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Abstract Bacterial endosymbionts are common in all

insects, and symbiosis has played an integral role in ant

evolution. Atta sexdens rubropilosa leaf-cutting ants cul-

tivate their symbiotic fungus using fresh leaves. They need

to defend themselves and their brood against diseases, but

they also need to defend their obligate fungus gardens,

their primary food source, from infection, parasitism, and

usurpation by competitors. This study aimed to character-

ize the microbial communities in whole workers and dif-

ferent tissues of A. sexdens rubropilosa queens using Ion

Torrent NGS. Our results showed that the microbial com-

munity in the midgut differs in abundance and diversity

from the communities in the postpharyngeal gland of the

queen and in whole workers. The main microbial orders in

whole workers were Lactobacillales, Clostridiales, Enter-

obacteriales, Actinomycetales, Burkholderiales, and

Bacillales. In the tissues of the queens, the main orders

were Burkholderiales, Clostridiales, Syntrophobacterales,

Lactobacillales, Bacillales, and Actinomycetales (midgut)

and Entomoplasmatales, unclassified c-proteobacteria, and
Actinomycetales (postpharyngeal glands). The high abun-

dance of Entomoplasmatales in the postpharyngeal glands

(77%) of the queens was an unprecedented finding. We

discuss the role of microbial communities in different tis-

sues and castes. Bacteria are likely to play a role in

nutrition and immune defense as well as helping antimi-

crobial defense in this ant species.
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Introduction

Ants (Hymenoptera: Formicidae) represent a third of the

insect biomass in the tropical rainforests of South America,

with more than 13,000 species separated into different

evolutionary branches that have had great ecological suc-

cess [2, 19]. Symbiosis can be considered one of the

driving forces in ant evolution and diversification

[3, 28, 37]. Over the course of their 115–168-million-year

history [7, 28], these diverse and ecologically dominant

insects have repeatedly evolved symbiotic relationships

with sap-feeding insects [40], plants [17], and microbes

[5, 29, 56]. For instance, fungus-growing attines have

obligate and ancient mutualisms with basidiomycete fungi

(approximately 50 million years BP [30, 41]); not only do

these ants defend themselves and their brood against dis-

eases, but they also defend their primary food source,

obligate fungus gardens, from infection, parasitism, and

usurpation by competitors [18].

& Alexsandro S. Vieira

alexsvieira@yahoo.com.br

Manuela O. Ramalho

manuramalho2010@gmail.com

Cintia Martins

martins.c@ufpi.edu.br

Vanderlei G. Martins

martv@uol.com.br

Odair C. Bueno

odaircb@rc.unesp.br

1 Centro de Estudos de Insetos Sociais, UNESP - Univ

Estadual Paulista, Campus Rio Claro, Av. 24A, 1515, Bela

Vista, Rio Claro, São Paulo 13506-900, Brazil

2 Universidade Federal do Piauı́ - Campus Ministro Reis

Velloso, Av. São Sebastião, 2819, Parnaı́ba,

Piauı́ 64.202-020, Brazil

123

Curr Microbiol (2017) 74:1216–1225

DOI 10.1007/s00284-017-1307-x

http://crossmark.crossref.org/dialog/?doi=10.1007/s00284-017-1307-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00284-017-1307-x&amp;domain=pdf


Endobacteria may play a role in the host’s biological

system. For example, carpenter ants harbor Blochmannia

species that are responsible for nitrogen recycling and

nutrient upgrading [13]. However, interactions between

bacteria and herbivorous and fungivorous ants have not

been extensively explored, although they are thought to

have played a key role in the success of these ants [5, 37].

Actinomycetes (phylum Actinobacteria) are the best-

studied bacterial symbionts of the higher fungus-growing

ants. One example is genus Pseudonocardia, which pro-

duces antibiotics against numerous bacterial and fungal

microbes [31, 36, 42, 57]. These metabolites are narrow-

spectrum antimicrobials that are active against Escovop-

sis, a potentially virulent, specialized fungus that attacks

the ants’ mutualistic fungus [7, 8]. Several other bacterial

symbionts may be involved in the defense against para-

sites and diseases, in addition to having other roles.

Examples include Streptomyces species associated with

Acromyrmex octospinosus [4, 20, 44, 45], Amycolatopsis

in Mycocepurus smithii workers [42], and Burkholderia in

fungus gardens of A. sexdens rubropilosa [46]. Atta and

Acromyrmex are derived attines and present the well-de-

veloped metapleural gland in relation to basal fungus-

growing attines [52, 53]; this gland produces antibiotic

compounds that inhibit pathogens. However, which bac-

teria would be assisting the antimicrobial defense of A.

sexdens rubropilosa?

Only a few studies used next-generation sequencing

(NGS) techniques to study microbial communities in fun-

gus-growing ants. Kellner et al. [24] used pyrosequencing

to describe the bacterial community in M. smithii, a lower

fungus-growing ant, and found a low abundance of acti-

nomycete bacteria. Instead, the bacterial community was

characterized by a high abundance of Lactobacillus and

Pantoea, both in the garden and in worker ants. In Tra-

chymyrmex septentrionalis ants, 454 sequencing revealed a

diverse group of associated Actinobacteria, most notably

Solirubrobacter, Pseudonocardia, and Microlunatus [22].

Meirelles et al. [32] used Illumina sequencing to study the

microbiome in workers of the leaf-cutter ant Atta texana,

and found that Pseudomonas, Acinetobacter, Propionibac-

terium and Corynebacterium were consistently abundant,

and that some pellet and ant samples had a high abundance

of Mesoplasma bacteria (clade Entomoplasmatales).

Sapountzis et al. [47] found that Acromyrmex leaf-cut-

ting ants have simple gut microbiota (Rhizobiales) with

nitrogen-fixing potential. In non-fungus-growing ants,

several symbiotic bacteria grow in the ant gut, which is

inhabited by a wide range of microorganisms

[1, 23, 26, 37, 48]. The composition of the gut bacterial

community varies among ant taxa and across trophic

levels [11], as well as between tissues [26]. In the Sonoran

Desert turtle ant Cephalotes rohweri, for instance, the

proventriculus functions as a micropore filter, blocking the

entry of bacteria and particles C0.2 lm into the midgut and

hindgut, while allowing dissolved nutrients through, thus

protecting the gut microbiome from disruption [26]. As a

result, different parts of the digestive system have different

bacterial communities.

Next-generation sequencing is an excellent tool to

characterize the microbial communities associated with

insects. This study aimed to characterize the microbial

communities in whole workers and different tissues of the

queen of A. sexdens rubropilosa using Ion Torrent NGS.

The queens were chosen for the study because they belong

to the reproductive caste and are responsible for vertical

microbiome transmission, whereas the workers were

chosen because they belong to a sterile caste. This study

of the microbiome may provide answers on the ability of

fungi-forming ants to control pathogens since we already

know that the main function of the metapleural gland is to

produce antibiotic compounds, but little is known about

how bacteria could contribute to the defense antimicrobial

activity of ants. We hypothesized that whole workers and

queens would have different microbial communities, and

that the community in the midgut would differ from the

community in the postpharyngeal gland of the foregut;

this gland was thought to be exclusive to Formicidae [11],

but Herzner and collaborators [18] found them in the

solitary wasps. Recently, Decio and collaborators [10]

defined this gland as a diverticulum of the anterior

intestine with the ability to absorb, store, metabolize, and

mobilize lipids to the hemolymph [54], so this study

investigated whether PPG, which belongs to the digestive

tract, differs from its microbial communities in relation to

the midgut.

Materials and Methods

Three whole workers from three different colonies were

collected to create a DNA pool. In addition, the queens

from the same three colonies were dissected to extract the

midgut (MD) and postpharyngeal gland (PPG) to create

two additional DNA pools. All colonies were collected

from a pine reforestation area in Itirapina, SP, Brazil (S

22�1404200, W 47�5003400). Individuals were placed in 95%

ethanol until further processing.

DNA Extraction and Sequencing

For DNA extraction, all specimens (workers and queens)

were anesthetized by cooling (4 �C) and subjected to

ultrasonic cleaning for 1 min. The queens were dissected in

a Petri dish containing an insect saline solution (0.128 M
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NaCl, 0.016 M Na2HPO4, 0.019 M KH2PO2, pH 7.2); the

MD and PPG were removed under a stereomicroscope.

Total DNA pools were extracted from: (a) whole

workers (WW), (b) the midguts of the queens (MD), and

(c) the postpharyngeal glands of the queens (PPG). Dis-

sected organs were sonicated and incubated at 55 �C for

3 h in a lysis solution with addition of proteinase K

(100 mM Tris at pH 9.1, 100 mM NaCl, 200 mM sucrose,

50 mM EDTA, 0.5% SDS). Protein residues were precip-

itated with 5 M NaCl, and the DNA was subjected to

ethanol precipitation and 70% ethanol wash. The ethanol

was removed and the DNA pellet was dried overnight in

the dark. The DNA was hydrated in 15 lL of TE buffer

(10 mM Tris, 1 mM EDTA, pH 8) [39]. Total DNA pools

were sent to Life Technologies for sequencing on the Ion

Torrent PGM (Personal Genome Machine).

The V4 region of the 16S rRNA gene was amplified

from approximately 20.6 ng, 16.8 ng, and 13.9 ng of total

WW, MD and PPG DNA pools, respectively, resulting in a

209-bp fragments. The PCR was carried out using 1.5 U

Platinum Taq DNA Polymerase, 1X buffer, 0.2 mM dNTP,

2.5 mM MgCl2 (New England Biolabs, UK), and primers

515F (50-GTGCCAGCMGCCGCGGTAA-30) and 806R

(50-GGACTACHVGGGTWTCTAAT-30) [9] with the fol-

lowing cycling conditions: 94 �C for 5 min; 30 cycles at

94 �C for 30 s, 54 �C for 30 s, 72 �C for 1 min, 72 �C for

5 min. Amplicons were purified using 2% E-Gel� SizeS-

electTM agarose gel, and concentrated with 1.2 9 AMPure

XP Beads (Beckman Coulter). Emulsion PCR was carried

out using Ion OneTouch 2TM with the Ion PGMTM Tem-

plate OT2 400 Kit (Life Technologies), following the

manufacturer’s instructions. Amplified products from each

sample were barcoded and sequenced on the 314 semi-

conductor chip using Ion Torrent PGM (Life Technologies,

CA, USA).

Analyses of Microbial Diversity

All reads obtained from WW, MD, and PPG were first

filtered by fragment quality and size using the initial data

processing tool available from the Ribosomal Database

Project (RDP) server (http://pyro.cme.msu.edu/init/form).

We used minimum expected average quality score of 20

and a minimum sequence length of 100 bp. All sequences

that did not reach this score and length were discarded. We

used UCHIME de novo [12] to detect chimeric sequences.

Filtered sequences were aligned with the RDP Align tool

and clustered into operational taxonomic units (OTUs) at

different distance levels using the RDP Complete Linkage

Clustering tool. The OTUs were identified upon compar-

ison with sequences in the RDP server. The read counts of

the three metabarcoding samples were normalized

(transformed and standardized) using the MG-RAST

analysis tool, so that the values of all samples were

rescaled from 0 (minimum value) to 1 (maximum value).

This is important for meaningful comparisons between

samples. The RDP server was also used to estimate rich-

ness and diversity indices (Chao1, Shannon, and evenness)

and to conduct rarefaction analyses at each dissimilarity

level (Fig. 1 shows 3% dissimilarity level). The resulting

high-quality reads were used for subsequent analyses. The

MG-RAST database v3.2 [33] was used to generate plots of

the distribution of phyla and orders, and a heatmap, and to

assign reads to taxonomic categories using RDP as a ref-

erence. Using the MG-RAST software, we created a tree

diagram to analyze the diversity of bacterial phyla and

orders found in the present study, and their distributions in

each microbial community. The tree diagram allows the

comparison of samples against a taxonomy hierarchy

available from NCBI. The hierarchy is displayed as a

rooted tree and the abundance (normalized for dataset size)

for each dataset in the various categories is displayed as a

bar chart for each category (Fig. 4). Each bacterial order is

color-coded based on its phylum; some of the highly

diverse orders are highlighted below. Metabarcoding

sequence reads were submitted to MG-RAST under

accession numbers 4689130.3, 4689135.3, and 4689142.3.

Results

In total, we obtained 498.288 reads (104 MB). Of these,

274.664 reads came from whole workers (WW), and

185.091 and 32.507 reads were from the midgut (MD) and

postpharyngeal glands (PPG) of the queens, respectively.

After samples were filtered for quality control, there were

182.732 (WW), 119.870 (MD), and 25.977 (PPG) reads

left, confirming the success of the sequencing protocol. The

microbiota communities associated with queens and

workers from colonies of the leaf-cutting ant A. sexdens

rubropilosa did not differ at the level of bacterial phylum.

However, the relative abundance and diversity of bacterial

orders varied between whole individuals and queen tissues.

Rarefaction Analysis

Rarefaction curves were used to assess the adequacy of the

sampling effort for the analysis of microbial diversity. We

chose a dissimilarity level of 0.03 for the rarefaction

curves. The WW and MD rarefaction curves did not

completely plateau (Fig. 1), but their low slopes at higher

sampling depths suggest that our sequencing effort was

sufficient to identify all the major bacteria.

1218 A. S. Vieira et al.
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Estimates of Microbial Diversity

The diversity of bacterial communities from different

samples was estimated using several indices (Chao1,

Shannon, and evenness) based on different distance units;

using distance units at 0.03 the Chao1 indices were 2.877,

1.617, and 587 to WW, MD, and PPG, respectively.

Shannon indices were 713.124, 614.479, and 573.992 to

WW, MD, and PPG, respectively. Evenness indices were

0.97619, 0.98017, and 0.95963 to WW, MD, and PPG,

respectively (Table 1). As expected, WW samples had the

highest diversity, followed by MD and PPG.

Heatmap and Principal Component Analysis (PCA)

A heatmap was constructed based on WW, MD, and PPG

metabarcoding (Fig. 2a). Data were compared to the

Ribosomal Database Project (RDP) database using an

e-value threshold of 1 9 10-5, a minimum identity of 97%,

and a minimum alignment length of 100 bp. The heatmap

Fig. 1 Rarefaction curves used to estimate richness and sampling effort (3% dissimilarity level). The y-axis shows the expected species count

after sampling the number of sequences on the x-axis. WW whole worker, MD midgut, PPG postpharyngeal gland

Table 1 Microbial diversity is

based on the 16S rRNA gene

library, at 3 and 5%

dissimilarity levels

Sample Reads Distance units OTU Chao1 Shannon (H’) Evenness (E)

Whole worker 274.664 0.00 2337 87.622 774.699 0.99876

0.03 1488 2.877 713.124 0.97619

0.05 921 1.334 649.924 0.95221

Midgut 185.091 0.00 693 48.096 653.883 0.99966

0.03 528 1.617 614.479 0.98017

0.05 353 548 560.187 0.9549

PPG 32.507 0.00 749 10.229 659.256 0.99604

0.03 396 587 573.992 0.95963

0.05 235 334 504.542 0.92414
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was created using Ward’s clustering of Bray–Curtis dis-

tances and grouped by order. The heatmap revealed sig-

nificant variation in the relative abundances of different

bacterial phyla in WW, MD, and PPG (Fig. 2a).

The PCA plot generated by the MG-RAST tool (Bray–

Curtis distances, grouped by order) shows that microbial

community composition of WW, MD, and PPG are simi-

larly different from each other (Fig. 2b). These data reveal

that the individual datasets for each sample type are dif-

ferent; that is, each bacterial community in WW, MD, and

PPG is clearly separated from the others in the PCA

(Fig. 2b).

Taxonomic Composition and Distribution

of the Microbial Community at the Order Level

Relative abundances of the bacterial orders varied accord-

ing to sample type, as summarized in Fig. 3. In the WW

DNA pool, the most abundant order was Lactobacillales

(28%), followed by Clostridiales (17%), Enterobacteriales

(11%), Actinomycetales (7%), Burkholderiales (5%), and

Bacillales (5%), among others (Fig. 3). In the queen MD

sample the most abundant orders were Burkholderiales

(14%), Clostridiales (10%), Syntrophobacterales (8%),

Lactobacillales (7%), Bacillales (7%), and Actinomycetales

(6%) (Fig. 3). Interestingly, both in WW and in MD the

abundance of Entomoplasmatales order was less than 1%.

In contrast, in the queen PPG DNA pool the abundance of

Entomoplasmatales was 77%, followed by unclassified

Gammaproteobacteria (14%) and Actinomycetales (9%)

(Fig. 3).

Taxonomic Composition and Distribution

of the Microbial Community at the Phylum Level

Examining the tree diagram, it is evident that the WW

sample had the highest diversity of bacterial phyla, fol-

lowed by the MD and PPG of the queens (Fig. 4). Phylum

Actinobacteria was found in all three groups (WW, MD,

and PPG; Fig. 4). Within this phylum, order Actinomyc-

etales, which is phylogenetically close to Burkholderiales

and Bifidobacteriales, was abundant in all samples. In

contrast, phylum Bacteroidetes was present only in the MD

and WW samples, and phyla Deinococcus–Thermus and

Firmicutes were primarily found in WW and MD. Phylum

Proteobacteria was more abundant in WW, followed by

MD; both Burkholderiales and Enterobacteriales were

abundant. Phylum Tenericutes was identified in all three

Fig. 2 Comparative bacterial communities in the leaf-cutting ant A.

sexdens rubropilosa. a Heatmap showing significant variation in the

relative abundances of different phyla of bacteria in whole workers

(WW), queen midgut (MD), and queen postpharyngeal gland (PPG).

b Metagenome PCA (WW, MD, and PPG). Note that although some

bacteria are shared between the WW, MD, and PPG metagenomes,

these samples clustered separately in the PCA plot due to differences

in their abundance profiles
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groups, but it was more common in PPG samples, repre-

sented by orders Entomoplasmatales and Mycoplasmatales

(Fig. 4).

Discussion

Our studywas the first to identify the microbial communities

in different tissues of the leaf-cutting ant A. sexdens

rubropilosa and to use metabarcoding to describe its high

diversity. Our results also showed that the microbial com-

munities in whole workers and in the midgut and the post-

pharyngeal gland of the queens all differed in abundance and

diversity. Some authors have proposed that herbivores may

need more bacteria than omnivores and predators, which

might explain the high bacterial diversity associated with A.

sexdens rubropilosa, a generalist herbivore. For instance,

bacterial diversity in Cephalotes, a herbivorous ant genus, is

greater than in predatory ant species [49]. Our sample sizes

were small, but our results are unprecedented; this is the first

research to study the microbial community for this species

and these tissues.We chose to focus only on certain orders of

bacteria sampledwith high abundance from theMDand PPG

tissues, and WW.

The main phyla in all samples were Actinobacteria,

Bacteroidetes, Deinococcus–Thermus, Firmicutes, Pro-

teobacteria, and Tenericutes. These bacterial communities

were similar to the communities in A. texana queens [32];

the two species differed only in Deinococcus–Thermus.

The similarity between the microbiomes of the two species

of leaf-cutting ants in different environments, A. texana

from North America and A. sexdens rubropilosa from

South America, suggests that similar ecology breeds sim-

ilar bacterial communities. Another suggestion would be

stem from a common ancestor of both, but others studies

are necessary to confirm this.

Fig. 3 Comparative taxonomic composition and distribution of the

bacterial community associated in different organs of queens and

workers of A. sexdens rubropilosa at the level of order. WW, blue

rectangle = Relative abundances in the bacterial community of

whole workers; MD, green rectangle = Relative abundances in the

bacterial communities in the midgut of queens; PPG, red rectan-

gle = Relative abundances in the bacterial communities in the

postpharyngeal glands of queens (Color figure online)
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There was greater similarity, in phylum, between WW

and MD compared with PPG (Fig. 3). In termite guts,

variation in the structure of bacterial communities may be

explained by variation in physiological conditions, such as

pH [15, 34], while in Cephalotes ants the proventriculus

acts as a bacterial filter [26]. Similar morphological and

physiological barriers could contribute to the abundance

and diversity of the bacterial communities in the gut and

PPG tissues in the present study. Alternatively, differences

in microbial diversity may be related to the roles of dif-

ferent castes. While the sterile worker caste is responsible

for maintaining the fungus garden and caring for imma-

tures, the queen caste is responsible for reproduction.

However, allogrooming among colony individuals could

allow horizontal transmission of bacteria between castes

and may thus render the microbial communities similar.

Abundance and diversity of the MD microbiome differs

from that of PPG. These differences in the microbiome can

be explained by morphological structures that could be

filtering the passage of strains of different sizes, for

example Lanan and collaborators [26] in Cephalotes ants

shows that the proventriculus is a bacterial filter; here we

suggest that there is also a small gap between the pharynx

and the PPG that can filter out certain bacteria and there-

fore could explain different diversity in these organs in the

digestive tract.

Phylum Actinobacteria (order Actinomycetales) was

present in WW (7%), MD (6%), and PPG (9%). Actino-

mycetales was also found through pyrosequencing in

workers of the basal fungus-growing ant Mycocepurus

smithii [24]. Actinomycetes bacteria that the ants culture

on their cuticles and antimicrobial compounds produced by

themselves are thought to be specifically active against

Escovopsis [6, 7, 14]. However, theses bacteria may pro-

duce antibiotics that contribute to the immune defense of A.

sexdens rubropilosa ants together with the metapleural

gland against pathogens. Their presence in the MD and

PPG could result from the feeding habits of these ants,

since these bacteria are also found in the fungus garden, or

from grooming, which would allow the strains to reach

these tissues.

Phylum Bacteroidetes was found only in the MD tissues

of queens and WW. This phylum is abundant in the gardens

of fungus-growing ants [42, 43], and may be involved in

Fig. 4 Comparative tree diagram of phyla and orders of the bacterial communities in whole workers and the midgut and postpharyngeal glands

of A. sexdens rubropilosa queens

1222 A. S. Vieira et al.

123



carbohydrate degradation. Phylum Deinococcus–Thermus

was relatively rare in WW, MD, and PPG. This group of

bacteria is highly hazard-resistant; Deinococcus sp. has

only been recorded in extreme environments, such as hot

springs and radioactive waste disposal sites [35].

Phylum Firmicutes was very abundant, especially order

Lactobacillales, a pattern that is similar to that of previous

studies on workers of the basal fungus-growing ant M.

smithii [24], the turtle ant Cephalotes rohweri [26], and

several species of Polyrhachis [38]. Species in genus

Lactobacillus are well-known commensals of humans,

insects, and other animals and often have antimicrobial

properties [21]. This protective role has also been sug-

gested for Lactobacillus in fungus-growing termites [27].

Although metapleural glands, which are exclusive to ants,

also synthesize substances with antibiotic properties

[52, 53], and the presence of Lactobacillales bacteria (28%)

in workers suggests the existence of an alternative defense

mechanism. Lactobacillales bacteria may assist A. sexdens

rubropilosa in defending fungus gardens against microor-

ganisms, contributing to ant immunity. In addition, their

presence inside the MD and PPG could result in the pro-

duction of acids that change the pH of these environments

and prevent infections by other agents [24].

Proteobacteria have previously been observed in the

fungus gardens of Atta cephalotes, A. colombica, and A.

sexdens [43], in pellets and queens’ body parts (head,

thorax, abdomen) of A. texana [32], and in the gut of four

species of Acromyrmex [47]. Suen et al. [50] determined

that hemicellulose and cellulose degradation occurred

throughout the fungus gardens of a leaf-cutting ant, while

lignin content remained relatively unchanged. These gar-

dens were dominated by Gram-negative bacteria (phyla

Proteobacteria and Bacteroidetes), which contributed to the

degradation of plant polymers. Although Alphaproteobac-

teria (Rhizobiales) species are strictly extracellular and

confined to the gut lumen, in the hindgut these symbionts

produce bacterial NifH proteins, which have been associ-

ated with the fixation of nitrogen [47]. Of all orders of

proteobacteria, Burkholderiales was the most abundant in

the MD (14%). In the leaf-cutting ant A. sexdens

rubropilosa, the antifungal agent secreted by Burkholderia

inhibited the germination of Beauveria bassiana, Me-

tarhizium anisopliae, Verticillium lecanii, and Escovopsis

weberi [46]. Similarly, Burkholderiales in the MD of leaf-

cutting ants may contribute to nutrition and to improve

their immune defense, although this needs to be further

investigated.

Phylum Tenericutes, represented primarily by Entomo-

plasmatales, was found in all samples of A. sexdens

rubropilosa. A host-specific clade of this order was not

only found in the digestive system of army ants, primarily

associated with the gut, but also in eggs, larvae, and pupae,

suggesting a nutritional role [16]. Similarly, Entomoplas-

matales are intra- and extra-cellular (gut) symbionts of

Acromyrmex leaf-cutting ants, and Sapountzis et al. [47]

suggested that these bacteria may aid in chitin digestion.

However, Entomoplasmatales can also be pathogenic to

plants and vertebrates [51]. For instance, Kautz et al. [25]

detected a Spiroplasma infection in a Cephalotes varians

colony, considering it a potential pathogen. A surprising

finding was the high abundance of Entomoplasmatales in

the PPG (77%) of A. sexdens rubropilosa queens. Recently,

Decio et al. [10] described the PPG as a specialized organ

for lipid nutrition, similar to a foregut diverticulum, with

the ability to absorb, store, metabolize, and mobilize lipids

to the hemolymph of adult A. sexdens rubropilosa workers.

Thus, the high abundance of Entomoplasmatales in the

PPG may play an auxiliary role in lipid nutrition, although

this interaction of the lipid metabolism and the presence of

Entomoplasmatales needs to be better investigated.

Phylum Verrucomicrobia was found in small amounts,

and only in WW and in the queen MD of A. sexdens

rubropilosa. However, the contribution of this phylum for

cellulose degradation, nitrogen fixation, and conversion of

plant polysaccharides to acetate in termite species is well

documented [55]. Order Opitutales (phylum Verrucomi-

crobia) was observed in the arboreal ant Cephalotes [1],

and may be involved in nitrogen cycling for reincorpora-

tion by the ant. Since leaf-cutting ants are also herbivorous,

these bacteria could have the same role in the worker and

queen castes.

In conclusion, our results showed that the microbial

communities in the queen midgut differ in abundance and

diversity from the community in the queen postpharyngeal

gland and in whole workers of A. sexdens rubropilosa leaf-

cutting ants. The bacteria in the digestive tissues of the

queens of this ant species may play a role in their nutrition,

as well as immune defense, helping antimicrobial defense

in fungus-growing ants. Although bacteria in the same

order may have the same function, they may also fulfill

different roles in different niches. Their function may also

differ between sterile and reproductive castes. Further

research will be conducted to work out the details of this

host-symbiont relationship.
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