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1  |  PUZZLING “NULL” FINDINGS IN 
CONSERVATION-RELE VANT WILDLIFE 
TR ANSCRIPTOMIC S

Recently emerged wildlife diseases that threaten population- or 
species-level persistence have forced conservation biologists to 

direct their attention toward disease processes, including transmis-
sion dynamics and host responses to pathogen exposure (Daszak 
et al., 2000; Fisher et al., 2012; Frick et al., 2015; Lorch et al., 2016; 
Martel et al., 2014; McCallum, 2008). Although disease acts fun-
damentally on host individuals and can therefore be influenced by 
individual-level host variation (Gervasi et al., 2015; Lloyd-Smith 

Received: 11 September 2020  | Revised: 16 August 2021  | Accepted: 31 August 2021

DOI: 10.1111/mec.16172  

N E W S  A N D  V I E W S

O p i n i o n

Host gene expression in wildlife disease: making sense of 
species-level responses

Evan A. Eskew1,2  |   Devaughn Fraser3  |   Maarten J. Vonhof4 |   Malin L. Pinsky1  |   
Brooke Maslo1

1Department of Ecology, Evolution and 
Natural Resources, Rutgers, The State 
University of New Jersey, New Brunswick, 
New Jersey, USA
2Department of Biology, Pacific Lutheran 
University, Tacoma, Washington, USA
3Wildlife Genetics Research Laboratory, 
California Department of Fish and 
Wildlife, Sacramento, California, USA
4Department of Biological Sciences, 
Western Michigan University, Kalamazoo, 
Michigan, USA

Correspondence
Evan A. Eskew, Department of Biology, 
Pacific Lutheran University, Tacoma, 
Washington, USA.
Email: evan.eskew@plu.edu

Funding information
United States Fish and Wildlife Service 
White-Nose Syndrome Research Grant, 
Grant/Award Number: FP19AP00595

Abstract
Emerging infectious diseases are significant threats to wildlife conservation, yet the 
impacts of pathogen exposure and infection can vary widely among host species. As 
such, conservation biologists and disease ecologists have increasingly aimed to un-
derstand species-specific host susceptibility using molecular methods. In particular, 
comparative gene expression assays have been used to contrast the transcriptomic 
responses of disease-resistant and disease-susceptible hosts to pathogen exposure. 
This work usually assumes that the gene expression responses of disease-resistant 
species will reveal the activation of molecular pathways contributing to host de-
fence. However, results often show that disease-resistant hosts undergo little gene 
expression change following pathogen challenge. Here, we discuss the mechanistic 
implications of these “null” findings and offer methodological suggestions for future 
molecular studies of wildlife disease. First, we highlight that muted transcriptomic re-
sponses with minimal immune system recruitment may indeed be protective for non-
susceptible hosts if they limit immunopathology and promote pathogen tolerance in 
systems where susceptible hosts suffer from genetic dysregulation. Second, we argue 
that overly narrow investigation of responses to pathogen exposure may overlook 
important, constitutively active molecular pathways that underlie species-specific de-
fences. Finally, we outline alternative study designs and approaches that complement 
interspecific transcriptomic comparisons, including intraspecific gene expression 
studies and genomic methods to detect signatures of selection. Collectively, these 
insights will help ecologists extract maximal information from conservation-relevant 
transcriptomic data sets, leading to a deeper understanding of host defences and, 
ultimately, the implementation of successful conservation interventions.
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et al., 2005; Pemberton et al., 2011), species have often emerged as 
a natural unit for research and prioritization of conservation actions 
to mitigate novel disease threats. For example, characterization of 
species-level susceptibility to emerging diseases provides a prelim-
inary assessment of potential disease impact (Martel et al., 2014), 
and, following the acquisition of such baseline data, disease monitor-
ing can focus on species most at-risk (Langwig et al., 2015). Further, 
in multihost disease systems where host species show different 
disease outcomes, understanding the mechanisms underlying host 
susceptibility promises to inform assisted selection and other tar-
geted management strategies that could introduce or maintain traits 
conferring disease resistance in species of conservation concern 
(Allendorf et al., 2010; Bernard et al., 2020; Gewin, 2008; Harrisson 
et al., 2014; Langwig et al., 2015; Woodhams et al., 2011).

Conservation biologists and disease ecologists have pursued 
this research agenda in part by embracing the genomics revolution, 
which has provided a flexible toolkit for detailed genetic investi-
gation of non-model species (Connon et al., 2018; DeCandia et al., 
2018; Ekblom & Galindo, 2011; Longo et al., 2014; Lozier & Zayed, 
2017). In particular, studies of host gene expression can provide a 
tissue-specific assay of the genes and cellular pathways involved 
in pathogen response (Blanchong et al., 2016; Ekblom & Galindo, 
2011; Jenner & Young, 2005; Wang et al., 2009). This approach 
seems tailor-made for parsing the molecular basis of species-specific 
wildlife disease progression (Barreiro & Tung, 2012; DeCandia 
et al., 2018; Greenwood et al., 2016; Gupta et al., 2020; Shepack 
& Catenazzi, 2020; Zamudio et al., 2020): presumably, the gene ex-
pression responses of disease-resistant hosts following pathogen 
exposure should reveal the molecular processes that distinguish 
their favourable disease outcome from those of less fortunate spe-
cies. Candidate genes can then be targeted to further investigate 
specific modes of adaptation (Shultz & Sackton, 2019). Critically, 
comparative work that characterizes pathogen response across host 
species might eventually build an evidence base able to distinguish 
between idiosyncratic pathogen defence strategies and those that 
are widely shared among host species able to avoid disease pathol-
ogy (Ellison et al., 2015; Evans, 2015; Fuess et al., 2017).

Indeed, a number of studies in emerging disease systems have 
compared the gene expression responses of putatively disease-
resistant hosts with those of susceptible species. Where experimen-
tal hypotheses are made explicit, researchers usually anticipate that 
increased expression of immunological, anti-inflammatory, and tis-
sue repair pathways will characterize disease-resistant hosts (Davy 
et al., 2017; Lilley et al., 2019). However, contrary to these expecta-
tions, data show that disease-resistant host species often undergo 
minimal gene expression change in response to pathogen exposure. 
Wildlife disease researchers have yet to fully unpack the mechanis-
tic insight to be gleaned from these seemingly “null” results. Here, 
we examine this phenomenon in detail, leveraging a quantitative 
summary of the existing literature to discuss the implications of cur-
rent findings and outline productive analytical directions for wildlife 
disease ecologists interested in understanding host susceptibility.

2  |  COMPILING THE CURRENT E VIDENCE 
BA SE

To identify research studies that characterized the gene expression 
responses of wild animal hosts that differ in disease susceptibility, 
we searched the Web of Science Core Collection on 29  January 
2021 using the topic query string “(emerging infectious disease* OR 
population decline*) AND (gene expression OR transcriptom*) AND 
(susceptib* OR resistan* OR toleran*) AND respon*”. We included 
the search strings related to “emerging infectious disease” and “pop-
ulation decline” to narrow our search to papers that were likely to 
address contemporary disease threats to wild animals, thereby limit-
ing the number of irrelevant query results about domestic animal 
and plant disease systems, which are more commonly studied. We 
reviewed abstracts of the resulting records (n = 256, all of which are 
listed in the project GitHub repository), retaining studies that con-
ducted gene expression response comparisons (Figure S1).

To maintain a focus on species-level differences in wildlife 
disease response, we excluded any studies that investigated in-
traspecific variability in host responses (i.e., comparisons among 
genotypes, ecotypes, etc.). We feel multihost disease systems war-
rant initial examination at the species-level as this is the scale that 
will be most immediately relevant to conservation management ac-
tion. Subsequent focus on fine scale processes that may shape dif-
ferential disease outcome within species will provide important, but 
fundamentally different, insights for managing disease in wild pop-
ulations. Similarly, we excluded studies that only characterized the 
gene expression response of a single wildlife host species to patho-
gen exposure or the responses of multiple species that had identical 
disease outcomes. While such work provides useful qualitative con-
text for the results presented here, reported gene expression pat-
terns in these studies are not easily comparable with other research, 
even within the same disease system, because of major differences 
in study design, execution, and analysis. Thus, we strictly focused 
on studies that present data for both disease-resistant and disease-
susceptible host species, thereby more effectively controlling for 
study-level variation in methodology. Of special note, we further ex-
cluded two multihost studies from the white-nose syndrome disease 
system because these studies used a distinct sampling approach 
that compared gene expression in paired samples of apparently in-
fected versus uninfected tissues within infected individuals rather 
than from exposed versus unexposed individuals (Davy et al., 2020; 
Lilley et al., 2019). While these comparisons can identify localized 
responses to pathogen infection, they are not directly analogous to 
the other research designs considered here, which used unexposed 
animals as controls.

We also opportunistically supplemented our Web of Science 
Core Collection search with any appropriate papers that were cited 
in the literature we reviewed in-depth or relevant papers that we 
otherwise encountered during the drafting of this manuscript. Two 
papers were added to the final set for downstream analysis in these 
ways (Figure S1).
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Once we gathered a set of papers appropriate for further anal-
ysis, we recorded the reported gene expression changes between 
exposed and control hosts for all host species, time points, expo-
sure treatments, and tissues, where relevant for each study. More 
specifically, within studies, host species, time points, exposure 
treatments, and tissues, we summed the number of genes/contigs/
probes that were differentially expressed, whether upregulated or 
downregulated relative to controls. This sum served as our metric 
of total differential expression, which was then converted to a pro-
portion of differentially expressed genes/contigs/probes, given the 
total number of genes/contigs/probes under investigation in a given 
study. We recorded differential expression as reported in the origi-
nal research papers, accepting the methods applied by the authors.

Like other aspects of study design and execution, we recognize 
that the analytical choices made in the work we review here are idio-
syncratic, with potentially significant consequences for downstream 
transcriptomic results. We therefore accounted for study-level vari-
ation in gene expression findings using hierarchical Bayesian models. 
Such an approach also allows us to explicitly evaluate the effect of 
host species type (i.e., susceptible to disease or nonsusceptible to 
disease) on the likelihood of observing differential gene expression 
following pathogen exposure. More specifically, we first constructed 
a hierarchical model with a binomial outcome distribution and a logit 
link function (Bolker et al., 2009; Harrison et al., 2018; McElreath, 
2016), using the number of differentially expressed genes/contigs/
probes as the response variable and the total number of genes/
contigs/probes under investigation as the binomial trial size. In this 
model, we evaluated potential differences in gene expression re-
sponse between host species types using a binary predictor (sus-
ceptible vs. nonsusceptible), and we included a varying effect (i.e., 
random effect) of study to account for study-level variation in exper-
imental methodology. More intuitively, the inclusion of study-level 
varying effects allows us to account for the fact that certain studies 
may tend to report relatively low or high amounts of differential ex-
pression overall, regardless of host species.

Additionally, we considered the possibility that differential gene 
expression results could be biased in cases where the original stud-
ies analysed large numbers of unannotated contigs, some of which 
may represent artifacts of the sequencing and analysis process 
rather than biologically-meaningful transcripts. Therefore, we fit the 
same Bayesian model to an alternative data set, considering, where 
possible, only those genes/contigs/probes that were annotated with 
functional information and the proportion of those annotated ge-
netic features that were differentially expressed. As with the total 
differential expression counts, here we recorded differential expres-
sion as in the original studies, characterizing genes/contigs/probes 
as annotated according to the particular functional assignment 
workflows used in the original work (usually Gene Ontology [GO] 
annotations).

Finally, as a further check of the robustness of our results, 
we fit two more complex binomial models using the full differen-
tial expression data set. The purpose of these supplemental mod-
els was to determine whether the influence of host species type 

(susceptible vs. nonsusceptible) on observed differential expression 
varied across different data subsets. In particular, since three out of 
seven studies in our final data set were of the amphibian pathogen 
Batrachochytrium dendrobatidis (Bd), we were interested in whether 
the strength of the host species type effect differed according to 
pathogen type (defined as Bd vs. non-Bd studies). In addition, we 
wanted to investigate whether assay type (microarray vs. RNA-seq 
studies) influenced the host species type effect. Operationalizing 
these ideas at a statistical level, we fit two additional models that in-
cluded interaction effects to allow for the host species type effect to 
vary in strength (or direction) across different data subsets. Both of 
these models built upon the basic model structure described above 
(main effect of host species type and study-level varying effects): 
the first added a main effect of pathogen type and an interaction 
term between pathogen type and host species type, while the sec-
ond added a main effect of assay type and an interaction term be-
tween assay type and host species type.

We specified and fit the hierarchical Bayesian models using 
the Stan programming language (Carpenter et al., 2017) accessed 
through the ‘rethinking’ package interface in R (McElreath, 2016, 
2020). For all model fits, we used four independent Markov chains, 
each with 7500 iterations. Given that 2500 iterations were used 
as warmup, we based our inferences on a total of 20,000 posterior 
samples from each model (5000 post-warmup iterations each from 
four chains). We performed post-hoc model diagnostics to ensure 
good model fits. These checks included visual inspection of chains 
using trace plots and confirmed convergence of the potential scale 
reduction statistic, R̂, towards one for all model parameters (Gelman 
& Rubin, 1992). Although all model parameters are estimated on the 
log-odds scale (as a result of the logit link function), we converted 
parameter posteriors to the probability scale for ease of interpreta-
tion, where relevant.

3  |  SUMMARY OF COMPAR ATIVE 
STUDIES E VALUATING HOST 
TR ANSCRIPTOMIC RESPONSES IN 
WILDLIFE DISE A SE

Our data compilation efforts resulted in identification of seven gene 
expression studies spanning five disease systems and four biologi-
cal classes of host organism (Eskew et al., 2021). Collectively, these 
studies suggest that gene expression responses of disease-resistant 
hosts to pathogen or parasite exposure tend to be muted relative 
to those of disease-susceptible hosts (Figure 1). Because individual 
studies sometimes tested multiple wildlife host species in response 
to different exposure treatments and/or assayed multiple tissues at 
multiple time points, we identified 40 unique gene expression data 
points among the seven studies, representing 26 disease-resistant/
disease-susceptible host gene expression response comparisons 
(Figure 1a). In 19 of the 26 comparisons (73%), exposed disease-
resistant hosts showed less gene expression change than exposed 
disease-susceptible hosts. Across studies, there are multiple 
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instances where disease-resistant hosts show no detectable gene ex-
pression change relative to controls while disease-susceptible hosts 
in identical treatments demonstrate differential gene regulation.

Bayesian statistical models supported this descriptive inter-
pretation of our compiled data. In the first model fit to the full 

differential expression data set, the posterior for the effect of host 
species type (susceptible to disease as opposed to nonsusceptible) 
was positive over the entire 95% highest posterior density interval 
(mean [95% HPDI]: 1.28 [1.25–1.31]; Figure S2, S3). Thus, the pos-
terior distribution for this key parameter indicated that susceptible 

F I G U R E  1  Gene expression responses of nonsusceptible and susceptible host species to pathogen challenge. (a) Across seven original 
research studies, we summarized observed differential expression for all relevant combinations of host species, exposure treatments, time 
points, and tissues. Each nonsusceptible/susceptible host expression response comparison appears with an associated label along the 
bottom of the x-axis, and the y-axis shows the proportion of differentially expressed genes/contigs/probes observed in exposed individuals 
relative to controls. Labels along the top of the figure panel indicate the study, gene expression assay method, class of host organism, and 
pathogen. We refer to host species as either “nonsusceptible” (blue) or “susceptible” (red) to disease in order to remain agnostic about the 
specific defence mechanisms employed by nonsusceptible hosts, which could include resistance and/or tolerance strategies (Bonneaud et al., 
2019; Medzhitov et al., 2012; Read et al., 2008; Schneider & Ayres, 2008). Point shape represents the tissue used in the gene expression 
assay. Comparison labels on the bottom of the figure panel are accompanied by information about the timing of sample collection, whether 
in hours post-exposure (“h”), days post-exposure (“d”), or upon the observation of clinical symptoms (“cs”). Further details about the gene 
expression comparisons are given in Table S1. Note that “comparisons” Es2 and Es3 do not contain data on nonsusceptible hosts and are 
visualized here only to show temporal patterns in gene expression. (b) Implied probability of observing differential gene expression in 
nonsusceptible and susceptible host species following pathogen challenge. These posterior probability distributions were derived from the 
parameter posteriors of a hierarchical Bayesian model fit to the data shown in (a). Model diagnostics and posterior summaries for all raw 
model parameters are displayed in Figure S2, S3 [Colour figure can be viewed at wileyonlinelibrary.com]
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species were expected to have an increased probability of observed 
differential gene expression (Figure 1a; Figure S3), even as we used 
random effects to account for variation in the overall proportion of 
differentially expressed gene/contigs/probes detected across stud-
ies. Translating model posteriors from the log-odds to the probability 
scale revealed that nonsusceptible species were expected to have a 
mean probability of differential gene expression of 0.01 [0.00–0.03] 
whereas susceptible species were expected to have a mean prob-
ability of differential gene expression approximately three times 
greater (0.03 [0.00–0.09]; Figure 1b). An intuitive interpretation of 
these modeling results is that, in a typical gene expression study, 
researchers would expect to find ~1% of all genes under investiga-
tion to be differentially expressed in exposed nonsusceptible host 
species whereas ~3% of genes would be differentially expressed in 
exposed susceptible host species.

Consideration of alternative data subsets and model structures 
led to very similar results. For example, including only data from an-
notated genes/contigs/probes within our modeling framework (n = 
36 data points) did not change overall inference. With the alternative, 
annotated differential expression data set, the effect of host spe-
cies type on observed differential gene expression was still strictly 
positive (1.04 [1.01–1.07]; Figure S4, S5). When more complex mod-
els including interactions between host species type and pathogen 
type (Bd vs. non-Bd studies; Figure S6, S7) or assay type (microarray 
vs. RNA-seq studies; Figure S8, S9) were fit to the full differential 
expression data set, they also resulted in similar conclusions. In 
the model including an interaction between host species type and 
pathogen type (Figure S7), the posterior distribution for host species 
type was strictly positive in the 95% HPDI (1.20 [1.08–1.33]), while 
the interaction term overlapped zero (0.08 [–0.05–0.22]), suggesting 
the strength of the host species type effect was not different be-
tween Bd and non-Bd studies. In the model including an interaction 
between host species type and assay type (Figure S9), the posterior 
distribution for the baseline host species type effect (corresponding 
to the host species type effect within RNA-seq studies) was again 
strictly positive in the 95% HPDI (1.31 [1.28–1.35]). The interaction 
term in this model spanned only negative values (–0.20 [–0.28 to 
–0.11]), indicating that the host species type effect was smaller in 
microarray studies compared to RNA-seq studies. However, these 
parameter posterior distributions still imply that, even within mi-
croarray studies, susceptible species have an increased probability 
of differential expression relative to nonsusceptible species (adding 
together the baseline host species type effect posterior and the in-
teraction term's posterior yields: 1.11 [1.03–1.19]).

4  |  SYNTHESIZING CURRENT INSIGHTS 
ON HOST GENE E XPRESSION RESPONSES 
IN WILDLIFE DISE A SE AND FUTURE 
DIREC TIONS

Our quantitative summary suggests that disease-resistant host 
species often show limited gene expression change in response to 

pathogen challenge. Importantly, these hosts are of primary inter-
est from a disease management perspective because we often seek 
to learn about beneficial response mechanisms in disease-resistant 
hosts for subsequent application in management of susceptible 
hosts. What, then, do these results reveal about the protective strat-
egies of disease-resistant species? We explore this question in the 
remainder of our text, highlighting important insights already gained 
and suggesting several study design considerations and research 
practice improvements that should help to facilitate fruitful molecu-
lar investigations of host susceptibility.

4.1  |  Broadening our understanding of protective 
host responses to pathogen exposure

The work examined here suggests we should broadly revise our no-
tions of the ways in which host responses confer protection from 
pathogen threat. More specifically, multiple studies show that the 
gene expression responses of disease-resistant hosts do not neces-
sarily involve robust recruitment of immune system processes, as 
might be assumed (Bracamonte et al., 2019; Davy et al., 2017; Eskew 
et al., 2018; Lilley et al., 2019; Poorten & Rosenblum, 2016; Savage 
et al., 2020). In some cases, such as the bat white-nose syndrome 
disease system, these comparative transcriptomic findings have 
been validated through additional studies on disease-resistant spe-
cies using complementary methods (e.g., quantification of protein 
and metabolite abundance, white blood cell counts) that confirm 
apparently limited immune response to pathogen exposure (Fritze 
et al., 2019; Hecht-Höger et al., 2020).

Interestingly, these patterns are also mirrored in systems rele-
vant to human disease, which are more well-studied. For example, 
some nonhuman primates are tolerant of simian immunodeficiency 
viruses (the precursors to human immunodeficiency virus [HIV]), 
and host response to viral infection in these species is character-
ized by a rapid resolution of immune system activation that limits 
chronic immunopathology (Chahroudi et al., 2012). As a result, pri-
mate hosts capable of harbouring persistent, nonpathogenic viral 
infections may show an acute, transient immune response followed 
by minimal immune-related gene expression activity differences 
compared to uninfected controls (Simons et al., 2019). Similarly, in 
a mouse model of Ebola virus disease, tolerant animals demonstrate 
a carefully orchestrated immune gene expression response during 
the early stages of infection, whereas lethal outcomes are associ-
ated with larger amounts of differential gene expression at later 
time points, indicative of dysregulated inflammatory signaling (Price 
et al., 2020). Peromyscus leucopus, an important natural reservoir of 
Borrelia burgdorferi, the causative agent of Lyme disease, also adopts 
a restrained immune and inflammatory response to infection (Long 
et al., 2019). Finally, dampened inflammatory responses in bat cells 
following immune challenge are thought to promote tolerance to 
viral infections (Ahn et al., 2019; Guito et al., 2021; Xie et al., 2018), 
partly explaining bats’ important role in emerging zoonotic diseases 
(Brook & Dobson, 2015; Hayman, 2019; Irving et al., 2021). In sum, 
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these examples suggest that, depending upon the disease system 
and sampling timeframe, wildlife disease researchers should adopt 
a broad perspective on what may constitute an effective host re-
sponse to pathogen challenge, including responses with relatively 
limited immune system recruitment and inflammation (Medzhitov 
et al., 2012; Savage et al., 2020; Viney et al., 2005).

We must also recognize that the gene expression changes de-
tected in disease-resistant hosts, while quite minimal in many cases, 
may indeed be the primary responses of interest. In other words, 
limited change in gene expression activity does not necessarily 
imply limited importance of those changes. For example, success-
ful disease defence could occur through the activity of only a small 
number of genes with substantial effects (Simons et al., 2019), al-
though genes with large fitness impacts tend to be rare (Evans, 
2015). Further, while muted gene expression responses to pathogen 
challenge are certainly not always protective (Farrer et al., 2017), 
they can be carefully tailored, beneficial strategies, particularly in 
cases where the focal pathogen drives immunosuppression in the 
host (Figure 2). For example, Bonneaud et al. (2012) were interested 
in the host immune processes that determine mycoplasmosis devel-
opment in experienced (resistant) and naïve (susceptible) popula-
tions of house finches. While naïve birds showed downregulation 
of immune genes through both experimental time points, birds from 
resistant populations showed no detectable downregulation in im-
mune genes during the experiment. The authors interpreted the 
relative stability in gene regulation in resistant host individuals as 
evidence of a beneficial host response that counteracted parasite-
mediated immune manipulation. Thus, disease ecologists should rec-
ognize that valuable insight may be extracted from gene expression 
studies even when disease-resistant hosts show little gene expres-
sion change. However, this will require moving beyond gross com-
parisons of exposure response among species towards dissection 
of the genes that are dysregulated in susceptible hosts yet remain 
unaffected in resistant conspecifics.

Given that existing evidence suggests wildlife disease research-
ers should expect potentially subtle gene expression signals of host 
response, future studies attempting to parse host susceptibility need 
to craft the temporal aspect of their sampling regimes to adequately 
characterize such responses. Although genomic-scale methods have 
rapidly decreased in cost, researchers still face economic and other 
logistical constraints in study design that may limit the number of 
samples they collect (Alvarez et al., 2015). In addition, when patho-
gen exposure experiments are coupled with gene expression anal-
yses, there are critical choices to be made regarding the timing and 
circumstances of tissue sampling. Does one attempt to collect tissues 
at the onset of clinical symptoms in any of the study organisms (as in 
Poorten & Rosenblum, 2016) or at predetermined time points for all 
host treatments (as in Eskew et al., 2018)? The former choice seems 
to guarantee data collection at a time when at least some hosts may 
be responding to pathogen challenge but risks overlooking the crit-
ical initial surges in a potential cascade of gene expression changes 
(Alvarez et al., 2015; Grogan, Cashins, et al., 2018; Zamudio et al., 
2020). Similarly, the latter choice could generate gene expression 

assays that miss the most relevant time periods for disease response 
if disease progresses faster or slower than expected.

There is no simple resolution for this dilemma, but the data syn-
thesized here suggest that greater attention to gene expression re-
sponses earlier in disease time-courses may be broadly warranted 
(Figure 1a). In the studies we summarized that involved temporally-
stratified sampling, both susceptible and nonsusceptible hosts 
generally exhibited decreasing differential expression over time fol-
lowing exposure, suggesting there is valuable gene regulatory activ-
ity to assay in the earliest stages of pathogen response (Bracamonte 
et al., 2019; Eskew et al., 2018; Sutherland et al., 2014). Bolstering 
this argument, Grogan, Cashins, et al. (2018), in an investigation of 
multiple frog populations exposed to the amphibian pathogen Bd, 
explicitly advocate for the study of early transcriptomic responses, 
thereby avoiding undue focus on gene expression late in disease pro-
gression which may largely reflect nonprotective immunopathology 
(Grogan et al., 2020; Zamudio et al., 2020). Of course, this strategy 
could run the risk of overcorrection: in some systems and tissues, 
sampling early in the disease time-course can result in no detectable 
gene expression change at all (Rosenblum et al., 2009, 2012).

This design dilemma may be partially resolved through careful 
consideration of the disease system, pathogen type, and potential 
host defences under investigation. Sample timing can be informed 
by baseline disease data, either on symptoms and clinical course 
from captive animals or, potentially, longitudinal sampling of wild 
hosts. Further, animals possess a diverse suite of immune defences, 
and distinct pathogen threats may be met with different types of 
immune responses over varying timescales (Rollins-Smith, 2020; 
Rollins-Smith et al., 2011; Spellberg & Edwards, 2001; Sutherland 
et al., 2014; Turchetto et al., 2020; Viney et al., 2005). Ideally, prior 
information about the specific host responses likely to be at play 
will help guide decisions about how sampling effort can be best allo-
cated in any gene expression study with a time-course design.

4.2  |  The importance of constitutive 
gene expression

Analyses contrasting gene expression responses of hosts to patho-
gen exposure could overlook a critical possibility: the relevant ge-
netic features leading to species-specific disease outcomes may in 
fact be constitutively expressed. In depth study of gene expression 
in model organisms has shown that genes with functional impor-
tance for coping with environmental challenges tend to be those 
that are stably expressed yet serve to modify the activity of a large 
number of other genes (Evans, 2015). Similarly, constitutively ex-
pressed genes might play a major role in the specific context of 
pathogen response (Fuess et al., 2020; Hamilton et al., 2008). For 
example, bats are known to host a diverse suite of zoonotic viruses 
with aclinical infections, and constitutive expression of interferon 
(a signaling molecule of the innate immune system) is hypothesized 
to contribute to limited viral pathology in some bat taxa (Hayman, 
2019; Irving et al., 2021; Zhou et al., 2016). Although some of the 
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research reviewed here has speculated on the importance of consti-
tutive, species-specific host defences (Eskew et al., 2018), rarely do 
wildlife disease studies follow the lead of other ecological genom-
ics subfields and explicitly consider baseline differences in gene ex-
pression profiles among the host species of interest (Maynard et al., 
2018; Rivera et al., 2021), even as such differences have provided 
key insights into the role of plasticity in local adaptation (Velotta & 
Cheviron, 2018) and preformed defence strategies in plants (Grand 
et al., 2012; Peng et al., 2012).

Fortunately, this oversight has an easy remedy that may not 
place any additional burden on sample collection efforts but rather 
could be implemented at the data analysis stage. We recommend 
that future studies explicitly compare gene expression profiles be-
tween unexposed host individuals across species to identify any 
consistent differences in constitutive gene expression (Rivera et al., 
2021). These gene sets, especially when supplemented with func-
tional information, may suggest important elements of host-specific 
pathogen response that could otherwise be overlooked. While this 
is a potentially powerful analytical strategy, we also highlight the ca-
veat that interspecific comparisons of basal gene expression profiles 
are less useful outside of rigorously controlled experimental con-
texts. For example, if host species of interest are sampled in the wild, 
constitutive gene expression between species is likely to differ due 

to a wide array of confounding environmental factors. Thus, if the 
goal is to understand baseline differences in gene expression that 
may contribute to distinct host defences, the most appropriate con-
stitutive gene expression comparisons will be between individuals 
of different species that have been reared and maintained in captive 
conditions, where possible.

Additionally, network-based methods, such as weighted cor-
relation network analysis, can help identify “genes that matter” 
and are not necessarily predicated on the detection of differential 
expression, thus facilitating the study of constitutive gene expres-
sion (Evans, 2015; Joehanes, 2018). Network approaches can be 
used in conjunction with gene set enrichment analyses to function-
ally categorize coregulated gene modules, helping to contextual-
ize the biological processes involved in genetic dysregulation and 
characterize important systemic responses to stressors that may 
not have been detected from differential expression alone (Fraser 
et al., 2018). Indeed, gene co-expression networks have been con-
structed in some of the work considered here with the explicit goal 
of identifying interacting genes that might be overlooked in typical 
differential expression analyses (Ellison et al., 2015). In general, how-
ever, network-based methods remain underutilized in wildlife dis-
ease transcriptomic studies. Finally, analysis of differential isoform 
usage (Davidson et al., 2017) could identify genes for which there 

F I G U R E  2  Flow diagram illustrating potential evidence and conclusions in gene expression studies of nonsusceptible wildlife host species’ 
response to pathogen challenge. Evidence, in the form of hypothetical experimental observations, is highlighted in the tan boxes, while 
the implications of such evidence for wildlife disease outcome and defence are shown in the green boxes [Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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is no differential gene expression (i.e., constitutive gene expression) 
but where isoform variants may be differentially expressed, with 
potential functional consequences for host response to pathogen 
challenge (Shelley et al., 2013). Given that studies of other environ-
mental stressors often find that constitutively expressed genes ac-
tually have the strongest links to organismal fitness (Barshis et al., 
2013; Evans, 2015; Geisel, 2011), investigation of constitutive gene 
expression, regardless of the specific approach used, is a particu-
larly critical addition to the analytical toolbox of wildlife disease 
ecologists.

Interpretation of host-pathogen studies is further complicated 
by the fact that nonsusceptible hosts may respond to pathogen chal-
lenge with two distinct defence strategies: resistance strategies seek 
to minimize or eliminate pathogen burden, while tolerance strategies 
serve to minimize the negative health impacts of a given pathogen 
burden (Bonneaud et al., 2019; Read et al., 2008; Schneider & Ayres, 
2008). Both mechanisms can contribute to better disease outcome 
for the host and thus can sometimes be glossed over in discussion of 
“nonsusceptible” hosts (Figure 2). This could be especially problem-
atic in cases where individuals within a host species do not uniformly 
adopt either resistance or tolerance as a pathogen defence strategy. 
In these scenarios, divergent responses of nonsusceptible host indi-
viduals could hinder the detection of differential gene expression, 
which relies on consistent gene expression signals within treatment 
groups. We recommend that researchers pay special attention to 
this analytical hurdle, especially when the clinical disease courses of 
nonsusceptible hosts indicate a potential mix of resistance and tol-
erance strategies (Figure 2). Methods for dimensionality reduction 
applied to gene expression data, such as principal component analy-
sis (PCA) and multidimensional scaling (MDS), may also give an initial 
indication as to whether individual hosts within treatment groups 
have similar or divergent gene expression profiles (e.g., Ellison et al., 
2015; Eskew et al., 2018). Adding another layer of complexity, the 
two pathogen defence strategies are not mutually exclusive as the 
responses of nonsusceptible host species may be characterized by 
both increased resistance and tolerance relative to more susceptible 
hosts (Bonneaud et al., 2019; Davy et al., 2017; Eskew et al., 2015; 
Schneider & Ayres, 2008; Sutherland et al., 2014).

We suggest that either induced gene expression responses or 
constitutive gene expression could underlie both resistance and 
tolerance, and this is a major area of interest for further research 
(Figure 2). For example, there may be instances where host gene 
expression pathways that are activated upon pathogen exposure 
serve to limit either pathogen load (resistance) or host damage (tol-
erance). Yet it is also plausible that constitutive, species-specific 
defences could contribute to either of these two distinct defence 
strategies. Regardless of whether they drive pathogen resistance 
or tolerance, induced gene expression responses in nonsuscepti-
ble hosts highlight an obvious set of genes and pathways that are 
deserving of more detailed study, reinforcing the utility of com-
parative transcriptomics as a valuable methodology in wildlife dis-
ease. By contrast, when tolerant hosts show limited differential 
gene expression following exposure, we suggest that constitutively 

expressed genes may be involved in pathogen response and should 
therefore be subject to further investigation (Figure 2). The same 
may be said of cases where limited host gene expression responses 
are accompanied by observations of low or no pathogen loads (i.e., 
host resistance), but this particular scenario may also point to the 
importance of gross morphology, such as skin structure in the case 
of epidermal pathogens, in limiting initial pathogen establishment 
(Davy et al., 2020; Eskew et al., 2018; Ohmer et al., 2017; Van Rooij 
et al., 2012).

4.3  |  Considering other study designs and 
molecular methods

Species-level gene expression studies are but one of several viable 
approaches available to disease ecologists interested in differential 
disease outcome. While interspecific transcriptomic comparisons 
can be quite powerful (Evans, 2015), designs targeting intraspecific 
differences can also be used to address key questions in wildlife dis-
ease. These investigations are particularly informative when they 
contrast populations with varying historical pathogen exposure 
regimes: persistent exposure may drive divergence in gene expres-
sion, including gene regulation differences associated with the evo-
lution of host resistance, which population-level gene expression 
assays can dissect (Bonneaud et al., 2012; Campbell et al., 2018; 
Grogan, Cashins, et al., 2018; Ronza et al., 2018). Such approaches 
have been used to identify genes in exposed populations that are 
potential targets of selection for host resistance, even when the 
history of exposure is relatively brief in an evolutionary sense (i.e., 
decades). As with interspecific designs, intraspecific studies will 
be most informative when study organisms are selected and man-
aged in order to reduce individual-level variation in basic biological 
factors such as age, sex, and reproductive status, thereby better 
isolating disease outcome as the primary characteristic that varies 
across host groups.

Looking beyond gene regulation as the primary molecular pro-
cess of interest, genomic (Blanchong et al., 2016; Longo et al., 2014), 
epigenomic (Bandyopadhaya et al., 2016; Garcia et al., 2019), pro-
teomic (Heck & Neely, 2020; Horvatić et al., 2016; Neely et al., 2021), 
and metabolomic (Grogan, Skerratt, et al., 2018) methods are also 
highly relevant to the study of host-pathogen interactions and wild-
life disease outcome. For example, genomic methods commonly used 
to parse organismal adaptation to environmental stressors, such as 
genome-wide association mapping and selection scans (Brennan 
et al., 2018; Elbers et al., 2018; Reid et al., 2016), can identify loci 
that are under selection due to pathogen pressure (Alves et al., 2019; 
Auteri & Knowles, 2020; Gignoux-Wolfsohn et al., 2021; Gupta 
et al., 2020; Schwensow et al., 2020). It is worth noting that selec-
tion scans, like gene expression assays, are often employed without 
regard to the specific phenotypes that contribute to the ecological 
outcomes of interest (i.e., disease susceptibility) (Brennan et al., 
2018). Consequently, the identification of loci under selection may 
only hint at the particular host defence mechanisms that underlie 
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disease response, necessitating follow-up studies. Unlike gene ex-
pression methods, however, selection scans are explicitly focused on 
identifying genomic regions that show evidence of adaptive change, 
a potential benefit of the approach. Further, epigenomic alterations, 
such as DNA methylation, may have important influences on host 
resistance to pathogens (Garcia et al., 2019). In some instances, host 
methylation patterns can also be directly modified by the pathogen, 
highlighting the complex interplay of host and pathogen contribu-
tions that shape host susceptibility (Bandyopadhaya et al., 2016). 
Because epigenomic methods can make effective use of nonlethal 
samples, they may be particularly valuable additions to the toolkit 
of researchers studying cutaneous wildlife pathogens, such as the 
pathogenic fungi that cause several of the most severe wildlife dis-
eases (Eskew & Todd, 2013; Fisher et al., 2012; Lorch et al., 2016).

While genomic, epigenomic, and transcriptomic methods have 
inferential value when they can be linked to disease outcomes of 
interest, looking above the level of gene expression, proteomic 
and metabolomic approaches move disease ecologists even closer 
towards a functional understanding of the suite of molecules that 
drive organismal disease response. Importantly, direct study of pro-
tein expression through proteomic methods mitigates a major infer-
ential issue inherent in transcriptomic studies: mRNA abundance 
is only imperfectly correlated with protein abundance, which most 
proximately shapes phenotypes (Diz et al., 2012; Heck & Neely, 
2020). Although proteomics is not without its own technical chal-
lenges and biases (Evans, 2015), its accessibility to disease ecolo-
gists will continue to expand rapidly (Heck & Neely, 2020; Müller 
et al., 2020). Already, proteomic methods have been applied to 
study non-model bat species in the white-nose syndrome disease 
system (Hecht-Höger et al., 2020); this research showed no protein 
expression change between uninfected and infected individuals of 
a disease-resistant host, Myotis myotis, findings that are congruent 
with some previous transcriptomic work on this species (Davy et al., 
2017; Lilley et al., 2019). Indeed, proteomic data may be especially 
valuable when combined with transcriptomic data sets to build a 
strong evidence base regarding the key molecular pathways contrib-
uting to disease-related phenotypes (Ricci et al., 2019). A metabolo-
mics perspective expands the protein-focused scope of proteomics 
out to all small molecules and has been used, for example, to better 
understand disease pathology in the amphibian-chytridiomycosis 
system (Grogan, Skerratt, et al., 2018). We end with the caveat that 
proteomics and metabolomics, indeed any “-omics” methodology, 
will be maximally useful only when the wildlife disease system of 
interest has been thoroughly characterized, including a basic un-
derstanding of disease progression and pathology, tissue tropism, 
species-specific clinical disease outcomes, and the potential rela-
tionship between pathogen dose and disease severity.

5  |  CONCLUSIONS

Emerging diseases are increasingly significant threats to wildlife con-
servation (Smith et al., 2012; Tompkins et al., 2015), and infectious 

disease is likely to remain a primary conservation stressor given 
that climate change (Carlson et al., 2020) and globalized trade and 
transport (Liu et al., 2013; O’Hanlon et al., 2018; Yap et al., 2015) 
will continue to reshape host-pathogen associations with unprec-
edented speed. As such, timely scientific insight on factors driving 
host disease susceptibility is urgently needed to inform conserva-
tion management, and researchers have often turned to gene ex-
pression assays in the hopes of generating such information. While 
valuable contributions have already been made across multiple dis-
ease systems, investigations that harness gene expression methods 
remain limited compared to other ecological subfields. Undoubtedly, 
substantial knowledge gaps remain to be filled through further tran-
scriptomic studies of wildlife disease that leverage the analytical ap-
proaches and insights of gene expression studies on other wildlife 
stressors (Fraser et al., 2018; Maynard et al., 2018; Velotta et al., 
2018). The methodological advice offered here should inform the 
design of robust transcriptomic studies and will help wildlife dis-
ease researchers extract maximal information from the resulting 
data sets. When used in conjunction with complementary molecular 
methods, these strategies in gene expression assay design and anal-
ysis will facilitate a comprehensive understanding of host disease 
response that better contributes to wildlife conservation in a rapidly 
changing world.
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