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Abstract
The two species of the microbiotheriid marsupial genus Dromiciops (Dromiciops bozino-
vici: “Panchos's monito del monte” and Dromiciops gliroides: “monito del monte”) exhibit 
a marked latitudinal genetic differentiation. Nevertheless, it is unclear whether this dif-
ferentiation results from neutral processes or can be explained, to some extent, by local 
adaptation to different environmental conditions. Here, we used an SNP panel gathered 
by Rad-seq and searched for footprints of local adaptation (putative loci under selec-
tion) by exploring genetic associations with environmental variables in the two spe-
cies of Dromiciops in Chilean and Argentinean populations. We applied three methods 
for detecting outlier SNPs and two genotype–environment associations approaches to 
quantify associations between allelic frequencies and environmental variables. Both 
species display strong genetic structure. D. bozinovici exhibited three distinct genetic 
groups, marking the first report of such structuring in this species using SNPs. In con-
trast, D. gliroides displayed four genetic clusters, consistent with previous studies. Both 
species exhibited an association of their genetic structure with environmental variables. 
D. bozinovici exhibited significant associations of allelic frequencies with elevation, pre-
cipitation during the warmest periods, and seasonality in the thermal regime. For D. 
gliroides, genetic variation appeared to be associated with more variables than D. bozino-
vici, including precipitation and temperature-related variables, isothermality, and eleva-
tion. All the outlier SNPs were mapped to the D. gliroides reference genome to explore 
if they fell within functionally known genes. These results represent a necessary first 
step toward identifying the genome regions that harbor genes associated with climate 
adaptations in Dromiciops. Notably, we identified genes involved in various functions, 
including carbohydrate synthesis (ALG8), muscle and neuronal regulation (MEF2D), and 
stress responses (PTGES3). Ultimately, this study contributes valuable insights that can 
inform targeted conservation strategies aimed at preserving the genetic diversity of 
Dromiciops in the face of environmental challenges.
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1  |  INTRODUC TION

Uncovering how environmental heterogeneity contributes to spa-
tially structured genomic variation can shed light on how local 
adaptation allows species to establish in diverse habitats with re-
gionally distinct selection regimes (Prates et al., 2018). To directly 
test the occurrence of local adaptation requires common-garden or 
reciprocal transplant experiments and fitness estimates that allow 
the dissection of environmental and genetic effects (Savolainen 
et al., 2013; Tigano et al., 2017). These experiments are difficult to 
implement due to distinct external factors (e.g., logistics, ethics, and 
the life-history characteristics of many species; Tigano et al., 2017). 
When these experiments are not possible, alternative approaches 
using other proxies, such as comparing allele frequencies of popula-
tions distributed across environmental gradients or patchy environ-
ments are used (Rellstab et al., 2015; Savolainen et al., 2013; Tigano 
et al., 2017). Population genetic theory predicts that genes related 
to traits under selection due to different environmental conditions 
are expected to display specific changes in allele frequencies com-
pared to alleles of genes not under selection (Dauphin et al., 2023; 
Dudaniec et  al., 2018). For example, clinal variation in allele fre-
quencies has been associated with environmental factors, such as 
altitude in amphibians (Bonin et al., 2006), latitude in butterflies and 
lizards (De Jong et  al., 2013; Prates et  al.,  2018), precipitation in 
tropical birds (Termignoni-García et al., 2017), and water availability 
in Patagonian rodents (Giorello et  al.,  2018). In turn, characteriz-
ing patterns of selection and local adaptation is relevant to design 
management and conservation strategies since relocating animals 
successfully depends on knowledge of the population's genetic ar-
chitecture and how it allows organisms to survive in a given envi-
ronment (Hoffmann & Sgrò, 2011).

Current sequencing technologies have revolutionized genomic 
studies of non-model species by allowing access to panels of thousands 
of SNPs. Analytical advancements allow for tackling a broad range of 
evolutionary and ecological questions (Waldvogel et al., 2020). While 
technologies have indeed reduced costs, certain limitations persist in 
the analysis of whole-genomes or transcriptomes, as gathering these 
types of data is still relatively expensive when comparing several pop-
ulations and individuals (da Fonseca et al., 2016). Alternatively, restric-
tion site-associated DNA sequencing (Rad-seq), which consistently 
scans a small proportion of the genome, represents a reliable, replica-
ble, and low-cost alternative (Baird et al., 2008). The high-throughput 
nature of the data gathered through Rad-seq allows robust analyses 
for a variety of questions, including quantitative trait loci analysis, 
evaluation of genetic adaptations to environmental conditions, accu-
rate phylogeographic inferences (Rochette & Catchen, 2017), and the 
characterization of allele frequency variation in relation to environ-
mental gradients (Tigano et al., 2017).

The genus Dromiciops provides an interesting case study to ex-
plore local adaptation using genomic tools. Over the past decade, 
there has been ongoing debate regarding the number of species 
within the genus Dromiciops. In 2016, D'Elía et  al.  (2016) proposed 
that the genus was polytypic, consisting of three species. This was 

a shift from the prior understanding that recognized only a single 
species (Dromiciops gliroides). Following this proposal, several studies 
suggested the genus was monotypic, supporting the recognition of 
only one species (Martin, 2019; Suárez-Villota et al., 2018; Valladares-
Gómez et al., 2017; see a critique on the merits of these studies in 
D'Elía et  al., 2020). Currently, in the light of all available evidence, 
including DNA gene sequence and genomic data, the consensus is 
that Dromiciops is not monotypic. Some taxonomies recognize two 
species: Dromiciops bozinovici and D. gliroides, with the latter com-
posed of two subspecies: D. g. gliroides and Dromiciops g. mondaca 
(Quintero-Galvis et al., 2021, 2022); while other taxonomic schemes 
consider three species, with D. mondaca considered at the species 
level (Astúa et al., 2022; D'Elía et al., 2020). Species of Dromiciops live 
in the Valdivian rainforest. The distributional range of D. bozinovici is 
restricted between the Maule and Araucanía regions of Chile and ad-
jacent areas of the Argentinean province of Neuquén (between 36° S 
and 39° S; D'Elía et al., 2016). The distributional range of D. gliroides is 
to the south of that of D. bozinovici, between 39′3° S and 45° S in Chile 
and Argentina (D'Elía et al., 2016; Oda et al., 2019). Climate change 
predictions for the Valdivian rainforest region indicate increased 
temperatures and altered precipitation patterns, which are expected 
to impact local ecosystems significantly (Muñoz-Sáez et  al.,  2021). 
Predicted climate impacts in this area include shifts in species distri-
butions and changes in habitat suitability for the species of Dromiciops 
(Vazquez et al., 2022). These climate-associated changes pose man-
agement challenges, such as planning habitat corridors to facilitate 
species movement and adapting conservation plans to prevent bio-
diversity loss and ensure ecosystem resilience. Understanding the 
climate-associated adaptive divergence in species of Dromiciops is 
crucial for developing effective conservation strategies. Effective 
strategies could include habitat protection, assisted gene flow to boost 
genetic diversity, and potentially relocating individuals or populations 
to areas predicted to remain viable under future climate conditions (as 
suggested by Chen et al., 2022; Gaitán-Espitia & Hobday, 2021). The 
environmental conditions across these territories vary both within and 
between species. For example, populations of D. bozinovici found in 
the “Maulino” forest or exotic plantations in the Maule and Bio-Bio 
Regions (Cortez Parra & Torres-Fuentes,  2021; Uribe et  al.,  2017) 
are exposed to a significantly drier environment than southwards 
of 39° S distribution in the Araucania region. This fact is relevant 
since niche modeling studies have suggested that precipitation and 
some temperature-related variables are the best explanators for 
the presence of Dromiciops across its range (Martin, 2010; Vazquez 
et al., 2022). However, no study has correlated genetic and environ-
mental variation. Interestingly, Quintero-Galvis et  al.  (2022) using 
SNP data, described a deep genetic structure for D. gliroides but low 
genetic variability for D. bozinovici. Here, we evaluate if there are ge-
nomic signatures of local adaptation (putative loci under selection) in 
the two species of Dromiciops and test if putative loci under selection 
are associated with environmental variables. We hypothesize that D. 
bozinovici and D. gliroides exhibit a small degree of ecological adap-
tation across their respective distribution ranges, with specific allelic 
frequencies correlated with environmental factors. To test this, we 
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perform a study of genomic-environmental association by incorpo-
rating additional individuals/SNPs into a new SNP data set originally 
reported by Quintero-Galvis et al. (2022) to evaluate whether the pat-
tern of genomic variation is associated with environmental variation. 
In addition, we performed a redundancy analysis (RDA) to correlate 
genomic data variation with environmental factors. Our final aim was 
to use genomic information to understand how these species might be 
vulnerable to climate change. We modeled the rate of past evolution-
ary change to predict future genomic vulnerability based on the allelic 
frequency of candidate loci. These findings help predict how climate 
change could impact genetic diversity and adaptation capacities, and 
can thus, inform strategies for managing and relocating individuals or 
populations in response to climate change.

2  |  METHODS

Fieldwork was carried out in the austral 2022–2023 summer. We 
sampled eight localities for D. bozinovici and 16 localities for D. 
gliroides in total (Table 1; Figure 1). Animals were live trapped in 
each location using tomahawk traps during nighttime; a small skin 
clip was taken from one ear of each individual, which was imme-
diately released at the capture place. The entire procedure was 
performed according to the bioethical regulations of Universidad 
Austral de Chile (UACh; license 313 issued to Roberto F. Nespolo 
and license 455 issued to Julian F. Quintero-Galvis) and collec-
tion permits granted by the national authority Servicio Agricola 
Ganadero (permits 4371 and 3393). Ear samples were preserved 
in 96% ethanol, and DNA was extracted using the GenJet Genomic 
DNA kit (Thermo Fisher Scientific). DNA quality was checked by 
visualization on a 0.7% agarose gel, and DNA concentration was 
measured using the Qubit™ dsDNA HS Assay Kit and the Life 
Technologies Qubit fluorometry system (Thermo Fisher Scientific). 
All samples were normalized to a final concentration of 18 ng/μl. 
Library preparation and RAD sequencing from genomic DNA were 
performed by Floragenex using the restriction enzyme SbfI and 
sample-specific barcodes following the protocol described by 
Baird et al. (2008). All raw fastq files are available at NCBI under 
BioProject accession number PRJNA108845.

2.1  |  RAD sequencing

Details about library preparation, sequencing, and bioinformatic pa-
rameters used to identify variable loci were described in Quintero-
Galvis et al.  (2022). Briefly, libraries were prepared using a Rad-seq 
protocol (Baird et al., 2008) and then sequenced using 2 × 100 bp se-
quencing on seven lanes of an Illumina HiSeq 2500. The dataset was 
compiled and analyzed using the STACKS v2 bioinformatics pipeline 
(Catchen et al., 2011; Rochette et al., 2019) for SNP detection and 
assembly with the program “ref_map.pl.” Demultiplexed reads were 
aligned to the reference genome of D. gliroides (Feng et al., 2022) using 
Bowtie2 (Langmead & Salzberg, 2012) with “-sensitive” settings.

Aligned read files were then used to generate a catalog of RAD 
loci using ref_map.pl. in STACKS v2. We then used the population's 
module in Stacks to calculate population genetic statistics and filter 
loci. We kept only loci present in at least 95% of the samples, with 
a minor allele frequency (MAF) of at least 2% and a maximum ob-
served heterozygosity of 0.6. Establishing a heterozygosity limit helps 
to eliminate loci with excess heterozygosity, which may indicate align-
ment errors or duplicated loci, thereby ensuring the reliability and 
representativeness of the genetic diversity data. The MAF threshold 
of 2% helps to exclude extremely rare variants, reducing the inclusion 
of sequencing artifacts while retaining biologically relevant genetic 
variations present at a low frequency. Only one SNP per locus was 
kept using the flag “write-random-snp.” Analyses were based on the 
variant call format (VCF) file with SNP per locus using STACKS v2 
(Catchen et al., 2011, 2013; Rochette et al., 2019). PGDSpider v2.1 
software (Lischer & Excoffier, 2012) was used to convert the VCF into 
specific input files.

2.2  |  Population genetic diversity and structure

Basic population genetic statistics (i.e., SNP nucleotide diversity 
[π] and inbreeding coefficients [FIS]) were generated with STACKS 
(Catchen et al., 2011) for each locality of each species. We used the 
summary function in the adegenet package (Jombart, 2008) in R v3.6 
(R Core Team, 2023) to generate observed and expected heterozy-
gosity estimates. For each species, we ran a landscape and ecologi-
cal association analysis (LEA; Frichot & François, 2015) to estimate 
the most likely number of genetic clusters by running the snmf al-
gorithm for values of K = 1 to K = 10. To visualize the distribution of 
the genetic variation among individual specimens, we performed a 
principal component analysis (PCA) with the dudi.pca function from 
the ade4 package (Dray & Dufour, 2007). A hierarchical analysis of 
molecular variance (AMOVA) was conducted to measure popula-
tion differentiation among sites, and the genetic groups identified 
with the LEA and PCA (i.e., grouping by genetic clusters) was per-
formed with the function poppr.amova in the poppr package (Kamvar 
et al., 2014) in R (R Core Team, 2023).

2.3  |  Data raster

We utilized the WorldClim database (Fick & Hijmans, 2017), which 
includes 19 bioclimatic variables. For each locality of each species 
under study, we extracted the climatic variable values from the 
respective layers within the WorldClim database. Variables were 
retrieved in the projected latitude/longitude coordinate reference 
system (WGS84 datum). Altitude information was retrieved from 
the SRTM 90m Digital Elevation Database (Jarvis et  al.,  2008), 
which provides 5 × 5 degree tiles covering Earth's land surface in 
the latitude/longitude coordinate reference system (WGS84 hori-
zontal datum, EGM96 vertical datum), with a 90 m2 resolution at 
the Equator. Quantum GIS (v.3.4) (QGIS Development Team, 2020) 
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was used to carry out operations on raster files (Figure 1). To avoid 
high collinearity, per highly correlated variables (|r| > .8), we only use 
one of them, removing the others. This criterion ensured that the 
retained variables were statistically appropriate and biologically 
meaningful. For D. bozinovici, four climatic variables and elevation 
were kept for subsequent analysis: bio4 (temperature seasonality), 
bio5 (maximum temperature of the warmest month), bio11 (Mean 
Temperature of the coldest quarter), and bio18 (Precipitation of 
the warmest quarter). For D. gliroides, seven climatic variables re-
mained for subsequent analysis: bio1 (Annual mean temperature), 
bio3 (Isothermality), bio4 (temperature seasonality), bio10 (Mean 
Temperature of Warmest Quarter), bio15 (Precipitation seasonality), 
bio18 (Precipitation of the warmest quarter), bio19 (Precipitation of 
the coldest quarter), and elevation.

2.4  |  Isolation by distance and isolation by 
environment

To investigate the role of geographic and environmental factors in 
shaping spatial genetic differentiation, we assessed the existence of 

(a) isolation by distance (IBD), (b) isolation by environment (IBE) pat-
terns, and (c) the correlation between environmental and geographic 
distance among populations. Pairwise population FST/(1 − FST) was 
calculated using the R package hierfstat (Goudet, 2005). The Mantel 
test was used to assess associations between linearized FST/(1 − FST) 
and geographic and environmental distances; the significance of the 
associations was tested using 999 permutations in the R package 
vegan (Oksanen et al., 2018). Environmental distances between site 
pairs were calculated by scaling and centering the selected climatic 
variables to account for differences in magnitude and then calculat-
ing pairwise Euclidean distances. Plots and statistical analyses were 
conducted using R (R Core Team, 2023).

2.5  |  Signatures of selection and outlier detection

We applied three methods to detect outlier SNPs as implemented 
in BayeScan v2.1 (Foll & Gaggiotti, 2008), pcadapt (Luu et al., 2017), 
and fdist2 (Excoffier et al., 2009). These methods were chosen be-
cause they have different theoretical assumptions, each prone to 
different errors. In a conservative approach, only loci identified as 

F I G U R E  1 Map showing the 
distribution of Dromiciops bozinovici and D. 
gliroides. Numbers correspond to sampling 
localities as indicated in Table 1.
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outliers by all three methods were considered in further analyses. 
Analyses were run separately for each species.

BayeScan uses a Bayesian approach via Markov Chain Monte 
Carlo (MCMC) to consider the uncertainty in allele frequencies, es-
pecially when dealing with small sample sizes. This is crucial for ac-
curately estimating posteriors in population genetics analyses. The 
program calculates prior odds for neutral models by comparing the 
posterior probability of two models, one with and one without selec-
tion on a locus, using the proportion of loci with a strong increase in 
FST relative to other loci among the MCMC outputs of its simulations 
(Beaumont & Balding, 2004). The parameters used were 5000 burn-in 
iterations, followed by 10,000 iterations with a thinning interval of 10. 
We considered the Gelman-Rubin convergence diagnostic from the 
coda package (Plummer et al., 2006). For this diagnostic, convergence 
is typically considered acceptable if R̂ (Rhat) is less than 1.1. We used 
this threshold in our analysis to ensure that our Markov chains had 
adequately converged. The ratio between the neutral and selection 
models ranged from 100 to 1000. The posterior odds, or ratio of pos-
terior probabilities, were used to define thresholds to determine sets 
of outlier markers (Foll & Gaggiotti, 2008). After FDR correction for 
false positives, a locus was accepted as an outlier if the odds ratio 
was 0.05 or higher. The R package pcadapt uses a PCA approach to 
estimate the relative contribution of each locus and ultimately iden-
tify loci with disproportionate contributions to population structure 
after controlling by population structure without a priori population 
definitions. pcadapt assumes that the SNPs excessively associated 
with population structure are candidates for local adaptation—loci in 
which a qval < alpha (alpha = FDR of 0.05) were accepted as outli-
ers. Values of K were determined from the mean squared error rate 
for each species following criteria from Evanno et al. (2005). Finally, 
we used the hierarchical island model as implemented in the fdist2 
function of Arlequin v3.5 (Excoffier & Lischer, 2010). Arlequin uses 
coalescent simulations to create a null distribution of F statistics to 
generate the probability distribution for each locus based on the levels 
of observed heterozygosity and divergence measured as FST (Excoffier 
et al., 2009). The parameters used to run the software were 100,000 
simulations with 1000 demes and 100 repetitions by groups. Loci that 
fell outside the 99% quantile were considered candidates for direc-
tional selection.

2.6  |  Genotype–environment association

Two complementary environmental association (EA) methods were 
used to identify outliers in the analysis separately for each species. 
Initially, a RDA was run to estimate how much of the variance in 
SNP genotypes was correlated to climatic variables and population 
structure (based on genetic groups identified with the LEA and PCA; 
see Table 1). The RDA was run using the R package vegan (Oksanen 
et al., 2018). This approach is a multivariate analog of linear regres-
sion, which examines how much variation in one set of variables ex-
plains the variation in another set (Borcard et  al.,  1992). This tool 
applies well to landscape genomics because it can determine how 

a matrix of landscape variables explains variation in adaptive al-
lele frequencies while overcoming linearity assumptions (Kierepka 
& Latch, 2015). RDA is a constrained linear ordination method that 
combines multiple linear regression and PCA. Population struc-
ture effects were approximated by the first two principal compo-
nents of a new PCA performed in the R package vegan (Oksanen 
et al., 2018). We build a vector that accounts for population struc-
ture (genetic clusters for each species). Two PCA vectors (PCA1 and 
PCA2) were analyzed when correlated predictors with |r| > .8 were 
removed. Since spatial autocorrelation is usually reflected by neu-
tral genetic structure, we did not include spatial covariates to avoid 
over-conditioning the model (Rellstab et al., 2015). We use a partial 
RDA to evaluate the effects of environment and genotype variation 
while controlling for the effect of population structure. The inde-
pendent effect of the environment was the variance values for the 
constrained matrix of population structure in the RDA, while the 
independent effect of population structure was the equivalent for 
the constrained matrix of climatic variables. Given the significant 
population structure observed in both species, the RDA includes 
population structure (Genetic structure) as a covariate. The collinear 
proportion was calculated by subtracting the environment's inde-
pendent effects and population structure from the total variance 
explained in the full RDA model. For identifying candidate SNPs, we 
used the first two RDA axes, which explained most of the variance 
(over 70%). Candidate SNPs were identified based on extreme load-
ing values in the RDA ordination space (Forester et al., 2018).

We also ran a latent factor mixed model (LFMM; Frichot 
et al., 2013) to select outliers with |z|-scores and convert them into 
adjusted p-values based on the Fisher–Stouffer method using the 
Benjamini–Hochberg procedure (Benjamini & Hochberg, 1995). The 
LFMM was implemented in the R package LEA (Frichot et al., 2013; 
Frichot & François,  2015). We used the same environmental vari-
ables of the RDA. LFMM uses a Bayesian mixed model approach that 
employs a PCA to determine the background level of the population 
structure. The LFMM analysis included population control by incorpo-
rating latent factors. The number of latent factors used in LFMM was 
determined using scree plots, broken stick models, and by examining 
the dominant axes separating distinct populations in the snmf analy-
sis. We included three latent factors for D. bozinovici, which has three 
genetic groups, and four latent factors for D. gliroides, which has four 
genetic groups. This strategy ensures that the latent factors appro-
priately account for the genetic structure observed in each species. 
To determine loci–environment associations, environmental variables 
were used as fixed effects, and latent factors were used as random 
effects (Frichot et al., 2013). We used FDR correction at 5% to export 
candidate SNPs with adjusted p-values <.05.

2.7  |  Climate adaptation and vulnerability

We used the outlier SNPs found in the genotype–environment as-
sociation (GEA) analyses to estimate genomic vulnerability. We 
estimated environmental changes and predicted how climate will 
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    |  7 of 18QUINTERO-­GALVIS et al.

change allele frequencies by 2100. We use the R package AlleleShift 
(Kindt, 2021) to model the rate of past evolutionary change and to 
predict future genomic vulnerability based on the allelic frequency 
of candidate loci found in RDA and LFMM. An initial two-step cali-
bration used RDA to build a model and predict the relationship be-
tween allele counts and environmental data. Then, predicted allele 
counts were used as independent variables in a generalized additive 
model with observed allele frequencies as the response (Blumstein 
et al., 2020). This step constrains the final allele frequency predic-
tions to fall between 0 and 1. Based on the calibrated allele fre-
quency–environment model, allele counts were predicted for the 
2100-year projected environment taken from the WorldClim da-
tabase (ssp585, GCM: MIROC6) (Fick & Hijmans,  2017) and then 
converted to allele frequencies to enable direct comparison. The 
genomic vulnerability was then expressed as the difference between 
median values of the observed and predicted allele frequencies be-
tween current and projected environmental models (delta allele 
frequency). To address the relationship between generation length 
and the rate of allelic change required to keep up with the predicted 
change, we considered the generation length of Dromiciops species 
used in previous demographic studies (Quintero-Galvis et al., 2022). 
The estimated generation length for Dromiciops is approximately 
3–4 years (Feng et al., 2022; Quintero-Galvis et al., 2022). Given the 
rate of environmental change predicted by climate models, we as-
sessed whether the required shifts in allele frequencies are plausible 
within this timeframe.

2.8  |  Candidate gene identity and function

To examine whether candidate loci harboring outliers SNPs cor-
respond to coding regions, we used the BLASTn algorithm (Zhang 
et al., 2000) to map reads against the reference genome of D. gli-
roides (Accession: PRJNA639670; Feng et  al.,  2022). For BLASTn 
runs, we used a maximum e-value of 10−5 to accept/reject an align-
ment. In the case of mapped loci that correspond to protein-coding 
regions, we then examined gene identity and function as summa-
rized by gene ontology terms based on the UniProt database (avail-
able at https://​www.​unipr​ot.​org/​unipr​ot/​).

3  |  RESULTS

3.1  |  Genetic diversity

Genomic DNA from 242 individuals were RAD-sequenced and ana-
lyzed, with 1,087,962,937 reads retained after quality filters. Out 
of these, 191 individuals passed the filters. The average number 
of reads per sample was 1,856,790. For the dataset of D. bozino-
vici with 70 samples 77,131 loci were processed; of these, 24,338 
SNPs were variable and kept for further analysis. For the dataset of 
D. gliroides, we divided the analysis into two parts. A first analysis 
with all 121 individuals corresponding to D. gliroides sensu lato and 

a second analysis without the subspecies D. gliroides mondaca (sam-
ples of localities 9–12; in other words, D. gliroides sensu stricto (see 
D'Elía et al., 2016; Quintero-Galvis et al., 2022)). For the D. gliroides 
s.l. dataset 68,469 loci were filtered; of these, 8756 were variable 
and kept for analyses. In the second analysis, D. gliroides s.s. with 76 
samples (localities 13 to 24), 54,653 loci were filtered; of these, 5576 
were variable and kept for analyses. Summary statistics for every 
species, including observed heterozygosity, expected heterozy-
gosity, and FIS are presented in Table  1. Notably, for D. bozinovici, 
the specimens sampled at Nahuelbuta (NACH; Figure 1; site in map 
number 5) showed the highest FIS of 0.30, while the sample from 
Altos de Lircay (ALCH (1)) showed the lowest FIS of 0.0005. For D. gli-
roides s.l., the sample from San Martin (SMCH (9)) had the highest FIS 
of 0.22, and samples from Chiloé Island (CLCH (21) and CDCH (19)) 
had the lowest FIS values of 0.01. Nucleotide diversity was similar 
between both species, with a mean π of 0.001.

3.2  |  Genetic structure

Results from sMNF genetic clustering suggest the most likely num-
ber of populations for D. bozinovici is three (Figure S1a); the same 
pattern was found in the PCA (Figure 2a). The first cluster (DB-A) 
comprises sampling localities 1 to 3 from areas next to the Andes in 
the northern ranges of D. bozinovici (Figure 1 and Table 1). The sec-
ond cluster (DB-B) consists of samples from the Coastal Cordillera 
(localities 4 to 6). The third cluster (DB-C) includes sampling localities 
7 and 8 from areas east of the Andes in the southwestern range of 
D. bozinovici (Figure 2a). For D. gliroides s.l. the sMNF genetic cluster-
ing analysis suggested a K = 4 as the most likely number of clusters 
(Figure S1b); similarly, the PCA separated the individual genomes of 
D. gliroides into four clusters (Figure 2b; Figure S2). Samples from lo-
calities 9 to 12 in the Pacific coast of Los Ríos region conform to the 
first cluster (DG-A). The second cluster is formed by samples from 
localities 13 to 17 in the interior area of Los Ríos region (DG-B). The 
third cluster (DG-C) is formed by samples from localities 18 to 21 
in southern Pacific coast areas, including Chiloé Island (19–21). The 
last cluster is composed of samples of localities 22–24, laying in the 
Argentinean fraction of the species range (DG-D). The sMNF with 
76 samples without cluster DG-A (D. gliroides mondaca) suggested 
a K = 3 as the most likely number of clusters, with a similar number 
of groups in PCA (Figure S3a,b), corresponding to DG-B, DG-C, and 
DG-D. FST values between localities ranged from 0.01 to 0.53 for D. 
bozinovici and 0.07 to 0.39 for D. gliroides (Tables S1 and S2).

Results from the hierarchical AMOVA comparing the three clus-
ters of D. bozinovici showed a significant genetic differentiation among 
them, with 68.3% of the observed molecular variance explained by 
differences among clusters (FCT = 0.70), 14.1% explained by differ-
ences among populations within clusters (FSC = 0.44), and 20.2% ex-
plained by differences within populations (FST = 0.44) (Table S3). The 
AMOVA comparing the four clusters of D. gliroides showed that 55.6% 
of the observed molecular variance is due to differences among clus-
ters (FCT = 0.50), 24.1% explained by differences among populations 
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8 of 18  |     QUINTERO-­GALVIS et al.

within clusters (FSC = 0.34), and 20.2% explained by differences within 
populations (FST = 0.36) (Table S3).

3.3  |  Isolation by distance and isolation by 
environment

There was a strong and significant correlation between genetic and 
geographic distances for both species (D. bozinovici: Mantel r = .77, 
p = .003, Figure  3a; D. gliroides: Mantel r = .86, p = .002, Figure  3d), 
as the genetic distance between population pairs increases linearly 
with geographic distance, indicating a significant pattern of IBD. We 
also identified a significant pattern of IBE based on distance derived 
from environmental deviation for D. gliroides (Mantel r = .31, p = .009; 
Figure 3e), but not for D. bozinovici (Mantel r = .44, p = .05; Figure 3b). 
Likewise, the autocorrelation between environmental and geographic 
distances was strong for D. gliroides (Mantel r = .53, p = .001; Figure 3f) 
but not significant for D. bozinovici (Mantel r = .23, p = .08; Figure 3c).

3.4  |  Outlier detection

The number of putative loci under selection (outlier loci) found 
varied among the three methods employed. For D. bozinovici, the 
number of detected outlier loci was 32 with Bayescan, 6857 with 
fdist2, and 8336 with pcadapt. Only six loci were common among 
the three methods (Figures S3a, S4, and S5). Of these six loci, one 
candidate locus (309652) was mapped to one section of a known 
protein-coding gene in the reference genome; it corresponds to 
the MEF2D gene. The other five loci were mapped to non-coding 
regions from chromosomes 3 and 4 (Table S4). Similarly, the num-
ber of putative loci under selection identified for D. gliroides varied 
among the three methods. Bayescan identified 305, fdist2 identi-
fied 602, and pcadapt identified 1243 outliers (Figures S6a and 
S7). Although we based analysis on a single SNP per RADtag/
locus, we subsequently examined additional SNPs on the RADtags 
to determine if they exhibited similar patterns of variation. This 
follow-up analysis helps to discern whether the observed patterns 

F I G U R E  2 Results of principal 
component analysis for (a) Dromiciops 
bozinovici and (b) D. gliroides. The first 
and second principal components were 
plotted. The percentage of variance 
explained by each component is indicated 
on each axis in brackets. Numbers 
correspond to sampling localities as 
indicated in Table 1.

(a)

(b)
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    |  9 of 18QUINTERO-­GALVIS et al.

are due in fact to selection and not to genetic drift, providing fur-
ther validation of our results. Forty-three outlier loci were com-
mon for all three methods. Of these 43 loci, 17 were mapped in 
different non-coding regions. The other 26 loci were mapped to 
different sections of known protein-coding genes that mediate 
several biological processes, including skeletal and muscular func-
tions (Table  S5). The allelic frequency of the 43 loci at the dif-
ferent D. gliroides s.l. sites varied, with some loci showing lower 
allelic frequency in cluster DG-A (Figure 1; localities 9–12) com-
pared to other clusters. In some cases, one of the alleles at these 
loci appeared to be near fixation or lost within DG-A, suggesting 
reduced genetic variation at these sites (Figure S6). The patterns 
of loci in linkage with these outlier SNPs showed similar allele 
frequency patterns, suggesting that selective sweeps may be in-
fluencing these regions. The number of putative loci under selec-
tion identified for D. gliroides s.s. (i.e., without samples of cluster 
DG-A) identify only two outlier loci for three methods, and both 
were mapped to different sections of known protein-coding genes 
(Table S6; Figures S8a and S9).

To visualize if there were differences in the candidate loci among 
the genetic clusters found for each species, we repeated the analyses 
focused on every genetic cluster of each species. The results revealed 
no common putative loci across all three methods for any cluster of 
both species (Figures S4b–S6b).

3.5  |  Genotype–environment association

The RDA for D. bozinovici identified 436 loci with frequencies sig-
nificantly correlated to environmental variation (F = 9.12, p = .001). A 
biplot of RDA1 versus RDA2 showed that samples were distributed 
into three groups (Figure S12a; Figure  4a). The percentage of the 
variation attributed to population structure was 4.67%. The pro-
portion of the variance explained by the environmental predictors 
was 44.1% (R2 = .46). The results of the RDA indicate that the first 
eigenvalue explained 30.6% of the total genetic variance, the sec-
ond eigenvalue explained 11.6%, and the third eigenvalue 1%. The 
high values of elevation, the maximum temperature of the warmest 
month (bio 5), and temperature seasonality (bio 15) were associated 
with samples of the north of the Andes (DB-A group, localities 1–3). 
On the other hand, precipitation of the warmest quarter (bio 18) was 
associated with samples from east of the Andes in the southwestern 
DB-C group localities (localities 7–8). Interestingly, most candidate 
loci for selection were associated with precipitation of the warm-
est quarter (Figure S12b; Figure 4b). Results of the LFMM analysis 
for D. bozinovici identified seven putative outlier loci (p < .01). Seven 
loci were common between LFMM and RDA. Three of the seven 
loci were mapped to the section of a known protein-coding gene 
in the reference genome (Table  S7). The allelic frequency of the 
three putative loci mapped to the genome did not present changes 

F I G U R E  3 Isolation by distance and isolation by environment, and correlation of environmental distance with the logarithm geographic 
distance of (a–c) Dromiciops bozinovici and (d–f) D. gliroides.

(a) (b) (c)

(d) (e) (f)
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among localities (Figure S9). No common loci were found between 
the five methods (BayeScan, pcadapt, fdist2, LFMM, and RDA) for 
D. bozinovici.

Results from the RDA for D. gliroides indicate that the pattern of 
genetic variation correlates with environmental variation (F = 6.54, 
p = .001), identifying 201 putative outlier loci (Figure  4b). RDA1 
and RDA2 divided the samples into four clusters (Figure S12b). The 
percentage of the variation attributed to population structure was 
6.8%. The proportion of the variance explained by the environmen-
tal predictors was ca. 42% of the total variation (R2 = .34). The RDA 
explained 17.2% of the genetic clustering variance with the first ei-
genvalue, 8.2% with the second eigenvalue, and 1.3% with the third 
eigenvalue. The four localities of cluster DG-A (localities 9–12) were 
associated with high values of the mean temperature of the warmest 
quarter, annual mean temperature, and isothermality. The variables 
precipitation of the warmest quarter, elevation, and temperature sea-
sonality were associated with samples from the southern portion of 
the Coastal Cordillera, including Chiloé Island (DG-C; localities 18–21) 
and Argentinean samples (DG-D; localities 22–24). The RDA for D. 
gliroides s.s. (i.e., without samples of cluster DG-A) explained 15.7% 
of the genetic clustering variance with the first eigenvalue and 6.4% 
with the second eigenvalue (Figure S13). The pattern of genetic varia-
tion was similar to that found in the RDA with all D. gliroides s.s. sam-
ples. Most of the candidate loci under selection were associated with 
the variable precipitation of the warmest, precipitation seasonality, 
annual mean temperature, and mean temperature of the warmest 
quarter (Figure S13b; Table S9). Results of the LFMM analysis for D. 
gliroides identified four putative outlier loci (p < .01). Four loci were 
common between the two methods (RDA and LFMM). Two candi-
date loci were mapped to coding regions (ALG8 and PRKN), and two 
were mapped to an uncharacterized protein (Table S6, Figure S11). 
Combining the candidate loci for selection among the five methods 
for D. gliroides, one common locus that falls on chromosome 3 was 
found (Locus 663,418; Tables S5–S8) corresponding to gene ALG8 
(alpha-1,3-glucosyltransferase). The function of this protein relates to 
transferring glucose from dolichyl phosphate glucose (Dol-P-Glc) onto 
the lipid-linked oligosaccharide Glc1Man9GlcNAc2-PP-Dol before it 
is transferred to the nascent peptide, required for PKD1/Polycystin-1 

maturation and localization to the plasma membrane of the primary 
cilia (Wu et al., 2022).

3.6  |  Climate adaptation and vulnerability

We modeled the rate of past evolutionary change and predicted 
future genomic vulnerability based on the allelic frequency of 
candidate loci found in association with environmental variation 
through GEA analyses. Genetic structure was a reasonable predic-
tor of genomic vulnerability to D. bozinovici (R2 = .90, p < .001) and 
D. gliroides (R2 = .92, p < .001). The seven loci under selection in the 
eight D. bozinovici localities do not show a large change in allele fre-
quency projected into the future, except for samples from localities 
in the southern part of the species distribution (localities 7 and 8; 
Figures S15 and S16). The locus 386,373, mapped to the PTGES3 
gene, shows a decline in projected allelic frequency in the northern 
distribution and an increase in the southern localities of D. bozinovici 
(Figure 5a,b).

The allelic frequency of the four loci under selection in the 16 lo-
calities of D. gliroides s.l. showed a distinct pattern. Locus 1,017,511 
showed a decrease in the projected allelic frequency in almost all lo-
calities in the future. In contrast, locus 847,298 showed an increase in 
its allele frequency for the samples of the DG-C group (localities 18–
21) near Chiloé Island (Figures S17 and S18). Locus 663,418 mapped 
to gene ALG8 and shows an increase in its allele frequency projected 
into the future in Andean localities (17, 22–24) and a decrease in allele 
frequency in the future in localities in the Valdivian coast correspond-
ing to the group DG-A (localities 9–10) (Figure 5c,d).

4  |  DISCUSSION

Our work addresses relevant questions about the relative impor-
tance of genome-wide levels of genetic variation and the associa-
tion of environmental variables with allelic frequencies of thousands 
of SNPs in two Valdivian Forest endemic marsupial species of the 
genus Dromiciops. Notably, our analysis shows the spatial correlation 

F I G U R E  4 Redundancy analysis 
(RDA) using environment variables from 
WorldClim and elevation for (a) Dromiciops 
bozinovici and (b) D. gliroides. The direction 
of the main variation for each constraining 
variable is indicated by a blue vector in D. 
bozinovici and D. gliroides. The blue vectors 
represent the direction of variation for 
the relevant environmental variables 
and genetic structure, the gray points 
are SNPs, and the red points represent 
putative SNPs of selection most strongly 
correlated with variables.

(a) (b)
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between allelic frequencies and environmental variables such as 
precipitation and temperature in both D. bozinovici and D. gliroides. 
These loci may suggest local adaptation as a result of a process of 
specialization to specific habitats (Wadgymar et al., 2022). Our mod-
els suggest that the predicted shifts in allele frequencies are within 
the range of plausible evolutionary responses given these species' 
generation time and historical rates of evolutionary change (Feng 
et al., 2022; Quintero-Galvis et al., 2022). However, rapid environ-
mental changes may still pose a significant challenge, highlighting the 
need for conservation efforts to mitigate potential genomic vulner-
abilities. Vazquez et al. (2022) showed that precipitation and several 
temperature-related variables greatly influence the distributional 
range of both species of Dromiciops. Our findings, coupled with pre-
viously delimited suitability zones, allow the identification of outlier 
allelic frequency differences consistent with patterns of adaptation 
to specific environmental areas for both species of Dromiciops.

Our investigation sheds light on the crucial interplay between ge-
netic variation, environmental factors, and the potential adaptation 
of Dromiciops to distinct habitats. These findings underscore the sig-
nificance of understanding how specific environmental variables may 
influence genetic structure, aiding in the identification of vulnerable 
areas crucial for the conservation of these species. For instance, 
populations in the northernmost range (e.g., those found in localities 
1–3 (cluster DB-A) of D. bozinovici) exhibit unique genetic variants 
that may be of relevance for adapting to specific climatic conditions. 
Additionally, populations in cluster DG-A (localities 9–12) of D. gliroi-
des showed lower allelic diversity and possible signs of reduced genetic 

variability, indicating these areas might require focused conservation 
efforts to maintain genetic diversity. These areas should be prioritized 
for conservation as they harbor unique genetic variants likely crucial 
for the species' long-term adaptability and survival. Specifically, con-
serving these populations can help preserve the genetic diversity nec-
essary for the species to adapt to ongoing and future environmental 
changes. Given the strong association between distinct aspects of the 
natural history of Dromiciops with forests and their seasonal changes 
(Fontúrbel et al., 2022; Nespolo, Sáenz-Agudelo, et al., 2022), identi-
fying vulnerable areas within the range of Dromiciops will significantly 
contribute to the design of biologically sound conservation strategies 
(Nespolo et al., 2024).

4.1  |  Population structure and significant variables

By enlarging the sampling used by Quintero-Galvis et al. (2022), here 
we show that D. bozinovici showed a pronounced genetic structure 
with three highly differentiated genetic clusters. Among these, the 
distinction of the populations corresponding to northeastern cluster 
DB-A (localities 1–3; Table 1; Figure 1) is remarkable as differentiation 
between the other two groups, DB-B and DB-C, was comparatively 
more subtle (Table 1; Figure 2; Figure S1). The localities of cluster 
DB-A were situated next to the Andes in the northern ranges of D. 
bozinovici. These findings expand those of a previous study based on 
mitochondrial and nuclear genes that indicated substantial genetic 
structuring and differentiation within D. bozinovici (Quintero-Galvis 

F I G U R E  5 Depiction of changes 
in allele frequencies of candidate loci 
identified by genome–-environment 
association analyses via AlleleShift 
candidate. (a) Frequencies in the present 
climate for the locus 386,373 for D. 
bozinovici. (b) Frequencies inferred for 
the same locus in the future (year 2100) 
for D. bozinovici. (c) Frequencies in the 
present climate for the locus 663,418 for 
D. gliroides. (d) Frequencies inferred for 
the same locus in the future (year 2100) 
for D. gliroides. Gray circles with numbers 
correspond to sampling localities (see 
Table 1). Changes in frequencies are color-
coded: the red triangle means decreasing 
and the green triangle means increasing.

(a)

(c)

(b)

(d)
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et al., 2021). Our results suggest that the observed genomic struc-
ture in D. bozinovici results from gene flow restrictions as a function 
of geographic distances among sampled localities. We detected a 
significant IBD pattern, indicating that geographic distance plays a 
crucial role in shaping genetic structure. However, the correlation 
of genetic and environmental distances was not significant, nor was 
the comparison between environmental and geographic distances. 
This suggests that environmental differences alone appear to have 
a minimal influence on the observed genetic patterns. While there is 
some correlation between geographic and environmental distances, 
our data indicate that geographic distance is the primary driver of 
the genomic structure observed. Nonetheless, the complexities 
of gene flow, barriers to gene flow, and genetic drift must also be 
considered in understanding the full picture of population structure 
(Pyron et al., 2023).

The RDA supports the hypothesis initially stated in the introduc-
tion that D. bozinovici exhibits a small degree of ecological adaptation 
across its range. Specifically, the allelic frequencies of clade DB-A (lo-
calities 1–3) were correlated with precipitation, temperature changes, 
and elevation. These localities do not show significant changes in 
future projection models, except for locus 386,024 (Figure S13). In 
contrast, in the southern part of the species range (localities 6–8), 
locus 386,373 shows an increase in allelic frequency in future models 
(Figure 5b). Of note, temperature and seasonal precipitation variables 
were correlated with allelic frequencies in southern populations of D. 
bozinovici. Moreover, the results of the vulnerability analysis indicate 
that the allelic frequencies of loci under selection in cluster DB-A (lo-
calities 1–3) are expected to remain relatively stable. This stability is 
crucial for conservation management because D. bozinovici inhabits 
forests that are highly impacted by human activities, which could oth-
erwise exacerbate genetic vulnerabilities (Luebert & Pliscoff, 2017; 
Vazquez et al., 2022). By understanding how specific alleles respond 
to environmental changes, conservation strategies can be tailored to 
protect these genetically distinct populations. For instance, preserving 
areas that maintain current climatic conditions could be vital for the 
stability of these allelic frequencies in this species.

The southern species D. gliroides s.l is also highly structured; 
it shows four genetic groups. While Quintero-Galvis et  al.  (2022), 
based on SNPs, reported that D. gliroides was structured into three 
genetic groups, the inclusion here of additional populations uncov-
ered another genetic group, which was previously found in nuclear 
and mitochondrial DNA analysis (Himes et al., 2008; Quintero-Galvis 
et al., 2021). Our result indicates that D. gliroides mondaca (DG-A; lo-
calities 9–12) is the most genetically divergent group; in fact, D'Elía 
et  al.  (2016, 2020) consider this group as a distinct species, while 
Quintero-Galvis et al., 2022 consider it a subspecies (D.g mondaca). 
The DG-A cluster is geographically closer to the DG-B cluster but 
separated by the Cruces River. The area inhabited by DG-A holds sev-
eral endemic species and has been reported as a glacial refuge dating 
back to the middle Miocene (Malumián & Náñez, 2011; Montemayor 
et al., 2017; Nuñez et al., 2011; Rabassa et al., 2011).

Samples of D. gliroides gliroides, without those of D. gliroides 
mondaca, also show high structure in three distinct genetic groups. 

These are the groups DG-B (localities 13–17), DG-C, corresponding 
to southern Chilean localities, including Chiloé Island (localities 18–
21) and DG-D for southern Argentinean localities (22–23). The pro-
nounced genetic structure observed in Chiloé Island, together with 
the sample from locality 18 may be attributed to significant genetic 
drift caused by the small population size of the ancestral population 
shortly after divergence (see Quintero-Galvis et  al.,  2022). During 
the Last Glacial Maximum, the island of Chiloé was not isolated from 
the continent and its south-eastern half was covered by ice (Hulton 
et  al.,  2002; Lessa et  al.,  2010; McCulloch et  al.,  2000); as such its 
north-western portion of the island of Chiloé and the coastal main-
land have been suggested as a glacial refugium (Hulton et al., 2002; 
Moreno et  al.,  1994; Rabassa,  2008; Villagrán & Hinojosa,  1997). 
Our findings align with existing evidence indicating the persistence 
of a land connection between Chiloé Island and the continent during 
Pleistocene glacial oscillations, owing to a substantial drop in sea level 
(D'Elía et al., 2013, 2015; Heusser et al., 1996; McCulloch et al., 2000; 
Palma et al., 2005; Valdez & D'Elía, 2018). Testing for IBD and IBE 
in D. gliroides indicated that geographic and environmental distances 
were equally important in explaining the observed genetic differ-
ences. Indeed, the relationship between geographic and environmen-
tal distances was highly correlated, which made it difficult to correctly 
parse out the factor that plays the key role in shaping the species' 
genetic variation.

According to the RDA results, environmental variables explain 
42% and 44% of the observed genetic variation in D. gliroides and D. 
bozinovici, respectively. Among these variables, precipitation during 
the warmest quarter of the year (bio 18) was a significant variable in 
common between both species (Fick & Hijmans, 2017). Recent stud-
ies have indicated that precipitation and temperature represent the 
main environmental determinants of the distribution of the two spe-
cies of Dromiciops (Vazquez et al., 2022). Furthermore, meta-analyses 
have demonstrated that local precipitation is a significant selective 
force in wild populations of invertebrates, plants, and vertebrates 
(Myers-Smith & Myers, 2018; Siepielski et al., 2017, 2018), including 
species partially sympatric with the species of Dromiciops (Giorello 
et al., 2018; Teta et al., 2022). Our results suggest that local precipi-
tation (Precipitation of the warmest quarter: bio 18) and temperature 
(Temperature seasonality: bio 4 and Annual mean temperature: bio 1; 
Mean temperature of the warmest quarter: bio10) are potentially im-
portant selective forces for Dromiciops. It is also crucial to consider that 
climate change may cause widespread changes in selection regimes for 
Dromiciops species. The impact of these environmental variables could 
be mediated by the physiological responses of these marsupials to ex-
treme temperature fluctuations and limited food availability (Cooper 
et al., 2016; Giroud et al., 2021; Nespolo et al., 2021, 2024; Withers 
et al., 2006). Dromiciops face harsh winter environmental conditions 
with torpor, which involves changes in cellular metabolism, including 
specific changes to gene expression that are coordinated by different 
genes and by the posttranscriptional gene silencing activity of microR-
NAs (miRNA) (Breedon et  al., 2023; Hadj-Moussa et  al., 2016; Luu 
et al., 2018; Wijenayake et al., 2018). Nevertheless, the genes identi-
fied here are not those found in previous studies on the response of 
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Dromiciops to torpor and temperature changes (Nespolo et al., 2018). 
This discrepancy might be due to the limitations of Rad-seq, which 
samples a small fraction of the genome (<<1%), potentially overlook-
ing many loci of interest and lacking the power to detect weakly se-
lected loci (Maier et al., 2023). To verify whether we have sequence 
data from those genes, we conducted a BLAST/BEDtools analysis. 
The results indicated that while we have some coverage of regions 
associated with torpor and hibernation, these genes did not appear 
as outliers in our dataset. Despite these limitations, our study inferred 
a clear correlation between precipitation and temperature variables 
and the adaptive response of Dromiciops. Future research could ben-
efit from utilizing more comprehensive genomic approaches, such 
as whole-genome sequencing or targeted gene expression studies, 
to identify genes specifically associated with molecular functions 
involved in torpor and other adaptive responses. Such approaches 
would provide a deeper understanding of the genetic basis of adapta-
tion to environmental changes in Dromiciops, facilitating more effec-
tive conservation strategies.

Fruits of several plant species are important in the diet of 
Dromiciops (Fontúrbel et  al., 2022), especially posterior to hiberna-
tion time (Nespolo, Fontúrbel, et al., 2022). The flowering and fruit-
ing times for fleshy fruits are strongly conditioned by precipitation 
and temperature (Amico & Aizen, 2000; Amico et al., 2009; Fontúrbel 
et al., 2022). A study of over 7 years showed that populations of D. 
gliroides are affected by droughts, reducing their abundance by half 
(Balazote Oliver et al., 2017). Thus, precipitation should strongly im-
pact the fitness of specimens of Dromiciops. Additionally, tempera-
ture variation influences the activity patterns of Dromiciops, making 
individuals more active during nights with constant temperatures 
(Fontúrbel et al., 2014, 2022). As such, allelic frequency differences in 
outlier loci associated with precipitation and temperature may be in-
dicative of adaptive responses to habitat differences. A special case is 
found when allelic frequencies of GEA outliers of Andean D. gliroides 
and D. bozinovici are projected to the future, where we observed the 
importance of local adaptation to changes in precipitation and tem-
perature. Although it is premature to conclude that Dromiciops popu-
lations are locally adapted before a direct causal relationship between 
genotype, phenotype, and effect on fitness is established, the identi-
fication of a correlation between allele frequency and environmental 
variables provides indirect evidence for natural selection, warranting 
future study (Lemay & Russello, 2014). Additional research is neces-
sary to identify the traits that could be under selection.

Genomic signatures provide a possible indication of climate ad-
aptation by Dromiciops. This is relevant as global warming studies 
suggest that temperature will increase in the Valdivian Forests while 
precipitation will be reduced in some areas (Lippmann et al., 2019). 
Consequently, specimens of Dromiciops are expected to face increased 
drought and heat stress. These conditions could pose significant chal-
lenges to their survival and reproductive success, emphasizing the 
need for conservation strategies that consider these environmental 
changes (Nespolo et al., 2024). The Chilean Valdivian Forest hotspot 
is of maximum priority for conservation due to its high species rich-
ness and endemicity in an ecosystem facing much human-induced 

degradation. Climate change is one of the severe pressures on the 
viability of many species (Fuentes-Castillo et al., 2020). In fact, stud-
ies evaluating the role of Dromiciops as a disperser of the plant mis-
tletoe suggest a cascade of effects due to climate change (Fontúrbel 
et  al.,  2018). Therefore, it is crucial to emphasize that changes in 
temperature and precipitation will generate essential changes in 
Dromiciops populations. These changes could have significant down-
stream effects on ecosystems, particularly on plant species that rely 
on Dromiciops for seed dispersal (Amico & Aizen, 2000; Fontúrbel & 
Medel, 2017). As such, decreases in populations of Dromiciops may 
lead to altered plant community dynamics, affecting biodiversity and 
ecosystem stability (Fontúrbel et al., 2022). Acknowledging these in-
terconnected relationships underscores the importance of conserv-
ing Dromiciops and mitigating the impacts of climate change on their 
populations.

4.2  |  Adaptative loci and function

The assessment of candidate loci for selection revealed differences 
between the two species. D. gliroides had the greatest number of 
candidate loci under selection. However, only locus 663,418, con-
sistently identified using all five outlier detection methods, mapped 
to one coding region, the gene ALG8 (alpha-1,3-glucosyltransferase) 
located on chromosome 3. While the exact function of alpha-1,3-
glucosyltransferase can vary depending on the cell type and biological 
context, its generally associated with synthesizing specific carbohy-
drates in cell membranes and modifying glycoproteins and glycolip-
ids (Apple et al., 2023). Although this gene has been linked to cancer 
in other species (Wu et al., 2022), its role in Dromiciops may involve 
other processes. The frequency of one of the alleles of locus 663,418 
remained high across all D. gliroides localities in the present time, ex-
cept for those in the DG-D cluster, where it displayed a low frequency 
(Figure S7). For DG-D (localities of Chiloé Island), understanding the 
specific genetic markers and their environmental correlations is cru-
cial for targeted conservation strategies. This knowledge can guide 
efforts to monitor and preserve genetic diversity within DG-D popu-
lations, particularly as they may face unique environmental pressures. 
Effective management practices should consider these genetic factors 
to ensure the resilience of DG-D populations in the face of climate 
change and habitat alterations. These shifts in adaptive allele frequen-
cies underscore a high genomic vulnerability to climate change, po-
tentially impacting fitness. While we used a conservative approach, 
applying five different methods to detect outliers, these methods 
may still face limitations by each method. It is important to note that 
these loci are identified as outliers with respect to FST and may or may 
not be directly related to local adaptation, especially considering the 
potential influence of genetic drift (Hohenlohe et al., 2021; Narum & 
Hess, 2011; Rellstab et al., 2015; Thörn et al., 2021). Therefore, find-
ings related to any one locus should be interpreted with caution, ac-
knowledging the potential limitations and need for further validation.

Dromiciops bozinovici exhibited fewer outlier loci, with only 
one candidate locus mapped to a known protein-coding region. 
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Locus 309,652, mapped on chromosome 4, matched gene MEF2D 
(Table S4), which is involved in diverse regulatory functions, includ-
ing control over cell growth, survival, and apoptosis via the p38 
MAPK signaling pathway, regulating neuronal apoptosis, particularly 
in muscle-specific and growth factor-related transcription (Mohawk 
et al., 2019). The GEA analysis for D. bozinovici found seven outlier 
loci associated with environment variables, of which only three had 
well-defined functions (Table  S7). Locus 119,347 mapped to gen 
FES, a tyrosine-protein kinase responsible for downstream signaling 
from cell surface receptors, which regulates essential cellular func-
tions, including the actin cytoskeleton, microtubule assembly, cell 
attachment, and cell spreading (Chung et al., 2014). Locus 386,373, 
mapped to the gene PTGES3; this cytosolic prostaglandin synthase 
that catalyzes the conversion of prostaglandin endoperoxide H2 
(PGH2) to prostaglandin E2 (PGE2) (Table  S7), significant expres-
sion in normal birth processes in marsupials (Renfree et  al.,  1994; 
Waclawik et  al., 2006). The allelic frequency of these loci showed 
interesting patterns, particularly in localities 1–3 of D. bozinovici, 
projecting a decline in allelic frequency linked to precipitation as 
the primary variable. This indicates a significant predictive relation-
ship between this environmental factor and genomic vulnerability 
amid global warming. While the decline in allelic frequency linked 
to temperature or precipitation could indicate genomic vulnerability 
to global warming, it does not necessarily mean that the localities 
will become uninhabitable (Hoffmann et al., 2021). However, it does 
raise concerns about the potential impact of climate change on the 
genetic diversity and resilience of the populations in those areas 
(Blumstein et al., 2020; Lotterhos, 2024). We recognize the limita-
tions of extrapolating findings from a single locus to broader conclu-
sions about habitat viability or population vulnerability is essential.

The identified genes and their potential roles in physiological 
stress responses, such as those linked to the MAPK signaling path-
ways and prostaglandin synthesis, suggest that Dromiciops popula-
tions may face increased challenges under climate change scenarios. 
This has significant implications for conservation and management, 
highlighting the need to consider these genetic factors in developing 
strategies to mitigate the impacts of climate change on these spe-
cies. Although this study primarily focuses on delineating the pattern 
of outlier loci across the species distributional ranges, our interpre-
tation is based on allelic frequencies correlation to environmental 
variables. While we cannot define if the functions of the genes men-
tioned in this study directly affect the performance of specimens of 
Dromiciops, this is the first report of candidate genes related to the 
adaptation of natural populations to different environments in this 
genus of highly divergent South American marsupials, and largely for 
any South American marsupial. Future studies could elucidate the 
precise roles of the identified genes and their implications for the 
long-term viability of populations of Dromiciops. Furthermore, ex-
ploring how these genes interact with environmental variables could 
provide valuable insights into the broader context of local adaptation 
and population dynamics. Our findings provide a robust foundation 
to explore further the possible environmental forces driving genetic 
differentiation and local adaptation of the population of Dromiciops, 

which in turn could allow the development of biologically sound con-
servation strategies for these species.

5  |  CONCLUSION

The present study represents the first study combining popula-
tion and landscape genomic approaches to identify candidate loci 
under positive selection in New World marsupials; the study gains 
relevance as the studied species are likely threatened by climate 
change. Genomic analyses have revealed a high degree of popu-
lation structure among populations of D. bozinovici. Additionally, 
these results corroborate and expand an already known pattern 
of genetic structuring in D. gliroides. These patterns of population 
structuring may be associated with various factors such as geogra-
phy and the geologic and climatic history of the areas. Furthermore, 
our study shows that variation patterns of some genes, which differ 
from the pattern of the whole genome, are associated with envi-
ronmental differences and likely local adaptation. These genomic 
findings provide a broader perspective on the evolution and pop-
ulation dynamics of both species of Dromiciops. Moreover, these 
findings suggest that the observed genetic structure could signifi-
cantly impact conservation efforts, emphasizing the necessity to 
consider these genetic subdivisions when envisioning conservation 
strategies tailored to the particularities of each population cluster. 
Expanding on how these genetic insights can inform management 
practices is crucial, given the strong conservation implications. 
Current conservation efforts might need to be adjusted to account 
for the genetic diversity and structure within Dromiciops popu-
lations. Specifically, identifying population clusters that harbor 
unique genetic variation is essential for prioritizing areas for pro-
tection. For instance, conservation strategies could focus on pre-
serving areas that maintain current climatic conditions to support 
the stability of adaptive alleles.

Our study shows the relevance of employing diverse approaches 
in landscape genomic analysis to identify local adaptation. Recognizing 
the susceptibility of these algorithms to false positives, we followed a 
conservative approach using multiple methodologies to detect outli-
ers and kept only those loci single out by all methods. The primary en-
vironmental variable associated with local adaptation in both species 
of Dromiciops was the warmest quarter precipitation and secondarily 
temperature seasonally and elevation variables, suggesting avenues 
for further exploration through models integrating genomic data and 
Species Distribution Models, which would hold immense promise 
as pivotal indicators for forecasting the responses of the species of 
Dromiciops to climate fluctuations. Furthermore, these findings lay the 
foundation for innovative strategies aimed at preserving wildlife in 
changing environments.

AUTHOR CONTRIBUTIONS
Julian F. Quintero-Galvis: Conceptualization (equal); data curation 
(lead); formal analysis (lead); funding acquisition (equal); investigation 
(equal); methodology (equal); project administration (equal); resources 

 20457758, 2024, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.70355 by N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence, W
iley O

nline L
ibrary on [01/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  15 of 18QUINTERO-­GALVIS et al.

(equal); software (equal); writing – original draft (equal); writing – re-
view and editing (equal). Pablo Saenz-Agudelo: Conceptualization 
(equal); data curation (equal); methodology (equal); supervision 
(equal); validation (equal); writing – original draft (equal); writing 
– review and editing (equal). Guillermo D'Elía: Conceptualization 
(equal); investigation (equal); project administration (equal); supervi-
sion (equal); validation (equal); writing – original draft (equal); writing 
– review and editing (equal). Roberto F. Nespolo: Conceptualization 
(equal); funding acquisition (equal); investigation (equal); project ad-
ministration (equal); supervision (equal); validation (equal); writing – 
original draft (equal); writing – review and editing (equal).

ACKNOWLEDG MENTS
This study was funded by Fondecyt Postdoctorado N° 3220269 (J.F. 
Quintero-Galvis), Fondecyt Regular No 1221115 (G. D'Elía), Fondecyt 
Regular No 1221073 (R.F. Nespolo) and ANID—Millennium Science 
Initiative Program—Center Code NCN2021-050. Illustrations of 
“monito de pancho” (D. bozinovici) and “monito del monte” (D. gli-
roides) were done by Mauricio Alvarez. We want to thank Abel 
Ñunque, Isidora Camus, Felipe Ortiz, and Alex Gonzalez for their 
support in samplings and laboratory, and Korina Ocampo-Zuleta and 
Marcial Quiroga-Carmona while writing and analyzing the manu-
script. We thank three anonymous reviewers who through their 
comments significantly improved this contribution.

CONFLIC T OF INTERE S T S TATEMENT
The authors declare no competing interests.

DATA AVAIL ABILIT Y S TATEMENT
Data associated with this study have been deposited in the National 
Center for Biotechnology Information (NCBI) Sequence Read 
Archive under the BioProject accession number PRJNA1088453; 
SRA: SUB14315196.

ORCID
Julian F. Quintero-Galvis   https://orcid.
org/0000-0001-9337-0606 
Pablo Saenz-Agudelo   https://orcid.org/0000-0001-8197-2861 
Guillermo D’Elía   https://orcid.org/0000-0001-7173-2709 
Roberto F. Nespolo   https://orcid.org/0000-0003-0825-9618 

R E FE R E N C E S
Amico, G. C., & Aizen, M. A. (2000). Mistletoe seed dispersal by a marsu-

pial. Nature, 408, 929–930.
Amico, G. C., Rodríguez-Cabal, M. A., & Aizen, M. A. (2009). The potential 

key seed-dispersing role of the arboreal marsupial Dromiciops gliroi-
des. Acta Oecologica, 35, 8–13.

Apple, B., Sartori, G., Moore, B., Chintam, K., Singh, G., Anand, P. M., 
Strande, N. T., Mirshahi, T., Triffo, W., & Chang, A. R. (2023). 
Individuals heterozygous for ALG8 protein-truncating variants are at 
increased risk of a mild cystic kidney disease. Kidney International, 
103, 607–615.

Astúa, D., Cherem, J. J., & Teta, P. (2022). Taxonomic checklist of living 
American marsupials. In American and Australasian marsupials (pp. 
1–48). Springer International Publishing.

Baird, N. A., Etter, P. D., Atwood, T. S., Currey, M. C., Shiver, A. L., Lewis, 
Z. A., Selker, E. U., Cresko, W. A., & Johnson, E. A. (2008). Rapid SNP 
discovery and genetic mapping using sequenced RAD markers. PLoS 
One, 3, e3376.

Balazote Oliver, A., Amico, G. C., Rivarola, M. D., & Morales, J. M. (2017). 
Population dynamics of Dromiciops gliroides (Microbiotheriidae) in 
an austral temperate forest. Journal of Mammalogy, 98, 1179–1184.

Beaumont, M. A., & Balding, D. J. (2004). Identifying adaptive genetic di-
vergence among populations from genome scans. Molecular Ecology, 
13, 969–980.

Benjamini, Y., & Hochberg, Y. (1995). Controlling the false discovery rate: 
A practical and powerful approach to multiple testing. Journal of the 
Royal Statistical Society, 57, 289–300.

Blumstein, M., Richardson, A., Weston, D., Zhang, J., Muchero, W., & 
Hopkins, R. (2020). Protocol for projecting allele frequency change 
under future climate change at adaptive-associated loci. STAR 
Protocols, 1, 100061.

Bonin, A., Taberlet, P., Miaud, C., & Pompanon, F. (2006). Explorative ge-
nome scan to detect candidate loci for adaptation along a gradient of 
altitude in the common frog (Rana temporaria). Molecular Biology and 
Evolution, 23, 773–783.

Borcard, D., Legendre, P., & Drapeau, P. (1992). Partialling out the spatial 
component of ecological variation. Ecology, 73, 1045–1055.

Breedon, S. A., Varma, A., Quintero-Galvis, J. F., Gaitán-Espitia, J. D., 
Mejías, C., Nespolo, R. F., & Storey, K. B. (2023). Torpor-responsive 
microRNAs in the heart of the monito del monte, Dromiciops gliroides. 
BioFactors, 49, 1–13.

Catchen, J., Hohenlohe, P. A., Bassham, S., Amores, A., & Cresko, W. 
A. (2013). Stacks: An analysis tool set for population genomics. 
Molecular Ecology, 22, 3124–3140.

Catchen, J. M., Amores, A., Hohenlohe, P., Cresko, W., Postlethwait, J. H., 
& De Koning, D.-J. (2011). Stacks: Building and genotyping loci de 
novo from short-read sequences. G3: Genes, Genomes, Genetics, 1, 
171–182.

Chen, Z., Grossfurthner, L., Loxterman, J. L., Masingale, J., Richardson, B. A., 
Seaborn, T., Smith, B., Waits, L. P., & Narum, S. R. (2022). Applying ge-
nomics in assisted migration under climate change: Framework, empir-
ical applications, and case studies. Evolutionary Applications, 15, 3–21.

Chung, J.-J., Shim, S.-H., Everley, R. A., Gygi, S. P., Zhuang, X., & Clapham, 
D. E. (2014). Structurally distinct Ca2+ signaling domains of sperm 
flagella orchestrate tyrosine phosphorylation and motility. Cell, 157, 
808–822.

Cooper, C. E., Withers, P. C., Hardie, A., & Geiser, F. (2016). Marsupials 
don't adjust their thermal energetics for life in an alpine environment. 
Temperature, 3, 484–498.

Cortez Parra, C. R., & Torres-Fuentes, L. G. (2021). Presencia de Dromiciops 
(Microbiotheriidae) en un remanente de bosque esclerófilo mediter-
ráneo del Santuario de la Naturaleza Península de Hualpén, Chile. 
Gayana, 85, 146–152.

D'Elía, G., Canto, J., Ossa, G., Verde-Arregoitia, L. D., Bostelmann, E., 
Iriarte, A., Amador, L., Quiroga-Carmona, M., Hurtado, N., Cadenillas, 
R., & Valdez, L. (2020). Lista actualizada de los mamíferos vivientes 
de Chile. Boletín del Museo Nacional de Historia Natural, Chile, 69, 
67–98.

da Fonseca, R. R., Albrechtsen, A., Themudo, G. E., Ramos-Madrigal, 
J., Sibbesen, J. A., Maretty, L., Zepeda-Mendoza, M. L., Campos, 
P. F., Heller, R., & Pereira, R. J. (2016). Next-generation biology: 
Sequencing and data analysis approaches for non-model organisms. 
Marine Genomics, 30, 3–13.

Dauphin, B., Rellstab, C., Wüest, R. O., Karger, D. N., Holderegger, R., 
Gugerli, F., & Manel, S. (2023). Re-thinking the environment in land-
scape genomics. Trends in Ecology & Evolution, 38, 261–274.

De Jong, M. A., Collins, S., Beldade, P., Brakefield, P. M., & Zwaan, B. J. 
(2013). Footprints of selection in wild populations of Bicyclus any-
nana along a latitudinal cline. Molecular Ecology, 22, 341–353.

 20457758, 2024, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.70355 by N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence, W
iley O

nline L
ibrary on [01/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0001-9337-0606
https://orcid.org/0000-0001-9337-0606
https://orcid.org/0000-0001-9337-0606
https://orcid.org/0000-0001-8197-2861
https://orcid.org/0000-0001-8197-2861
https://orcid.org/0000-0001-7173-2709
https://orcid.org/0000-0001-7173-2709
https://orcid.org/0000-0003-0825-9618
https://orcid.org/0000-0003-0825-9618


16 of 18  |     QUINTERO-­GALVIS et al.

D'Elía, G., Hurtado, N., & D'Anatro, A. (2016). Alpha taxonomy of 
Dromiciops (Microbiotheriidae) with the description of 2 new species 
of monito del monte. Journal of Mammalogy, 97, 1136–1152.

D'Elía, G., Ortloff, A., Sánchez, P., Guiñez, B., & Varas, V. (2013). A new 
geographic record of the endangered Darwin's fox Lycalopex fulvipes 
(carnivora: Canidae): Fi lling the distributional gap. Revista Chilena de 
Historia Natural, 86, 485–488.

D'Elía, G., Teta, P., Upham, N. S., Pardiñas, U. F. J., & Patterson, B. D. 
(2015). Description of a new soft-haired mouse, genus abrothrix 
(Sigmodontinae), from the temperate Valdivian rainforest. Journal of 
Mammalogy, 96, 839–853.

Dray, S., & Dufour, A. B. (2007). The ade4 package: Implementing the du-
ality diagram for ecologists. Journal of Statistical Software, 22, 1–20.

Dudaniec, R. Y., Yong, C. J., Lancaster, L. T., Svensson, E. I., & Hansson, B. 
(2018). Signatures of local adaptation along environmental gradients 
in a range-expanding damselfly (Ischnura elegans). Molecular Ecology, 
27, 2576–2593.

Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecting the number of 
clusters of individuals using the software STRUCTURE: A simulation 
study. Molecular Ecology, 14, 2611–2620.

Excoffier, L., Hofer, T., & Foll, M. (2009). Detecting loci under selection in a 
hierarchically structured population. Heredity, 103, 285–298.

Excoffier, L., & Lischer, H. E. L. (2010). Arlequin suite ver 3.5: A new series 
of programs to perform population genetics analyses under Linux and 
windows. Molecular Ecology Resources, 10, 564–567.

Feng, S., Bai, M., Rivas-González, I., Li, C., Liu, S., Tong, Y., Yang, H., Chen, 
G., Xie, D., Sears, K. E., Franco, L. M., Gaitan-Espitia, J. D., Nespolo, 
R. F., Johnson, W. E., Yang, H., Brandies, P. A., Hogg, C. J., Belov, 
K., Renfree, M. B., … Zhang, G. (2022). Incomplete lineage sorting 
and phenotypic evolution in marsupials. Cell, 185, 1646–1660.e18.

Fick, S. E., & Hijmans, R. J. (2017). WorldClim 2: New 1-km spatial reso-
lution climate surfaces for global land areas. International Journal of 
Climatology, 37, 4302–4315.

Foll, M., & Gaggiotti, O. (2008). A genome-scan method to identify se-
lected loci appropriate for both dominant and codominant markers: 
A Bayesian perspective. Genetics, 180, 977–993.

Fontúrbel, F. E., Candia, A. B., & Botto-Mahan, C. (2014). Nocturnal activity 
patterns of the monito del monte (Dromiciops gliroides) in native and 
exotic habitats. Journal of Mammalogy, 95, 1199–1206.

Fontúrbel, F. E., Franco, L. M., Bozinovic, F., Quintero-Galvis, J. F., Mejías, 
C., Amico, G. C., Vazquez, M. S., Sabat, P., Sánchez-Hernández, J. C., 
Watson, D. M., Saenz-Agudelo, P., & Nespolo, R. F. (2022). The ecology 
and evolution of the monito del monte, a relict species from the south-
ern South America temperate forests. Ecology and Evolution, 12, 1–24.

Fontúrbel, F. E., Lara, A., Lobos, D., & Little, C. (2018). The cascade im-
pacts of climate change could threaten key ecological interactions. 
Ecosphere, 9, 1-11.

Fontúrbel, F. E., & Medel, R. (2017). Frugivore-mediated selection in a hab-
itat transformation scenario. Scientific Reports, 7, 1–10.

Forester, B. R., Lasky, J. R., Wagner, H. H., & Urban, D. L. (2018). Comparing 
methods for detecting multilocus adaptation with multivariate geno-
type–environment associations. Molecular Ecology, 27, 2215–2233.

Frichot, E., & François, O. (2015). LEA: An R package for landscape and 
ecological association studies. Methods in Ecology and Evolution, 6, 
925–929.

Frichot, E., Schoville, S. D., Bouchard, G., & François, O. (2013). Testing for 
associations between loci and environmental gradients using latent 
factor mixed models. Molecular Biology and Evolution, 30, 1687–1699.

Fuentes-Castillo, T., Hernández, H. J., & Pliscoff, P. (2020). Hotspots and 
ecoregion vulnerability driven by climate change velocity in southern 
South America. Regional Environmental Change, 20, 1–15.

Gaitán-Espitia, J. D., & Hobday, A. J. (2021). Evolutionary principles and 
genetic considerations for guiding conservation interventions under 
climate change. Global Change Biology, 27, 475–488.

Giorello, F. M., Feijoo, M., D'Elía, G., Naya, D. E., Valdez, L., Opazo, J. C., 
& Lessa, E. P. (2018). An association between differential expression 

and genetic divergence in the Patagonian olive mouse (Abrothrix oli-
vacea). Molecular Ecology, 27, 3274–3286.

Giroud, S., Habold, C., Nespolo, R. F., Mejías, C., Terrien, J., Logan, S. 
M., Henning, R. H., & Storey, K. B. (2021). The torpid state: Recent 
advances in metabolic adaptations and protective mechanisms†. 
Frontiers in Physiology, 11, 1–24.

Goudet, J. (2005). HIERFSTAT, a package for R to compute and test hierar-
chical F-statistics. Molecular Ecology Notes, 2, 184–186.

Hadj-Moussa, H., Moggridge, J. A., Luu, B. E., Quintero-Galvis, J. F., Gaitán-
Espitia, J. D., Nespolo, R. F., & Storey, K. B. (2016). The hibernat-
ing south American marsupial, Dromiciops gliroides, displays torpor-
sensitive microRNA expression patterns. Scientific Reports, 6, 24627.

Heusser, C. J., Lowell, T. V., Heusser, L. E., Hauser, A., Andersen, B. G., 
& Denton, G. H. (1996). Full-glacial-late-glacial palaeoclimate of the 
southern Andes: Evidence from pollen, beetle and glacial records. 
Journal of Quaternary Science, 11, 173–184.

Himes, C. M., Gallardo, M. H., & Kenagy, G. J. (2008). Historical biogeog-
raphy and post-glacial recolonization of south American temperate 
rain forest by the relictual marsupial Dromiciops gliroides. Journal of 
Biogeography, 35, 1415–1424.

Hoffmann, A. A., & Sgrò, C. M. (2011). Climate change and evolutionary 
adaptation. Nature, 470, 479–485.

Hoffmann, A. A., Weeks, A. R., & Sgrò, C. M. (2021). Opportunities and 
challenges in assessing climate change vulnerability through genom-
ics. Cell, 184, 1420–1425.

Hohenlohe, P. A., Funk, W. C., & Rajora, O. P. (2021). Population genom-
ics for wildlife conservation and management. Molecular Ecology, 30, 
62–82.

Hulton, N. R. J., Purves, R. S., McCulloch, R. D., Sugden, D. E., & Bentley, 
M. J. (2002). The last glacial maximum and deglaciation in southern 
South America. Quaternary Science Reviews, 21, 233–241.

Jarvis, A., Reuter, H., Nelson, A., & Guevara, E. (2008). Hole-filled SRTM for 
the globe Version 4, available from the CGIAR-CSI SRTM 90m Database.

Jombart, T. (2008). Adegenet: A R package for the multivariate analysis of 
genetic markers. Bioinformatics, 24, 1403–1405.

Kamvar, Z. N., Tabima, J. F., & Grünwald, N. J. (2014). Poppr: An R package 
for genetic analysis of populations with clonal, partially clonal, and/or 
sexual reproduction. PeerJ, 2, e281.

Kierepka, E. M., & Latch, E. K. (2015). Performance of partial statistics in 
individual-based landscape genetics. Molecular Ecology Resources, 15, 
512–525.

Kindt, R. (2021). AlleleShift: An R package to predict and visualize 
population-level changes in allele frequencies in response to climate 
change. PeerJ, 9, e11534.

Langmead, B., & Salzberg, S. L. (2012). Fast gapped-read alignment with 
bowtie 2. Nature Methods, 9, 357–359.

Lemay, M. A., & Russello, M. A. (2014). Latitudinal cline in allele length 
provides evidence for selection in a circadian rhythm gene. Biological 
Journal of the Linnean Society, 111, 869–877.

Lessa, E. P., D'Elía, G., & Pardiñas, U. F. J. (2010). Genetic footprints of late 
quaternary climate change in the diversity of Patagonian-Fueguian 
rodents. Molecular Ecology, 19, 3031–3037.

Lippmann, R., Babben, S., Menger, A., Delker, C., & Quint, M. (2019). 
Development of wild and cultivated plants under global warming con-
ditions. Cell Press.

Lischer, H. E. L., & Excoffier, L. (2012). PGDSpider: An automated data 
conversion tool for connecting population genetics and genomics 
programs. Bioinformatics, 28, 298–299.

Lotterhos, K. E. (2024). Interpretation issues with “genomic vulnerability” 
arise from conceptual issues in local adaptation and maladaptation. 
Evolution Letters, 8, 331–339.

Luebert, F., & Pliscoff, P. (2017). Sinopsis bioclimática y vegetacional de 
Chile, Segunda ed (Universitaria, ed). Santiago, Chile.

Luu, B. E., Wijenayake, S., Zhang, J., Tessier, S. N., Quintero-Galvis, J. F., 
Gaitán-Espitia, J. D., Nespolo, R. F., & Storey, K. B. (2018). Strategies 
of biochemical adaptation for hibernation in a south American 

 20457758, 2024, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.70355 by N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence, W
iley O

nline L
ibrary on [01/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  17 of 18QUINTERO-­GALVIS et al.

marsupial, Dromiciops gliroides: 3. Activation of pro-survival re-
sponse pathways. Comparative Biochemistry and Physiology Part B: 
Biochemistry and Molecular Biology, 224, 26–31.

Luu, K., Bazin, E., & Blum, M. G. B. (2017). Pcadapt: An R package to per-
form genome scans for selection based on principal component anal-
ysis. Molecular Ecology Resources, 17, 67–77.

Maier, P. A., Vandergast, A. G., & Bohonak, A. J. (2023). Using landscape 
genomics to delineate future adaptive potential for climate change in 
the Yosemite toad (Anaxyrus canorus). Evolutionary Applications, 16, 
74–97.

Malumián, N., & Náñez, C. (2011). The late cretaceous-Cenozoic transgres-
sions in Patagonia and the Fuegian Andes: Foraminifera, palaeoecol-
ogy, and palaeogeography. Biological Journal of the Linnean Society, 
103, 269–288.

Martin, G. M. (2010). Geographic distribution and historical occurrence of 
Dromiciops gliroides Thomas (Metatheria: Microbiotheria). Journal of 
Mammalogy, 91, 1025–1035.

Martin, G. M. (2019). The palmar and plantar anatomy of Dromiciops gliroi-
des Thomas, 1894 (Marsupialia, Microbiotheria) and its relationship 
to Australian marsupials. Journal of Mammalian Evolution, 26, 51–60.

McCulloch, R. D., Bentley, M. J., Purves, R. S., Hulton, N. R. J., Sugden, 
D. E., & Clapperton, C. M. (2000). Climatic inferences fron glacial 
and palaecological evidence at the last glacial termination, southern 
South America. Journal of Quaternary Science, 15, 409–417.

Mohawk, J. A., Cox, K. H., Sato, M., Yoo, S.-H., Yanagisawa, M., Olson, 
E. N., & Takahashi, J. S. (2019). Neuronal myocyte-specific enhancer 
factor 2D (MEF2D) is required for Normal circadian and sleep behav-
ior in mice. The Journal of Neuroscience, 39, 7958–7967.

Montemayor, S. I., Melo, M. C., Scattolini, M. C., Pocco, M. E., del Río, M. 
G., Dellapé, G., Scheibler, E. E., Roig, S. A., Cazorla, C. G., & Dellapé, 
P. M. (2017). The fate of endemic insects of the Andean region under 
the effect of global warming. PLoS One, 12, 1–17.

Moreno, P. I., Villagrán, C., Marshall, P. A., & Marquet, L. G. (1994). 
Quaternary paleobiogeography of northern and central Chile. Revista 
Chilena de Historia Natural, 67, 487–502.

Muñoz-Sáez, A., Choe, H., Boynton, R. M., Elsen, P. R., & Thorne, J. H. 
(2021). Climate exposure shows high risk and few climate refugia 
for Chilean native vegetation. Science of The Total Environment, 785, 
147399.

Myers-Smith, I. H., & Myers, J. H. (2018). Comment on “precipitation drives 
global variation in natural selection.”. Science, 359, 1–2.

Narum, S. R., & Hess, J. E. (2011). Comparison of FST outlier tests for SNP 
loci under selection. Molecular Ecology Resources, 11, 184–194.

Nespolo, R. F., Fontúrbel, F. E., Mejias, C., Contreras, R., Gutierrez, P., 
Oda, E., Sabat, P., Hambly, C., Speakman, J. R., & Bozinovic, F. 
(2022). A mesocosm experiment in ecological physiology: The 
modulation of energy budget in a hibernating marsupial under 
chronic caloric restriction. Physiological and Biochemical Zoology, 
95, 66–81.

Nespolo, R. F., Gaitan-Espitia, J. D., Quintero-Galvis, J. F., Fernandez, F. 
V., Silva, A. X., Molina, C., Storey, K. B., & Bozinovic, F. (2018). A 
functional transcriptomic analysis in the relict marsupial Dromiciops 
gliroides reveals adaptive regulation of protective functions during 
hibernation. Molecular Ecology, 27, 4489–4500.

Nespolo, R. F., Mejías, C., Espinoza, A., Quintero-Galvis, J. F., Rezende, E. 
L., Fontúrbel, F. E., & Bozinovic, F. (2021). Heterothermy as the norm, 
homeothermy as the exception: Variable torpor patterns in the south 
American marsupial monito del Monte (Dromiciops gliroides). Frontiers 
in Physiology, 12, 682394.

Nespolo, R. F., Quintero-Galvis, J. F., Fontúrbel, F. E., Cubillos, F. A., Vianna, 
J., Moreno-Meynard, P., Rezende, E. L., & Bozinovic, F. (2024). 
Climate change and population persistence in a hibernating marsu-
pial. Proceedings of the Royal Society B: Biological Sciences, 291, 6–13.

Nespolo, R. F., Sáenz-Agudelo, P., Mejías, C., Quintero-Galvis, J. F., Peña, I., 
Sabat, P., Sánchez-Hernández, J. C., & Gurovich, Y. (2022). Chapter 5. 
The physiological ecology of the enigmatic colocolo opossum, the 

monito del Monte (genus Dromiciops), and its role as a bioindica-
tor of the broadleaf biome. In M. L. Larramendy & G. Liwszyc (Eds.), 
Marsupial and placental mammal species in environmental risk assess-
ment strategies (pp. 81–111). Royal Society of Chemistry.

Nuñez, J. J., Wood, N. K., Rabanal, F. E., Fontanella, F. M., & Sites, J. W. 
(2011). Amphibian phylogeography in the antipodes: Refugia and 
postglacial colonization explain mitochondrial haplotype distribu-
tion in the Patagonian frog Eupsophus calcaratus (Cycloramphidae). 
Molecular Phylogenetics and Evolution, 58, 343–352.

Oda, E., Rodríguez-Gómez, G. B., Fontúrbel, F. E., Soto-Gamboa, M., & 
Nespolo, R. F. (2019). Southernmost records of Dromiciops gliroides: 
Extending its distribution beyond the Valdivian rainforest. Gayana, 
83, 145–149.

Oksanen, J., Kindt, R., Pierre, L., O'Hara, B., Simpson, G. L., Solymos, P., 
Stevens, M. H., Wagner, H., Blanchet, F. G., Kindt, R., Legendre, P., & 
Minchin, P. R. (2018). vegan: Community Ecology Package, R package 
version 2.4-0.

Palma, R. E., Rivera-Milla, E., Salazar-Bravo, J., Torres-Pérez, F., Pardiñas, 
U. F. J., Marquet, P. A., Spotorno, A. E., Meynard, A. P., & Yates, T. 
L. (2005). Phylogeography of Oligoryzomys longicaudatus (Rodentia: 
Sigmodontinae) in temperate South America. Journal of Mammalogy, 
86, 191–200.

Plummer, M., Best, N., Cowles, K., & Vines, K. (2006). CODA: Convergence 
diagnosis and output analysis for MCMC. R News, 6, 7–11.

Prates, I., Penna, A., Rodrigues, M. T., & Carnaval, A. C. (2018). Local ad-
aptation in mainland anole lizards: Integrating population history 
and genome–environment associations. Ecology and Evolution, 8, 
11932–11944.

Pyron, R. A., Kakkera, A., Beamer, D. A., & O'Connell, K. A. (2023). 
Discerning structure versus speciation in phylogeographic analysis of 
seepage salamanders (Desmognathus aeneus) using demography, en-
vironment, geography, and phenotype. Molecular Ecology, 33, 1–17.

QGIS Development Team. (2020). QGIS Geographic Information System. 
Open Source Geospatial Foundation. http://​qgis.​osgeo.​org

Quintero-Galvis, J. F., Saenz-Agudelo, P., Amico, G. C., Vazquez, S., 
Shafer, A. B. A., & Nespolo, R. F. (2022). Genomic diversity and 
demographic history of the Dromiciops genus (Marsupialia: 
Microbiotheriidae). Molecular Phylogenetics and Evolution, 168, 
107405.

Quintero-Galvis, J. F., Saenz-Agudelo, P., Celis-Diez, J. L., Amico, G. C., 
Vazquez, S., Shafer, A. B. A., & Nespolo, R. F. (2021). The biogeogra-
phy of Dromiciops in southern South America: Middle Miocene trans-
gressions, speciation and associations with Nothofagus. Molecular 
Phylogenetics and Evolution, 163, 107234.

R Core Team. (2023). R: A Language and Environment for Statistical 
Computing. R Foundation for Statistical Computing, Vienna, Austria.

Rabassa, J. (2008). Late Cenozoic Glaciations in Patagonia and Tierra del 
Fuego. Developments in Quaternary Science, 11, 151–204.

Rabassa, J., Coronato, A., & Martínez, O. (2011). Late Cenozoic glaciations 
in Patagonia and Tierra del Fuego: An updated review. Biological 
Journal of the Linnean Society, 103, 316–335.

Rellstab, C., Gugerli, F., Eckert, A. J., Hancock, A. M., & Holderegger, R. 
(2015). A practical guide to environmental association analysis in 
landscape genomics. Molecular Ecology, 24, 4348–4370.

Renfree, M. B., Shaw, G., & Fletcher, T. P. (1994). Evidence for the essential 
role of prostaglandins for parturition in a marsupial, Macropus eugenii. 
Reproduction, 102, 433–446.

Rochette, N. C., & Catchen, J. M. (2017). Deriving genotypes from RAD-
seq short-read data using stacks. Nature Protocols, 12, 2640–2659.

Rochette, N. C., Rivera-Colón, A. G., & Catchen, J. M. (2019). Stacks 2: 
Analytical methods for paired-end sequencing improve RADseq-
based population genomics. Molecular Ecology, 28, 4737–4754.

Savolainen, O., Lascoux, M., & Merilä, J. (2013). Ecological genomics of 
local adaptation. Nature Reviews. Genetics, 14, 807–820.

Siepielski, A. M., Morrissey, M. B., Buoro, M., Carlson, S. M., Caruso, C. 
M., Clegg, S. M., Coulson, T., DiBattista, J., Gotanda, K. M., Francis, 

 20457758, 2024, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.70355 by N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence, W
iley O

nline L
ibrary on [01/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://qgis.osgeo.org


18 of 18  |     QUINTERO-­GALVIS et al.

C. D., Hereford, J., Kingsolver, J. G., Augustine, K. E., Kruuk, L. E. B., 
Martin, R. A., Sheldon, B. C., Sletvold, N., Svensson, E. I., Wade, M. 
J., & MacColl, A. D. C. (2017). Precipitation drives global variation in 
natural selection. Science, 355, 959–962.

Siepielski, A. M., Morrissey, M. B., Buoro, M., Carlson, S. M., Caruso, C. 
M., Clegg, S. M., Coulson, T., DiBattista, J., Gotanda, K. M., Francis, 
C. D., Hereford, J., Kingsolver, J. G., Augustine, K. E., Kruuk, L. E. B., 
Martin, R. A., Sheldon, B. C., Sletvold, N., Svensson, E. I., Wade, M. 
J., & MacColl, A. D. C. (2018). Response to comment on “precipita-
tion drives global variation in natural selection.”. Science, 359, 1–2.

Suárez-Villota, E. Y., Quercia, C. A., Nuñez, J. J., Gallardo, M. H., Himes, C. 
M., & Kenagy, G. J. (2018). Monotypic status of the south American 
relictual marsupial Dromiciops gliroides (Microbiotheria). Journal of 
Mammalogy, 99, 803–812.

Termignoni-García, F., Jaramillo-Correa, J. P., Chablé-Santos, J., Liu, M., 
Shultz, A. J., Edwards, S. V., & Escalante-Pliego, P. (2017). Genomic 
footprints of adaptation in a cooperatively breeding tropical bird 
across a vegetation gradient. Molecular Ecology, 26, 4483–4496.

Teta, P., de la Sancha, N. U., D'Elía, G., & Patterson, B. D. (2022). Andean 
rain shadow effect drives phenotypic variation in a widely distributed 
austral rodent. Journal of Biogeography, 49, 1767–1778.

Thörn, F., Rödin-Mörch, P., Cortazar-Chinarro, M., Richter-Boix, A., 
Laurila, A., & Höglund, J. (2021). The effects of drift and selection 
on latitudinal genetic variation in Scandinavian common toads (Bufo 
bufo) following postglacial recolonisation. Heredity, 126, 656–667.

Tigano, A., Shultz, A. J., Edwards, S. V., Robertson, G. J., & Friesen, V. 
L. (2017). Outlier analyses to test for local adaptation to breed-
ing grounds in a migratory arctic seabird. Ecology and Evolution, 7, 
2370–2381.

Uribe, S. V., Chiappe, R. G., & Estades, C. F. (2017). Persistence of 
Dromiciops gliroides in landscapes dominated by Pinus radiata planta-
tions. Revista Chilena de Historia Natural, 90, 2.

Valdez, L., & D'Elía, G. (2018). Local persistence of Mann's soft-haired 
mouse Abrothrix manni (Rodentia, Sigmodontinae) during quaternary 
glaciations in southern Chile. PeerJ, 2018, e6130.

Valladares-Gómez, A., Celis-Diez, J. L., Palma, R. E., & Manríquez, G. 
S. (2017). Cranial morphological variation of Dromiciops gliroides 
(Microbiotheria) along its geographical distribution in south-central 
Chile: A three-dimensional analysis. Mammalian Biology, 87, 107–117.

Vazquez, M. S., Ripa, R. R., Rodriguez-Cabal, M. A., & Amico, G. C. (2022). 
Potential distribution and conservation implications of key marsu-
pials for the Patagonian temperate forest. Mammalian Biology, 103, 
13–21. https://​doi.​org/​10.​1007/​s4299​1-​022-​00322​-​7

Villagrán, C., & Hinojosa, F. (1997). History of the forests of southern 
South America, II: Phytogeographical analysis. Revista Chilena de 
Historia Natural, 70, 241–267.

Waclawik, A., Rivero-Muller, A., Blitek, A., Kaczmarek, M. M., Brokken, L. 
J. S., Watanabe, K., Rahman, N. A., & Ziecik, A. J. (2006). Molecular 

cloning and spatiotemporal expression of prostaglandin F synthase 
and microsomal prostaglandin E Synthase-1 in porcine endometrium. 
Endocrinology, 147, 210–221.

Wadgymar, S. M., Demarche, M. L., Josephs, E. B., Sheth, S. N., & Anderson, 
J. T. (2022). Local adaptation: Causal agents of selection and adaptive 
trait divergence. Annual Review of Ecology, Evolution, and Systematics, 
53, 87–111.

Waldvogel, A., Feldmeyer, B., Rolshausen, G., Exposito-Alonso, M., 
Rellstab, C., Kofler, R., Mock, T., Schmid, K., Schmitt, I., Bataillon, T., 
Savolainen, O., Bergland, A., Flatt, T., Guillaume, F., & Pfenninger, M. 
(2020). Evolutionary genomics can improve prediction of species' re-
sponses to climate change. Evolution Letters, 4, 4–18.

Wijenayake, S., Luu, B. E., Zhang, J., Tessier, S. N., Quintero-Galvis, J. F., 
Gaitán-Espitia, J. D., Nespolo, R. F., & Storey, K. B. (2018). Strategies 
of biochemical adaptation for hibernation in a south American mar-
supial, Dromiciops gliroides: 4. Regulation of pyruvate dehydrogenase 
complex and metabolic fuel selection. Comparative Biochemistry and 
Physiology, Part B: Biochemistry & Molecular Biology, 224, 32–37.

Withers, P. C., Cooper, C. E., & Larcombe, A. N. (2006). Environmental 
correlates of physiological variables in marsupials. Physiological and 
Biochemical Zoology, 79, 437–453.

Wu, X., Wang, B., Su, Y., He, D., Mo, H., Zheng, M., Meng, Z., Ren, L., Zhang, 
X., Ren, D., & Li, C. (2022). ALG8 fuels stemness through glycosyla-
tion of the WNT/Beta-catenin signaling pathway in colon cancer. 
DNA and Cell Biology, 41, 1075–1083.

Zhang, Z., Schwartz, S., Wagner, L., & Miller, W. (2000). A greedy algo-
rithm for aligning DNA sequences. Journal of Computational Biology, 
7, 203–214.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Quintero-Galvis, J. F., Saenz-
Agudelo, P., D’Elía, G., & Nespolo, R. F. (2024). Local 
adaptation of Dromiciops marsupials (Microbiotheriidae) from 
southern South America: Implications for species 
management facing climate change. Ecology and Evolution, 14, 
e70355. https://doi.org/10.1002/ece3.70355

 20457758, 2024, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.70355 by N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence, W
iley O

nline L
ibrary on [01/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1007/s42991-022-00322-7
https://doi.org/10.1002/ece3.70355

	Local adaptation of Dromiciops marsupials (Microbiotheriidae) from southern South America: Implications for species management facing climate change
	Abstract
	1  |  INTRODUCTION
	2  |  METHODS
	2.1  |  RAD sequencing
	2.2  |  Population genetic diversity and structure
	2.3  |  Data raster
	2.4  |  Isolation by distance and isolation by environment
	2.5  |  Signatures of selection and outlier detection
	2.6  |  Genotype–environment association
	2.7  |  Climate adaptation and vulnerability
	2.8  |  Candidate gene identity and function

	3  |  RESULTS
	3.1  |  Genetic diversity
	3.2  |  Genetic structure
	3.3  |  Isolation by distance and isolation by environment
	3.4  |  Outlier detection
	3.5  |  Genotype–environment association
	3.6  |  Climate adaptation and vulnerability

	4  |  DISCUSSION
	4.1  |  Population structure and significant variables
	4.2  |  Adaptative loci and function

	5  |  CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


