanian devils [8], deer mice [9], water 

dragons [10], coyotes [11], beetles [12], carpenter bees [13], and honeybees [14]. In 

addition to the environment, host behaviors significantly impact host-microbiome 

dynamics. For example, communal nesting in four-toed salamanders (Hemidactylium 

scutatum) increases the transmission of beneficial, antifungal bacteria, enhancing 

hatchling survival compared to solitary nests [15,16]. Furthermore, coprophagy, a 

behavior involving the consumption of feces, regulates gut microbiota in vertebrates and 

invertebrates [17,18]. Thus, both the physical environment and the behavior of an 

individual impact its microbiome.   

Host-associated microbiome studies often consider microbial communities inside 

or on the surface of the organism, however, many animals occupy stable burrows or 

construct nests [19]. Because of the large amount of time that animals spend in their 
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nests and burrows [20,21], the microbial communities of these built structures comprise 

much of the microbial communities that animals are exposed to through the physical 

environment. Indeed, the type of building materials used in nest construction can affect 

the health of the animals that build them, if materials such as resin and leaves with anti-

bacterial properties are incorporated into the nest [22]. Despite this potentially large 

impact of nest microbial communities on its inhabitants, little is known about the 

relationship between the microbiome inside a nest and the microbiome of its 

inhabitants. Environmentally acquired microbes tend to be ephemeral and not host-

specific due to the functional redundancy of bacterial species and the changing 

environmental conditions that both hosts and their microorganisms are exposed to (e.g., 

temperature, humidity, nutrients) [23]. Indeed, the microbiome of animals is often 

determined by the environment in which they live. For example, when the cuticular 

microbiomes of two arboreal ant species were compared, the physical location of their 

nest was a better predictor of their microbiome composition than the species of ant [24]. 

Similarly, when comparing the gut microbiome of weaver ants (Oecophylla smaragdina) 

from forest and urban environments, forest colonies had an increased abundance of 

Acetobacteraceae compared to urban colonies [25]. Therefore, the relative impact of the 

environment on the microbiome of an animal is important to consider, especially for 

animals whose environment is an integral component of their lives, such as soil-nesting 

ants. Microbial diversity and biomass in soils have been linked to a wide range of soil 

properties including factors that change with soil depth [26] such as soil pH, soil organic 

carbon, and oxygen [27,28]. Therefore, we expect that if the microbiome of animals that 



 83 

live in soil is impacted by the environment, such subterranean animals will have 

microbiomes that mirror the soil’s, including decreased microbial diversity with depth.  

The behavior of an animal and the social organization of a population can impact 

the microbiome of an animal, and the microbiome can provide information specific to the 

host. For example, in spotted hyenas, microbiome varies with sex and age-class, and it 

is specific to individuals [29]. Further, the gut microbiome composition of individual 

chimpanzees from the same communities are similar due to their shared diets but long-

term immigrants into the population show distinct gut microbiome composition, 

suggesting that immigrant individuals retain characteristics of their original community’s 

gut microbes, despite moving to a new environment [30]. In social insect colonies 

individuals perform different behavioral tasks, which influence and structure the 

microbiome composition of individuals within colonies. For example, honeybee workers 

that perform different behavioral tasks, such as foraging, or nursing, show differences in 

gut bacterial community composition [31] and the gut microbiome can influence the 

onset of certain tasks, such as foraging [32]. Additionally, there are differences in the 

gut microbiome composition of reproductives and non-reproductive workers in termites 

[33,34], honeybees [35,36], and ants [37,38]. Thus, the behavioral role of individuals 

can have a strong impact on their microbiome. 

Ants are highly social animals that shape the environment in which they live - 

their nest. Ants create nests, for example, by connecting leaves with silk [39], digging 

through wood [40], excavating soil [39] which alters soil distribution [41], among other 

means. The nest microbiome interacts with the ant microbiome. For example, the 

cuticular microbiome of two arboreal Amazon ant species overlaps with the bacterial 
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microbes found within their nests [24]. Most studies of ant microbiomes have focused 

on the gut microbiome, showing that ant species differ in the densities of bacterial 

communities in the gut according to diet type [42] and that ants can benefit from their 

microbiome via nutrient acquisition and defense against pathogens [42,43]. However, to 

our knowledge, the role of the nest in shaping the microbiome of ant colonies has only 

been explored in arboreal ants that occupy exiting tree cavities [44] and not in 

subterranean ants that construct and shape their own nest. In lab experiments, each 

nest region was found to have a different chemical signature that reflects the individuals 

that occupy that area [45]. Thus, it is likely that a similar relationship between the 

structure of subterranean nests and the materials inside each chamber shape the 

microbiome of a subterranean ant colony and its nest, as seen in arboreal ants [44]. 

Across ant species, behavioral tasks occur at specific locations within a nest, such that 

when not foraging, foragers are found near the entrance of the nest and brood nurses 

are found in the center, where the brood is located [45–48]. This spatial division of labor 

can structure the microbial composition of individuals within colonies of ants. The 

relationship between social organization and spatial position suggests that the physical 

environment and social organization combine to influence the microbiome of ant 

colonies. For example, nest chambers of ants might differ in their microbiome 

composition based on the behavioral tasks performed in them. Such potential 

differences in chamber microbiome can be driven by the chambers’ content (e.g., the 

seeds or the brood) or by the ants that tend to the chamber material (Figure 4.1). 

Furthermore, the microbiome found inside ant nests might differ from the surrounding 
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soil, just as plant composition on nest mounds of ants differs from the surrounding 

environment [49].  

Colonies of the harvester ants, Veromessor andrei, live in grasslands, where they 

turn and aerate the soil, redistributing nutrients and potentially creating favorable 

conditions for microorganisms within and around their subterranean nests [49–52]. 

Colonies of V. andrei are large, reaching sizes of tens of thousands of workers [53], and 

one queen, i.e., the colonies are monogynous [53,54]. They nest in grasslands habitats, 

where their primary diet is seeds, which workers gather by following long (up to tens of 

meters) foraging trails [54,55]. Veromessor andrei nests provide an excellent 

opportunity to examine the effects of the physical environment and social organization 

on the microbiome of the colony because of the strong effects that nest structure has on 

colony behavior. Nests of V. andrei are comprised of chambers connected with tunnels 

and the connectivity among nest chambers, and especially that of the entrance 

chamber, affects the speed of foraging recruitment [56]. The impact of nest structure on 

foraging behavior happens most likely through the impact of the nest structure on 

interactions among ants within the nest [57], which regulate foraging activity in other 

harvester ants [58–60]. Nest structure can potentially further segregate behavioral tasks 

such as brood care and food storage. However, it is not known how nest structure and 

social organization combine to impact the microbiome of harvester ant colonies. 

To determine the roles of the physical environment and social organization in 

structuring an organism's microbiome we examined the bacterial communities of the 

microbiome within and around nests of V. andrei. Specifically, we test two non-mutually 

exclusive hypotheses: (1) the physical environment determines microbial community 
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structure; and (2) social organization determines microbial composition (Figure 4.1). We 

predict that if the physical environment influences microbial communities (1) the 

bacterial communities associated with the content of the nest (like ants, seeds, brood, 

etc.) will be similar to the bacterial communities in the surrounding soil; (2) the bacterial 

communities in the soil inside nest chambers will not differ from those in the surrounding 

soil; (3) bacterial diversity in nest chambers will decrease with nest depth, similarly to 

the relationship between depth and microbiome in soils [26]; and (4) nests in different 

locations will have different bacterial diversity because soils change their microbial 

composition and diversity spatially [27,28] (Figure 4.1a). We predict that if social 

organization influences microbial communities of ant nests (1) nest content (like ants, 

seeds, brood etc.) will differ in their bacterial composition according to their biological 

classification and will be different from the bacterial composition of the surrounding soil; 

(2) bacterial diversity of chamber soil will differ across chambers according to the 

content found in them, regardless of the bacterial communities in the surrounding 

soil; (3) bacterial diversity of chamber soil will differ from the bacterial diversity of the 

surrounding soil; and (4) bacterial composition of soil inside nest chambers will be 

conserved by the content of the chamber in a way that is consistent across different 

nests (Figure 4.1b).  

Methods 

Study site and sample collection 

To examine the microbiome of ant nests’ soil and of the content of the nests, we 

collected samples from five colonies of V. andrei in May 24-29, 2021, from a serpentine 

grassland at the Sedgwick Natural Reserve in southern California, US. Sedgwick 
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Reserve is home to a thriving V. andrei population (>100 colonies), and we selected five 

colonies that could be easily accessed, were far from other ant nests, to reduce any 

negative impact of excavation on other colonies, and whose nests were off the road - so 

that nest excavation would not disrupt access (Figure 4.2a). To access the nest content, 

we first dug a trench approximately 1-1.5m away from the nest entrance, using a tractor 

fitted with a post hole digger, pickaxes, and shovels. Once the trench was established, 

we began digging towards the nest until we reached a chamber from its side and 

sampled its content, as detailed below. Once we completed sampling a chamber, we 

continued excavating in the direction of the tunnels leading out of the chamber, until we 

found another chamber and sampled it too. We proceeded to excavate and sample from 

all nest chambers until we could not find any more new chambers that were not 

sampled (Figure 4.2b). When we reached a chamber, we collected with gloves or soft 

tweezers (sterilized with ethanol) samples of its content, which included ants, brood, 

seeds, and reproductives (defined as male and unmated female winged alates and not 

the founding queen) (Figure 4.2e-h). Most chambers included ants, but not all chambers 

included brood, seeds, and reproductives. We placed each type of sample in a 

separate, labeled, 15ml tube. After sampling the chamber’s content, we used a small 

disposable plastic spoon to collect soil from inside the excavated chamber (Figure 

4.2d), referred to later as ‘nest soil’. Nest chamber soil samples were classified into 

‘chamber types’ according to the chamber content (e.g., if they had ants inside, they 

were considered ‘ant’ chamber type). If a chamber had more than one type of content 

(e.g., both brood and reproductives were found in the same chamber) the chamber was 

assigned a type based on all the material in it (e.g., brood + reproductives). We then 
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(using a new disposable plastic spoon) sampled soil from a location outside the nest, 

within approximately 5cm of the excavated chamber, and at the same depth as the 

chamber, which we referred to as ‘near soil control’ (Figures 4.2b, c). We recorded the 

depth of the chamber from the ground surface using a measuring tape. Once all 

chambers were excavated, we obtained the ‘control far soil’ samples by collecting soil 

from the side of the trench that was opposite the nest (Figure 4.2c). We used a 

measuring tape to sample soil from depths that matched those of the chambers we 

excavated. Thus, each chamber had several associated samples - three soil samples 

(from inside the chamber, near the chamber, and far (~1-2m) from the chamber - at the 

same depth) and samples of the content of the chamber (ranging from 1-3 additional 

samples - depending on the content we found). Each day we excavated one nest, with 

the first four nests (A, B, C, and D) excavated on consecutive days (May 24-27, 2021) 

and the fifth one (E) collected after a one-day break (on May 29th, 2021). Around noon 

and at the end of each day, around 5pm, we placed the samples we collected in a 

freezer at the field station. Nests differed in depth and number of chambers. All samples 

were transferred in a cooler to the UCLA campus (approximately a 2-hour drive from the 

field site), where they were stored in a -20 freezer until processing. 

Sample processing 

After collection, we stored and kept the samples at -20°C until extractions. To prepare 

the soil samples for extractions we weighed, using a microscale, up to 250 mg of soil 

and placed the soil into sterile 1.5ml tubes. To prepare the non-soil samples (ants, 

seeds, brood etc.) for extractions we first washed ant workers and alates three times: 

first in 70% ethanol, then in 5% bleach, and then with sterile deionized water. We 
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placed each washed sample in a sterile 1.5ml tube and used a sterile pestle (provided 

in the kit by Qiagen), that specifically fits in 1.5 ml tubes, to crush the ants. Seed and 

brood samples were crushed but not washed. Brood samples were not washed 

because the bleach and alcohol used in the wash protocol would have destroyed the 

samples. Seeds were not washed because we were interested in quantifying the 

microbial communities on their exterior. We added 800l of Solution CD1 from the 

Qiagen DNEasy PowerSoil Pro kit, containing SDS for cell lysis to all samples (including 

soil) following manufacturer’s instructions. To facilitate cell lysis, we vortexed and left 

the samples overnight in an incubator at 56°C. Microbial DNA was extracted using the 

same Qiagen DNEasy PowerSoil Pro kit following manufacturer’s instructions. After 

DNA extraction, 285 samples were sent for sequencing at the UCLA Microbiome Center 

for 16S rRNA gene amplification and library sequencing. Amplicon sequencing of the 

bacterial community was performed using the V4 region of the 16S rRNA gene using 

the primers 515F (59-GTGCCAGCMGCCGCGGTAA-39) and 806R (59-

GGACTACHVGGGTWTCTAAT-39) following the Earth Microbiome Project (EMP) 

protocol [61,62].  

We collected and sequenced 285 samples (see data in the Github repository: 

https://github.com/DAlejandraG/nest-microbes). The 16S rRNA gene amplicon 

sequencing raw reads are available from NCBI via BioProject record PRJNA1147938. 

The raw dataset contained a total of 4,884,506 reads. We rarefied the dataset at a 

sampling depth of 3,618 and retained 955,152 features (25.73%) after refraction with a 

total of 264 samples (92.65%) after 22 samples were removed. We then removed 21 

sample types that were obtained for only some nests or did not have a large enough 

https://github.com/DAlejandraG/nest-microbes
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sample size to include in the analysis (e.g., entrance soil and soil from the mound). 

Lasty, we removed four samples due to errors in labeling during sample collection or 

during sample extraction. Code for this data cleaning is available on Github: 

https://github.com/DAlejandraG/nest-microbes.  

Quantifying bacterial community diversity 

To determine the bacterial community composition of each sample type (soil, seeds, 

brood, adult ants), bioinformatics were conducted using QIIME2 version 2024.2.4 [63]. 

Initial raw sequence data underwent demultiplexing and quality filtering with the q2-

demux plugin, followed by denoising using DADA2 [64] through the q2-dada2 plugin. 

Amplicon Sequence Variants (ASVs) were aligned using MAFFT [65] via q2-alignment, 

and a phylogeny was constructed with FastTree2 [66] through q2-phylogeny. ASVs 

were assigned taxonomy using the q2-feature-classifier [67] classify-sklearn naive 

Bayes taxonomy classifier, referencing the Silva 13_8 99% OTU database [68]. ASVs 

are used as a proxy for bacterial species and are similar to OTUs (operational 

taxonomic units) but at a finer-scale resolution (100% similarity). Once the quality 

filtering steps were completed, we estimated refraction, alpha and beta diversity 

measures using q2 diversity based on ASVs. We created a summary feature table (see 

Github: https://github.com/DAlejandraG/nest-microbes) with information on how many 

sequences are associated with each sample. To create relative abundance plots at the 

phylum, order, family, and genus taxonomic levels, and assess species composition, we 

exported the feature table and used the ‘phyloseq’ package in R [69]. To further 

examine the abundance and phylogenetic relationship among the most abundant ASVs 

in the ant and soil samples, we pruned the phylogeny using the drop.tip function from 

https://github.com/DAlejandraG/nest-microbes
https://github.com/DAlejandraG/nest-microbes
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the ape R package [70], retaining only the ASVs detected in each sample type. The 

ComplexHeatmap package in R [71] was used to generate heatmaps of the top 20 most 

abundant ASVs for ant and nest soil samples. Additionally, Similarity Percentage 

Analysis (SIMPER) was conducted to identify the specific contributions of ASVs to the 

composition of bacterial communities across ant and soil samples. The analysis was 

performed in R using the Vegan package [72] with 999 permutations.   

To determine how the nest-associated bacterial communities are influenced by the 

physical and social environment, we examined diversity within (alpha diversity) and 

among (beta diversity) samples. The input for all diversity measures was ASVs. Alpha 

diversity indices provide information regarding the number of microbial taxa in a single 

sample. The alpha diversity indices we used include:  

1. Shannon’s index - describes how evenly species are distributed, independent of 

species richness [73,74]. A high Shannon index indicates more species diversity 

whereas a value of zero indicates that fewer species are present in the sample.  

2. Faith’s phylogenetic diversity - a weighted measure of richness that describes the 

amount of the phylogenetic tree that is covered by the communities, i.e. more 

evolutionary branches would result in greater diversity [75]. 

3. Pielou’s evenness - provides information about the relative abundance of species 

in a sample, i.e., if some species are dominating others or if all species have 

similar abundances [76]. 

4. Observed amplicon sequence variants (Observed ASVs) - the number of 

observed unique sequences that are present in the sample [64]. 
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Beta diversity provides information about the differences in bacterial community 

composition among multiple samples, classifying samples into groups according to 

similarities in their bacterial composition based on sequence abundances or the 

presence or absence of sequences [77]. Here we used the Bray-Curtis dissimilarity 

index as a beta diversity measure of compositional dissimilarity among bacterial 

communities [78]. We measured beta diversity differences between samples using a 

permutational multivariate analysis of variance (PERMANOVA) on Bray-Curtis 

dissimilarity matrices. Principal Coordinate Analysis (PCoA) ordination was calculated 

based on these matrices using the Adonis [79] and Vegan package [72], with 999 

permutations for the PERMANOVA. The resulting PCoA plots were visualized using 

ggplot2 [80]. We performed the PERMANOVA on Bray-Curtis distances calculated from 

the rarefied dataset to test for dissimilarities in bacterial community composition among 

samples based on the ASVs. This analysis tested for differences in beta diversity 

among all sample types, all soil types, and nest soil samples. 

Statistical analysis 

All analysis was conducted in R version 4.3.2 [81] and all of the best-fitting models met 

the required statistical assumptions – examined using the check_model() function in the 

‘performance’ package [82]. 

All sample types: To determine if alpha diversity differed across all sample types, we 

ran four linear models (LM) - one for each of the four alpha diversity measures 

(Shannon, Faith’s phylogenetic diversity, Pielou’s evenness, and ASV richness) as the 

response variable. The explanatory variable was the type of sample (ants, seeds, 

reproductive, brood, or soil). We used the lm() function in R [81] for these models. For 



 93 

post-hoc comparisons of bacterial diversity among sample types, we used a post hoc 

Tukey test by applying the Tukey HSD() function in R [81]. We further examined PCoA 

plots and used a PERMANOVA to examine beta diversity across sample types. 

All soil samples: To determine if alpha diversity changed with soil depth and differed 

across locations, we ran linear models (LM) implemented as detailed above. In each 

model one of the four alpha diversity measures (Shannon index, Faith’s phylogenetic 

diversity, Pielou’s evenness, and ASV richness) was the response variable. The 

explanatory variables included: depth, nest ID, and soil type (chamber soil, control near, 

and control far). For post hoc tests we used the package ‘emmeans’ [83]. We used a 

model selection approach to determine which interaction terms to include in our final 

statistical model. We ran each model with either no interactions among soil type, depth, 

and nest ID; with the three-way interaction among the three variables; and three 

additional models with just one interaction each between a different pair of variables 

each time, totaling five statistical models per alpha diversity measure. We then 

compared the models using AIC [82] and selected the best fit model, i.e., the one with 

the lowest AIC score. The best fit models for all diversity measures included no 

interaction terms among the explanatory variables. For specific comparisons of bacterial 

diversity among soil types, we used a post hoc Tukey test [83]. We further examined 

PCoA plots and used a PERMANOVA to examine the beta diversity among soil 

samples and the five different nests. For specific comparisons of bacterial diversity 

among soil types, we used pairwise PERMANOVA tests by applying the 

pairwise.adonis( ) function in the package ‘pairwiseAdonis’ [79]. To assess differences 

in the amount of dispersion, we conducted a permutational analysis of multivariate 
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dispersions (PERMDISP) by applying the betadisperser( ) and permutest( ) functions in 

the package ‘Vegan [72]. 

Chamber soil samples: To determine if the bacterial composition in the soil inside nest 

chambers differed based on chamber type (i.e., the content found in the chamber: ants, 

seeds, reproductives, and brood), we ran four linear models (LM) and post hoc tests as 

detailed above. In each model, the response variable was one of the four diversity 

indices (Shannon index, Faith’s phylogenetic diversity, Pielou’s evenness, and ASV 

richness) and the explanatory variables included: nest ID, sample depth, and chamber 

type (based on the content listed above). We used the same model selection approach 

detailed above [82] and if the best fit model included an interaction term, but the 

collinearity was very high (VIF> 10), so we removed the interaction term. Due to high 

collinearity among terms in the models, we ended up keeping only models with no 

interaction terms. We further examined PCoA plots and used a PERMANOVA to 

examine beta diversity across chamber types.  

Data and code are available in the Github repository: 

https://github.com/DAlejandraG/nest-microbes.  

Results 

All sample types 

The alpha, and beta diversity of all samples differed significantly by sample type, 

supporting the social organization hypothesis. Ants, reproductives, brood, seeds, and 

soil had different ASV compositions, regardless of which taxonomic level we examined 

(Figures 4.3, S4.1-S4.4). The top three ASVs varied in relative abundance across 

sample type (Figure 4.4). Furthermore, ants, reproductives, brood, seeds, and soil 

https://github.com/DAlejandraG/nest-microbes
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significantly differed in alpha diversity, calculated based on ASVs, regardless of which 

diversity measure we examined (Table 4.1, Figure 4.5). A post hoc Tukey test showed 

that ant samples had the lowest, and soil samples had the highest, alpha diversity 

compared to all other sample types, across all measures of alpha diversity. Brood and 

reproductives did not differ significantly in their alpha diversity across all diversity 

measures. Finally, seeds and reproductives showed significant differences in the Faith’s 

Phylogenetic distance measure (Figure 4.5a).  

 The principal coordinate analysis (PCoA) demonstrated that the samples’ ASVs 

clustered by ‘sample type’ (Figure 4.5b). ‘Sample type’ explained a significant amount of 

variation in the dataset, explaining approximately 22.42% of the total variation 

(PERMANOVA: FDF = 4 = 16.91, R2 = 0.22, p-value = 0.001). Pairwise PERMANOVA 

results showed a significant difference between most pairwise comparisons (Adjusted p 

< 0.01, Table S4.1). Only samples of brood and reproductives were not significantly 

different. The comparisons with ants (ants vs. soil, ants vs. seeds, ants vs. brood, ants 

vs. reproductives) show high R2 values, indicating that ants explain a substantial 

proportion of the variance in these comparisons (Table S4.1). Soil comparisons (soil vs. 

seeds, soil vs. brood, soil vs. reproductives) show lower R2 values, suggesting less 

variance explained by soil (Table S4.1).  

The similarity percentage (SIMPER) analysis, combined with heatmap 

visualizations, identified the top 20 bacterial ASVs contributing to the structural 

composition of bacterial communities within ant and nest soil samples (Figure 4.4a, b, 

Tables S4.2, S4.3). Among these, three ASVs (668c7, 94215, and 43e06), were 

classified within the phylum Firmicutes (class Bacilli) based on the bacterial ASV 
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phylogenetic analysis (Figures S4.5, S4.6). These top three ASVs exhibited markedly 

higher read abundances in ant samples compared to other sample types (Figure 4.4c, 

d, e), highlighting their distinct association with ants. 

All soil samples 

Bacterial alpha diversity of soil from inside and outside the nest differed only for one 

alpha diversity measure, providing stronger support for the ‘physical environment’ than 

the ‘social organization’ hypothesis (Table 4.2). Soil type (nest soil, control near, and 

control far) significantly impacted only the Pielou’s Evenness index but none of the other 

alpha diversity measures (Table 4.2, Figure 4.7a). Soil depth did not have a statistically 

significant effect on any of the alpha diversity measures of the bacterial communities in 

the soil (Table 4.2). Finally, nest ID significantly impacted all alpha diversity measures 

except for Faith’s phylogenetic distance (Table 4.2, Figure 4.6a).  

Bacterial community beta diversity was explained both by soil type (nest soil, 

control far, control near) and nest ID (A, B, C, D, E). ‘Soil type’ explained 4% of the 

variation in beta diversity of all soil samples (PERMANOVA: FDF = 2 = 12.76, R2 = 0.04, 

p-value = 0.001), this variation was not due to differences in dispersion (PERMDISP: 

FDF = 2 = 2.871, mean sq = 0.006, p-value = 0.061). ‘Nest ID’ explained 25% of the 

variation in beta diversity of all soil samples (PERMANOVA: FDF = 4 = 12.62, R2 = 0.25, 

p-value = 0.001). Thus, both Soil type and nest ID play an important role in determining 

the variance in the dataset. All pairwise comparisons among soil samples from the five 

different nests (A, B, C, D, E) were statistically significantly different except for the 

difference between nests D and E, with adjusted p-values ≤ 0.01 (Table S4.1). The R2 

values varied, with the highest being 0.228 and smallest being 0.051 (Table S4.1). 
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Comparisons of nest soil to control (near and far) were statistically significant but with 

lower R2 values - ranging from 0.012 to 0.042 (Table S4.1) – and indeed grouping by 

soil type explains a smaller proportion of the variance (4%) compared to grouping by 

nest ID (25%). Pairwise PERMANOVA results indicate that control soils - near and far 

were not significantly different from one another (Table S4.1). 

Nest soil samples 

Our comparison across chamber types of bacterial diversity of soil inside the nest did 

not support either of our two hypotheses. We did not find a significant effect of chamber 

type or of sample depth on any of the alpha diversity measures (Table 4.3; Figure 4.8a). 

Similarly, the beta diversity of soil from inside the nest was not explained by chamber 

type (PERMANOVA: FDF = 4 = 1.26, R2 = 0.08, p-value = 0.064). However, ‘Nest ID’ had 

a significant effect on the beta diversity of soil from inside the nest (PERMANOVA: FDF = 

4 = 5.55, R2 = 0.35, p-value = 0.001). 

Discussion 

Our study suggests that both social and environmental factors may shape the bacterial 

communities of V. andrei colonies. In support of the physical environment hypothesis 

(Figure 4.1) we found that the bacterial communities of nests in different locations 

varied significantly across alpha and beta diversity (Figure 4.6) and the relative 

abundance of the nest soil bacterial communities was similar to that of the control soil 

samples (Figure 4.3).  In support of the social organization hypothesis, we found that 

the bacterial communities of the nest contents differed according to biological 

classification and was different from the bacterial communities of the surrounding soil 

(Figure 4.3, Figure 4.5). These differences in bacterial community composition were 
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consistent across the order, class, family, and genus taxonomic levels (Figures S4.1-

S4.4). Furthermore, the beta diversity and evenness of the soil bacterial communities 

inside the nest was significantly different from the control soil samples (Figure 4.7, 

Table S4.1). However, the bacterial communities’ diversity of the nest soil did not differ 

significantly across chambers according to the contents found in them (Figure 4.8).  

Differences in the bacterial communities’ composition within V. andrei nests 

(biotic and soil samples) provide partial support for the physical environment 

hypothesis. Overall, the bacterial communities of the biotic content of the nest (ants, 

reproductives, seeds, and brood) were significantly different from those in the soil inside 

the nest and the surrounding soil (Figures 4.3, 4.5, S4.1-S4.4). These findings align with 

previous research indicating that the microbiomes of Formica exsecta ants are different 

from those present in the nest and alpha and beta diversity were lower in ant samples 

compared to the nest material [84]. However, this work on F. exsecta did not 

differentiate between inside chambers and surrounding soils and only sampled nest 

material from the top layer of the soil (0-20cm). Further, our findings are consistent with 

other work on social insects, such as termites [34], honeybees [31], and ants 

[37,38,85,86] that show differences in the microbiome of brood, reproductives, and 

workers. In our study only brood samples were similar to soil samples, according to 

Faith’s PD diversity measure and Observed ASVs, and reproductives were not 

significantly different from soil based on Pielou’s evenness. The similarity between 

brood and soil can be explained by the fact that we did not wash the brood during 

processing because they would have disintegrated due to the lack of outer protection 

and contact with harsh chemicals [87]. In addition, we did not wash the seed samples 
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during processing, because we were interested in sequencing the microbes that were 

found on their exterior, yet we still found significant differences in alpha diversity 

between the seed and soil samples. Therefore, not washing the brood samples might 

not be the only explanation for not finding differences between brood and soil samples. 

The beta diversity of seeds, reproductives, and brood, were all similar (Figure 4.5b). 

This finding might be explained by the fact that brood are the primary consumers of 

protein [88,89], which comes from seeds. Protein is required for brood growth but is not 

required by worker ants – that do not grow in size after they eclose, and they rely mostly 

on carbohydrates for energy, and may metabolize lipids from seeds for water [90]. 

Furthermore, reproductives are most likely recently eclosed, being closer in 

developmental stage to brood than workers. Thus, it is possible that some bacterial 

species from seeds are present in the developmental stages that feed on them (brood) 

and the ants that recently fed on them (reproductives). These findings are consistent 

with other work on microbiome of honeybees [91] and ants [92], that have highlighted 

the role of developmental stage on microbiome composition, and with studies that found 

an impact of diet on microbiome composition of ants and honeybees [93–95].  

In further support of the physical environment hypothesis, most alpha diversity 

measures of the soil bacterial communities inside the nest did not differ from the 

surrounding soil, either near, or far, from the nest. This result suggests that the bacterial 

species inside the nest come from the surrounding environment, as seen in nests of 

arboreal ant species [24,96]. Indeed, we also found that geographic location impacts the 

nest bacterial communities. As we predicted, nests in closer proximity had more similar 

bacterial communities than nests farther apart (Figures 4.2a, 4.6). This similarity can be 
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explained by the similar soil environments because nest bacterial communities’ 

differences mirrored the physical location of the nests (Figure 4.2a), with colonies that 

were physically closer to each other exhibiting similar alpha and beta diversity (Figure 

4.6). Such geographic clustering of microbial communities is seen in studies of soil 

microbiome [97,98] where microbial communities impact the soil's physical structure, 

chemical properties, and water content [97,99]. Future work might examine how 

geographical differences in soil microbial composition may affect the behavior of ant 

colonies and the structure of their nests.  

In contrast to the physical environment hypothesis, the beta diversity and 

evenness of the soil bacterial communities inside the nest was significantly different 

from the control soil samples (Figure 4.7, Table S4.1). This finding suggests that there 

are differences in the identity of the taxa observed in soil samples collected from within 

the nest and soil samples collected approximately one meter away from the nest (Figure 

4.7, Table S4.1). These findings align with previous research indicating that ant nests 

serve as unique microhabitats with distinct microbial activity and soil nutrient 

composition [51]. However, this previous work used core samples that cut through the 

nest, and do not distinguish between soil inside the nest and the soil immediately 

outside the nest chambers - as we did here. Furthermore, they only examined the very 

top layer of the soil (0-20cm), whereas, our study did not include samples from the 

surface of the soil, and most of our samples were from deeper than 20cm. Interestingly, 

in contrast with other studies of soil microbiome [27,100], we did not find a relationship 

between soil depth and bacterial diversity (Table 4.3, Figure S4.7). One possible 

explanation for this discrepancy could be the unique structure and activity within ant 
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nests, creating microenvironments that sustain higher microbial diversity even at greater 

depths. Indeed, the digging activity of ants moves soil materials vertically within the nest 

[41] possibly moving soil-associated microbes along with the moving soil. The 

unexpected lack of relationship between bacterial diversity and soil depth highlights the 

complexity of microbial dynamics within ant nests and suggests that additional factors, 

such as nest architecture and ant activity, may mitigate the typical depth-related decline 

in microbial diversity. 

The social organization hypothesis was supported by the distinct bacterial 

communities’ composition of each type of biotic nest content (ants, reproductives, 

seeds, brood). Each of these sample types had different bacterial composition and 

different alpha diversity (Figures 4.3, 4.5, S4.1- 4.4). The Firmicutes bacterial phylum 

dominated ant samples whereas Actinobacteria, Proteobacteria, and Firmicutes were 

more evenly distributed in brood and reproductives (Figure 4.3). The presence of 

Actinobacteria, Proteobacteria, and Firmicutes is typical of herbivorous and omnivorous 

ant species and larvae [93,101]. However, Firmicutes is dominant in V. andrei adult 

worker ants, similar to what has been observed in copious predatory ant species such 

as army ants (Eciton) and bullet ants (Paraponera clavata) [101,102]. Among the 

bacterial ASVs identified in our study, three Firmicutes (class Bacilli) ASVs specifically 

stood out due to their markedly higher read abundance across ant samples, irrespective 

of colony, compared to other sample types (Figure 4.4c, d, e). These three ASVs 

suggest a strong association with ants and may potentially play a role in symbiotic 

interactions within V. andrei ants. Considering past work found that in Azteca ants the 

microbiome inside chambers matches their content [44], that the chemical signature of 
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nest chambers is determined by their content [45], and that ants use certain nest 

chambers as latrines [103] it was surprising that we did not find a match between the 

content of a chamber and the bacterial communities of its soil (i.e., chamber type, 

Figure 4.8). Thus, we did not find support for the idea that spatial division of labor 

influences and structures the bacterial composition of the nest itself, only that of the 

biotic content within it. As discussed above, the difference in evenness and beta 

diversity between nest and control soils suggests that there is some influence of the 

ants on their nest soil microbiome, however, it does not relate directly to the content of 

the chambers. 

Conclusions 

Our results contribute to a growing body of evidence that social insect nests are intricate 

ecosystems influenced by both intrinsic and extrinsic factors. Our study highlights the 

significant roles of both social organization and the physical environment in shaping the 

microbiome of V. andrei colonies. The influence of the surrounding soil bacterial 

communities on the nest bacterial communities especially underscores the intricate 

interplay between environmental and social factors in structuring nest microbiome. 

Thus, future work examining microbial ecology of animals should consider both the 

physical environment and social organization when studying the animal holobiont. 
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Figures and Tables 

 

1Figure 4.1: Visualization of hypotheses. 

Figure 4.1: Visualization of hypotheses. (a) The physical environment determines 

microbial community structure. We expect the contents within the nest chambers (ants, 

reproductives, brood, and seeds) to have similar microbiome composition to the 

surrounding soil and that nests will differ from one another in their microbiome - based 

on differences in the surrounding soil. (b) Social organization determines microbial 

composition. We expect the microbiome composition of contents within the nests 

chambers to differ across chambers regardless of the microbial composition of the 

surrounding soil. The colors of the circles represent different microbiome compositions 

of the nest chambers. The background colors represent the microbiome composition of 

the surrounding soil.  
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2Figure 4.2: Sample collection. 

Figure 4.2: Sample collection. (a) Map of the study site with the locations of the five 

nests that we excavated indicated with orange stars and the letter ID of each colony, 

which is colored according to their representation in Figure 4.6. (b) the excavated nest 

of colony D; the white box indicates the approximate location where we sampled ‘near 

soil control’ for the chamber immediately to the right of the white box. (c) EHL crouching 

in the trench we dug to reach the nest chambers from the side, sampling soil from one 

of the chambers. A white box indicates the general area from which a ‘near soil control’ 

sample would be taken, and the yellow rectangle shows the approximate location where 

‘far control soil’ samples were collected. The entrance of the nest is indicated at the top 

right in a gray circle. (d) sampling soil from inside a chamber with a plastic spoon. We 

collected each chamber’s content, including (e) ants, (f) seeds, (g) brood, and (h) 

reproductives. All photo credits: Noa Pinter-Wollman. 
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3Figure 4.3: Relative abundance of bacterial phyla ordered by sample type: ants, reproductives (R), brood (Br), seeds (S), nest soil, control near soil, control far soil. 

Figure 4.3: Relative abundance of bacterial phyla ordered by sample type: ants, 

reproductives (R), brood (Br), seeds (S), nest soil, control near soil, control far soil. 

Each vertical bar is an individual sample with color indicating the bacterial phyla 

according to ASV. The sampling depth was 3618 reads. For abundance plots by class, 

order, family, and genus see Figures S4.1, S4.2, S4.3, and S4.4 respectively. 
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4Figure 4.4: Analysis of ASVs in soil and ants. 

Figure 4.4: Analysis of ASVs in soil and ants. (a) Heatmap of the abundance of the 

top 20 ASVs for all ant samples and (b) top 20 ASVs for all nest soil samples. Names of 

ASVs which are the same between ant and nest soil samples are highlighted in the 

same color in (a) and (b). Color in the heatmaps indicates relative abundance – see 

color bar to the left. Heatmaps are arranged by overall abundance of ASVs – with the 

most abundant ASV at the top row of each heatmap and the lowest abundance ASV at 

the bottom row. (c) Relative abundance of the most abundant ASV (43e06) across all 

sample types. (d) Relative abundance of second most abundant ASV (94215) across all 

sample types. (e) Relative abundance of the third most abundant ASV (668c7) across 

all sample types.  
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5Figure 4.5: Alpha and beta diversity measures by sample type: ants, reproductives (repro), brood, seeds, and soil. 

Figure 4.5: Alpha and beta diversity measures by sample type: ants, reproductives 

(repro), brood, seeds, and soil. (a) Box plots of microbiota alpha diversity measures 

(Shannon, Faith’s Phylogenetic distance, and Observed ASVs) by sample types. Here, 

and in all following figures, boxes indicate interquartile ranges, lines inside the boxes 

denote medians, whiskers extend to 1.5 times the interquartile range, and dots are 

outliers. Boxes that do not share letters are statistically different according to a post hoc 

Tukey test (p-value < 0.05). (b) Beta diversity Principal coordinate analysis (PCoA) from 

Bray-Curtis dissimilarity matrix by sample types. Each point represents one sample and 

is color coded by sample type. The closeness of points indicates high community 

similarity. 
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Table 4.1: Statistical output of the four linear models that tested the effect of ‘sample 

type’ on each of four alpha diversity measures (Shannon, Faith, Pielou’s Evenness, and 

Observed ASV’s). Number of samples in each statistical model N = 239. ‘Sample type’ 

was the only explanatory variable in each model and results of the post-hoc test for 

models in which ‘sample type’ was a significant effect (p-value < 0.05) are shown in 

Figure 4.5. 

Diversity measure Sum of squares DF F value p-value 

Shannon 1363.2 4 691.59 <0.0001 

Faith 6041.3 4 186.99 <0.0001 

Pielou’s Evenness 16.924 4 387.15 <0.0001 

Observed ASVs 972137 4 161.61 <0.0001 

1Table 4.1: Statistical output of the four linear models that tested the effect of ‘sample type’ on each of four alpha diversity measures (Shannon, Faith, Pielou’s Evenness, and Observed ASV’s). 
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6Figure 4.6: Alpha and beta diversity measures of all soil samples by nest. 

Figure 4.6: Alpha and beta diversity measures of all soil samples by nest. (a) Effect of 

nest ID (A, B, C, D, E) on alpha diversity measures (Shannon, Faith’s phylogenetic 

distance, Pielou’s Evenness, and Observed ASVs) of soil samples only. For measures 

in which nest ID was a significant effect, boxes that do not share a letter are statically 

significant according to a post hoc Tukey test. (b) PCoA plots from a Bray-Curtis 

dissimilarity distance matrix. Each point is a soil samples with colors corresponding to 

colony ID and point shape representing soil type (nest - circles, control near - triangles, 

and control far - squares).  
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7Figure 4.7: Alpha and beta diversity measures of all soil samples by soil type 

Figure 4.7: Alpha and beta diversity measures of all soil samples by soil type - same 

soil samples shown in Figure 4.6 with colors corresponding to soil type (nest soil, 

control near, and control far). Here we show a different view from Figure 4.6 to 

emphasize the effect of soil type. (a) Effect of soil type on the alpha diversity measure 

Pielou’s evenness. Boxes that do not share a letter are statistically significant according 

to a post hoc Tukey test. (b) PCoA plot with Bray-Curtis dissimilarity distance matrix. 

Each point represents one soil sample, and colors correspond to soil type (nest, control 

near, and control far).  
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Table 4.2: Statistical output of the four linear models that tested for the effect of nest, 

depth, and soil type (chamber soil, control near, and control far) on each of four alpha 

diversity measures (Shannon, Faith, Pielou’s Evenness, and Observed ASV’s). Number 

of samples in each statistical model N = 155. Effects that are statistically significant (p-

value <0.05) are in bold and results of the post-hoc analysis are shown in Figures 4.6 

and 4.7.  

Diversity measure Effect Sum of Squares DF F value p-value 

Shannon 

Nest 2.675 4 5.524 <0.001 

Depth 0.037 1 0.306 0.581 

Soil type 0.482 2 1.993 0.140 

Faith 

Nest 49.53 4 1.885 0.116 

Depth 13.96 1 2.125 0.147 

Soil type 9.65 2 0.735 0.481 

Pielou’s Evenness 

Nest 0.014 4 9.368 <0.0001 

Depth < 0.001 1 0.080 0.777 

Soil type 0.005 2 6.376 0.002 

Observed ASVs 

Nest 19929 4 3.340 0.012 

Depth 135 1 0.093 0.764 

Soil type 665 2 0.223 0.801 

2Table 4.2: Statistical output of the four linear models that tested for the effect of nest, depth, and soil type (chamber soil, control near, and control far) on each of four alpha diversity measures (Shannon, Faith, Pielou’s Evenness, and Observed ASV’s  
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Table 4.3: Statistical output of the four linear models that tested for the effect of nest, 

depth, and chamber type (based on the content found in the chamber) on each of four 

alpha diversity measures (Shannon, Faith, Pielou’s Evenness, and Observed ASV’s). 

Number of samples in each statistical model N = 53.  

Diversity measure Effect Sum of Squares DF F value p-value 

Shannon 

Nest 2.054 4 3.492 0.165 

Depth 0.252 1 1.710 0.199 

Chamber type 0.834 4 1.417 0.248 

Faith 

Nest 55.438 4 1.648 0.184 

Depth 5.455 1 0.649 0.426 

Chamber type 34.502 4 1.026 0.407 

Pielou’s Evenness 

Nest 0.005 4 2.345 0.073 

Depth 0.0008984 1 1.591 0.215 

Chamber type 0.004 4 1.877 0.136 

Observed ASVs 

Nest 13147 4 2.393 0.069 

Depth 665 1 0.484 0.491 

Chamber type 6806 4 1.239 0.312 

3Table 4.3: Statistical output of the four linear models that tested for the effect of nest, depth, and chamber type (based on the content found in the chamber) on each of four alpha diversity measures (Shannon, Faith, Pielou’s Evenness, and Observed ASV’ 
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8Figure 4.8: Alpha and beta diversity of soil samples only from inside the nest, by chamber type (ants, brood, brood + reproductive (Br + Rep), brood/seeds (Br + Seeds), and seeds). 

Figure 4.8: Alpha and beta diversity of soil samples only from inside the nest, by 

chamber type (ants, brood, brood + reproductive (Br + Rep), brood/seeds (Br + Seeds), 

and seeds). (a) Effect of chamber type on alpha diversity measures (Shannon, Faith’s 

Phylogenetic distance, Pielou’s Evenness, and Observed ASVs). Chamber type did not 

have a statistically significant effect on any of the alpha diversity measures. (b) PCoA 

plot with Bray-Curtis dissimilarity matrix for nest soil by chamber type and nest - colors 

represent chamber type (ants, brood, brood + seeds, brood + reproductives, and seeds) 

and point shape corresponds to nest ID. 
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Supplementary Materials 
 

Supplementary Figures 
 

 

1Figure S4.1: Relative abundance of bacterial class ordered by sample type: ants, reproductives (R), brood (Br), seeds (S), nest soil, control near soil, control far soil. 

Figure S4.1: Relative abundance of bacterial class ordered by sample type: ants, 
reproductives (R), brood (Br), seeds (S), nest soil, control near soil, control far soil. 
Each vertical bar is an individual sample with color indicating the bacterial class 
according to ASV. The sampling depth was 3618 reads. 
 

 

2Figure S4.2: Relative abundance of bacterial order organized by sample type: ants, reproductives (R), brood (Br), seeds (S), nest soil, control near soil, control far soil. 

Figure S4.2: Relative abundance of bacterial order organized by sample type: ants, 
reproductives (R), brood (Br), seeds (S), nest soil, control near soil, control far soil. 
Each vertical bar is an individual sample with color indicating the bacterial order 
according to ASV. The sampling depth was 3618 reads 
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3Figure S4.3: Relative abundance of bacterial family ordered by sample type: ants, reproductives (R), brood (Br), seeds (S), nest soil, control near soil, control far soil. 

 
Figure S4.3: Relative abundance of bacterial family ordered by sample type: ants, 
reproductives (R), brood (Br), seeds (S), nest soil, control near soil, control far soil. 
Each vertical bar is an individual sample with color indicating the bacterial family 
according to ASV. The sampling depth was 3618 reads. 
 

 
4Figure S4.4: Relative abundance of bacterial genus ordered by sample type: ants, reproductives (R), brood (Br), seeds (S), nest soil, control near soil, control far soil. 

 
Figure S4.4: Relative abundance of bacterial genus ordered by sample type: ants, 
reproductives (R), brood (Br), seeds (S), nest soil, control near soil, control far soil. 
Each vertical bar is an individual sample with color indicating the bacterial genus 
according to ASV. The sampling depth was 3618 reads. 
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5Figure S4.5: Phylogenetic tree of top 20 bacterial ASVs from ant samples. ASVs are colored by bacterial class. 

 
Figure S4.5: Phylogenetic tree of top 20 bacterial ASVs from ant samples. ASVs are 
colored by bacterial class. 
 

 
6Figure S4.6: Phylogenetic tree of top 20 bacterial ASVs from nest soil samples. ASVs are colored by bacterial class. 

 
Figure S4.6: Phylogenetic tree of top 20 bacterial ASVs from nest soil samples. ASVs 
are colored by bacterial class. 
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7Figure S4.7: Alpha diversity was not related to chamber depth (normalized by nest depth). 

 
Figure S4.7: Alpha diversity was not related to chamber depth (normalized by nest 
depth). Each point represents a chamber in a nest, color indicates soil sample type 
(nest, control near, control far). 
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Supplementary Tables (in attached excel spreadsheets) 
 
Table S4.1: Pairwise PERMANOVA results comparing beta-diversity using Bray-Curtis 
distances between 1) All sample types, 2) All soil types, and 3) Nest Soil. 
 
Table S4.2: SIMPER analysis of ant samples. Includes the top 20 ASV taxa which 
contribute to the observed differences in community structure in the ant samples. 
 
Table S4.3: SIMPER analysis of nest soil samples. Includes the top 20 ASV taxa which 
contribute to the observed differences in community structure in soil samples. 
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