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Abstract 45 
 46 
The acorn ant, Temnothorax curvispinosus, is a model system for rapid evolution of 47 
physiological traits to urban environments. Here, we performed a transcriptome-wide 48 
comparison of changes in gene expression between urban and rural populations of acorn ants 49 
in the southeastern United States. Our analyses revealed 287 differentially expressed genes. 50 
Overrepresentation in gene ontology terms was consistent with evolved differences in whole-51 
organism traits such as metabolism and running speed. Transcriptome-wide comparisons also 52 
implicated an important role for cuticle development, which could directly aid in maintaining 53 
water balance in urban environments, with potential indirect effects on heat tolerance. 54 
 55 
Description 56 
 57 
Cityscapes can impose strong selection on populations, potentially leading to rapid, adaptive 58 
evolution (Diamond and Martin 2021). Shared selection pressures among species and among 59 
cities they inhabit can lead to shared, repeatable evolutionary outcomes (Losos 2011; 60 
Charmantier et al. 2024). For example, higher heat tolerance of ectothermic species has 61 
evolved repeatedly in association with urban heat island effects (Diamond et al. 2024). Yet, 62 
there is considerable variation in whether and how populations evolve in response to these 63 
novel urban environments (Santangelo et al. 2022). Part of this variation might be attributable to 64 
the multifarious changes in cities, set against the sensitivities of particular species to these 65 
environmental changes. Indeed, a diverse array of evolved changes in response to cityscapes 66 
have been documented. These changes include shifts in various aspects of physiology including 67 
thermal plasticity (Campbell-Staton et al. 2020) and immune defenses (Harris and Munshi‐68 
South 2017), life history including developmental rates (Tüzün et al. 2017) and pace-of-life 69 
syndromes (Brans et al. 2018), and morphology including body size (Winchell et al. 2023) and 70 
coloration (Fukano et al. 2023). Assessment of these changes has come via both whole-71 
organism phenotypic approaches and molecular approaches. While molecular approaches that 72 
employ genome-wide or transcriptome-wide summaries of changes carry limitations on 73 
assessing causality between the environment, genotype or gene expression, and phenotype, 74 
they also carry many benefits (Hoban et al. 2016). Because these approaches are agnostic to 75 
initial choices of traits to study, they could point towards currently unrecognized attributes of 76 
cities and species sensitivities that underlie species responses to cityscapes. 77 
 78 
Acorn-dwelling ants have become model systems for exploring rapid evolution in response to 79 
urbanization. Although most work in this area has focused on whole-organism phenotypes, 80 
molecular approaches have also been employed to understand transcriptome-wide changes in 81 
gene expression between urban and rural acorn ant populations (Smith et al. 2025). The term 82 
“acorn ant” is a broad descriptor of species in the ant genus Temnothorax that use hollowed-out 83 
acorns as their nest. This nesting habit allows for entire colonies to be collected and returned to 84 
the laboratory for rearing under common garden conditions to mitigate environmental effects on 85 
phenotypic and molecular differentiation. Temnothorax longispinosus and T. curvispinosus are 86 
two North American acorn ant species in which greater heat tolerance has been documented in 87 
urban populations compared with rural populations (Diamond et al. 2017; Harris et al. 2024). In 88 
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T. curvispinosus, these differences have been shown to have a genetic basis, with differences 89 
of over 1 °C in heat tolerance persisting into a second lab-reared generation (Martin et al. 2019). 90 
This species also shows divergence across urbanization gradients in metabolic rate, running 91 
speed, and heat tolerance plasticity in response to different rates of temperature change 92 
(Diamond et al. 2018a; Chick et al. 2021), though they have not diverged in other traits such as 93 
body size (Yilmaz et al. 2019). Temnothorax nylanderi is a European species of acorn ant, in 94 
which urban populations exhibit phenotypic changes in the form of improved heavy metal 95 
tolerance, greater foraging ability, and reduced aggression (Jacquier et al. 2021; Jacquier et al. 96 
2023). Interestingly, this species shows fairly marginal divergence in transcriptome-wide change 97 
between urban and rural populations (Smith et al. 2025). Instead, the strongest differences were 98 
across environmental or social axes, i.e. warmer vs. colder developmental acclimation 99 
conditions and queen vs. worker castes.  100 
 101 
In this study, we performed a transcriptome-wide comparison of worker ants from urban and 102 
rural populations of T. curvispinosus for which large, evolved differences in whole-organism 103 
traits have been documented. The specific urban and rural populations were sampled from 104 
Knoxville, Tennessee, USA. For this particular gradient, we previously found evolved 105 
differences in heat tolerance, cold tolerance, and potentially seasonal timing cues in the 106 
production of winged, reproductive ants (Diamond et al. 2018b; Chick et al. 2019). Although the 107 
acorn ants in our study were reared for two weeks under common garden conditions in the 108 
laboratory, mitigating immediate environmental effects of each environment, this was an 109 
insufficient amount of time to generate a new, laboratory-born cohort of workers.  110 
 111 
Using gene-wise likelihood ratio tests on negative binomial generalized log-linear models of 112 
read counts for each gene as a function of environment (urban or rural), we found that 123 113 
genes showed significantly increased expression in the urban population relative to the rural 114 
population and 164 genes showed significantly decreased expression in the urban population 115 
relative to the rural population (Figure 1A). In addition, 9,864 genes were not significantly 116 
differentially expressed between urban and rural populations. Of the subset of differentially 117 
expressed genes with annotations available in Drosophila melanogaster, we found that 7 genes 118 
had increased expression and 13 had decreased expression (Figure 1B). Gene ontology (GO) 119 
indicated trends in enrichment of metabolic processes (Figure 1C). These transcriptional 120 
changes match whole-organism phenotypic divergence between urban and rural populations of 121 
acorn ants. Urban ants exhibited higher whole-colony routine metabolic rates compared with 122 
rural ants when tested under non-stressful thermal conditions (Chick et al. 2021). In addition, 123 
the gene ontology analysis indicated important roles for tracheal development and control 124 
(Figure 1C), which could increase the aerobic scope of acorn ants and contribute to the 125 
observed pattern of improved running speed of urban ants relative to rural ants (Chick et al. 126 
2021). Finally, genes involved in cuticle and chitin development and control were differentially 127 
expressed and significantly enriched (Figure 1C). Structural and molecular aspects of cuticle 128 
development have important functions in waterproofing and desiccation resistance (among 129 
other functions) in ants (Baumgart et al. 2022) and could play critical roles in coping with the 130 
often drier environments in cities driven by reduced groundwater infiltration and retention and 131 
hotter air and surface temperatures that lead to higher rates of evaporative water loss (Imhoff et 132 
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al. 2010). Waterproofing could likewise provide a mechanism underlying higher heat tolerance 133 
of urban acorn ants, as water balance can affect the ability of organisms to tolerate heat 134 
(Sinclair et al. 2024). 135 
 136 
Evidence for differential gene expression between urban and rural populations of T. 137 
curvispinosus differs considerably from the observed lack of differential gene expression 138 
between urban and rural populations of T. nylanderi (Smith et al. 2025). As a caution, however, 139 
we note the potential for an inflated rate of false-positives with our analysis since the expression 140 
data are unreplicated (Robinson et al. 2010). In our study, individuals from multiple colonies in 141 
urban sites were pooled and compared with pooled individuals from multiple colonies in rural 142 
sites, whereas the T. nylanderi study had 4 replicates for each urban-rural comparison group. 143 
Thus, the disparity in differential gene expression between these two studies could reflect 144 
differences in experimental design and statistical power.  145 
 146 
In addition, our study design relied on field-caught colonies that underwent a two-week 147 
laboratory acclimation at a common, non-stressful temperature, so we cannot determine 148 
whether the observed changes in gene expression were due to evolutionary divergence 149 
between the urban and rural populations or environmental effects from each location. It is 150 
possible that our study is detecting environmental temperature effects on gene expression in a 151 
similar manner to the T. nylanderi study that showed large environmental effects on gene 152 
expression but little evolutionary divergence. However, the relatively long laboratory acclimation 153 
period we employed here should act to minimize these environmental effects. The transcriptome 154 
changes we observed are bolstered by significant evolved differences in whole-organism 155 
physiological traits that match the transcriptional changes we observed. Furthermore, the fact 156 
that none of the gene ontology terms identified as exhibiting functional enrichment in T. 157 
nylanderi responses to warmer vs. colder rearing temperature were found among the enriched 158 
terms identified in our comparison of urban vs. rural T. curvispinosus (Figure 1C) lends 159 
additional support to the interpretation of evolved differences in gene expression between urban 160 
and rural T. curvispinosus.  161 
 162 
Apart from study-level differences in the potential effects of the environment on the 163 
transcriptome, species-level differences in gene flow among populations used in the T. 164 
nylanderi study versus the T. curvispinosus study could also play a role. Specifically, T. 165 
nylanderi shows little evidence of population genetic structure between urban and rural sites 166 
and among more geographically distant sites distributed across Western Europe (Khimoun et al. 167 
2020; Smith et al. 2025). By contrast, T. curvispinosus exhibits high population genetic structure 168 
in Eastern North America (Brandt et al. 2007; Pennings et al. 2011).  169 
 170 
Methods 171 
 172 
Colony collection and laboratory rearing 173 

We collected queenright acorn ant colonies (queen was present plus her workers) from one 174 
urban and one rural site in the vicinity of Knoxville, Tennessee, USA. Collections occurred on 14 175 

https://www.zotero.org/google-docs/?EqS4cx
https://www.zotero.org/google-docs/?K0O435
https://www.zotero.org/google-docs/?wLLkix
https://www.zotero.org/google-docs/?wLLkix


5 

April 2017. The urban site was on the University of Tennessee campus and the rural site was at 176 
the Great Smoky Mountain National Park. These sites are separated by approximately 48 km. 177 
Four colonies were collected per site. Following collection, the colonies were brought to 178 
Cleveland, Ohio, USA for a two-week acclimation period during which colonies were reared at a 179 
constant 25 °C under a long-day summer light regime (14L:10D). Colonies were housed 180 
separately in containers and provided with unrestricted access to a water resource tube, sugar 181 
resource tube, and freeze-dried mealworms (see Diamond et al. 2018 for rearing protocol 182 
details). 183 

RNA extraction and preparation of libraries 184 

After the laboratory acclimation period, worker ants from each colony were frozen at -80 °C, 185 
ensuring that ants across the two source populations were frozen at the same time. Specimens 186 
were frozen on 28 April 2017. The ants were ground using the standard TRIzol method in 187 
batches of 25 individuals. There were two batches for each source location. Each batch 188 
contained an approximately equal number of workers across the colonies. RNA was extracted 189 
and purified from each of these four batches using Direct-zol Miniprep Plus. Following 190 
extraction, we pooled samples within each source location, resulting in 50 individuals from 4 191 
colonies being represented in each pool. 192 

Total RNA samples were submitted to the LRI Genomics Core Facility in 1.5ml tubes, 193 
normalized to 50ng/ul in 20ul. RNA quality was assessed using the Bioanalyzer. We prepared 194 
two libraries corresponding to each source location using the TruSeq Total Stranded RNA-195 
RiboZero kit. Each library was quantified using Qubit and then pooled together. The library pool 196 
was quantified using qPCR, diluted to 4 nM, and loaded on the MiSeq v3 at 12 pM for paired-197 
end sequencing (2 x 150 bp). The run was performed using a full flow cell (2 lanes); 5% PhiX 198 
was spiked in to check the run quality. 199 

Differential gene expression analysis 200 

All FASTQ files underwent quality control filtering and adapter trimming using Trim Galore! 201 
(Kreuger 2021). Following quality control, the FASTQ files were aligned to the Temnothorax 202 
longispinosus genome assembly (Jongepier et al. 2022) using the RNA STAR aligner (Dobin et 203 
al. 2013). We performed alignments separately for the urban population and rural population 204 
datasets. For the urban population, there were 7,551,370 uniquely mapped reads (73.3%). For 205 
the rural population, there were 4,992,186 uniquely mapped reads (67.1%). 206 

Using the featureCounts function from the Rsubread package (Liao et al. 2019) in R (R Core 207 
Team 2025), we used the outputted BAM files from the STAR aligner and the gene annotation 208 
file (GTF format) from the T. longispinosus assembly to quantify the number of reads per gene. 209 
For the urban population, there were 2,417,036 successful assignments to features (with 210 
2,100,447 unassigned due to not being mapped; 1,124,109 unassigned due to multi-mapping; 211 
2,565,226 unassigned due to no features; and 12,706 unassigned due to ambiguity). For the 212 
rural population, there were 3,738,211 successful assignments to features (with 2,305,614 213 
unassigned due to not being mapped; 1,312,227 unassigned due to multi-mapping; 3,794,574 214 
unassigned due to no features; and 23,198 unassigned due to ambiguity). We summarized the 215 
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read counts for each source population group as DGEList objects using edgeR (Robinson et al. 216 
2010), and then combined these into a single file for subsequent processing and analysis. We 217 
filtered out genes with low read counts using the filterByExpr function, using the default 218 
thresholds. We then normalized the library sizes using the normLibSizes function, again using 219 
the default settings. After filtering and normalization, we assessed differential expression among 220 
10,151 genes. 221 

Owing to the fact that we had one library per group of interest and thus no within-group 222 
replication, we used the estimateGLMCommonDisp function to estimate the dispersion of the 223 
normalized data. We then used the glmFit and glmLRT to model differences in expression and 224 
test their statistical significance, respectively. We used the topTags function to identify the 225 
differentially expressed genes at the p < 0.05 level, after adjusting for multiple comparisons 226 
using the Benjamini-Hochberg method.    227 

Gene ontology 228 

We used fuzzy matching to recode the NCBI RefSeq gene names to Entrez gene IDs for use in 229 
gene ontology analysis. We used Drosophila melanogaster as the reference species for 230 
annotations (org.Dm.eg.db; Carlson 2025). In total, our enrichment analysis was based on 20 231 
genes with annotations available in D. melanogaster (Figure 1B). We used the enrichGO 232 
function from the clusterProfiler package (Yu et al. 2012) with the default settings except that we 233 
considered all three ontology categories (biological process, cellular component, and molecular 234 
function). We also modified the q-value and p-value cutoffs to be 0.2 and 0.1, respectively. We 235 
used a less stringent p-value cutoff owing to some borderline non-significant trends (p ~ 0.06) in 236 
our results and our fairly small number of differentially expressed genes that had corresponding 237 
annotation information. Multiple comparison corrections were done via the Benjamini-Hochberg 238 
method. We used the default cutoffs for gene set size, constrained to be between 10 and 500. 239 
For the pool of background genes, we used all genes from the differential gene expression 240 
analysis (both significantly and non-significantly differentially expressed) with available 241 
annotations from D. melanogaster. To plot the results from the gene ontology analysis, we used 242 
the dotplot function from the enrichplot package (Yu 2025). 243 
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 351 

Figure 1. Differentiation between urban and rural acorn ants, Temnothorax curvispinosus. A) 352 
Differential gene expression summarized as the log2 fold change as a function of the average 353 
log counts per million (CPM). B) Significantly differentially expressed genes with annotation 354 
matches in Drosophila melanogaster. C) Gene ontology terms (y-axis) exhibiting trends (p ~ 355 
0.06) or significant enrichment (p < 0.05). The x-axis indicates the ratio of genes enriched in a 356 
term. Point color corresponds with the associated p-value and point size corresponds with the 357 
number of genes showing significant enrichment in a particular term. 358 
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