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Symbiosis, dysbiosis 
and the impact of horizontal 
exchange on bacterial microbiomes 
in higher fungus‑gardening ants
Blake Bringhurst 1,2, Matthew Greenwold 1, Katrin Kellner 1 & Jon N. Seal 1*

Advances in our understanding of symbiotic stability have demonstrated that microorganisms are key 
to understanding the homeostasis of obligate symbioses. Fungus‑gardening ants are excellent model 
systems for exploring how microorganisms may be involved in symbiotic homeostasis as the host 
and symbionts are macroscopic and can be easily experimentally manipulated. Their coevolutionary 
history has been well‑studied; examinations of which have depicted broad clade‑to‑clade specificity 
between the ants and fungus. Few studies hitherto have addressed the roles of microbiomes in 
stabilizing these associations. Here, we quantified changes in microbiome structure as a result of 
experimentally induced horizontal exchange of symbionts. This was done by performing cross‑
fostering experiments forcing ants to grow novel fungi and comparing known temporally unstable 
(undergoing dysbiosis) and stable combinations. We found that fungus‑gardening ants alter their 
unstable, novel garden microbiomes into configurations like those found in native gardens. Patterns 
of dysbiosis/symbiosis appear to be predictable in that two related species with similar specificity 
patterns also show similar patterns of microbial change, whereas a species with more relaxed 
specificity does not show such microbiome change or restructuring when growing different fungi. It 
appears that clade‑to‑clade specificity patterns are the outcomes of community‑level interactions that 
promote stability or cause symbiotic collapse.

One of the key advances of the 21st century is the realization that symbioses are stable and persist across evolu-
tionary time scales and are often significant to the generation and maintenance of  biodiversity1–6. Another major 
discovery is that microorganisms are important to understanding the homeostasis of complex, multi-cellular 
 eukaryotes7–13. Symbioses often consist of more than a single host and a single symbiont, and are best viewed as 
a community of interacting and perhaps coevolving macro- and microorganisms (the microbiome)14–19. One of 
the central issues facing the study of symbioses is understanding how these complex entities are organized and 
function across ecological and evolutionary scales and especially how microbial and macrobiological compo-
nents interact.

Fungus–gardening ants (subtribe Attina) are an example of a symbiosis that is best viewed as a community of 
interacting partners. Not only does the interaction consist of ants and their fungus garden, but rather the main 
macroscopic partners are associated with hundreds if not thousands of bacteria and  microfungi20–25. The most 
heavily studied microbial symbionts within the attine ant system are bacteria that are thought to have defensive 
functions, especially Actinobacteria (Pseudonocardia, Streptomyces and Amycolatopsis) and Burkholderia26–29. 
Such bacteria are suggested to aid in the suppression of parasitic fungi that consume the fungus garden by 
producing secondary metabolites that function as  antibiotics28,30. Other bacterial associates of the symbiosis 
appear to have a nutritional function. For example, Klebsiella and Pantoea in leaf–cutter ant fungal gardens are 
known to fix atmospheric nitrogen with the nitrogen assimilated into ant  biomass31. Additionally, members of 
Rhizobiales have been found in the gut lumen of Acromyrmex ants and are suspected to fix nitrogen through 
use of nitrogenase  proteins32. Entomoplastamales, such as strains of Mesoplasma and Spiroplasma, are symbionts 
of leaf–cutter ants and have been suspected of converting arginine into  NH3 within the ant, allowing the ant to 
“fertilize” their fungal gardens with their  feces33. On the other hand, the roles of Entomoplastamales as mutual-
ists of the fungus gardens are less clear. High abundances of Mesoplasma have been shown to be more likely to 
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cause fungal garden failure in the leaf-cutting ant Atta texana, even though high abundances of Mesoplasma 
have been found in healthy, established fungus gardens of Trachymyrmex septentrionalis and Mycetomoellerius 
turrifex34–37. Although considerable information exists on the importance of these bacteria that appear involved 
in the movement of nutrients through the symbiosis, there is little understanding how these taxa may be influ-
enced by ant and fungal macrosymbionts.

Within the most derived lineages of Attina (the so-called higher attines), there are two broad classes of ants 
and fungi. There are the leaf–cutting ants (Atta, Acromyrmex, and Amoimyrmex) and the non-leaf–cutting ants 
(Trachymyrmex, Mycetomoellerius, Sericomyrmex and Paratrachymyrmex), with the fungi grown by these two 
groups consisting of two clades: Clade-A and Clade-B38,39. Clade-A fungi consists of a single described ‘species’ 
Leucoagaricus gongylophorus, while Clade-B conservatively consists of five clades of undescribed Leucoagaricus 
 species40,41. Though leaf–cutting ants typically grow Clade-A fungus and the non–leaf–cutting ants grow mainly 
Clade-B fungi, there are some exceptions, as some populations of T. arizonensis are known to grow both clades 
and other leaf-cutting species have been found growing Clade-B  fungi39,41,42.

The mechanisms that maintain the specificity between these groups of ants and fungi (or permit its relaxation) 
are currently not understood, though potentially arise from several factors. Specificity has been proposed to be 
maintained by ants actively preferring certain fungi and mechanisms that may involve fungal manipulation of the 
ants and unknown reasons that appear  physiological43–47. For example, if T. septentrionalis, a species that is not 
known to grow Clade-A fungi, does not actively reject a Clade-A symbiont, they will grow the Clade-A fungus 
at a similar rate to Clade-B fungus, until ultimately the colonies growing Clade-A fungus experience a sudden, 
unrecoverable dramatic  collapse47–49. Although the nature of the sudden decline and death of novel gardens 
suggested disease or some physiological incompatibility, the exact mechanisms causing decline were unknown. 
Different physiologies of fungal lineage were not likely an explanation either as stable combinations of other 
species exhibited strong host signals, suggesting that ants are interacting with fungal biology in some unknown 
way that influences the outcome of the  interaction41,42,50. One possibility was that unstable combinations were 
associated with a loss of a crucial ingredient (possibly a bacteria or secondary metabolite, among other possibili-
ties) as after catastrophic losses of fungal symbionts, replacement fungi either were unsuccessfully adopted or 
were repeatedly lost after  reintroduction48. In the following paper, we examined whether bacterial microbiomes 
were involved in symbiosis or dysbiosis (defined here as the disruption of symbiotic relationships) by comparing 
the bacterial communities of ants and fungi that were forced to grow either Clade-A or Clade-B fungi. Some of 
these combinations were considered ‘novel’ as some species are not known to grow both clades of fungi.

Methods
Study species
The three Trachymyrmex species (T. arizonensis, T. septentrionalis and T. pomonae) in this study are commonly 
found throughout oak-pine forests in southern North America. Trachymyrmex arizonensis is found within oak-
pine woodlands or dry scrublands in mid elevations (1000-2000 m) of the Chihuahuan and Sonoran Deserts 
in Arizona, New Mexico, Texas and the Mexican states of Chihuahua and  Sonora51. Trachymyrmex pomonae 
co-occurs with T. arizonensis in dry exposed ridges of mid elevation oak-pine  woodlands51,52. Trachymyrmex 
septentrionalis occurs in oak-pine savannas along the southeastern coastal plain of North America, from cen-
tral Texas to Long Island New York, and is found inland to at least Kansas and  Illinois51,53,54. T. pomonae and 
T. septentrionalis typically associate with Clade-B fungi, especially with fungi in so-called Clade-B440. On the 
other hand, at least within the population found within the Chiricahua Mountains, T. arizonensis is known to 
associate both with Clade-B4 and Clade-A (Leucoagaricus gongylophorus)  fungi41 (Seal, J. N. unpublished data).

Set–up of Trachymyrmex arizonensis
The T. arizonensis colonies used in this study were reared from newly mated queens collected near Southwestern 
Research Station in southeastern Arizona (approximately 31°53’ N, 109°13’ W) in July 2011 and were previously 
utilized in Seal et al. (2014). Queens were either forced to grow a Clade-A fungus (n = 5) or Clade-B fungus 
(n = 6), with the species able to grow both as native cultivars (or a cultivar the species is known to grow natu-
rally) (Supplementary Methods: Donor Fungus Sources) (Figure 1A). Forceps were ethanol–flame sterilized 
between donations. These colonies had been in the laboratory for at least five years before their microbiomes 
were sampled.

Set–up of Trachymyrmex pomonae and Trachymyrmex septentrionalis
The T. pomonae colonies (n = 10) used in this study were collected during the summer of 2019 within the grounds 
of Southwestern Research Station. Colonies had since been maintained in the laboratory at the University of 
Texas at Tyler. Colonies of T. septentrionalis (n=12) were collected from the University of Texas at Austin Stengl 
“Lost Pines” Biological Research Station in Bastrop, Texas (approximately 30°05’ N, 97°10’ W) between April 
8–9, 2021. These source colonies were allowed a week to adjust to lab conditions before further experimentation.

Two subcolonies were made from each collected source colony, with the queen (if collected) and fungus 
garden left with the original source colony (Figure 1B). Between 5 and 20 workers of T. pomonae and 10–20 
workers of T. septentrionalis were removed from each source colony (with this number depending on the size 
of the original colony to ensure that it could still function without these workers) and placed in nesting dishes 
(Supplementary Table S1). The subcolonies were provided donations of either novel, Clade-A fungus (T. pomo-
nae n = 10; T. septentrionalis n = 12) or native, Clade-B fungus (T. pomonae n = 10; T. septentrionalis n =12) 
(Supplementary Methods: Donor Fungus Sources). Fungal donations consisted of giving each subcolony a small 
snippet of fungus, about the size of a forcep tip. Forceps were ethanol–flame sterilized between donations. If any 
additional nuclei of fungus were observed within the nesting dishes away from the donated fungus, they were 
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removed to ensure the growth of only the donated fungus and not any potential remnants of the fungus grown 
by the original colony stowed away on the ants. Clippings of the grown gardens were sequenced to confirm the 
ants were growing their provided cultivars (Supplementary Methods: Fungus Clade Confirmation).

The subcolonies were then allowed to grow their cultivars and were cared for every other day (Supplementary 
Methods: Subcolony Care). As the Clade-A fungus gardens of T. pomonae and T. septentrionalis were expected to 
undergo dysbiosis and  collapse48,55, the health and productivity of each subcolony were monitored weekly. The 
dimensions (length, width, and height) of the fungal gardens were measured to determine their volume and any 
changes in the garden volumes over time. As the subcolonies varied in the number of initial workers provided, 
the average volume  (mm3) of fungus per worker for the subcolonies given Clade-A and Clade-B cultivars were 
calculated for each measurement time point. Repeated measures ANOVAs were conducted in RStudio 4.2.2 to 
compare the growth between cultivars, with pairwise ANOVAs utilized as a post–hoc test to determine significant 
differences at certain time points. Permutational multivariate analysis of variance (PERMANOVA) tests were run 
using the vegan 2.6–4 R package to evaluate differences in microbiome structure between subcolonies growing 
the same fungus clade that collapsed and those that appeared stable by the end of the  study56.

Microbiome sampling
Samples for microbiome analysis of T. pomonae and T. septentrionalis ants and fungus were taken prior to dona-
tion and during the collapse (loss) of the fungus garden in colonies growing Clade-A fungi. Samples of Clade-B 
fungus and ants growing Clade-B fungus were taken at the same time points to allow for a valid comparison with 
their respective Clade-A associated samples. Further details on the sampling process for T. septentrionalis and T. 
pomonae can be found in Supplementary Methods: Microbiome Sampling Details. As the T. arizonensis colonies 
had been established in the laboratory for approximately ten years before these experiments and showed no sign 
of collapse, no source ants or fungus samples were  taken42. Microbiome samples for T. arizonensis were taken 
at approximately five years after the queens had established their colonies in the laboratory. These samples con-
sisted of a single whole ant and small snippet of fungus. All microbiome samples were collected using sterilized 

Figure 1.  The differences in experimental design between (A) Trachymyrmex arizonensis queens and (B) 
T. septentrionalis and T. pomonae subcolonies. (A) T. arizonensis queens were collected and provided native 
Clade-A or Clade-B fungi. The T. arizonensis queens were then allowed to grow their colony utilizing their 
provided fungal cultivar, resulting in samples of ants taken from colonies growing stable Clade-A (Clade-A 
Ants) or Clade-B (Clade-B Ants) fungi. (B) Two subcolonies from colonies of T. septentrionalis and T. pomonae 
were created and provided either native, Clade-B fungi or novel, Clade-A fungi. The subcolonies were then 
allowed to grow their donated cultivars until the Clade-A gardens collapsed. Samples of the ants and fungal 
gardens were then taken to compare between symbiotic, Clade-B fungal and associated ant microbiomes and 
dysbiotic, Clade-A fungal and ant associated microbiomes. The figure was generated using Inkscape version 1.0 
(https:// inksc ape. org/ relea se/ inksc ape-1. 0/).

https://inkscape.org/release/inkscape-1.0/
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ethanol–flamed forceps, with the ant or fungus trimming placed in screw–capped vials filled with 400 μL of 100% 
ethanol. Samples were then stored in a –80 °C freezer until DNA extraction and sequencing.

Microbiome analyses
DNA extraction and sequencing of the 16S samples was performed at MR DNA in Shallowater, Texas (http:// 
www. mrdna lab. com/) and utilized the 27F 5’AGR GTT TGATCMTGG CTC AG and 519R 5’GTNTTACNGCG-
GCKGCTG primers, with these extraction methods and similar sequencing methods having been previously 
 reported34. Microbiome sequences from MR DNA were processed using Qiime2–2020.6 (Qiime2) utilizing the 
same pipeline as Bringhurst et al., (2023), resulting in an OTU table for each  species57. Sequences that were clas-
sified as chloroplasts, mitochondria, or unassigned were manually removed from the OTU tables (Supplementary 
Methods: Bacterial Distribution). OTU abundances for samples associated with each species were rarefied, using 
the GUniFrac 1.7 R package, at differing sampling depths to minimize the number of samples removed due to 
them not containing enough OTU abundances to meet the sampling depth threshold (T. arizonensis = 1000, T. 
pomonae = 380, T. septentrionalis = 700) (Supplementary Methods: Bacterial Distribution)58. The reduced sample 
sizes from samples not reaching these rarefaction thresholds (see Results) were utilized for statistical analyses.

Quantification and statistical analyses
For alpha diversity comparisons, Shannon’s diversity index (H’) was calculated for each ant and fungus sample 
using the vegan 2.6-4 R  package56. The mean Shannon’s diversity index values of the respective sample types 
were found and then compared amongst the ant or fungal sample types using Kruskal–Wallis rank sum test to 
indicate any significant differences (Supplementary Fig. S1). Dunn’s tests were performed, using the FSA 0.9.3 
R package, as the post–hoc analysis to indicate which Shannon’s diversity index means were significantly different 
for comparisons with three or more means (Supplementary Fig. S1)59.

The cumulative percent abundances of each OTU for each sample type were utilized to make taxonomic 
bar plots for the source and post-donation samples for the ants and fungus. Taxonomic bar plots for each indi-
vidual sample were also created to show the variation between samples (Supplementary Figs. S2–S6). In order 
to establish how the microbiomes of the source and post-donation samples are similar for the ants and fungus, 
Venn diagrams were constructed utilizing the eulerr 7.0.0 R package to highlight the number of shared taxa 
(Supplementary Figs. S7–S9)60. Non–metric multidimensional scaling (NMDS) plots based off of Bray Curtis 
distances were made using the vegan 2.6-4 R package to visually contrast the microbiomes of the source and 
post-donation samples for the ants and  fungus56. PERMANOVA tests were run using the vegan 2.6–4 R pack-
age to compare the microbiomes of the source and post-donation samples for the ants and fungus to see if they 
were significantly  different56. In order to compare T. septentrionalis and T. pomonae subcolonies derived from 
the same original colony, Bray Curtis dissimilarity index was calculated using the vegan 2.6-4 R package between 
the microbiomes of ants from the same source colony (comparing source, symbiotic, and dysbiotic ants) and 
between the microbiomes of gardens grown by ants from the same source colony (comparing symbiotic and 
dysbiotic fungi) (Supplementary Tables S2–S5)56.

In order to describe which taxa were causing the differences between the sample types determined by the 
PERMANOVA tests, two different analyses were used. Similarity percentages (SIMPER) analyses were run utiliz-
ing the vegan 2.6–4 R package to indicate which taxa contributed the most to the dissimilarity between sample 
 types56,61. SIMPER analyses work in tandem with permutational significance tests (such as PERMANOVAs), 
with the permutational significance tests determining if the communities between sample types are significantly 
different and the SIMPER analysis determining which OTUs are driving the differences between sample types. 
Only the OTUs with the highest contribution to dissimilarity between comparisons and that add up to 70% of 
the cumulative dissimilarity were reported, as this appeared consistent with other papers on ant  microbiomes62,63. 
Additionally, the indicspecies R package was used to conduct the indicator species analyses (ISA) to examine 
which taxa contribute most toward the overall variation in microbiome structure of the source and post-donation 
 samples64.

Results
Subcolony growth and collapse
Of the twelve T. septentrionalis subcolonies that were provided Clade-A fungi, nine experienced symbiotic col-
lapse between September 8, 2021 and October 6, 2021 (Figure 2A). In order to reduce the impact of seasonality 
on the growth of the fungal gardens, the remaining three Clade-A subcolonies were sampled on October 6, 
2021 (Figure 2A). A comparison between the bacterial microbiomes of the rarefied fungal samples of those that 
collapsed (n = 5) and those that persisted (n = 2) found them to be similar (PERMANOVA: F = 1.36,  R2 = 0.21, 
p = 0.29). Similarly, a comparison between the ant microbiomes of the rarefied samples of those that collapsed 
(n = 9) and those that persisted (n = 3) found them to be similar (PERMANOVA: F = 0.81,  R2 = 0.07, p = 0.58). 
Given the similarity in microbiomes between Clade-A growing subcolonies that did and did not experience a 
collapse, that the Clade-A growing subcolonies that were not experiencing a collapse were sampled around the 
time of those that did collapse, and that those not experiencing a collapse were also not experiencing fungal 
growth, all post-donation Clade-A samples for T. septentrionalis were treated as in dysbiosis, as the “stable” sub-
colonies appear to be on the verge of symbiotic collapse (Figure 2A, Supplementary Table S1). All T. pomonae 
subcolonies provided with Clade-A fungi experienced collapse, while none of the subcolonies provided Clade-B 
fungi experienced collapse (Figure 2B).

http://www.mrdnalab.com/
http://www.mrdnalab.com/
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Trachymyrmex septentrionalis Fungus
The bacterial microbiomes of fungus gardens of T. septentrionalis subcolonies growing novel, Clade-A fungus 
(dysbiotic) (n = 7) were found to be significantly different than the microbiomes of source Clade-A gardens 
(collected from an Atta texana garden) (n = 3) (PERMANOVA: F = 3.71,  R2 = 0.32, p = 0.017) (Figure 3A). 
The bacterial microbiome of dysbiotic gardens and Clade-B gardens grown by the subcolonies (symbiotic) 
(n = 12) were also found to be statistically different from one another (PERMANOVA: F = 5.46,  R2 =0.24, p = 
0.006) (Figure 3A). However, the bacterial communities of symbiotic gardens and their source Clade-B fungi 
(collected from a T. septentrionalis garden) (n = 5) were found to be not statistically different (PERMANOVA: 
F = 0.55,  R2 = 0.04, p = 0.405) (Figure 3A). Such findings were corroborated with the NMDS plot showing that 
the source Clade-A fungi and all the Clade-B fungi formed two unique clusters (Figure 4A). However, while 
dysbiotic gardens were statistically different than the symbiotic gardens, the dysbiotic gardens overlapped with 
Clade-B fungal cluster (Figure 4A). These results indicate that the bacterial microbiomes of Clade-B gardens did 

Figure 2.  Mean fungal garden volumes  (mm3) per ant over time for both Clade–A (dysbiotic) and Clade–B 
(symbiotic) (A) Trachymyrmex septentrionalis and (B) T. pomonae subcolonies. Error bars denote the 
95% confidence interval around the mean. Symbols denote significant differences (p < 0.05) between the 
growths of Clade–A and Clade–B fungal gardens from the pairwise ANOVAs, where the p–values were adjusted 
using Bonferroni correction. (A) The volume of the fungal garden grew significantly over the course of the 
experiment (repeated measures ANOVA:  F1.44,15.82= 8.908, p = 0.005). However, the repeated measures ANOVA 
did not find a significant effect of the fungal clade on the volume of the fungal gardens  (F1,11= 0.046, p = 0.834). 
There also was not a significant interaction between the cultivar of fungus grown and the growth of the fungal 
garden over time (repeated measures ANOVA:  F1.32,14.56= 0.600, p = 0.496). (B) Like T. septentrionalis, the 
volume of the fungal garden grew significantly over the course of the experiment for the T. pomonae subcolonies 
(repeated measures ANOVA:  F1.90,17.09 = 10.048, p = 0.001), but there was not a significant effect of the fungal 
clade on the volume of the fungal gardens (repeated measures ANOVA:  F1,9 = 0.418, p = 0.534). The repeated 
measures ANOVA did find a significant interaction between the cultivar of fungus grown and the growth of the 
fungal garden over time  (F1.94,17.49 = 3.763, p = 0.045). Using pairwise ANOVAs, this interaction was caused by 
the nearly synchronous collapse of the Clade-A fungal gardens, resulting in a significant difference in the fungal 
garden volumes on July 28, 2021  (F1,9 = 28.6, p = 4.64e-3).
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not change throughout the experiment and were distinct from source Clade-A gardens. Additionally, collapsed, 
dysbiotic gardens were more similar to Clade-B gardens than their source fungal gardens.

The three most common bacterial OTUs in the microbiome of the source Clade-A gardens and dysbiotic 
gardens grown by T. septentrionalis were different. Source Clade-A gardens contained Pantoea OTU 1 (65.29% 
± 20.05%), Pseudomonas OTU 1 (8.86% ± 12.53%), and Mesoplasma OTU 1 (8.19% ± 6.51%), whereas dysbiotic 
gardens contained predominately Mesoplasma OTU 1 (51.39% ± 41.87%), Serratia marcescens OTU 1 (15.88% 
± 33.54%), and Unclassified Enterobacterales OTU 1 (10.76% ± 22.13%) (Figure 3A, Supplementary Table S6). 
Thus, Pantoea was largely lost and Mesoplasma abundance increased in dysbiotic gardens. Additionally, the 
dysbiotic gardens and all Clade-B gardens differed from each other due to the Clade-B gardens being primarily 
comprised of Mesoplasma OTU 1 (Source Clade-B: 99.00% ± 0.56%; Symbiotic: 95.38% ± 6.87%) (Figure 3A, 
Supplementary Table S6).

As the microbial communities of the source and dysbiotic Clade-A gardens grown by T. septentrionalis were 
significantly different, as were the dysbiotic and symbiotic gardens, SIMPER analyses were performed to see 
what OTUs were driving these differences between communities by finding which OTUs contributed the high-
est percentage to the total dissimilarity between the communities. Both the SIMPER analysis and ISA indicated 
that the low abundance of Pantoea OTU 1 within dysbiotic gardens was key in driving the difference between 
the bacterial communities of source Clade-A and dysbiotic Clade-A gardens (Table 1, Supplementary Table S7). 
Additionally, the SIMPER analysis found the increased abundance of Mesoplasma OTU 1 in the dysbiotic Clade-
A gardens also caused the difference between the bacterial communities of source and dysbiotic Clade-A gardens 
(Table 1). This increase in Mesoplasma OTU 1 in the dysbiotic Clade-A gardens did not reach the high abundance 
of Mesoplasma OTU 1 found in the source Clade-B source or symbiotic Clade-B gardens, but appears to occupy 
an intermediary state between the symbiotic Clade-B gardens and the source Clade-A gardens.

Trachymyrmex pomonae Fungus
The bacterial communities of T. pomonae subcolonies growing novel, Clade-A gardens (dysbiotic) (n = 10) and 
Clade-B gardens (symbiotic) (n = 9) were not statistically different from each other (PERMANOVA: F = 1.05,  R2 
= 0.06, p = 0.368) (Figure 5A). However, the bacterial communities of the source Clade-A fungi (collected from 

Figure 3.  Cumulative abundance taxonomic bar plots of Trachymyrmex septentrionalis. Plots are for (A) fungus 
and (B) ant samples. Letters above the bars denote sample types that are significantly different when compared 
with PERMANOVA tests (p < 0.05). Every PERMANOVA test utilized Bray Curtis distances and had 9999 
permutations. Dysbiotic fungi significantly lost Pantoea OTU 1 compared to their source fungi but gained 
Mesoplasma OTU 1 similar to both Clade-B fungi. Ants shared OTUs, regardless of the fungus grown, but 
dysbiotic ants appear to have less Mesoplasma OTU 1 than the other sample types.
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an T. arizonensis garden) (n = 4) were significantly different from the dysbiotic Clade-A gardens (PERMANOVA: 
F = 4.47,  R2 = 0.27, p = 0.008) and the bacterial communities of source Clade-B gardens (collected from an T. 
arizonensis garden) (n = 3) were significantly different from the symbiotic Clade-B gardens (PERMANOVA: F 
= 2.23,  R2 = 0.18, p = 0.009) (Figure 5A). Such findings were corroborated with the NMDS plot showing that 
the dysbiotic and symbiotic fungi formed their own respective cohesive cluster, while the source fungi formed 
clade-dependent clusters (Figure 4B). These results suggest that the source microbial communities from the 

Figure 4.  Non–metric multidimensional scaling (NMDS) plots for ant and fungal samples by species. Provided 
are the NMDS plots for (A) T. septentrionalis fungi, (B) T. pomonae fungi, (C) T. septentrionalis ants, (D) T. 
pomonae ants, and (E) T. arizonensis ants and fungi. All NMDS plots are based off Bray Curtis distances and 
utilize 9999 permutations. The lower the stress value associated with the NMDS plot, the better the match of the 
plotted distances to the community matrix distances. Arrows denote how the source fungi changed positions to 
their respective post-donation fungi. The T. septentrionalis fungi plot shows the microbiomes of dysbiotic fungi 
shifted to resemble symbiotic fungi more, while the T. pomonae fungi plot shows the source microbiomes were 
altered in similar ways to form the coalescent post-donation microbiomes.
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different fungal clades were altered from a unique, clade-dependent state, to communities that were similar, 
even between the two clades.

The three most common bacterial OTUs in the microbiome of the source and dysbiotic Clade-A fungus dif-
fered; with source Clade-A’s being Unclassified Rhizobiaceae OTU 1 (95.86% ± 5.70%), Erwinia OTU 1 (1.51% ± 
2.62%), and Turicibacter OTU 1(1.38% ± 2.39%), whereas the dysbiotic Clade-A fungi were Serratia marcescens 
OTU 1 (22.71% ± 32.76%), Spiroplasma OTU 1 (17.74% ± 31.22%), and Unclassified Enterobacterales OTU 1 
(13.42% ± 23.24%) (Figure 5A, Supplementary Table S6). Additionally, the three most common bacterial OTUs 
in the microbiome of the source and symbiotic Clade-B fungus differed; with the source Clade-B’s being Pseu-
donocardia OTU 1 (24.21% ± 26.81%), Variovorax OTU 1 (17.28% ± 12.39%), and Wolbachia OTU 1 (12.54% ± 
8.90%), whereas the symbiotic Clade-B fungi were Spiroplasma OTU 1 (35.06% ± 45.00%), Gluconobacter OTU 
1 (15.47% ± 32.29%), and Stenotrophomonas OTU 1 (10.82% ± 27.89%) (Figure 5A, Supplementary Table S6). 
Notably, the bacterial communities of the dysbiotic Clade-A and symbiotic Clade-B fungal gardens were similar, 
per the PERMANOVA tests, but the top three most abundant taxa differed between them (Figure 5A, Supple-
mentary Table S6).

As the microbial communities of the source and dysbiotic Clade-A gardens were significantly different, as 
well as the source and symbiotic Clade-B gardens, SIMPER analyses were performed to see what OTUs were 
driving these differences in the communities by finding which OTUs contributed the highest percentage to the 
total dissimilarity between the communities. Both the SIMPER analysis and ISA found the loss of Unclassified 
Rhizobiaceae OTU 1 in dysbiotic Clade-A gardens was the driving cause for the difference in the bacterial com-
munity between source and dysbiotic Clade-A gardens (Table 1, Supplementary Table S7). The SIMPER analysis 

Table 1.  Results of similarity percentage (SIMPER) analysis for fungal samples. SIMPER results comparing 
sample types of T. pomonae and T. septentrionalis fungi found to be significantly different when compared 
using PERMANOVAs. Only OTUs with the highest contribution to cumulative dissimilarity and that together 
add up to 70% cumulative dissimilarity are provided for each comparison. SIMPERs were conducted using 
9999 permutations. The significant differences seen in T. septentrionalis fungi appear to be due to the decrease 
in Pantoea OTU 1 and increase in Mesoplasma OTU 1 from the source Clade-A to the dysbiotic fungus, 
while the increase in Mesoplasma OTU 1 drove the difference between dysbiotic and symbiotic fungi. The 
significant differences seen in source Clade-A and dysbiotic T. pomonae fungi appear to be due to the decrease 
in Unclassified Rhizobiaceae OTU 1, while the increase in Spiroplasma OTU 1 and decrease in Pseudonocardia 
OTU 1 drove the difference between source Clade-B and symbiotic fungi.

Sample Type Comparison 
(Sample Type A x Sample
Type B) OTU

Average Dissimilarity 
Contribution (%)

Contribution to 
Cumulative Dissimilarity 
(%)

Cumulative Dissimilarity 
(%)

Mean Read Abundance

Sample Type A Sample Type B

T. septentrionalis

Source Clade-A x Dys-
biotic Pantoea OTU 1 30.63 34.6 34.6 457.00 28.10

Mesoplasma OTU 1 22.99 26.0 60.6 57.30 359.70

Serratia marcescens
OTU 1 7.93 9.0 69.6 0.30 111.10

Unclassified Enterobacte-
rales OTU 1 5.38 6.0 75.6 0.00 75.30

Dysbiotic x Symbiotic Mesoplasma OTU 1 23.51 47.1 47.1 359.70 667.70

Serratia marcescens
OTU 1 7.93 15.8 62.9 111.10 0.40

Unclassified Enterobacte-
rales OTU 1 5.38 10.8 73.7 75.30 0.00

T. pomonae

Source Clade-A x Dys-
biotic

Unclassified Rhizobiaceae 
OTU 1 42.13 48.2 48.2 364.20 46.90

Serratia marcescens
OTU 1 11.33 13.0 61.2 0.80 86.30

Spiroplasma OTU 1 8.85 10.1 71.3 2.80 67.40

Source Clade-B x Sym-
biotic Spiroplasma OTU 1 17.44 17.6 17.6 5.67 133.22

Pseudonocardia OTU 1 12.11 12.3 29.9 92.00 0.00

Variovorax OTU 1 8.64 8.7 38.6 65.67 0.00

Gluconobacter OTU 1 7.73 7.8 46.4 0.00 58.78

Wolbachia OTU 1 6.27 6.4 52.8 47.67 0.00

Stenotrophomonas
OTU 1 5.41 5.4 58.2 0.00 41.11

Rosenbergiella OTU 1 5.21 5.3 63.5 0.00 39.56

Pantoea OTU 1 4.62 4.7 68.2 0.00 35.11

Cutibacterium acnes
OTU 1 4.61 4.6 72.8 35.00 0.00
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found the loss of Pseudonocardia OTU 1 in symbiotic Clade-B gardens was the driving cause for the difference in 
the bacterial community between source and symbiotic Clade-B gardens (Table 1). Additionally, SIMPER analy-
ses found the increase in abundance of Spiroplasma OTU 1 for both dysbiotic Clade-A and symbiotic Clade-B 
gardens appeared to aid in the significant differences between them and their respective source fungi (Table 1).

Trachymyrmex septentrionalis and Trachymyrmex pomonae Ants
T. septentrionalis ants in subcolonies growing Clade-A fungus (dysbiotic) (n = 12) were found to have different 
microbiomes than those of ants in subcolonies growing Clade-B fungi (symbiotic) (n = 12) and were different 
than ants acting as the sources to the subcolonies (n = 12) (Figure 3B, Figure 4C, Supplementary Table S8). The 
three most common bacterial OTUs in the microbiomes of the three ant sample types were similar (Figure 3B, 
Supplementary Table S9). The SIMPER analyses and the ISAs suggests that the primary difference between the 
bacterial communities of ants growing Clade-A fungi and the source ants, as well as the ants growing Clade-B 
fungi, was the lower abundance of Mesoplasma OTU 1 and the higher abundance of Luteimonas OTU 1 within 
the ants growing Clade-A fungi (Table 2, Supplementary Table S10).

The bacterial communities of T. pomonae ants growing Clade-A fungus (dysbiotic) (n = 10) and those growing 
Clade-B gardens (symbiotic) (n = 10) were not statistically different from one another, but were both significantly 
different than the ants acting as the sources to the subcolonies (n = 10) (Figure 4D, Figure 5B, Supplementary 
Table S8). Like T. septentrionalis, the three most common bacterial OTUs in the microbiomes of the three ant 
sample types were similar (Figure 5B, Supplementary Table S9). The SIMPER analysis and the ISA yielded con-
flicting results as to what taxa were causing these differences, with the ISA mainly indicating OTUs that were 
present only in their respective sample types whereas the SIMPER analysis highlighted variations in shared taxa 
among sample types (Table 2, Supplementary Table S10).

Trachymyrmex arizonensis
The bacterial communities of Clade-A fungal gardens (n = 4) were not significantly different from the Clade-B 
gardens (n = 5) (PERMANOVA: F = 3.63,  R2 = 0.34, p = 0.107) (Figure 6A). Similarly, the microbiomes of ants 
growing native, Clade-A fungi (n = 5) were not significantly different from those growing Clade-B fungi (n = 5) 

Figure 5.  Cumulative abundance taxonomic bar plots of Trachymyrmex pomonae. Plots are for (A) fungus 
and (B) ant samples. Letters above the bars denote sample types that are significantly different when compared 
with PERMANOVA tests (p < 0.05). Every PERMANOVA test utilized Bray Curtis distances and had 9999 
permutations. Dysbiotic fungi significantly lost Unclassified Rhizobiaceae OTU 1 in comparison to their source 
fungi, but gained Spiroplasma OTU 1 similar to symbiotic fungi. All ants shared OTUs but there are notable 
differences, such as with Pseudonocardia OTU 1 being present in only the source ants.
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Table 2.  Results of similarity percentage (SIMPER) analysis for ant samples. SIMPER results comparing 
sample types of T. pomonae and T. septentrionalis ants found to be significantly different when compared using 
PERMANOVAs. Only OTUs with the highest contribution to cumulative dissimilarity and that together add 
up to 70% cumulative dissimilarity are provided for each comparison. SIMPERs were conducted using 9999 
permutations. The significant differences seen in T. septentrionalis ants appear to be due to the low abundance 
of Mesoplasma OTU 1 and the presence of Luteimonas OTU 1 in dysbiotic ants. The significant differences 
seen in T. pomonae ants appear to be due to differences in core taxa (such as Unclassified Burkholderiaceae 
OTU 1 and Solirubrobacter OTU 2) and the presence of lower abundance, sample-type specific OTUs (such as 
Acinetobacter OTU 1 in dysbiotic ants and Stenotrophomonas nitritireducens OTU 1 in symbiotic ants).

Sample Type Comparison 
(Sample Type
A x Sample Type B) OTU

Average Dissimilarity 
Contribution (%)

Contribution to 
Cumulative Dissimilarity 
(%)

Cumulative Dissimilarity 
(%) Mean Read Abundance

Sample Type A Sample Type B

T. septentrionalis

Source x Dysbiotic Mesoplasma OTU 1 18.31 28.6 28.6 263.83 37.67

Luteimonas OTU 1 9.43 14.7 43.3 55.08 158.92

Solirubrobacter OTU 1 4.76 7.4 50.7 87.00 92.67

Unclassified Burkholde-
riaceae OTU 1 4.10 6.4 57.1 52.58 86.08

Pseudomonas aeruginosa 
OTU 1 2.83 4.4 61.5 0.00 39.67

Solirubrobacter OTU 2 2.75 4.3 65.8 47.83 43.67

Aeromicrobium OTU 1 2.59 4.1 69.9 35.25 19.33

Unclassified Intrasporangi-
aceae OTU 1 2.59 4.0 73.9 37.67 23.75

Dysbiotic x Symbiotic Mesoplasma OTU 1 16.62 26.4 26.4 37.67 257.83

Luteimonas OTU 1 8.22 13.0 39.4 158.92 96.83

Solirubrobacter OTU 1 4.66 7.4 46.8 92.67 55.17

Unclassified Burkholde-
riaceae OTU 1 4.02 6.3 53.1 86.08 48.42

Pseudomonas aeruginosa 
OTU 1 2.83 4.5 57.6 39.67 0.08

Solirubrobacter OTU 2 2.33 3.7 61.3 43.67 19.00

Niabella OTU 1 2.24 3.6 64.9 21.58 28.00

Serratia marcescens OTU 1 2.12 3.3 68.2 26.08 10.08

Olivibacter OTU 1 1.96 3.2 71.4 1.25 26.67

T. pomonae

Source x Dysbiotic Unclassified Burkholde-
riaceae OTU 1 10.43 17.7 17.7 121.50 63.10

Solirubrobacter OTU 2 5.65 9.5 27.2 57.20 68.80

Solirubrobacter OTU 1 5.25 8.9 36.1 62.20 29.70

Spiroplasma OTU 1 4.59 7.8 43.9 1.40 34.10

Agrococcus terreus OTU 1 4.14 7.0 50.9 30.70 35.90

Pseudomonas aeruginosa 
OTU 1 3.86 6.5 57.4 0.00 29.30

Pseudonocardia OTU 1 3.63 6.2 63.6 27.80 0.90

Naumannella huperziae 
OTU 1 2.86 4.8 68.4 23.20 11.40

Acinetobacter OTU 1 2.84 4.8 73.2 3.10 20.60

Source x Symbiotic Solirubrobacter OTU 2 10.12 19.6 19.6 57.20 121.70

Unclassified Burkholde-
riaceae OTU 1 10.00 19.4 39.0 121.50 77.40

Solirubrobacter OTU 1 4.66 9.0 48.0 62.20 42.10

Pseudonocardia OTU 1 3.62 7.0 55.0 27.80 0.80

Agrococcus terreus OTU 1 3.40 6.6 61.6 30.70 30.60

Stenotrophomonas nitritire-
ducens
OTU 1

3.18 6.2 67.8 0.00 24.20

Naumannella huperziae 
OTU 1 2.94 5.7 73.5 23.30 14.20
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(PERMANOVA: F = 0.10,  R2 = 0.01, p = 0.961) (Figure 6B). These results suggest that the bacterial communities 
of the ants and fungi were similar regardless of the fungal clade, with the fungus gardens showing more of a dif-
ference than the ants. Such results were also corroborated with the NMDS plot showing higher overlap between 
the bacterial community compositions of the ants than between the Clade-A and Clade-B fungi (Figure 4E).

The three most common bacterial OTUs in the microbiome of T. arizonensis ants growing either Clade-A or 
Clade-B were the same, and included Wolbachia OTU 1 (Clade-A: 33.96% ± 33.18%; Clade-B: 32.78% ± 26.70%), 
Unclassified Burkholderiaceae OTU 1 (Clade-A: 10.94% ± 5.78%; Clade-B: 15.50% ± 9.13%), and Unclassi-
fied Rhizobiaceae OTU 1 (Clade-A: 10.12% ± 18.08%; Clade-B: 14.00% ± 27.11%) (Figure 6B, Supplementary 
Table S9). The three most common bacterial OTUs of Clade-A gardens were Unclassified Rhizobiaceae OTU 1 
(88.60% ± 11.95%), Spiroplasma OTU 1 (4.95% ± 8.57%), and Arthrobacter agilis OTU 1 (2.5% ± 4.33%) (Fig-
ure 6A, Supplementary Table S6), whereas the three most common bacterial OTUs in Clade-B gardens were 
Spiroplasma OTU 1 (45.38% ± 37.25%), Unclassified Rhizobiaceae OTU 1 (43.24% ± 32.18%), and Pullulani-
bacillus camelliae OTU 1 (4.92% ± 8.64%) (Figure 6A, Supplementary Table S6). Thus Spiroplasma OTU 1 was 
more abundant in Clade-B gardens than Clade-A gardens, whereas Unclassified Rhizobiaceae OTU 1 was more 
abundant in Clade-A gardens than Clade-B gardens.

As SIMPER analyses provide taxa to describe the differences between groupings, regardless of whether or 
not the groups are significantly different, none were performed between the T. arizonensis ants or fungi samples 
as they were found to be similar in the PERMANOVA tests. The ISA on the Clade-A and Clade-B ants found no 
indicator taxa that differentiated the ants (Supplementary Table S10). Additionally, the ISA on the Clade-A and 
Clade-B fungi found no indicator taxa that differentiated the fungus (Supplementary Table S7).

Discussion
The goal of this study was to compare the impact of horizontal exchange on the bacterial microbiome structure 
of ants and fungus garden combinations that were known to be symbiotic and dysbiotic. If the structure of the 
bacterial microbiome was independent of the host-symbiont combinations, there should have been no changes 
or random changes as a result of cross-fostering experiments. On the other hand, if the bacterial microbiome has 
a role in the maintenance of stability or causes dysbiosis, there should have been clear changes in combinations 
known to result in dysbiosis. We report the latter—dysbiotic associations in the two species studied show similar 
and perhaps predictable responses. The most striking discovery in our experiments was that ants provided with 
novel fungi converted the existing microbiome into a structure similar to that found while growing a native 

Figure 6.  Cumulative abundance taxonomic bar plots of Trachymyrmex arizonensis. Plots are for (A) fungus 
and (B) ant samples. Letters above the bars denote sample types that are significantly different when compared 
with PERMANOVA tests (p < 0.05). Every PERMANOVA test utilized Bray Curtis distances and had 9,999 
permutations. T. arizonensis fungi appeared to differ, with Clade-B fungi containing a higher proportion of 
Spiroplasma OTU 1 at the expense of Unclassified Rhizobiaceae OTU 1. T. arizonensis ants have similar bacterial 
taxonomic profiles, regardless of the fungus grown.
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fungal symbiont and that this new configuration of microbiome is associated with instability and the collapse 
of the symbiosis. It appears that ant-fungal specificity and stability is conferred by ants actively manipulating 
bacterial microbiomes in ways that are synergistic with their native type of fungus. As a result, the microbiome 
is likely adaptive and involved in symbiotic homeostasis.

The strongest evidence that ants are sculpting their garden microbiome came from the finding that collapsing 
Clade-A gardens of T. pomonae and T. septentrionalis contained bacterial microbiomes close to those of healthy 
Clade-B gardens grown by these species than of the original structure of their provided Clade-A gardens. As 
Clade-A gardens collapse when experiencing these species-specific microbiome communities, there appears to 
be some incompatibility between Clade-A fungi and the microbial communities these ants are constructing. 
Additionally, as these patterns were observed in both T. pomonae and T. septentrionalis, they were unlikely the 
outcome of slightly different methods of subcolony establishment in these two species. On the other hand, T. 
arizonensis microbial communities from long-term, stable, laboratory colonies were distinct from the other two 
ant species but did not significantly change when growing the different fungal clades. As a result, their particular 
microbial configuration is stable when growing either type of fungus.

One hypothetical explanation is that stable associations are characterized by a highly interactive microbial 
community and dysbiosis may result when horizontal exchange disrupts the interactions in these communities. 
For example, the main taxa that appear to be manipulated by T. pomonae and T. septentrionalis are involved in 
nitrogen cycling. In both T. pomonae and T. septentrionalis, Mollicutes (Mesoplasma OTU 1 and Spiroplasma 
OTU 1) were found to increase in abundance whereas Unclassified Rhizobiaceae OTU 1 and Pantoea OTU 1 
were found to decrease in collapsing Clade-A gardens. Pantoea has been previously found to fix nitrogen within 
the fungal garden and members of Rhizobiales are suspected of fixing nitrogen within the gut of Acromyrmex 
 ants31,32. Attine associated Mollicutes have also been found to convert arginine into  NH3 within the gut of the 
 ants33. As these taxa are all suspected of fixing nitrogen, Mollicute taxa within the microbiomes of the fungi would 
initially appear to be interchangeable and redundant if another nitrogen fixing bacteria is present. However, as 
Clade-A fungal gardens collapse under these altered microbial communities, specificity between nitrogen fix-
ing bacteria and the fungus garden must be present in natural Clade-B gardens when grown by T. pomonae or 
T. septentrionalis.

Although the bacterial microbiomes of fungus gardens grown by T. arizonensis were not significantly different, 
the p-values were low enough for a Type II error to be a concern. As a result, similar mechanisms of microbiome 
structuring may be involved in T. arizonensis symbioses. For example, even though the gardens of T. arizonensis 
were composed of nitrogen fixers and Mollicutes, gardens were nearly split 50:50 between these two taxa in 
Clade-B gardens. Clade-A fungus grown by T. arizonensis was primarily comprised of Unclassified Rhizobiaceae 
OTU 1, with reduced relative abundance of Mollicutes (Figure 6A). It seems possible that T. arizonensis is able 
to prevent an overabundance of Mollicutes, which may be lethal for Clade-A fungi, which is a hypothesis raised 
by Meirelles et al. (2016). As T. pomonae and T. septentrionalis are phylogenetically closer related to each other 
than with T. arizonensis who also shares a clade with other Trachymyrmex species capable of growing Clade-A 
fungi (e.g. T. desertorum), the mechanisms that cause lower concentrations of Mollicutes may have evolved in 
this separate  clade39. Future studies looking at the metabolomics of these Clade-A nitrogen fixing bacteria are 
required to see if they supply the fungus additional enzymes or secondary compounds.

The significant variation seen with the ants were primarily driven by core OTUs found across all sample types, 
such as the Solirubrobacter OTUs and Unclassified Burkholderiaceae OTU 1, as well as low abundance OTUs 
that were likely environmentally acquired, such as Pseudomonas aeruginosa OTU 1 and Acinetobacter OTU 1. 
Both Solirubrobacter and members of Burkholderiaceae have been commonly found in T. septentrionalis ant 
 microbiomes34–36. Aside from fungus-gardening ants, Solirubrobacter has been found in soil crusts and earth-
worm burrows, and is suspected of aiding in the growth of certain  plants65,66. The consistency of finding Soliru-
brobacter on T. septentrionalis and T. pomonae ants, even within laboratory settings, suggests these bacteria form 
tight symbiotic relationships with the ants and are not strictly a transient artifact of a subterranean  lifestyle34–36. 
Notably, Pseudonocardia, a heavily studied bacteria within the attine symbiosis, appears to have been lost dur-
ing the experiment for both dysbiotic and symbiotic T. pomonae ants. Inhibitory interactions between common 
antibiotic producing attine-derived bacteria can occur, as seen with plated strains of Amycolatopsis found to 
inhibit the growth of Pseudonocardia30. Future quantitative sequencing approaches may examine whether the 
dynamics of altered microbiomes in ants growing Clade-A fungi create an environment where Pseudonocardia 
are outcompeted by other taxa.

While the mechanisms that determine symbiosis/ dysbiosis in fungus-gardening ant symbiosis appear to be 
complex, it is clear that when ant-fungal combinations fail, bacterial communities also disassociate and that the 
disassociation is not random. As a result, future work needs to take an explicitly community ecology approach 
and examine the interactions among bacteria, ants, and fungi at a very fine  scale67. In particular, as it appears 
that nitrogen cycling is impacted by relative changes in Mollicutes, Rhizobiales, and Pantoea abundance, future 
work may examine how these changes are actually determined (if at all) by host biology or the presence or 
absence by other taxa, such as Actinobacteria or Solirubrobacter. Future work will need to additionally examine 
the interactions among hosts and bacteria with other members of the symbiotic community (such as microfungi 
and yeasts), many of which are known to interact with bacteria, host ants, and  fungi27,68–70.

Data availability
Raw microbiome sequences for all samples have been uploaded to NCBI under the BioProject PRJNA 982270. 
Our Qiime2 pipeline, along with sample R script used during the post-processing analysis, can be found at https:// 
github. com/ bsbri nghur st/ Conse quenc es- of- Horiz ontal- Fungus- Excha nge. The resulting OTU table output by 
our Qiime2 pipeline can be found in the DRYAD Digital Repository (https:// doi. org/ 10. 5061/ dryad. 3ffbg 79pw).

https://github.com/bsbringhurst/Consequences-of-Horizontal-Fungus-Exchange
https://github.com/bsbringhurst/Consequences-of-Horizontal-Fungus-Exchange
https://doi.org/10.5061/dryad.3ffbg79pw


13

Vol.:(0123456789)

Scientific Reports |         (2024) 14:3231  | https://doi.org/10.1038/s41598-024-53218-6

www.nature.com/scientificreports/

Received: 28 September 2023; Accepted: 30 January 2024

References
 1. Douglas, A. E. The Symbiotic Habit. (Princeton University Press, 2010).
 2. Gault, J. A., Bentlage, B., Huang, D. & Kerr, A. M. Lineage-specific variation in the evolutionary stability of coral photosymbiosis. 

Sci. Adv. 7, eabh4243 (2021).
 3. Kaltenpoth, M. et al. Partner choice and fidelity stabilize coevolution in a Cretaceous-age defensive symbiosis. Proc. Natl. Acad. 

Sci. U. S. A. 111, 6359–6364 (2014).
 4. Nygaard, S. et al. Reciprocal genomic evolution in the ant-fungus agricultural symbiosis. Nat. Commun. 7, 12233 (2016).
 5. Stanley, G. D. Photosymbiosis and the evolution of modern coral reefs. Science 312, 857–858 (2006).
 6. van der Heijden, M. G. A., Martin, F. M., Selosse, M. A. & Sanders, I. R. Mycorrhizal ecology and evolution: The past, the present, 

and the future. New Phytol. 205, 1406–1423 (2015).
 7. Hughes, D. T. & Sperandio, V. Inter-kingdom signalling: Communication between bacteria and their hosts. Nat. Rev. Microbiol. 

6, 111–120 (2008).
 8. Lynch, J. B. & Hsiao, E. Y. Microbiomes as sources of emergent host phenotypes. Science 365, 1405–1409 (2019).
 9. Maher, R. L. et al. Coral microbiomes demonstrate flexibility and resilience through a reduction in community diversity following 

a thermal stress event. Front. Ecol. Evol. 8, 555698 (2020).
 10. Medina, M. et al. Grand challenges in coevolution. Front. Ecol. Evol. 9, 618251 (2022).
 11. van Oppen, M. J. H. & Blackall, L. L. Coral microbiome dynamics, functions and design in a changing world. Nat. Rev. Microbiol. 

17, 557–567 (2019).
 12. Peixoto, R. S. et al. Harnessing the microbiome to prevent global biodiversity loss. Nat. Microbiol. 7, 1726–1735 (2022).
 13. Vega Thurber, R. et al. Deciphering coral disease dynamics: integrating host, microbiome, and the changing environment. Front. 

Ecol. Evol. 8, 575927 (2020).
 14. Baltrus, D. A. Adaptation, specialization, and coevolution within phytobiomes. Curr. Opin. Plant Biol. 38, 109–116 (2017).
 15. Berg, G. et al. Microbiome definition re-visited: old concepts and new challenges. Microbiome 8, 103 (2020).
 16. Huitzil, S., Sandoval-Motta, S., Frank, A. & Aldana, M. Modeling the role of the microbiome in evolution. Front. Physiol. 9, 1836 

(2018).
 17. Kolodny, O., Callahan, B. J. & Douglas, A. E. The role of the microbiome in host evolution. Philos. Trans. R. Soc. B 375, 20190588 

(2020).
 18. Koskella, B. & Bergelson, J. The study of host–microbiome (co)evolution across levels of selection. Philos. Trans. R. Soc. B 375, 

20190604 (2020).
 19. Theis, K. R. et al. Getting the Hologenome Concept Right: an Eco-Evolutionary Framework for Hosts and Their Microbiomes. 

mSystems 1, e00028-16 (2016).
 20. Bizarria, R., Pagnocca, F. C. & Rodrigues, A. Yeasts in the attine ant–fungus mutualism: Diversity, functional roles, and putative 

biotechnological applications. Yeast 39, 25–39 (2022).
 21. Cafaro, M. J. et al. Specificity in the symbiotic association between fungus-growing ants and protective Pseudonocardia bacteria. 

Proc. R. Soc. B Biol. Sci. 278, 1814–1822 (2011).
 22. Currie, C. R., Bot, A. N. M. & Boomsma, J. J. Experimental evidence of a tripartite mutualism: bacteria protect ant fungus gardens 

from specialized parasites. Oikos 101, 91–102 (2003).
 23. Kyle, K. E. et al. Trachymyrmex septentrionalis ants promote fungus garden hygiene using Trichoderma- derived metabolite cues. 

Proc. Natl. Acad. Sci. 120, e2219373120 (2023).
 24. Martiarena, M. J. S., Deveau, A., Montoya, Q. V., Flórez, L. V. & Rodrigues, A. The hyphosphere of leaf-cutting ant cultivars is 

enriched with helper bacteria. Microb. Ecol. 86, 1773–1788 (2023).
 25. Rodrigues, A., Mueller, U. G., Ishak, H. D., Bacci, M. & Pagnocca, F. C. Ecology of microfungal communities in gardens of fungus-

growing ants (Hymenoptera: Formicidae): A year-long survey of three species of attine ants in Central Texas. FEMS Microbiol. 
Ecol. 78, 244–255 (2011).

 26. Bruner-Montero, G. et al. Symbiont-mediated protection of Acromyrmex leaf-cutter ants from the entomopathogenic fungus 
Metarhizium anisopliae. MBio 12, e01885-21 (2021).

 27. Francoeur, C. B. et al. Burkholderia from fungus gardens of fungus-growing ants produces antifungals that inhibit the specialized 
parasite Escovopsis. Appl. Environ. Microbiol. 87, e00178-21 (2021).

 28. Kim, J. H. et al. Amycolatopsis from desert specialist fungus-growing ants suppresses contaminant fungi using the antibiotic ECO-
0501. Appl. Environ. Microbiol. 89, e0183822 (2023).

 29. Ortega, H. E. et al. Antifungal compounds from Streptomyces associated with attine ants also inhibit Leishmania donovani. PLoS 
Negl. Trop. Dis. 13, e0007643 (2019).

 30. Hansen, K. A. et al. Bacterial associates of a desert specialist fungus-growing ant antagonize competitors with a nocamycin analog. 
ACS Chem. Biol. 17, 1824–1830 (2022).

 31. Pinto-Tomás, A. A. et al. Symbiotic nitrogen fixation in the fungus gardens of leaf-cutter ants. Science 326, 1120–1123 (2009).
 32. Sapountzis, P. et al. Acromyrmex leaf-cutting ants have simple gut microbiota with nitrogen-fixing potential. Appl. Environ. Micro-

biol. 81, 5527–5537 (2015).
 33. Sapountzis, P., Zhukova, M., Shik, J. Z., Schiott, M. & Boomsma, J. J. Reconstructing the functions of endosymbiotic Mollicutes 

in fungus-growing ants. Elife 7, e39209 (2018).
 34. Bringhurst, B., Allert, M., Greenwold, M., Kellner, K. & Seal, J. N. Environments and hosts structure the bacterial microbiomes of 

fungus-gardening ants and their symbiotic fungus gardens. Microb. Ecol. 86, 1374–1392 (2023).
 35. Green, E. A. & Klassen, J. L. Trachymyrmex septentrionalis ant microbiome assembly is unique to individual colonies and castes. 

mSphere 7, e00989-21 (2022).
 36. Ishak, H. D. et al. Microbiomes of ant castes implicate new microbial roles in the fungus-growing ant Trachymyrmex septentrionalis. 

Sci. Rep. 1, 204 (2011).
 37. Meirelles, L. A. et al. Bacterial microbiomes from vertically transmitted fungal inocula of the leaf-cutting ant Atta texana. Environ. 

Microbiol. Rep. 8, 630–640 (2016).
 38. Mueller, U. G. et al. Biogeography of mutualistic fungi cultivated by leafcutter ants. Mol. Ecol. 26, 6921–6937 (2017).
 39. Solomon, S. E. et al. The molecular phylogenetics of Trachymyrmex Forel ants and their fungal cultivars provide insights into the 

origin and coevolutionary history of ‘higher-attine’ ant agriculture. Syst. Entomol. 44, 939–956 (2019).
 40. Luiso, J., Kellner, K., Matthews, A. E., Mueller, U. G. & Seal, J. N. High diversity and multiple invasions to North America by fungi 

grown by the northern-most Trachymyrmex and Mycetomoellerius ant species. Fungal Ecol. 44, 100878 (2020).
 41. Mueller, U. G. et al. Phylogenetic patterns of ant–fungus associations indicate that farming strategies, not only a superior fungal 

cultivar, explain the ecological success of leafcutter ants. Mol. Ecol. 27, 2414–2434 (2018).
 42. Seal, J. N., Schiøtt, M. & Mueller, U. G. Ant-fungus species combinations engineer physiological activity of fungus gardens. J. Exp. 

Biol. 217, 2540–2547 (2014).



14

Vol:.(1234567890)

Scientific Reports |         (2024) 14:3231  | https://doi.org/10.1038/s41598-024-53218-6

www.nature.com/scientificreports/

 43. Bot, A. N. M., Rehner, S. A. & Boomsma, J. J. Partial incompatibility between ants and symbiotic fungi in two sympatric species 
of Acromyrmex leaf-cutting ants. Evolution 55, 1980–1991 (2001).

 44. Barrett, B. T. et al. Ant genotype, but not genotype of cultivated fungi, predicts queen acceptance in the asexual fungus-farming 
ant Mycocepurus smithii (Hymenoptera: Formicidae). Behav. Ecol. Sociobiol. 77, 10 (2023).

 45. Poulsen, M. & Boomsma, J. J. Mutualistic fungi control crop diversity in fungus-growing ants. Science 307, 741–744 (2005).
 46. Poulsen, M., Fernández Marín, H., Currie, C. R. & Boomsma, J. J. Ephemeral windows of opportunity for horizontal transmission 

of fungal symbionts in leaf-cutting ants. Evolution 63, 2235–2247 (2009).
 47. Seal, J. N., Gus, J. & Mueller, U. G. Fungus-gardening ants prefer native fungal species: Do ants control their crops?. Behav. Ecol. 

23, 1250–1256 (2012).
 48. Seal, J. N. & Mueller, U. G. Instability of novel ant-fungal associations constrains horizontal exchange of fungal symbionts. Evol. 

Ecol. 28, 157–176 (2014).
 49. Seal, J. N. & Tschinkel, W. R. Co-evolution and the superorganism: Switching cultivars does not alter the performance of fungus-

gardening ant colonies. Funct. Ecol. 21, 988–997 (2007).
 50. De Fine Licht, H. H. & Boomsma, J. J. Variable interaction specificity and symbiont performance in Panamanian Trachymyrmex 

and Sericomyrmex fungus-growing ants. BMC Evol. Biol. 14, 244 (2014).
 51. Rabeling, C., Cover, S. P., Johnson, R. A. & Mueller, U. G. A review of the North American species of the fungus-gardening ant 

genus Trachymyrmex (Hymenoptera: Formicidae). Zootaxa 1664(1), 1–53 (2007).
 52. Beigel, K. et al. Cophylogenetic analyses of Trachymyrmex ant-fungal specificity: “One to one with some exceptions”. Mol. Ecol. 

30, 5605–5620 (2021).
 53. Seal, J. N., Brown, L., Ontiveros, C., Thiebaud, J. & Mueller, U. G. Gone to texas: Phylogeography of two Trachymyrmex (Hyme-

noptera: Formicidae) species along the southeastern coastal plain of North America. Biol. J. Linn. Soc. 114, 689–698 (2015).
 54. Senula, S. F. et al. Potential distribution of six North American higher-attine fungus-farming ant (Hymenoptera: Formicidae) 

species. J. Insect Sci. 19, 24 (2019).
 55. Seal, J. N. & Tschinkel, W. R. Complexity in an obligate mutualism: Do fungus-gardening ants know what makes their garden 

grow?. Behav. Ecol. Sociobiol. 61, 1151–1160 (2007).
 56. Oksanen, J. et al. vegan: community ecology package. (2018).
 57. Bolyen, E. et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37, 

852–857 (2019).
 58. Chen, J. et al. Associating microbiome composition with environmental covariates using generalized UniFrac distances. Bioinfor-

matics 28, 2106–2113 (2012).
 59. Ogle, D. H., Doll, J. C., Wheeler, P. & Dinno, A. FSA: fisheries stock analysis. (2022).
 60. Larsson, J. eulerr: Area-Proportional Euler and Venn Diagrams with Ellipses. (2022).
 61. Clarke, K. R. Non-parametric multivariate analyses of changes in community structure. Aust. J. Ecol. 18, 117–143 (1993).
 62. Flynn, P. J., Amelio, C. L. D., Sanders, J. G., Russell, J. A. & Moreauc, C. S. Localization of bacterial communities within gut com-

partments across Cephalotes turtle ants. Appl. Environ. Microbiol. 87, e02803-20 (2021).
 63. Ronque, M. U. V., Lyra, M. L., Migliorini, G. H., Bacci, M. & Oliveira, P. S. Symbiotic bacterial communities in rainforest fungus-

farming ants: evidence for species and colony specificity. Sci. Rep. 10, 10172 (2020).
 64. De Cáceres, M. & Legendre, P. Associations between species and groups of sites: indices and statistical inference. Ecology 90, 

3566–3574 (2009).
 65. Singleton, D. R. Prokaryotic communities associated with the earthworm Lumbricus rubellus and the agricultural soil it inhabits. 

(2002).
 66. dos Santos, S. R. L. et al. Differential plant growth-promoting rhizobacteria species selection by maize, cowpea, and lima bean. 

Rhizosphere 24, 100626 (2022).
 67. Klassen, J. L. Ecology helps bound causal explanations in microbiology. Biol. Philos. 35, 3 (2020).
 68. Rodrigues, A. et al. Antagonistic interactions between garden yeasts and microfungal garden pathogens of leaf-cutting ants. Antonie 

Van Leeuwenhoek 96, 331–342 (2009).
 69. Little, A. E. F. & Currie, C. R. Black yeast symbionts compromise the efficiency of antibiotic defenses in fungus-growing ants. 

Ecology 89, 1216–1222 (2008).
 70. Mendes, T. D., Rodrigues, A., Dayo-Owoyemi, I., Marson, F. A. L. & Pagnocca, F. C. Generation of nutrients and detoxification: 

Possible roles of yeasts in leaf-cutting ant nests. Insects 3, 228–245 (2012).

Acknowledgements
We thank Geoff Bender, Michele Lanan and Southwestern Research Station staff for providing logistical support, 
help with colony collections and facilitating collection permits in southeastern Arizona (Coronado National 
Forest). We thank Steven Gibson, Rob Plowes, and Larry Gilbert for allowing colony collections at Stengl “Lost 
Pines” Biological Research Station. We thank Kevin Anderson for allowing colony collections at the Center for 
Environmental Research at Hornsby Bend. We thank Dean Peters for allowing colony collections on his property 
in Smith County, Texas. Lastly, we thank Sarah Senula, Chase Rowan, Colby Stone, Christine Pawlik, Katherine 
Beigel, and Elizabeth Boshers for aiding in colony collections and maintaining the colonies throughout the 
course of this study.

Author contributions
All authors contributed to the study conception and design. Material preparation, data collection and analysis 
were performed by B.B., M.G., K.K., and J.N.S. The manuscript was written by B.B. and J.N.S. All authors read 
and approved the final manuscript.

Funding
Funding was provided by the National Science Foundation IOS-1552822 to J.N.S. and DEB-1354629 to K.K.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 024- 53218-6.

https://doi.org/10.1038/s41598-024-53218-6
https://doi.org/10.1038/s41598-024-53218-6


15

Vol.:(0123456789)

Scientific Reports |         (2024) 14:3231  | https://doi.org/10.1038/s41598-024-53218-6

www.nature.com/scientificreports/

Correspondence and requests for materials should be addressed to J.N.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Symbiosis, dysbiosis and the impact of horizontal exchange on bacterial microbiomes in higher fungus-gardening ants
	Methods
	Study species
	Set–up of Trachymyrmex arizonensis
	Set–up of Trachymyrmex pomonae and Trachymyrmex septentrionalis
	Microbiome sampling
	Microbiome analyses
	Quantification and statistical analyses

	Results
	Subcolony growth and collapse
	Trachymyrmex septentrionalis Fungus
	Trachymyrmex pomonae Fungus
	Trachymyrmex septentrionalis and Trachymyrmex pomonae Ants
	Trachymyrmex arizonensis

	Discussion
	References
	Acknowledgements


