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Understanding howorganisms adapt to newenvironments is a key problem in evolution, yet it remains unclearwhether phenotypic

plasticity generally facilitates or hinders this process. Here we studied evolved and plastic responses to water-stress in lab-born

descendants ofwild housemice (Musmusculus domesticus) collected fromdesert and non-desert environments andmeasured gene

expression and organismal phenotypes under control and water-stressed conditions. After many generations in the lab, desert

mice consumed significantly less water than mice from other localities, indicating that this difference has a genetic basis. Under

water-stress, desert mice maintained more weight than non-desert mice, and exhibited differences in blood chemistry related to

osmoregulatory function. Gene expression in the kidney revealed evolved differences between mice from different environments

as well as plastic responses between hydrated and dehydrated mice. Desert mice showed reduced expression plasticity under

water-stress compared to non-desert mice. Importantly, non-desert mice underwater-stress generally showed shifts toward desert-

like expression, consistent with adaptive plasticity. Finally, we identify several co-expression modules linked to phenotypes of

interest. These findings provide evidence for local adaptation after a recent invasion and suggest that adaptive plasticity may

have facilitated colonization of the desert environment.
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Understanding the origin and genetic architecture of complex

traits associated with local adaptation is a central goal of evo-

lutionary biology. One ongoing debate concerns the extent to

which phenotypic plasticity may facilitate or constrain adaptation

to new environments (Baldwin 1896; Price et al. 2003; Ghalam-

bor et al. 2007; Levis and Pfennig 2016). Plasticity, defined as an

environmentally induced phenotypic change, may be adaptive or

non-adaptive when compared with a local phenotypic optimum.

Adaptive plasticity, change that brings the phenotype closer to

the local optimum, may enable organisms to invade new environ-

ments (Fig. 1A). Subsequent genetically encoded changes in the

same direction as the plastic changes may then accrue, bringing

individuals even closer to the optimum, as seen for coloration in

lizards living on dark substrates (Corl et al. 2018). Conversely,

plastic changes may be non-adaptive if they move phenotypes

farther from the local optimum. In such cases, selection is ex-

pected to favor genetic changes underlying phenotypes that go in

the opposite direction of the plastic change and thereby bring the

individual closer to the optimum. This pattern of non-adaptive

plasticity is seen for gene expression changes in guppies reared

in the absence of predators (Ghalambor et al. 2015). Which of

these two outcomes is most likely remains unresolved and may

depend both on the phenotype in question and the environmen-

tal heterogeneity to which populations have been exposed (e.g.,

Huang and Agrawal 2016).

House mice (Mus musculus domesticus) provide an oppor-

tunity to study plastic and evolved changes in the context of

adaptation to novel environments. House mice are native to west-

ern Europe but were recently introduced to the Americas with

European colonization, approximately 400–600 generations ago

(Phifer-Rixey and Nachman 2015). In this short time, they have

colonized a wide variety of different environments. In eastern
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Figure 1. Illustration of adaptive and non-adaptive phenotypic plasticity in general (A) and for gene expression (B). (A) Plastic responses

that bring individuals closer to the local optimum (black) are examples of adaptive plasticity. Conversely, responses that bring individuals

farther from the local optimum (grey) reflect non-adaptive plasticity (modified from Gibert et al. 2019). The diagram depicts two dimen-

sions of phenotype space, and the optimal combination of phenotypic values for a particular environment is shown. (B) Plastic changes

in gene expression (x-axis) represent changes within an individual (or line) when measured in an ancestral environment and a novel

environment, while evolved changes in gene expression (y-axis) represent differences between individuals (or lines) when measured in

the same environment. In this case, the evolved changes are assumed to bring the derived population closer to its optimum. Under this

assumption, plastic and evolved responses will be positively correlated when plasticity is adaptive, and negatively correlated plasticity

is non-adaptive (Ghalambor et al. 2015). Modified from Fischer et al. (2016). See methods for further details.

North America, house mice show strong evidence of local adap-

tation for several complex phenotypes such as body size, activ-

ity, and nest-building behavior (e.g., Lynch 1992; Mack et al.

2018; Phifer-Rixey et al. 2018). Recently, house mice have also

invaded the Sonoran Desert of North America where they must

contend with low to seasonally absent water as well as extreme

heat and aridity. Although house mice are human commensals,

they frequently live in sheds, grain storage areas, barns, and other

habitats where they are not well shielded from the environment.

They can also live in situations where they are not associated with

humans (Sage 1981). Consequently, colonization of the Sono-

ran Desert may have imposed strong selective pressure on house

mice, potentially resulting in rapid adaptation to mitigate water

stress.

Many previous studies have examined the behavioral,

morphological, and physiological adaptations that allow desert

mammals to persist under xeric conditions (reviewed in Schmidt-

Nielsen 1964; Degen 1997; Donald and Pannabecker 2015). Re-

cent work has also begun to identify some of the genes associated

with these phenotypes (Marra et al. 2012, Marra et al. 2014; Wu

et al. 2014; MacManes 2017; Giorello et al. 2018; Tigano et al.

2020). However, far less is known about the role of phenotypic

plasticity in facilitating or impeding desert adaptation. Since all

mice, including those living in more mesic environments, occa-

sionally go through periods of water stress, selection may have

favored plastic responses that enable mice to survive periods

of water shortage (i.e., adaptive plasticity). Here we use house

mice collected from the Sonoran Desert and mice from non-xeric

environments to ask (1) whether house mice from the desert

show genetically based differences in kidney gene expression

and organismal phenotypes when compared to mice from other

environments in a common laboratory setting, and (2) whether

plastic responses to water stress in house mice are adaptive.

To understand the contribution of plastic and evolved

changes to the colonization of xeric environments, we studied

lab-born descendants of wild mice from two populations: Ed-

monton, Canada, and Tucson, Arizona, USA. The annual pre-

cipitation in Edmonton is 52% more than in Tucson, the average

precipitation of the driest month in Edmonton is 300% more than

in Tucson, and these two locations differ dramatically in aver-

age temperature (Fig. S1). Using Edmonton mice as a proxy for

the non-desert-adapted ancestral state of North American house

mice, we compared these to the putatively desert-adapted Tucson

population to test three hypotheses. First, we reasoned that selec-

tion in the desert favored mice that were less dependent on free

water. This hypothesis predicts that the progeny of mice from

the Tucson population would show decreased water consump-

tion in a common lab environment when compared with mice

from other populations. Second, we hypothesized that mice from

xeric and non-xeric environments would have differing plastic

responses to water stress in a lab setting. In particular, we ex-

pected that mice from Tucson would have an attenuated physio-

logical and transcriptional response to water deprivation as they

must contend with a water-limited environment in nature, and

have likely been exposed to much more regular periods of wa-

ter deprivation than mice from non-desert populations. Third, we
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hypothesized that plasticity under conditions of water stress in

the ancestral population may have been adaptive and thereby fa-

cilitated the colonization of the desert environment. This hypoth-

esis predicts that the direction of plastic gene expression change

(i.e., increased expression or decreased expression) in the ances-

tral population should correlate with the direction of evolved gene

expression differences between the ancestral population and the

desert-adapted population (Fig. 1B). Finally, we used weighted

gene co-expression network analysis (Langfelder and Horvath

2008) to associate phenotypic variation with transcriptional varia-

tion. We show that in a common environment, Tucson mice drank

less water than Edmonton mice and differed in blood chemistry

and gene expression in the kidney. These same traits exhibited

significant plasticity when mice were hydrated compared to mice

under water stress, although Tucson mice exhibited less plastic-

ity than Edmonton mice. Evolved differences were generally in

the same direction as plastic differences, both for gene expres-

sion and for organism-level phenotypes. Finally, co-expression

networks identify groups of genes whose patterns of expression

are associated with phenotypic variation measured in this study

and differences between xeric and non-xeric individuals. These

findings suggest an important role for adaptive plasticity in the

colonization of the desert environment.

Materials and Methods
MICE

To assess whether mice from the Sonoran Desert differ in wa-

ter consumption compared to mice from other habitats, we used

wild-derived mouse lines developed in our lab from a range of

localities in the Americas. Wild house mice were caught for

these lines from five populations in different habitats and in-

bred through sib-sib mating over multiple generations as part of

a larger project on the genetic basis of environmental adapta-

tion in house mice (e.g., Phifer-Rixey et al. 2018; Suzuki et al.

2020). The five localities were Tucson, AZ, USA (TUC); Ed-

monton, Alberta, Canada (EDM); Gainesville, FL, USA (GAI);

Saratoga Springs, NY, USA (SAR); and Manaus, Amazonas,

Brazil (MAN). These locations represent a range of habitats and

differ in a variety of environmental metrics (Figs. S1A-E). In

nearly all cases, lines were established from unrelated individu-

als. Lines were maintained in the laboratory for 6–19 generations.

All mice were handled in accordance with a UC Berkeley Animal

Care and Use protocol (protocol AUP-2016-03-8548-1).

MEASURING WATER CONSUMPTION

To determine whether desert Tucson mice consume less water

than mice from more mesic environments, we measured water

consumption over 72 h in 163 adult males representing 45 dif-

ferent inbred lines (Table S1). In total, 40 individuals were mea-

sured from Tucson, 24 from Gainesville, 48 from Edmonton, 23

from Saratoga Springs, and 28 from Manaus, all between 90 and

200 days of age. Mice were housed at 23°C with a 10 h dark and

14 h light cycle on standard Teklad Global rodent chow (18% pro-

tein, 6% fat) with water ad libitum. During the assay, mice were

house singly to record individual measurements. The amount of

water consumed was measured by weighing the water appara-

tus (Hydropac® holder and Hydropac®) on a digital scale be-

fore and after a 72 hour period and calculating the difference.

This was the only water the mouse had access to over the course

of the experiment. Body weight was also measured on a digital

scale and recorded. To account for population-level differences

in body weight, we calculated relative water consumption (RWC,

grams of water consumed per gram of mouse). We tested the re-

lationship of body weight to water consumption using Pearson’s

correlation, and we compared RWC among populations using a

Kruskal-Wallis test followed by post hoc pairwise comparisons

with a Mann–Whitney U test implemented in R.

QUANTIFYING RESPONSE TO DEHYDRATION

To study evolved and plastic responses to xeric conditions,

we chose one wild-derived inbred line each from Tucson

and Edmonton [Tucson: TUSA4xA8 (TUCC/Nach), Edmonton:

TAS111 × 165 (EDMA/Nach)]. These lines were chosen be-

cause they showed large differences in water consumption be-

tween lines as well as little variance between individuals within

lines. Males from the same litter were assigned at random to ei-

ther control or water restriction treatments and housed individu-

ally post-weaning according to standard husbandry procedures.

This was done to remove the effects of dominance between male

siblings, which often results in differing body weights between

individuals. After 90 days of age, mice were weighed and phe-

notyped for relative water consumption as above. Following phe-

notyping (average age = 99 days), mice assigned to the water

restriction treatment (Edmonton n = 11, Tucson n = 7) were re-

stricted from all water consumption for 72 hours. Mice assigned

to the control treatment (Edmonton n = 10, Tucson n = 6) were

maintained with water ad libitum. All mice were weighed every

24 h and monitored for declining health. Weight loss is a classic

marker of condition used to monitor health in husbandry settings

and has been used to compare the overall effects of dehydration

(Haines and Schmidt-Nielsen 1967; MacMillen and Lee 1967;

Foltz and Ullman-Cullere 1998; Bekkevold et al. 2013). All ex-

periments with animals were conducted in accordance with a pro-

tocol approved by the UC Berkeley Animal Care and Use Com-

mittee (protocol AUP-2017-05-9940). After 72 hours, mice were

sacrificed with isofluorane, and the left kidney, liver, and caecum

were immediately removed and stored in RNAlater according to

manufacturer’s instructions.
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mRNA LIBRARY PREPARATION AND SEQUENCING

RNA was extracted from half of a kidney preserved in RNAlater

from twenty mice total (five mice per population per treatment).

The kidney was dissected longitudinally in an attempt to mini-

mize differences in cellular composition between samples of this

heterogenous tissue. A MoBio Laboratories Powerlyzer Ultra-

clean Tissue & Cells RNA Isolation Kit was used to extract RNA.

RNA libraries were prepared using the KAPA Hyper Prep Kit and

then pooled and sequenced across two lanes of 100bp PE Illu-

mina HiSeq4000 at the Vincent J. Coates Genomics Sequencing

Center at UC Berkeley.

mRNA READ MAPPING AND QUANTIFICATION OF

GENE EXPRESSION DIFFERENCES AFTER WATER

STRESS

Reads were trimmed for quality and adaptor contamination with

Trimmomatic version 0.36 (Bolger et al. 2014) and mapped to the

Mus musculus reference genome (GRCm38/mm10) using STAR

version 2.6.0c (Dobin et al. 2013). Reads overlapping exons were

counted using the program HTSeq 0.6.1 (Anders et al. 2015) to

estimate per-gene mRNA abundance. We removed genes with a

mean fewer than 10 reads across samples and normalized read

counts with DESeq2 for future analyses.

To quantify expression changes, the R package DESeq2

(Love et al. 2014) was used to test for differential expression be-

tween control and water-stressed individuals from each popula-

tion. Genes were retained as significant at a false-discovery rate

of 5%. Independent contrasts between control and water-stressed

individuals in each population (i.e., hydrated Tucson versus de-

hydrated Tucson and hydrated Edmonton versus dehydrated Ed-

monton) allowed us to compare the magnitude of the transcrip-

tional responses between populations. To compare the proportion

of genes that were differentially expressed in response to water

restriction in each population, we used a Chi-square test with

Yates Correction.

IDENTIFYING ADAPTIVE VERSUS NON-ADAPTIVE

PLASTICITY IN GENE EXPRESSION

To understand whether plastic changes in gene expression un-

der conditions of water stress are adaptive or non-adaptive, we

compared plastic changes in Edmonton mice to evolved expres-

sion differences between Edmonton and Tucson mice. The logic

underlying this comparison assumes that the Edmonton mice

represent a population closer to the ancestral (non-desert) con-

dition with more frequent exposure to free water, whereas the

evolved differences seen in the Tucson mice represent changes

that have brought the population closer to its optimum follow-

ing colonization of the desert. If gene expression plasticity is

adaptive, then plastic changes in gene expression in the ances-

tral population should be in the same direction as the evolved

differences between populations. In contrast, if gene expres-

sion plasticity is non-adaptive, then plastic changes in gene ex-

pression in the ancestral population should be in the opposite

direction as the evolved differences between populations (Gha-

lambor et al. 2015). These alternative scenarios are depicted in

Figure 1B. In these comparisons, direction refers to whether

a gene shows an increased expression or decreased expression

compared to hydrated Edmonton mice. First, we identified genes

that were differentially expressed between hydrated Tucson mice

and hydrated Edmonton mice. For these genes, we compared

the log2- fold change in expression between dehydrated and hy-

drated Edmonton mice (EDM dehydrated/EDM hydrated) to the

log2-fold change in expression between hydrated Tucson mice

and hydrated Edmonton mice (TUC hydrated/EDM hydrated).

Since this comparison involves two ratios that share a common

denominator, correlations may arise by chance. To account for

this, we randomly chose two different sets of two replicates of

the hydrated Edmonton mice for each comparison. Consequently,

the numerator of each axis was divided by averages of different

replicates ensuring that the denominators were different between

the two axes. We also compared the observed correlation to a

permuted distribution to assess whether the correlation between

plastic and evolved changes exceeded that of a random set of

genes. We randomly sampled 490 genes with expression in the

kidney 1,000 times and tested for the correlation between plas-

tic and evolved divergence [log2(TUC hydrated/EDM hydrated)

versus log2(TUC hydrated/EDM hydrated)] to create a distribu-

tion for comparison to the observed correlation (Pearson’s cor-

relation). As in the above test, we randomly chose two different

sets of two replicates of the hydrated Edmonton mice for each

comparison to avoid spurious correlations.

MEASURING MORPHOLOGICAL AND

PHYSIOLOGICAL PHENOTYPES IN RESPONSE TO

WATER STRESS

To better understand the physiological and morphological conse-

quences of both evolved and plastic changes in these lines, we

measured circulating serum solute levels and aspects of kidney

morphology. Following euthanasia, blood was extracted from the

heart and body cavity using a syringe and centrifuged in BD SST

Microtainer tubes. To separate serum, blood was left undisturbed

for 30 minutes and then spun for 15 minutes in a centrifuge at

>3500 rpm. The serum was then frozen. Levels of blood urea

nitrogen (BUN), total protein, creatinine, chloride, potassium,

and sodium levels were analyzed at the UC Davis Comparative

Pathology Laboratory for 20 mice (five individuals per popu-

lation per treatment) using a Roche Diagnostics Cobas Integra

400 Plus. For each solute, we compared levels among popula-

tions and treatments with a Kruskal-Wallis test. We followed

these with post hoc pairwise comparisons using Mann-Whitney U
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tests. These serum solutes were chosen to quantify kidney health,

glomerular function, and general effects of dehydration in treated

and control samples.

To measure morphological differences in the kidney, the

right kidney was extracted following euthanasia, weighed, and

stored in 10% neutral buffered formalin for 24 hours, then trans-

ferred to a 70% ethanol solution, and sent for morphological

analysis to the UC Davis Comparative Pathology Laboratory.

Kidneys from five hydrated mice per line (ten mice total) were

processed for histopathology. These were embedded in paraf-

fin blocks, sectioned 5 uM thick on glass slides and stained

with Hematoxylin and Eosin. Renal cortical and medullary mea-

surements were achieved by light microscopy (Olympus BX43)

using Olympus cellSens Count and Measure software and the ra-

tio of these was compared. Replicates of these measurements be-

tween populations were compared with a Mann-Whitney U test.

We were interested in determining if there were gross morpho-

logical differences in the adult kidneys of healthy animals and

thus used hydrated mice for this analysis to give a clear picture of

evolved differences in kidney morphology between the two lines

when not under water stress.

GENE CO-EXPRESSION ANALYSES

To identify sets of genes with similar expression patterns and

relate these to phenotypic differences across individuals, we used

the program Weighted Gene Co-expression Network Analysis

(WGCNA) to construct a co-expression network (Langfelder and

Horvath 2008). Expression was normalized across individuals

with DESeq2 and genes with fewer than 20 reads across all

individuals were excluded. We constructed a gene co-expression

network, represented by an adjacency matrix, which denotes

co-expression similarity between pairs of genes among differ-

ent individuals. Modules were identified using unsupervised

clustering. Dissimilarly between clusters is measured based

on the topological overlap and defined by cutting branches off

the dendrogram (Zhang and Horvath 2005; Langfelder et al.

2008). A soft-thresholding power of 8 was chosen based on the

pickSoftThreshold function in WGCNA (Fig. S2). We chose a

minimum module size of 30 genes. For clarity, we arbitrarily

assigned each module a number for reference throughout the text.

To associate modules with traits of interest, we then tested

for correlations between eigengenes (the first principle compo-

nent of a module) and each of the nine phenotypes described

(RWC, kidney weight, proportion of weight maintained, serum

BUN, serum creatinine, serum total protein, serum chloride,

serum potassium, and serum sodium) as well as population of ori-

gin and treatment group using Pearson’s correlations. Hub genes

were identified by estimating each gene’s module membership.

Module membership was estimated based on the correlation be-

tween that gene’s expression and the expression of the module

eigengene (Langfelder and Horvath 2008). Genes where module

membership was greater than 0.8 were considered “hub genes”

for subsequent analyses (as in Mack et al. 2019).

To identify genes that show differential co-expression be-

tween Tucson and Edmonton we used the program DGCA (Dif-

ferential Gene Correlation Analysis) (McKenzie et al. 2016),

which calculates the average change in correlation between the

two lines across all gene pairs

ENRICHMENT ANALYSES

GO category enrichment on gene sets of interests was performed

with GOrilla (Eden et al. 2009) by testing the foreground set

against the background set of all genes expressed in the kid-

ney. Phenotype enrichment tests were performed with modPhea

(Weng and Liao 2017) by comparing the foreground set against

the background set of all genes expressed in the kidney.

Results
RELATIVE WATER CONSUMPTION IS LOWEST IN

MICE FROM THE SONORAN DESERT

To determine whether mice from Tucson, Arizona consume

less water compared to mice from other populations, we took

advantage of a set of wild-derived inbred lines of mice from five

localities across the Americas (Fig. 2A). We assayed body weight

and amount of water consumed over 72 h to determine relative

water consumption (RWC) for 163 male mice representing 45

wild-derived inbred lines from five founder populations: Tucson

(TUC), Edmonton (EDM), Saratoga Springs (SAR), Gainesville

(GAI), and Manaus (MAN). Some lines from different pop-

ulations differed in body weight, with significant differences

between Tucson and both Manaus and Gainesville (Median (g):

TUC: 22.34, SAR: 21.97, MAN: 17.84, GAI: 18.65, EDM:

21.79; Fig. S3). Water consumption was significantly correlated

with body weight (R2 = 0.169, Pearson’s correlation, p =
0.03; Fig. S4), consistent with previous findings in house mice

(Bachmanov et al. 2002). Mice from Tucson drank significantly

less water than mice from any other population except Saratoga

Springs (Median RWC: TUC: 0.34, SAR: 0.40, MAN: 0.42, GAI:

0.43, EDM: 0.52, Kruskal-Wallis test, p = 5 × 10−8; Fig. 2B).

The greatest difference was seen between mice from Tucson and

mice from Edmonton (Mann-Whitney U, p < 0.00001; Fig. 2B).

For this reason, and because these lines are similar in body

weight, we chose to focus on comparisons between lines from

these two populations in all subsequent analyses.

DESERT HOUSE MICE MAINTAIN MORE WEIGHT

UNDER WATER STRESS

Since mice from Tucson drank less water on average than mice

from other populations, we next asked whether these mice also
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A B

Figure 2. Relative water consumption in lab-born descendants of wild mice from different environments. (A) Sampling localities of wild-

caught mice used to establish inbred lines in this study (map obtained from Google satelites.pro): Edmonton, Canada (EDM), Tucson, AZ

(TUC), Gainesville, FL (GAI), Saratoga Springs, NY (SAR), and Manaus, Brazil (MAN). (B) Relative water consumption (g water consumed/g

mouse) in descendants of mice from different localities. Lines indicate comparisons that are significant (p < 0.05; Mann-Whitney U tests).

Vertical lines denote 1.5x the interquartile range.
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Figure 3. (A) Schematic of the experimental design utilized in this study. Siblings from the same litter were split between control

(hydrated) and treatment (dehydrated) trials. They were weighed every 24 h for 72 h and then put through a phenotyping pipeline.

(B) Tucson mice maintain significantly more weight after 72 h of water restriction (p = 0.027) exhibiting an attenuated response to water

stress.

showed attenuated responses to short-term water stress. Measur-

ing weight loss in response to water stress is a classic method

for assessing the response to dehydration, and desert animals

typically lose less weight under water restriction (Shkolnik and

Borut 1969; MacMillen and Hinds 1983). To compare the re-

sponse to water stress in mice from a desert and non-desert

environment, we compared the inbred line from Tucson with

the lowest average water consumption (TUCC/Nach) to the in-

bred line from Edmonton with the greatest average water con-

sumption (EDMA/Nach). This comparison between two lines re-

vealed the same general pattern as seen above for population-

level comparisons (i.e. Fig. 2B), except that we observed lower

variance among these age matched individuals from single in-

bred lines (Fig. S5). We took male full-siblings from the same

litter as mice from our hydrated comparison and withheld wa-

ter from these mice for 72 h, weighing individuals every 24 h

(Fig. 3A). Hereafter, we refer to the water-restricted group as

“dehydrated.”
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Figure 4. Evolved and plastic gene expression variation among hydrated and dehydrated mice from desert and non-desert environ-

ments. (A) Heat map depicting relationships among samples for the top 1000 genes with the greatest variance in expression. Expression

patterns form two major groups, corresponding to line of origin (Tucson versusEdmonton). Edmonton samples also form clusters based

on treatment (hydrated versus dehydrated) while Tucson samples do not. (B) Numbers of differentially expressed genes between dehy-

drated and hydrated samples in Tucson and Edmonton. Edmontonmice exhibit twice as many genes with differential expression between

dehydrated and hydrated conditions compared to Tucson mice. The 225 genes at the intersection represent the shared transcriptional

response to water stress. (C) Magnitude of fold changes in each population between dehydrated and hydrated samples. Vertical lines

denote 1.5x the interquartile range.

While mice showed some signs of dehydration, they were

alert and remained active throughout the experiment. We found

that Tucson mice lost significantly less weight than Edmonton

mice over the course of 72 h without access to water (median

proportion weight maintained: Tucson: 0.82, Edmonton: 0.78,

Mann-Whitney U, p = 0.027, Fig. 3B). These results suggest

that Tucson mice are less affected by dehydration and are more

buffered against water stress.

EVOLVED AND PLASTIC TRANSCRIPTIONAL

RESPONSES TO XERIC CONDITIONS

Changes in gene expression provide a flexible mechanism for

rapidly responding to changes in the local environment, and can

also underlie evolutionary divergence. Kidneys are the primary

osmoregulatory organ and are essential for water and salt home-

ostasis and solute excretion. To identify expression differences

that have arisen over short evolutionary timescales as well as

plastic responses to water restriction, we sequenced mRNA from

kidneys of ten Tucson and ten Edmonton mice, five from the de-

hydrated and five from the hydrated treatment. Differences in ex-

pression between Tucson and Edmonton mice in a common envi-

ronment represent evolved differences, while differences between

dehydrated and hydrated treatments represent a plastic response

to water restriction.

We sequenced a total of ∼1.3 billion reads for an average of

26,406,068 uniquely mapped reads per sample which were used

to quantify mRNA expression levels and differential expression

between samples. A total of 19,105 genes were expressed over

a mean of ten reads per sample. Sampling the 1000 genes with

the greatest variance, we found that Tucson and Edmonton in-

dividuals clustered separately, indicating that more of the gene

expression variation was partitioned between line-of-origin than

between treatment groups (Fig. 4A). Edmonton samples clustered

into two distinct groups based on treatment (dehydrated versus

hydrated individuals), but dehydrated and hydrated Tucson sam-

ples did not form distinct clusters (Fig. 4A). These patterns were

also seen in a principal component analysis (PCA) based on ex-

pression co-variance (Fig. S6) where PC1 (which accounts for

69% of the variance) reflects the difference between the two lines

and PC2 (which accounts for 9% of the variance) largely accounts

for differences associated with treatment type. Variance associ-

ated with treatment type was greater in the Edmonton line than in

the Tucson line.

To further characterize the transcriptional response of the

Tucson and Edmonton lines to water stress, we used DESeq2

(Love et al. 2014) to perform independent pairwise contrasts

between treatments (dehydrated versus hydrated) within each

line. Comparing the hydrated and dehydrated groups within

each line (Tucson dehydrated versus Tucson hydrated, and Ed-

monton dehydrated versus Edmonton hydrated), we found that

twice as many genes were differentially expressed in the Edmon-

ton (1354 genes) than in the Tucson comparisons (677 genes)
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(Chi-square test with Yates Correction, p < 0.0001, Fig. 4B), with

a 225 gene overlap. This 225 gene overlap represents the shared

transcriptional response to dehydration with respect to these two

lines. This group of genes is enriched for phenotypes including

dehydration (q = 9 × 10−3) and decreased vasodilation (q = 3.8

× 10−2) and GO terms involved in regulation of blood pressure

(q = 4.99 × 10−2). Genes differentially expressed between hy-

drated and dehydrated Edmonton mice were also enriched for GO

terms relevant to water stress, such as renal system processes (q

= 5.08 × 10−2) and regulation of body fluids (q = 1.30 × 10−2).

Within genes solely differentially expressed between the Tucson

groups, we saw enrichment for homeostasis related GO terms

(see File S1), but not for any kidney-specific categories. In addi-

tion to having a greater number of differentially expressed genes

in the Edmonton comparison, we also found that the average

magnitude of expression differences between hydrated and de-

hydrated treatments (|log2-fold change|) was significantly greater

for Edmonton samples than for Tucson samples (Mann-Whitney

U, p < 2.2 × 10−16; Fig. 4C). This result is consistent with an

attenuated transcriptional response to short term water stress in

desert Tucson mice.

DEHYDRATED EDMONTON MICE SHOW SHIFTS

TOWARDS TUCSON-LIKE EXPRESSION

The results presented above identified phenotypic divergence in

Tucson mice consistent with adaptation to water-restricted en-

vironments, with Tucson mice drinking less water on average,

maintaining more weight under water stress, and showing atten-

uated transcriptional responses to dehydration. Consequently, we

asked whether plastic responses to water stress in non-xeric pop-

ulations of house mice are adaptive or non-adaptive. Since plas-

ticity is considered adaptive when a phenotype is altered in the

same direction as under natural selection, we asked whether the

transcriptional response of Edmonton mice under water stress is

in the same or opposite direction as the expression divergence

between Tucson and Edmonton mice (Fig. 1B).

First, we used a pairwise contrast to identify genes that

were differentially expressed between the Edmonton and Tuc-

son lines (hydrated Tucson versus hydrated Edmonton). This

set of 3935 genes represents evolved divergence between the

Tucson and Edmonton lines. Of these genes, we asked how

many showed evidence of a plastic response in Edmonton (i.e.,

were differentially expressed between hydrated and dehydrated

Edmonton mice) in the same versus opposite directions. For

example, if a gene showed significantly higher expression in

response to water stress in Edmonton mice and showed sig-

nificantly higher expression in Tucson compared to Edmon-

ton mice, the plastic and evolved response were said to be

in the same direction. We found that the majority of these

genes (85%, 416 genes of 490 genes) showed changes in the

same direction [log2(hydrated-Tucson/hydrated-Edmonton) ver-

sus log2(dehydrated-Edmonton/hydrated-Edmonton) Pearson’s

correlation = 0.65, p < 2.2e-16]. Only 15% (74 genes) showed

changes in opposite directions (Fig. 5). We compared this result

to a permutation test where we sampled a random set of 490 genes

out of all genes 1,000 times. The observed correlation of genes

showing evolved and plastic differences (Pearson’s correlation =
0.65) fell far above the distribution of permuted correlations of

genes showing evolved and plastic differences (Permutation test,

p < 0.001) (Fig. 5A).

The group of 416 genes with evolved and plastic changes

in the same direction was enriched for GO terms involved in ion

transport (q = 0.03) and for mutant renal/urinary system pheno-

types (q = 0.035). For example, one of these genes, Aquaporin

1 (Aqp1), showed differences in expression between hydrated

and dehydrated Edmonton mice (q = 0.0016) and between the

hydrated conditions of both lines (q = 0.00019; Fig. S7A). In

Tucson mice, there was no significant effect of treatment on ex-

pression level, but in Edmonton mice, expression increased in

response to water stress recapitulating the constitutive expression

level of the mice from Tucson. Aquaporins are a family of mem-

brane proteins that form channels used to transport water and

small solutes across cell membranes. Aqp1 is expressed in the

descending loop of Henle, and channels formed from this pro-

tein are the main route through which water is reabsorbed in this

region (Chou et al. 1999). This gene is known to affect urine con-

centrating ability, response to dehydration, and renal water trans-

port in lab lines of house mice (Ma et al. 1998; Sohara et al. 2005)

and this protein family has been identified in a several studies re-

lated to desert adaptation in rodents (reviewed in Pannabecker

2015).

Of the 416 genes where dehydrated Edmonton mice showed

shifts toward Tucson-like expression, the majority (87%) were

not differentially expressed between hydrated and dehydrated

Tucson mice. For the 54 of these genes that were differentially

expressed in the Tucson comparison, in all cases, the plastic re-

sponse was observed to change in the same direction as in Ed-

monton mice (i.e., increased or decreased in both lines in re-

sponse to water stress).

EVOLVED AND PLASTIC PHENOTYPIC DIFFERENCES

IN BLOOD CHEMISTRY ASSOCIATED WITH XERIC

CONDITIONS

Water consumption is a complex trait with many factors con-

tributing to the ultimate phenotype. To understand plastic and

evolved responses to water stress beyond gene expression

changes, we next compared several blood chemistry measures

under-hydrated and dehydrated conditions. Most blood serum

measures varied by population, treatment, or both (Kruskall-

Wallis, BUN: p = 0.012, Creatinine: p = 0.07, Total Protein:
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A B

Figure 5. Plastic responses to dehydration in non-desert (Edmonton) mice are mostly in the same direction as evolved differences be-

tween non-desert (Edmonton) and desert (Tucson) hydrated mice. (A) Scatterplot comparing the evolved and plastic changes in gene

expression. Each point represents a gene and the log2-fold change between Edmonton dehydrated versus hydrated on the x-axis (plas-

tic response) and Tucson hydrated versus Edmonton hydrated on the y-axis (evolved divergence). Inset shows the observed correlation

coefficient (arrow) and the distribution of correlation coefficients from randomly sampled genes. See methods for further details. (B)

Number of genes in which the evolved and plastic transcriptional responses go in the same direction, and the number of genes in which

the evolved and plastic transcriptional responses go in the opposite direction.

p = 0.001, Chloride: p = 0.02, Potassium: p = 0.02, Sodium: p =
0.049; Figs. 6 and S8). Hydrated mice from Tucson and Edmon-

ton showed several differences in blood chemistry, some of which

were correlated (Table S2). Tucson mice had higher chloride lev-

els (median mmol/L: Tucson: 114.9, Edmonton: 112.5, p = 0.03,

Fig. 6A). Chloride, an electrolyte, is a marker of dehydration and

thus expected to be at higher concentrations in the blood of de-

hydrated animals (e.g., MacManes 2017). The increased levels

of serum chloride in healthy Tucson mice suggest that under hy-

drated conditions their baseline kidney function differs from that

of Edmonton mice and they may be able to function normally

despite higher blood osmolarity.

Comparing blood chemistry measures in dehydrated mice

we found that Tucson mice measured higher in chloride (median

mmol/L: Tucson: 129.60, Edmonton: 111.95, p = 0.03, Fig. 6A),

BUN (median mg/dL: Tucson: 64.45, Edmonton: 43.80, p =
0.03, Fig. 6B), and potassium (median mmol/L: Tucson: 18.06,

Edmonton: 7.78, p = 0.03, Fig. 6C) than Edmonton mice. BUN

is a waste product from the liver during the metabolism of protein

and increases as glomerular filtration rate and blood volume de-

creases (Baum et al. 1975). Similarly, high levels of serum potas-

sium often reflect a decrease in filtration of the solute from the

blood and thus decreased kidney function (Schwartz 1955) al-

though this measure is particularly sensitive to lysed blood cells

during collection and could reflect the challenge of collecting

blood from dehydrated animals. Regardless of treatment, Tuc-

son mice maintained higher serum chloride levels than Edmon-

ton mice. In contrast, serum potassium levels were higher in

Tucson mice only in the dehydrated treatment. High levels of

both of these electrolytes are consistent with dehydration. De-

hydrated mice from Tucson showed greater indicators for dehy-

dration and kidney dysfunction than Edmonton mice but lost less

weight when water stressed. This may reflect a greater evolved

capacity to respond to the stress of dehydration through greater

tolerance or lessened water requirements. That phenotypic differ-

ences in both hydrated and dehydrated animals persist in a com-

mon environment indicates that they have a genetic basis.

While differences between the Tucson and Edmonton lines

represent evolved differences, differences between hydrated and

dehydrated mice reflect plastic responses to water stress. Many

of the traits that differed between lines also exhibited phenotypic

plasticity in comparisons between hydrated and dehydrated mice
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Figure 6. Evolved and plastic phenotypic variation among hy-

drated and dehydrated mice from the desert and non-desert en-

vironments. Reaction norms between hydrated and dehydrated

states of both lines (Tucson, Edmonton) are shown for each phe-

notype. Dotted lines connecting the medians represent the pat-

tern of phenotypic expression as a response to the treatment

(hydrated, dehydrated). Asterisks denote significant comparisons

(p < 0.05) either between lines (above boxes) or between treat-

ments (next to dotted lines). (A) Tucson mice show higher levels

of serum chloride than Edmonton mice, both when hydrated and

when dehydrated (p = 0.03 for both). (B) Significant differences in

serum BUN between hydrated and dehydrated Tucson mice (p =
0.008) and dehydrated Tucson and Edmonton mice (p = 0.03). (C)

Significant differences in serum potassium between dehydrated

Tucson Edmonton mice (p = 0.03). (D) Significant differences in to-

tal protein between hydrated and dehydrated Tucson mice (p =
0.008) and between hydrated and dehydrated Edmonton mice (p

= 0.01). Vertical lines denote 1.5x the interquartile range.

within lines. Dehydrated Tucson mice had higher levels of serum

BUN compared with hydrated Tucson mice (median mg/dL: Hy-

drated: 25.20, Dehydrated: 64.45, p = 0.008, Fig. 6B). BUN dif-

fered both between water-stressed and control mice from Tuc-

son and was higher than in Edmonton mice when water-stressed.

Dehydrated Edmonton mice had higher levels of serum sodium

(mean mmol/L: Hydrated: 153, Dehydrated: 161, p = 0.01,

Fig. S8A) than hydrated Edmonton mice, reaching the levels

seen in Tucson hydrated and dehydrated animals. The only so-

lute that responded to water stress in both lines was total protein

(median g/dL: Edmonton: Hydrated: 5.29, Dehydrated: 6.89, p

= 0.01; Tucson: Hydrated: 5.68, Dehydrated: 7.29, p = 0.008,

Fig. 6D). Total protein measures the concentration of both albu-

min and gobulin in the blood which increases with dehydration

(Senay and Christensen 1965). These results indicate that while

both lines react physiologically to the stress of dehydration, they

may do this through different mechanisms.

DIFFERENCES IN KIDNEY MORPHOLOGY

Edmonton mice had heavier kidneys relative to their body weight

than Tucson mice (p = 0.00015; Fig. S9). There were no sig-

nificant differences in the ratio of papilla to cortex thickness

from the samples analyzed, however, the pattern follows that of

many desert specialists with a higher ratio in Tucson individuals

(Fig. S10). The relative thickness of the papillae in the medulla

to the cortex is correlated with urine concentrating ability; thicker

medullas are often associated with animals inhabiting more arid

climates (Sperber 1944; Beuchat 1990; Al-kahtani et al. 2004).

Anecdotally, mice from Tucson appeared to produce far less urine

than mice from Edmonton, consistent with many desert rodents,

but this was not measured in this study due to difficulty in obtain-

ing urine from Tucson mice.

CO-EXPRESSED SETS OF GENES ARE ASSOCIATED

WITH PHENOTYPIC VARIATION IN TUCSON AND

EDMONTON MICE

Finally, we sought to identify gene co-expression networks as-

sociated with the phenotypes measured in this study. To iden-

tify transcriptional networks associated with phenotypic varia-

tion in Tucson and Edmonton mice, we performed a weighted

gene co-expression network analysis (WGCNA). This analysis

uncovers genes with highly correlated expression profiles and

groups them into modules. We identified 51 co-expression mod-

ules, 15 of which were associated with population, 12 of which

were associated with treatment, and 30 of which were associated

with blood chemistry phenotypes (Fig. S11). Of these, module 7

(Fig. S12) was of particular interest because it was significantly

associated with eight different phenotypes (BUN, p = 0.04; Cre-

atinine, p = 0.001; total protein, p = 2 × 10−4; Chloride, p =
0.01; Potassium, p = 0.006; weight loss, p = 0.003; RWC, p =
0.01; water consumption p = 0.01) as well as population of origin

(p = 0.005) and treatment (p = 4 × 10−4; Fig. 7). Genes in this

module were enriched for several metabolic processes, includ-

ing glyceraldehyde-3-phosphate metabolic process (q = 6.85 ×
10−9), ribose phosphate metabolic process (q = 1.45 × 10−8),

and carbohydrate derivative metabolic process (q = 1.3 × 10−7).

Visualizing the genes in module 7, we identified Tmtc1, Apoe,

and Sult1a1 as the hub genes with the greatest number of con-

nections (Fig. S12). All three of these genes were identified in

our previous analysis as genes for which dehydrated Edmonton
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Figure 7. Expression of module 7 is associated with plastic and evolved responses to water stress as well as phenotypes of interest. (A)

Expression levels comparing the evolved and plastic changes in response to water stress in TUC (green) and EDM (gold). Vertical lines

denote 1.5x the interquartile range. (B) Chloride levels (mmol/L) are positively correlated with PC1 of module 7 expression (p = 0.01). (C)

Total protein (g/dL) levels are positively correlated with PC1 of module 7 expression (p = 2 × 10−4).

mice showed shifts towards Tucson-like expression (Fig. 5). Apoe

is of particular interest because of its documented role in kidney

function. It is thought to play an important role in renal damage

protection (Wen et al. 2002; Bonomini et al. 2011), and labora-

tory mutants show a number of physiological and morphological

changes similar to kidney disease phenotypes (Bonomini et al.

2011). Apoe expression responded in the same direction and in a

similar magnitude in both lines under water stress. Interestingly,

under water stress, the expression level in Edmonton recapitu-

lated the constitutive expression level of hydrated Tucson mice

(Fig. S7B).

In addition to shifts in the expression of entire co-expression

modules, populations may differ as a consequence of altered

co-expression between pairs of genes, called differential co-

expression. In order to identify genes that show differential co-

expression between Tucson and Edmonton, we calculated the av-

erage change in correlation between the two lines across all gene

pairs using the program DGCA (Differential Gene Correlation

Analysis) (McKenzie et al. 2016). We identified 182 genes that

showed significantly different co-expression between Tucson and

Edmonton individuals (q < 0.10, see Materials and Methods).

These genes were enriched for several GO categories including

glycolysis: generation of precursor metabolites and energy (q =
0.0013), cellular amino acid metabolic process (q = 0.00046),

and lipid metabolic process (q = 0.0014). This gene set was

also enriched for mutant phenotypes related to renal/urinary sys-

tem (q = 0.00001), abnormal urine homeostasis (q = 0.005),

and abnormal ion homeostasis (q = 0.01). One of the genes

with significant changes in co-expression was Aqp1, which is

involved in renal water transport. We also found that several

solute carriers (Slc22a19, Slc11a2, Slc36a1, Slc47a1, Slc12a1,

Slco3a1) showed evidence of differential co-expression, includ-

ing one (Slc47a1) that has been shown to be under positive se-

lection in the desert-adapted cactus mouse, Peromyscus eremicus

(Kordonowy et al. 2017). Slc47a1 mouse mutants are also associ-

ated with increased BUN, increased circulating creatinine level,

and kidney degeneration (Tsuda et al. 2009).

Discussion
Here we have described phenotypic and transcriptional diver-

gence between descendants of mice from a desert environment

and descendants of mice from a more mesic environment when

reared under identical laboratory conditions. We also described

plastic responses in these mice under conditions of water stress.

First, we showed that inbred lines derived from the Sonoran

Desert consume less water than do mice from other populations

in the Americas. Next, comparisons between a single line from

Tucson and a single line from Edmonton revealed many pheno-

typic differences in a common environment, both at the organ-

ismal level and at the level of gene expression in the kidney. The

fact that these differences were present after multiple generations

in the lab indicates that they are genetically based and represent

divergence between these two populations. Nonetheless, these

same traits reveal considerable plasticity in comparisons between

control mice and mice under conditions of water stress. No-

tably, we found that Tucson mice showed attenuated responses

to water stress compared to mice from Edmonton. After a

72-hour period without water, Tucson mice maintained more

weight, a key indicator of condition, and showed less expression
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divergence in the kidney. Surprisingly, the blood chemistry of

Tucson mice was consistent with higher levels of dehydration

and reduced kidney function, both under standard and water-

restricted conditions. This result may indicate that Tucson mice

have developed a greater tolerance for water stress and thus

have a reduced response to dehydration. Phenotypes that appear

non-adaptive in one genomic or environmental context may be

adaptive in another (e.g., Riddle et al. 2018). Thus the literature

from humans and laboratory mouse models may provide an

incomplete context for understanding similar phenotypes in

wild mice. Altogether, the phenotypic divergence in desert and

non-desert mice in a common lab environment is consistent with

genetic changes to Tucson mice following their colonization of a

desert environment.

Water consumption is a complex trait that is influenced by

multiple factors and is known to vary among lab lines of house

mice (Bachmanov et al. 2002). We observed the lowest water

consumption in mice from Tucson, the locality with the lowest

annual rainfall, however, we did not see a general association

between water consumption and average precipitation in other

populations. This observation may reflect a threshold effect of

water consumption or an interaction between free drinking wa-

ter, aridity, and temperature. Tucson mice and Edmonton mice

differ in a variety of phenotypes (Fig. 6), and the functional and

ecological significance of these differences remains unclear. Im-

portantly, while we compared two lines that show marked dif-

ferences in water consumption, we did not measure additional

non-desert lines for transcriptional divergence or plasticity of

gene expression. Future work aimed at characterizing mice from

a variety of habitats, including those from the ancestral range

in Western Europe, would be useful for establishing links be-

tween gene expression plasticity and environmental variation. We

did identify gene networks associated with phenotypes of inter-

est in this study, providing testable hypotheses about the genes

underlying the transcriptional response to both short term wa-

ter stress and evolutionary responses to xeric environments. We

note that causative mutations may lie in cis-regulatory regions

of these genes or in upstream (trans-acting) regulators of these

genes.

Phenotypic plasticity may allow animals to persist in new

environments if the plastic responses bring individuals closer to

the local optimum (reviewed by Ghalambor et al. 2007). Adap-

tive plasticity can be followed by genetic changes as populations

become established, in a process called “genetic assimilation” or

the “Baldwin Effect” (Waddington 1942, 1952, 1953; Simpson

1953; Robinson and Dukas 1999; Price et al. 2003). While we

have no evidence of genetic assimilation in this study, we do ob-

serve that the plastic response to water stress in Edmonton mice

appears to be adaptive. If this plasticity reflects the ancestral state,

we hypothesize that plastic responses to water stress may have

helped facilitate the initial colonization of the desert environment

by house mice.

Our finding that plastic responses generally go in the same

direction as evolved responses is within the context of other re-

cent studies providing examples of adaptive and non-adaptive

plasticity facilitating colonization. For example, an allele of

the Epas1 gene confers adaptation to high altitude in Tibetans

by attenuating the maladaptive plastic response of increased

hemoglobin concentration (Beall et al. 2010; Simonson et al.

2010; Yi et al. 2010; Jeong et al. 2018), and maladaptive car-

diac phenotypes are lessened in deer mice at high altitude (Velotta

et al. 2018). Similarly, most gene expression changes in the brains

of guppies reared in the absence of predators go in the opposite

direction of those seen in populations that have evolved without

predators (Ghalambor et al. 2015). In both cases, the selective

agent (hypoxia in mammals or absence of predators in fish) may

have not been present or present in the same way in the recent

history of the populations exhibiting non-adaptive plasticity in

these phenotypes. However, we speculate that occasional peri-

ods of water stress are probably common in many populations of

mice, including in places, like Edmonton, that are not in deserts.

Under such situations, selection is expected to favor an adaptive

plastic response.

While adaptive plasticity may facilitate the colonization of

new environments, it can also slow or impede adaptive evolution

if, by moving individuals closer to the optimum, genetic variation

is shielded from natural selection (Price et al. 2003; Ghalambor

et al. 2007). However, when plastic responses to a new environ-

ment are incomplete, directional selection may favor a more ex-

treme phenotype and lead to subsequent genetic changes (Price

et al. 2003). While all house mice, even those in mesic environ-

ments, likely undergo short periods of water stress, water stress

is likely to be more severe in desert environments. Phenotypic

comparisons between Edmonton and Tucson mice suggest that

plastic responses to water stress in Edmonton mice may be sub-

optimal. Tucson mice drink less water on average and lose less

weight in response to dehydration, indicating that these animals

are buffered against water stress in a way that Edmonton mice are

not. The blood chemistry comparisons reported here also suggest

there are differences between Tucson and Edmonton mice in kid-

ney function and homeostasis. Consequently, we hypothesize that

while phenotypic plasticity may have helped house mice colonize

the Sonoran Desert, the xeric environment still imposed sufficient

selective pressure for subsequent genetic changes leading to di-

vergence from non-desert populations in the Americas.
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