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One sentence summary: Top panel—Cephalotes rohweri ant colonies were moved into growth chambers programmed to warm (+1◦C) and cool (−4◦C)
temperatures relative to observed hourly average nest temperatures in the field in the summer. Microbiome composition and abundance was assessed with 16S
amplicon sequencing and qPCR. Bottom panel—In a complementary set of observations, we characterized naturally occurring nest temperatures within both the
summer (September 2018) and winter (February 2019) and naturally occurring bacterial composition.
Editor: Julie Olson

Abstract

Microorganisms within ectotherms must withstand the variable body temperatures of their hosts. Shifts in host body temperature
resulting from climate change have the potential to shape ectotherm microbiome composition. Microbiome compositional changes
occurring in response to temperature in nature have not been frequently examined, restricting our ability to predict microbe-mediated
ectotherm responses to climate change. In a set of field-based observations, we characterized gut bacterial communities and thermal
exposure across a population of desert arboreal ants (Cephalotes rohweri). In a paired growth chamber experiment, we exposed ant
colonies to variable temperature regimes differing by 5◦C for three months. We found that the abundance and composition of ant-
associated bacteria were sensitive to elevated temperatures in both field and laboratory experiments. We observed a subset of taxa
that responded similarly to temperature in the experimental and observational study, suggesting a role of seasonal temperature and
local temperature differences amongst nests in shaping microbiomes within the ant population. Bacterial mutualists in the genus
Cephaloticoccus (Opitutales: Opitutaceae) were especially sensitive to change in temperature—decreasing in abundance in naturally
warm summer nests and warm growth chambers. We also report the discovery of a member of the Candidate Phlya Radiation (Phylum:
Gracilibacteria), a suspected epibiont, found in low abundance within the guts of this ant species.

Keywords: ants (Hymenoptera: Formicidae), bacteria, climate change, microbiome, seasonality, temperature

Introduction
Temperature change is a ubiquitous challenge faced by living or-
ganisms. Warming produces conformational changes in proteins,
alters enzyme efficiencies, and can eventually lead to protein de-
naturation (Vogt et al. 1997). A large majority of multicellular life
on earth, by total biomass and diversity, is ectothermic (Bar-On et
al. 2018), relying on external heat to regulate body temperature.
As ectotherm body temperature fluctuates, so does the tempera-
ture experienced by associated microbiomes. Across diverse ani-
mal taxa, microbiome composition and abundance is sensitive to
thermal change, however, examples linking natural exposure in
temperature to changes in microbiome composition remain rare
(Moeller 2004, Dunbar et al. 2007, Lemoine et al. 2020, Onyango et al.
2020). The thermal biology of microbiomes may be an important
mechanism affecting ectotherm response to climate change be-
cause of the many host traits that are linked to microbiome com-
position and abundance, including pathogen resistance, nutrient
acquisition, and reproduction (Sepulveda and Moeller 2020).

Temperature variation across seasons, days, and habitat plays
a large role in determining terrestrial ectotherm species distri-
butions and strongly shapes the evolution of thermal tolerance
of organisms (Huey et al. 2001). Many observations of ectotherm
thermal tolerance across geographic gradients and life histories
have accumulated to shape the field of thermal biology. As an
example, optimal temperatures of ectotherms tend to be higher
at low latitudes where temperatures are warmer, while thermal
tolerance breadth (range of suitable temperatures) is narrower in
these same areas due to more stable temperatures across sea-
sons (Stevens 1989, Addo-Bediako et al. 2000). Worldwide, there
is a pattern among terrestrial ectotherms of thermal maximums
being constrained and varying less over geographic gradients than
species thermal minimums (Snyder and Weathers 1975). The de-
gree to which these and other global patterns of adaptation in re-
sponse to variation in temperature are also reflected in thermal
responses of microbiomes within ectotherms is largely unknown.
Additional examples of ectotherm microbiome response in nature
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may aid in testing these and other generalizations of patterns of
thermal sensitivity.

Ectotherm responses to temperatures of different extremes or
duration may also guide expectations of microbiome thermal sen-
sitivity (Iltis et al. 2021). Acclimation, a gradual improvement in
ability to tolerate temperature deviations from optimum follow-
ing exposure, is very common among ectotherms (Gaston et al.
2009). Extreme temperatures (e.g. heat shock) can be harmful even
if the exposure is brief, while smaller deviations from optimum
temperature may be tolerated for long periods of time without
severe consequence (Heath 1963; Kingsolver and Gomulkiewicz
2003). Studies that examine microbiome response to warming
suggest that adaptive acclimation can occur with gradual expo-
sure (Moghadam et al. 2018), irreversible damage can occur from
extreme exposure (Kikuchi et al. 2016), and gradual recovery can
follow moderate exposure (Heyworth et al. 2020). We do not have
a clear picture of how these responses may align or interact with
host biology at present moment, and thus more examples of nat-
ural responses are needed.

Changes in the abundance of microbial strains can be driven
directly by microbial temperature sensitivities or through a wide
array of indirect mechanisms that can be difficult to experimen-
tally separate (Corbin et al. 2016). Indirect mechanisms may in-
clude temperature dependent changes in host physiology that al-
ter the microbial environment (e.g. gut pH), complex interactions
amongst microbes due to asymmetric temperature responses, or
microbial evolution and co-evolution within novel environmental
contexts (Sepulveda and Moeller 2020).

Much of the knowledge of microbiome response to tempera-
ture has come from growth chamber or water tank experiments,
which offer precise control over thermal exposure (Russell and
Moran 2006, Dunbar et al. 2007, Fan and Wernegreen 2013, Kohl
and Yahn 2016). Lab-based microbial growth and colonization as-
says also demonstrate clear links between temperature and ec-
totherm microbiome composition (Hammer et al. 2021). However,
studies that have observed microbiome compositional changes in
free-living animals corresponding to differences in temperature
exposure are more limited. Work in coral suggest that exposure
to temperature in situ can result in deleterious effects on host fit-
ness (Kemp et al. 2014, Smith et al. 2017), but free living insects
may be able to behaviorally mitigate deleterious effects through
microhabitat choice (e.g. diel thermal refuges). The difficulty in
characterizing in situ microbiome temperature sensitivities is due
to both the challenge of characterizing thermal exposure in free-
living animals and the number of correlated biotic factors that
change along with temperature (e.g. seasonal diet shifts) (Maurice
et al. 2015).

As arboreal ants living in a desert, C. rohweri are exposed to ex-
treme summer temperatures and moderate winter temperatures
inside their poorly insulated nests. Cephalotes rohweri live in the
dead branches of several tree and shrub species in the Sonoran
Desert. Colonies are established when a mated queen locates an
abandoned beetle burrow, and these nests are occupied up to sev-
eral years at a time, with a small proportion of workers leaving the
nest at any time for foraging. Satellite nests can be added within
the individual tree as the colony grows (Scott Powell—personal
communication), but the species is monogynous (one reproduc-
tive queen). Individual nests are usually located in dead wood,
within 5 cm of the surface of the branch. Colonies of C. rohweri
form a reproductive unit and consist of 3 castes, including a sin-
gle queen, a minor caste (workers), and a major caste (soldiers).
These individuals are spread between one to several nests in a
single tree, with minor workers being the most abundant caste

and responsible for most of the resource acquisition. This is a gen-
eral trend among arboreal ants, with the lifestyle being associated
with greater thermal exposure (Leahy et al. 2022).

Abundant bacterial mutualists within the midgut and ileum
of C. rohweri upgrade otherwise inaccessible nitrogen compounds
(urea, uric acid, and xanthine) to produce amino acids (Hu et al.
2018). Through metagenomic sequencing, metabolic pathway re-
construction, and controlled experiments, Hu et al. (2018) demon-
strated that C. rohweri realize a very efficient nitrogen economy,
with bacteria enabling ant survival on an otherwise poor diet
largely consisting of plant exudations, bird excrement, pollen, and
likely fungal spores. Ants of the entire genus Cephalotes have low
trophic positions compared to other ants, rarely if ever taking an-
imal prey (Russell et al. 2009). All Cephalotes species investigated
thus far, including 17 of 119 total species in the genus (Powell
et al. 2020), possess microbiomes with broadly similar composi-
tion and functional capabilities in terms of core bacterial taxa (Hu
et al. 2018) suggesting a long co-evolutionary history between ants
and at least some bacterial lineages. Cephalotes rohweri is the most
northerly distributed species of this diverse neotropical ant genus,
but there is potential for negative effects in hot desert nests, as an
abundant symbiont, Cephaloticoccus sp., grows optimally at 37 ◦C
(Lin et al. 2016).

To further improve predictions of the fate of ectotherms in a
changing climate, it will be critical to examine microbiome re-
sponse to thermal stress and validate it in a natural setting. With
this aim we characterized microbiome composition and abun-
dance of a desert ant, Cephalotes rohweri (Hymenoptera: Formici-
dae) by pairing a growth chamber experiment with an observa-
tional study of seasonal and microclimate nest temperatures. We
aimed to answer the following questions: (i) Do nest microclimate
and seasonal temperature correlate with microbiome composi-
tion and abundance in the field? (ii) Are correlations between tem-
perature and composition in the field observed in growth cham-
bers? and (iii) What microbial taxa are sensitive to environmental
temperature, and can we explain any of the variation in responses
across the natural population?

Methods
Summary
We studied the effects of temperature on the gut bacteria of
Cephalotes rohweri by comparing the composition and abundance
of gut bacteria across a population of ant colonies in two sea-
sons (summer—late September and winter—late February). We
also exposed collected whole ant colonies to daily temperature
patterns differing by 5◦C in a growth chamber experiment (Fig. 1).
Our study utilized 16S amplicon sequencing and 16S quantitative
PCR from ant midguts and ilea to characterize gut microbiome
composition. All analyses were performed in R (R version 4.1.1) (R
Core Team 2020).

Study site
We collected C. rohweri nests and individuals from branches of
foothills palo verde trees (Parkinsonia microphylla) within the Tuc-
son Mountain Range (32.242◦N, 111.093◦W) in the Arizona Up-
land region of the Sonoran Desert (southeastern Arizona, USA).
The habitat is typical of a Sonoran thornscrub with abundant
Saguaro cacti (Carnegiea gigantea), foothills palo verde, and a di-
versity of other native Cactaceae, small shrubs, and flowering an-
nual plants. The area experiences frequent hard frosts in the win-
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Figure 1. Outline of experimental and observational approaches. Top panel—Cephalotes rohweri ant colonies were moved into growth chambers
programmed to warm (+1◦C) and cool (−4◦C) temperatures relative to observed hourly average nest temperatures in the field in the summer.
Microbiome composition and abundance was assessed with 16S amplicon sequencing and qPCR. Bottom panel—In a complementary set of
observations, we characterized naturally occurring nest temperatures within both the summer (September 2018) and winter (February 2019) and
naturally occurring bacterial composition. We also characterized seasonal bacterial compositional change as we resampled the same colonies the
following winter.

ter, summer daytime temperatures regularly reaching 45 ◦C, and
annual monsoon rains.

Minor worker collections—microclimate and
season
In the summer (early September 2018) and the following winter
(late February 2019), we collected 2 minor workers foraging within
0.5 m from 19 identified colonies using aspirators. In the sum-
mer sampling (2018), we collected 21 samples, as we found that 2
colonies had satellite nests in the same trees. In winter sampling
(2019), we found that these 2 satellite nests had been abandoned.
In addition, we found that 2 colonies had perished in the interven-
ing 6 months, and because of this our repeated sampling totaled
only 17 nests. Ants were kept in a cooler in the shade for a max-
imum of 6 h until they were frozen each afternoon upon return
from the field.

Interior nest temperature measurements corresponding to
September 2018 (summer observations) and February 2019 (win-
ter observations) were taken using a J-type thermocouple and a
HOBO UX100 thermocouple datalogger. The thermocouple wire
was inserted 0.5–2 cm past the nest entrance and recorded inte-
rior nest temperature every minute for between 36 and 96 h. Sum-
mary statistics from nest temperature data independently used in
analysis include mean, median, maximum, minimum, 95% quan-
tile, and 80% quantile temperatures. Our choice of these variables
was based on the desire to quantify the temperatures that mi-
crobes were exposed to for the longest duration, but also investi-
gate the effects of short-lasting regular exposure to more extreme
high temperatures. We used a linear regression to test for an effect
of nest branch exterior diameter on the daily range of tempera-
tures within the nest.

Growth chamber experiment
To test the effects of temperature on ant gut bacterial composi-
tion and abundance we performed a 3-month growth chamber
experiment, comparing a warm and cool treatment. The two tem-
perature treatments were based on field measurements of daily
temperature trajectories observed within nests but differed by

5◦C from each other (Fig. 2). Hourly temperatures were calcu-
lated from 7 months (March 2017–September 2017) of tempera-
ture readings within dead tree branches at the collection site us-
ing iButtons (DS1922L, Maxim Integrated Products, San Jose, CA,
USA) (Fig. 2). When we examined summer nest interior measure-
ments of greater accuracy (September 2018), we found our treat-
ments were well within the bounds of natural variation observed
in nests, approximately 1◦C above average hourly summer tem-
peratures (warm) and 4◦C below average hourly summer temper-
atures (cool) (Fig. 2).

We collected 11 colonies in September 2017 by removing all
potential nest-containing branches (those with dead wood) from
trees in which we observed foraging C. rohweri. Nest entrances
were blocked with Play-Doh (Hasbro, Inc. Pawtucket, RI) for up to
72 h prior to manual nest dissection. All individual ants from a
single tree regardless of caste or developmental stage were placed
into an artificial nest made from a 12.7 x 17.8 cm picture frame
with a 5 mm entrance hole drilled into the side. The clear plexi-
glass was covered with red-tinted tape. The artificial nests were
each placed in their own foraging arenas—a small translucent
storage container (15 x 30 x 15 cm). Colonies were ordered by total
number of workers and alternately assigned to cool (5 colonies)
and warm (6 colonies) temperature treatments and all foraging
arenas, each containing an artificial nest with a single colony was
placed in their respective growth chambers with a 12-h light, 12-h
dark regime setting.

Ants were fed ad libitum in their foraging arenas with wick-
ing feeders replaced twice each week with DI water, NaCl solution
(1% NaCl by mass), and urea solution (3% Urea by mass).. The for-
aging area for each nest consisted of a 32 x 20 x 14 cm plastic
container with its walls coated with fluon (Insect-a-slip, Bioquip,
Rancho Dominguez, CA). Outside of feedings, the top was covered
with plastic wrap and rubber banded in place to prevent escape.
Small dishes were used for 50% honey solution (absorbed onto a
folded and mounted KimWipe), bee pollen, and 1 frozen cockroach
nymph. Between 2–5 live ants were dissected and sequenced from
each colony three times: at setup, after 6 weeks of exposure, and
after 3 months of exposure.
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Figure 2. Top panels: smoothing splines of median hourly temperature colored by nesting branch diameter across growth chamber experiments,
summer nest temperatures collections, and winter collections. Growth chamber treatments fall within natural summer ranges but represent
approximately −4◦C and +1◦C each hour for ‘cool’ and ‘warm’ respectively. Bottom panels: summer and winter nest temperature range in ◦C. Both
summer (R2 = 0.22, P = 0.016) and winter (R2 = 0.25, P = 0.023) with larger branch circumferences have smaller temperature ranges.

Ant gut dissections, DNA extractions, and
sequencing
We dissected minor workers from growth chamber experiments
and field collections under sterile conditions in Dulbecco’s phos-
phate buffered solution, removing the midgut and ileum from
each ant. Samples were bulked to obtain adequate concentra-
tions of DNA (1–5 minor workers in 2017 and 2 minor workers in
2018/2019). Forceps were flame-sterilized with ethanol between
ant digestive tract dissections, and sterile buffer and petri dishes
were used for each dissection. Control samples consisted of ex-
tracted DNA from forceps that were dipped into the dissection
liquid following an ant dissection and were sequenced for each
round of dissections.

DNA was extracted from the bulked midguts and ilea using a
modified PowerSoil (Qiagen, Hilden, Germany) extraction proto-
col, including an additional tissue disruption step followed by an
overnight Proteinase K soak (Rubin et al. 2014). To increase DNA
concentration, the final elution step was performed with half the
recommended volume of the final elution buffer (50uL solution
C6). DNA concentration was measured using a Nanodrop 1000
spectrophotometer prior to sample submission to confirm suc-
cessful DNA extraction (ThermoScientific, Waltham, MA, USA).

Extracted DNA from samples and controls for each round of
dissections were sequenced by the Centre for Comparative Ge-
nomics and Evolutionary Bioinformatics Integrated Microbiome
Resource at Dalhousie University. Primers were selected to align
with the Earth Microbiome project, specifically the V4 subregion
of 16S SSU rRNA–515fB (GTGYCAGCMGCCGCGGTAA) and 806rB
(GGACTACNVGGGTWTCTAAT). DNA was amplified using High fi-
delity Phusion polymerase. Amplified DNA was sequenced using
an Illumina MiSeq, producing 291 bp paired end reads.

We performed quantitative PCR (qPCR) in triplicate for each
sample to estimate the per ant extracted 16S read count. Sam-
ples were distributed across three plates randomly with re-

spect to treatment groups and collection times. We used the
same primers above (V4 subregion of 16S SSU rRNA), SSOAd-
vanced Universal SYBR Green Supermix kits (BioRad Laborato-
ries, Inc., Hercules, CA, USA), and a QFX96 thermocycler (Bio-
Rad) to quantify 16S DNA concentration over 35 PCR cycles (94◦C
for 45s, 50◦C for 60s, 72◦C for 90s) with a 10-minute extension
at 72◦C. We averaged the 3 Ct values for each sample. To esti-
mate the 16S fragment concentration in each sample, we first cre-
ated a between-plate standard consisting of 5uL aliquots from 15
DNA extractions bulked across treatment groups, sampling times,
and extractions. We then performed PCR using the same primers
above (V4 subregion of 16S SSU rRNA) and a qPCR standard was
produced by isolating the 291 bp 16S band from this post-PCR gel,
and performing a DNA extraction using the procedure above. To
estimate read count in this between plate standard sample we
calculated 16S double-stranded DNA concentration using a Qubit
DNA assay (Invitrogen, Waltham, MA), and then converted DNA
concentration (ng/uL) to copy number using the molecular mass
of the 291 bp fragment.

To estimate 16S fragment numbers in each sample we calcu-
lated the difference between Ct values of the between-plate stan-
dard (described above) and each sample on that plate. We then
raised 2 to the difference in Ct values (i.e. 2∧(sample—plate stan-
dard)) to estimate the proportional difference in DNA concentra-
tions between each sample and the between plate standard. We
multiplied this proportional difference between each sample by
the estimated read count concentration of this pooled sample (es-
timated by QuBit above) (Dannemiller et al. 2014, Jian et al. 2020,
Cox et al. 2021). Finally, we divided each read count estimate by
the number of ants that were pooled in the sample and multi-
plied by 50 (as 1uL of the original DNA extraction was used in
qPCR). The resulting number is an estimate of the number of
16S fragments that were successfully extracted per ant in each
sample.
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Amplicon sequence variant, taxonomic, and
phylogenetic assignments
Illumina 16S reads were processed using the DADA2 (1.20.0) work-
flow to obtain amplicon sequence variants (ASV) including fil-
tering, dereplication, inference of sequence variants, merger of
paired-end reads, and chimera removal (Callahan et al. 2016). The
DADA2 pipeline was applied independently to each Illumina run
(growth chamber experiment, summer observations, winter ob-
servations). These 3 runs were separated to accommodate possi-
ble variation in error rates and to allow likely contaminants to be
identified within each dataset prior to merging. Likely contami-
nant ASV’s were identified using the package decontam, applying
a 50% prevalence threshold, removing ASV’s more prevalent in
controls than true samples, and ASVs occurring in less than 3
samples. Taxonomy was assigned to ASVs using DADA2 assign-
Taxonomy function, in combination with the ribosomal database
project naïve Bayesian classifier algorithm and using the Silva
training dataset (v138) (Wang et al. 2007). We used the phanghorn
R package to build a de novo phylogenetic tree of the 3 merged
datasets using the neighbor-joining method (Schliep 2011).

Statistical analyses of response to temperature
We assessed the response of ant gut bacterial communities to
temperature between warm and cool growth chamber treat-
ments, across natural microclimatic gradients within summer
and winter samples, and seasonally between summer and win-
ter samples (Fig. 1).

We multiplied our estimated qPCR per-ant 16S read abundance
(from here on qPCR weighted abundance) for each sample by rel-
ative abundance of each ASV. This approach provided a quanti-
tative estimate of ASV abundance within each sample (Jian et al.
2020). We tested for compositional dissimilarity in abundance of
ASVs across samples and homogeneity in beta dispersion across
treatment groups and seasons using betadisper and adonis (pack-
age vegan 2.5) (Oksanen et al. 2020). These analyses were per-
formed for all sampling dates in the experiment separately (0
months, 1.5 months, and 3 months in growth chamber) and be-
tween summer and winter observations.

We investigated differences in qPCR-weighted abundance us-
ing DESeq2 (1.32.0) (Love et al. 2014) separately at the ASV, genus,
family, and order level using a single response of growth cham-
ber treatment, season, or a single selected observed temperature
summary statistic (for the two microclimate analyses). Each set of
microclimate comparisons (summer and winter) was investigated
by performing single predictor variable PERMANOVA’s with each
contending temperature summary statistic (mean, median, 80th
quantile, and 95th quantile, minimum, and maximum tempera-
ture) and comparing output. The two seasons are dramatically dif-
ferent in temperature regimes and following model comparison,
the two summary statistics explaining the greatest variation (95th
percentile for summer microclimate, and 80th percentile temper-
ature for winter microclimate) were used in all subsequent anal-
yses (DESeq2) for these respective datasets. For summer temper-
ature, 95th quantile temperature may be capturing the negative
effects of sustained elevated daytime temperature. For winter, the
opposite may be occurring, with microbial growth being slowed
during the cooler hours of the day.

To estimate temperature effect on the overall bacterial abun-
dance in ant guts, we used linear models along microclimate
gradients (function lm (), predictor variables–95th percentile and
80th percentile temperature for summer and winter respectively),
ANOVA (function lm() between final timepoint lab-based warm

and cool treatments), and paired t-tests (function t.test() seasonal
observations) to test for the difference in estimated qPCR 16S log
read count per ant. We averaged all 3 qPCR technical replicates be-
fore converting to an estimate of per ant log 16S read abundance.
For growth chamber experiments, we report change in per-ant 16S
read abundance from initial measurements for each colony after
3 months of exposure.

Pearson correlations of the log-fold change in response to tem-
perature for all ASVs were used to determine if taxa responded
similarly across growth chamber experiments, between seasons,
and along microclimatic gradients. For microclimate, per-degree
log-fold change was used from the output of DESeq2.

To quantify differences in thermal response across phylogeny
we estimated Pagel’s λ for the log-fold change in response to tem-
perature for all ASVs (as above, using DeSeq2 per-degree log-fold
change for microclimate). To test for deviation from a null ex-
pectation under Brownian motion we used the function phylosig
(phytools, v 1.3).

Results
Summary
We identified 173 unique ASVs from 3035 597 reads, represent-
ing 7 orders of bacteria, including Betaproteobacteriales (64 ASVs),
Opitutales (29), Xanthomonadales (29), Rhizobiales (22), Pseu-
domonadales (18), Flavobacteriales (9), and JGI_0000069P22 (phy-
lum Gracilibacteria) (2). This closely resembles previous studies of
microbiome composition in this species (Hu et al. 2014, 2018).

Field sampling: seasonal change
There were strong seasonal differences in bacterial species com-
position within the ant population (PERMANOVA, Bray-Curtis, F1,34

= 13.77, R2 = 0.28, P < 0.001) (Fig. 3D, Fig. 4). Seasonal changes in
bacterial abundance were detected in 6 orders, 5 families, 2 gen-
era, and 42 ASVs significantly differed between summer and win-
ter samples (Supplemental Table 1 FDR<0.05, Fig. 5).

Samples in the winter were more homogenous than the same
colonies measured in the summer (betadisper, F1,34 = 73.64, P <

0.001, Fig. 3A). We observed 35% more total 16S read copies per
ant in winter colonies compared to summer colonies (paired t-
test, t = 2.19, df = 15, P = 0.045, Fig. 4). There was phylogenetic
signal in the change in abundance of ASVs between summer and
winter (resampled, λ = 0.792, P < 0.001, Fig. 5). We observed no dif-
ference in alpha diversity between seasons (Supplemental Figure
1A, ANOVA (function lm), P = 0.896).

Variation with microclimate
We found that nest temperature range depended on branch size
with larger branches being less susceptible to daily temperature
changes in both the summer (PERMANOVA, F1,19 = 6.93, R2 =
0.22, P = 0.016) and winter (PERMANOVA, F1,15 = 6.37, R2 = 0.25,
P = 0.023) (Fig. 2). Exposure of individual ant nests to extreme
summer temperatures, as measured by 95th percentile nest tem-
perature, was correlated with variation in bacterial composition
and diversity among nests. The 95th percentile temperature
predicted variation in ant gut bacterial composition (16S qPCR
weighted) (PERMANOVA, F1,18 = 2.73, R2 = 0.13, P = 0.015) (Fig. 3B).
No other temperature explanatory variables (mean, median,
80th percentile temperature) explained a significant amount
of variation in summer community composition. Change in
qPCR-weighted abundance in response to 95th percentile nest
temperature in the summer was significant (via DESeq2 analyses)

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/98/7/fiac062/6596280 by U
niversity of C

alifornia, Santa C
ruz user on 04 August 2022



6 | FEMS Microbiology Ecology, 2022, Vol. 98, No. 7

Figure 3. NMDS of qPCR weighted bacterial community composition collected from C. rohweri ant guts with each point representing a separate sample
of bulked ants from a separate nest. A) winter vs summer observations—repeated sampling of the same colonies. B) summer 2018 field collections
colored by nest temperature and C) winter 2019 field collections with each point representing bulked ants within distinct colonies (note: a change
occurs in the temperature scale between B and C panels) D) growth chamber experiment. Color corresponds to treatment, with initial conditions (grey)
and warm (orange) and cool (black) treatments. Number corresponds to sampling time 1 = initial, 2 = 1 month treatment exposure, 3 = 3 months
treatment exposure (end of experiment).

in one aggregated family (Opitutaceae), one genus (Cephaloticoccus)
(Fig. 5, Supplemental Table 1). We observed higher bacterial
alpha diversity at lower summer nest temperatures (linear
regression, t = −2.82, R2 = 0.26, P = 0.011, Supplemental
Figure 1B).

Winter microclimate also influenced community composition,
but only when using 80th percentile temperature as the predic-
tor variable (PERMANOVA, F1,14 = 3.32, R2 = 0.19, P = 0.011). No
other temperature explanatory variables (mean, median, 95th
percentile temperature) explained a significant amount of varia-
tion in winter community composition (Fig. 3C). Change in bacte-
rial relative abundance in response to 80th percentile nest tem-
perature in the winter was significant in one family and one
order (Xanthomonadales, Xanthomonadaceae) and 23 ASVs—
Supplemental table 1) (Fig. 5).

There were no significant differences in total 16S read copy
number qPCR measurements along microclimatic gradients
within the summer (t = −0.01, P = 0.99) or winter (t = 1.42, P =
0.17) nests according to temperature predictors. There was a weak
but significant phylogenetic signal in the change in abundance of
ASVs in response to microclimates in the summer (resampled, λ

= 0.407, P < 0.001) and winter (λ = 0.203, P < 0.001). We observed
no difference in alpha diversity between seasons (Supplemental
Figure 1C).

Growth chamber experiment
We found that bacterial community composition was sensitive
to temperature treatments after 3 months of exposure (PER-
MANOVA, R2 = 0.27, F1,10 = 3.43, P = 0.036), but no difference was
detected 6 weeks after exposure (PERMANOVA, R2 = 0.15, F1,9 =
1.47, P = 0.24), suggesting gradual change resulting from tempera-
ture exposure in growth chambers (Fig. 3D). Warm nests had lower
among-nest variance in species composition than did the control
nests after 6 weeks of temperature treatments (betadisper, F1,8 =
7.79, P < 0.025), while we found no difference in between treat-
ments after 3 months.

A total of 36 ASVs significantly responded to growth chamber
treatments—including ASVs in the genus Cephaloticoccus which
decreased in abundance at warm temperatures (Supplemental
Table 1, Fig. 5). At higher taxonomic levels, no aggregated or-
ders or families responded significantly to growth chamber treat-
ments, but the aggregated genus Cephaloticoccus decreased in rel-
ative abundance in the warm temperature treatment.

We observed a large decrease over the course of the experiment
(initial–3 months) in per-ant log 16S read abundance in warm
temperature treatments relative to the reduced temperature
treatment (t-test, F1,8 = 9.94, P < 0.013), suggesting that bacterial
abundance in ant guts was lower following 3 months at warmer
temperatures. There was a significant phylogenetic signal in

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/98/7/fiac062/6596280 by U
niversity of C

alifornia, Santa C
ruz user on 04 August 2022



McMunn et al. | 7

Figure 4. Stacked barplots of qPCR weighted abundance of all ASVs color coded by family and order A) summer and winter field collection,
composition and abundance B) boxplot of total qPCR read estimates from summer and winter field samples C) growth chamber treatments at
3 months time period, composition and abundance D) boxplot of total qPCR read estimates from growth chamber experiment samples (3-month time
period). There are more bacterial 16S copies in both the cooler temperature treatment and the winter nests in nature and broadly (total height).

difference in the abundance of ASVs between growth chamber
treatments (resampled, λ = 0.979, P < 0.001). We observed no
difference in alpha diversity between growth chamber treatments
(Supplemental Figure 1D).

Growth chamber vs. naturally observed thermal
responses
Bacterial ASVs that were rare or abundant in hot summer nests
showed similar changes in abundance between cool and warm
growth chambers through a positive correlation between log-fold
change across growth chambers treatments and per degree log
fold change across the population of nests in the summer (R =
0.30, t = 2.84, P = 0.005) (Fig. 5). We saw a similar pattern when
comparing summer microclimate response with growth chamber
treatments, finding a positive correlation between log-fold change
across growth chambers treatments and seasonal shifts in the
ant’s naturally occurring microbiome (R = 0.19, t = 2.53, P = 0.012).
We found no correlation between winter temperature responses
and growth chamber treatments.

Presence of members of the phyla Gracilibacteria
Two ASVs were annotated as phylum Gracilibacteria (order
JGI_0000069-P22). These ASVs were detected in multiple colonies
and at least one occurred in each of the 3 years of sampling.
While this ASV was detected in low abundance (maximum of 214

reads in a sample), we detected presence of the order-level taxon
JGI_0000069-P22 in 46 of 6916S sequencing samples and none of
the 6 control samples sequenced.

Discussion
Cephalotes rohweri gut bacterial composition and abundance are
sensitive to naturally occurring variation in temperature due to
seasonal change and nest microclimate. Our major results indi-
cate that 1) mutualists decrease in abundance in summer nests,
but seasonally recover by late winter within colonies and 2) winter
bacterial composition shows less variance than summer compo-
sition. Some ant colonies exposed to the hottest summer condi-
tions may be experiencing dysbiosis, by which we mean a depar-
ture from a typical microbial composition observed in the winter
and in cooler summer colonies. Temperature exposure in larger
branches is less severe, but the availability of these nesting sites
is lower in abundance as they are typically main tree trunks com-
pared to branch tips (McMunn—personal observation).

Our results demonstrated that bacteria in the genus Cephalotic-
occus (Opitutales: Opitutaceae), which enhance nitrogen
metabolism in this species of ant (Hu et al. 2018), were par-
ticularly sensitive to changes in temperature in growth chambers
between seasons, and in warmer nests within the natural popu-
lation during the summer. We found members of Cephaloticoccus
at reduced abundance in warm naturally occurring summer
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Figure 5. Log-fold change in qPCR weighted relative abundance of all ASVs across temperature. ASVs demonstrating significant response to
temperature or treatment (resulting from DEseq2 analyses) are shaded with 100% opacity. ASV’s unchanged in 16S qPCR weighted abundance are
shaded with 70% opacity. Red bars represent a positive response to increased temperature, while blue bars represent a positive response to decreased
temperature. Tree) phylogenetic tree of all ASV’s colored by taxonomic family. Growth chamber) log-fold change number of 16S copies in response to
growth chamber treatments (blue means greater in cool growth chamber, red means greater in warm growth chamber). Summer) per degree log-fold
change number of 16S copies in response to summer microclimate (blue means positive response to cooler microclimate, red means positive response
to warm microclimates). Winter) per degree log-fold change number of 16S copies in response to winter microclimate (blue means positive response to
cooler microclimate, red means positive response to warm microclimates). Season) log-fold change number of 16S copies between winter and summer
(blue means greater in winter, red means greater in summer). Members of the Opitutaceae were particularly sensitive to temperature change and were
lower in abundance in the warm growth chamber, lower in the summer, lower in warm summer nests compared to cool summer nests (when
aggregated, but no individual ASVs), and higher in abundance in warm winter nests than cool winter nests.

nests and cold naturally occurring winter nests, suggesting a
narrow thermal range (sensitive to both hot and cold extremes)
compared to other bacteria within these ants. This may reflect
a finding of increased thermal sensitivity described in other
vertically transmitted bacteria as a result of genome reduction
and reduced functional plasticity (Wernegreen 2012). Differences
observed between ant nests in the summer did not persist

through the following winter, suggesting seasonal recovery
from temperature exposure within colonies in nature. Seasonal
changes in microbiome composition have been noted in several
other ectotherm taxa, with varying effects on host phenotype
(Ferguson et al. 2018, Liu et al. 2019, Zhao et al. 2021).

In our growth chamber experiment, we found reduced overall
bacterial abundance in the warm treatment compared to the cool
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treatment. While we demonstrate here that the bacterial abun-
dance and composition of this ant is sensitive to temperature, we
caution that functional assays are required to assess if such losses
affect host fitness. Direct assays of microbiome efficiency are nec-
essary to confirm shifts in microbiome-based nutrient acquisition
in the summer as either bacterial efficiency or host ability to uti-
lize nutrients could change in tandem with abundance and com-
position of the ant microbiome (Hu et al. 2018).

Thermal sensitivity occurs not only across seasons but accord-
ing to microhabitat, with warm and cool nests collected from
within a very small area (800 m x 500 m) varying significantly in
microbiome composition. These findings indicate that change in
temperature across very fine scales of time and space could play
an important role in shaping host microbiome composition, and
warrant study in additional systems of animals. Colony temper-
ature measurements in the field explain variation in microbiome
composition, even given potential sources of error in temperature
measurements over a short period of time (1–3 days), the poten-
tial for between nest worker movement within colonies, and the
many other factors that vary between ant colonies (e.g. food ac-
cess or age/size). Given the small spatial scale at which we de-
tected differences between ant colonies in the summer and then
convergence toward a more similar winter microbiome composi-
tion across the population, we suggest that the microbiome of C.
rohweri may shift in composition regularly and reversibly in re-
sponse to natural temperature fluctuations.

Cephalotes rohweri may be able to buffer against permanent loss
of microbial strains at the colony level due to social sharing of
microbiota—one of several potential mechanisms through which
microbial associations may be recovered following thermal stress.
New workers, present to some extent in nests across seasons, are
inoculated by nestmates through oral-anal trophallaxis (Lanan
et al. 2016). Assuming microbes were not lost by every colony
member simultaneously and entirely, this mechanism of trans-
mission could reestablish heat sensitive taxa despite loss in indi-
vidual colony members. This could be resolved in future studies
that did not pool individuals within colonies.

While the results presented here suggest that key members of
the microbiome are sensitive to thermal stress, we cannot ad-
dress the functional consequences for ant hosts. Transplanting
microbiomes between individuals exposed to novel conditions
into unexposed individuals would represent a more direct test of
the effects of abiotically induced compositional shifts in the mi-
crobiome. Such experiments have been conducted in Drosophila
melanogaster and aphids and have demonstrated that the effects of
past exposure to temperature on the microbiome can be inherited
and have consequences for the host phenotype (Moghadam et al.
2018, Heyworth et al. 2020). Transplant experiments have linked
temperature-driven microbiome changes to improved tempera-
ture tolerance, but beneficial or detrimental microbiome compo-
sitional shifts may occur in a much wider array of animals (Sepul-
veda and Moeller 2020, Iltis et al. 2021). This type of experiment
may be difficult to conduct in Cephalotes spp., as microbiomes are
believed to be largely isolated from external contamination after
formation of the proventriculus in newly enclosed adults, leav-
ing only a short window in which to perform experimental micro-
biome transplants (Lanan et al. 2016).

Microbe-based acclimation and microbe-based susceptibility
surely both occur in nature, and host physiology, diet, and habitat
likely matter a great deal in determining the direction of this out-
come (Sepulveda and Moeller 2020). Identifying general charac-
teristics that allow for predictions of host microbiome responses
to changes in abiotic conditions, and in particular temperature,

will be key in understanding how a host will fare under climate
change. We suggest that C. rohweri in particular has several life
history characteristics that may result in acclimation rather than
susceptibility. These traits include functional redundancy across
closely related bacterial ASVs (Fig. 5, this paper (Hu et al. 2018))
within individual microbiomes and additional redundancy of mi-
crobial taxa across the super organism. Reproduction within ants
occurs at the colony level, and in this species by a single queen
within that colony, and social sharing of microbes is common in
this species (Lanan et al. 2016). In addition to redundancy of indi-
viduals, colonies frequently consist of multiple sizes of branches,
each containing a nest with slightly different temperature expo-
sure, allowing ants to move between nests and behaviorally ther-
moregulate to some extent. Finally, as a desert arboreal ant, C. ro-
hweri lives in an exceptionally variable thermal environment and
microbes found within this species of ant guts might be expected
to withstand change in temperature better than many insects due
to a long history of natural selection on both the host and its mi-
crobes.

Beyond temperature, other factors almost certainly influence
change in the C. rohweri microbiome across time and space. A
portion of the effect of season could be due to a likely seasonal
change in diet or as in honeybees, a change in defecation behavior
(Kešnerová et al. 2020). As Cephalotes are largely herbivorous and
potential scavengers of microscopic foods, the diet of C. rohweri is
likely altered by seasonal changes in availability of pollen, nectar,
and small windblown food items (spores, bacteria) (De Andrade
and Urbani 1999). This shift in diet may have contributed to the
dramatic increase in similarity within winter colonies, as foraging
intensity, and potentially abundance and diversity of plant-based
resources, decreases in the winter. More information on seasonal
variation in C. rohweri diet is needed to evaluate whether this is
the case.

As we show here, temperature should be considered among
the multiple factors that influence ectotherm microbiome compo-
sition in nature. Ectotherm microbe-based thermal sensitivity—
in both composition and abundance – may be an important, but
poorly characterized, determinant of organismal response to cli-
mate change and fitness in the face of changing thermal regimes.
A set of general predictions regarding ectotherm traits, emerging
from a synthesis of studies such as this one, would enable re-
searchers to predict whether microbe-based phenotypic plasticity
will help or hinder animals in a changing climate.
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