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Fuelled by the ongoing genomic revolution, broadscale RNA expression
surveys are fast replacing studies targeting one or a few genes to understand
the molecular basis of behaviour. Yet, the timescale of RNA-sequencing
experiments and the dynamics of neural gene activation are insufficient to
drive real-time switches between behavioural states. Moreover, the spatial,
functional and transcriptional complexity of the brain (the most commonly
targeted tissue in studies of behaviour) further complicates inference.
We argue that a Central Dogma-like ‘back-to-basics” assumption that gene
expression changes cause behaviour leaves some of the most important
aspects of gene-behaviour relationships unexplored, including the roles of
environmental influences, timing and feedback from behaviour—and the
environmental shifts it causes—to neural gene expression. No perfect
experimental solutions exist but we advocate that explicit consideration,
exploration and discussion of these factors will pave the way toward a
richer understanding of the complicated relationships between genes,
environments, brain gene expression and behaviour over developmental
and evolutionary timescales.

Understanding how genes influence behaviour remains an outstanding challenge
for biology. This is in part because it is not genes per se, but rather when, where
and to what degree genes are expressed, that shapes behaviour across immediate,
developmental and evolutionary timescales [1]. As a result, behavioural ecolo-
gists are increasingly using RNA-sequencing (hereafter: RNA-seq) to explore
gene expression changes associated with behaviour. Indeed, the twenty-first
century has ushered in an era when genomic approaches are ever more
feasible—and even expected—in studies exploring behavioural diversity in and
beyond traditional model species. Moreover, sequencing technologies provide
unprecedented opportunities to explore behaviour across Tinbergen’s levels of
analysis [2] by integrating temporal (ontogenetic) and physiological (molecular)
shifts with questions about adaptive context (function) and phylogenetic diver-
sity (evolution). Thus, whether alone or alongside related technologies,
the RNA-seq explosion has seemingly allowed behavioural ecologists to
identify gene expression differences causing behaviour and to increasingly
unify Tinbergen’s four questions.

Yet, as RNA-seq studies become increasingly ubiquitous, we caution that the
path from gene expression to behaviour is neither unidirectional, nor necessarily
causal. We argue that behavioural traits offer a unique set of challenges for
interpretation, given the importance of both space (i.e. the complex structural

© 2021 The Author(s) Published by the Royal Society. All rights reserved.
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Figure 1. Complexities in interpreting brain gene expression—behaviour relationships. RNA-seq is increasingly applied in behavioural ecology to identify genomic
mechanisms of behaviour. However, (a) the basic view that gene expression causes behaviour is overly simplified. A (b) transcriptomic view of behaviour inherently
surveys the expression of many genes, and expression patterns are in turn influenced by (c) robustness and redundancy in the transcriptional states underlying
behaviour, (d) interactions across hierarchical levels of organization, (e) environmental influences on gene expression and behaviour, as well as (f) the feedback loop
from behaviour to gene expression and back. Moreover, (g) both behaviour and gene expression change over time, and distinct expression patterns may be associ-
ated with different timepoints during and following a behaviour and the transition between distinct behavioural states.

and strongly hierarchical organization of the brain) and time
(i.e. acute, developmental and evolutionary influences) for
gene expression. We advocate that careful study design and a
nuanced, critical view of the factors influencing brain gene
expression are essential components of studies linking tran-
scriptional variation to behaviour. Here, we draw inspiration
from behavioural endocrinology [3] and its experimental
sophistication to establish the reciprocal relationships among
physiology, behaviour and the environment. We focus our
discussion on the interpretation of bulk RNA-seq studies that
target coding sequences (mRNA), as this approach is most
common in behavioural studies; however, we note that other
classes of transcripts can also play important, albeit less under-
stood, roles in shaping behaviour (e.g. micro-RNAs; [3-5]), and
that transcriptome or genome assembly and annotation are
prerequisite for this work and carry their own complexities.

2. Experimental design matters

Over the past two decades, studies have identified genes
associated with behaviour by comparing the brain gene
expression profiles of individuals of different behavioural
types [6-8], animals in different behavioural states (e.g. par-
enting versus non-parenting [9], nurses versus foragers [10])
or in response to a stimulus that provokes a behavioural

response (e.g. a predator [11,12], a potential mate [11] and
an intruder ([13], or food [14]). An insight from this expand-
ing literature is that behaviour is associated with large-scale
changes in brain gene expression, often with hundreds to
thousands of genes in the genome differing in expression
between treatment groups. The challenge remains discerning
how these differences are related to the phenotype of interest
as there exist a large number of intervening players between
mRNA and the behavioural phenotype (e.g. gene regulatory
network, protein, cell type, neural circuit, etc.), with opportu-
nities for feedback and environmental influences at each level
(figure 1).

An additional challenge is that because RNA-seq captures
most of the genes being expressed in a tissue at a given point
in time, genes that are expressed following a behavioural state
or action likely reflect multiple influences, only some of which
are directly related to the target behaviour. Therefore, to be
maximally informative, gene expression should ideally be com-
pared relative to one or more control groups (figure 2). For
example, to identify genes associated with female mate pref-
erence, Cummings et al. [15] compared brain gene expression
between female swordtail fish presented with (i) an attractive
versus an unattractive male (expected to elicit preference
behaviour); (ii) two equally unattractive males (to control for
reaction to males); (iii) two females (to control for reaction to
conspecifics); and (iv) no stimuli (control). This experimental
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Figure 2. Complexities in behavioural RNA-seq experimental design. The opportunity to choose a mate presumably elicits many different biological responses, only
some of which reflect mate preference per se. For example, a female quppy (Poecilia reticulata) presented with an opportunity to choose between two potential
mates experiences not only her preference, but also potentially the process of responding to a conspecific, the reaction to a novel stimulus, stress and arousal. (a) As

a result, identifying appropriate control group(s) is multivariate and dependent on

the particular research question of interest. This process is further complicated by

the impossibility of repeated measurements from the same individual when sampling is destructive (red boxes). (b) In order to isolate the transcriptomic signal of
mate preference independent of these confounds, a researcher could measure the transcriptomic response to stimuli that are intended to evoke these different
reactions and then subtract out those genes from the genes that are differentially expressed during mate preference. For simplicity, (b) shows an example containing

only a subset of the conditions in (a).

design allowed the authors to control for multiple confounding
influences on the outcome of interest. However, given the price
and considerations about animal welfare (behavioural RNA-
seq studies most often entail terminal sampling of brain
tissue), such studies often require tough a priori decisions

about the number of groups and subjects, and results must be
thoughtfully interpreted in light of these constraints.
Although time-course RNA-seq experiments remain rare,
when brain gene expression patterns have been compared at
different timepoints after a behaviour of interest, distinct
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patterns have been detected across time (figure 1g). For
example, only a small number of genes were consistently differ-
entially expressed in male sticklebacks 15, 30 and 120 min
following a territorial challenge [16]. The majority of genes
were expressed in waves, with gene ontology analyses
suggesting that some biological functions (e.g. endocrine
activity) peak early and other biological functions (e.g.
immune response) peak hours after the challenge [16]. Such
results underscore the dynamic nature of gene expression in
the brain and illustrate that a single sampling timepoint may
capture only a brief, non-representative glimpse into molecular
outcomes. Moreover, it seems reasonable to assume that genes
causally related to behaviour are expressed prior to its pro-
duction, but current brain gene expression profiling
technologies are terminal, such that gene expression is by neces-
sity measured after, rather than before, the behaviour of interest.
Finally, even when a time-course design is employed, destruc-
tive sampling means that repeated measures on the same
individual are not possible and individual variation across
time cannot be assessed (figure 2).

For all the above reasons—including the causal gap between
mRNA and behaviour, the unbiased, genome-wide nature of
RNA-seq, the environmentally responsive and dynamic nature
of gene expression, and terminal sampling—it is likely that the
genes identified by this burgeoning literature reflect highly het-
erogeneous processes, only some of which are responsible for
generating the target behaviour. What this means is that it
may be premature to assume a classical, ‘back-to-the-basics’
causal relationship between genes identified in RNA-seq
experiments and behaviour.

Instead, it might be more helpful to conceptualize gene
expression patterns detected with RNA-seq as having more
in common with hormones than with DNA sequence variation.
Like neural gene expression patterns, endocrine levels
change over time and in response to diverse stimuli (e.g. a ter-
ritorial challenge) [17]. Decades of work in the endocrinology
literature have taught us how behaviour, the environment,
physical substrates, social cues and internal state can interact
with one another. Lehrman’s studies on reproduction in ring
doves, Streptopelia risoria, [18,19] provide a classic example:
interactions during courtship trigger the release of oestrogen,
which stimulates the secretion of progesterone, which facili-
tates egg laying and incubation. The presence of eggs
induces the secretion of prolactin, which induces physiological
changes enabling the transition from incubation to feeding
offspring. This and other (e.g. [20]) work has taught us that
not only do hormones cause behaviour, but stimuli arising
from the behaviour feed back to influence these same hor-
mones [21], phenomena that likely also apply to gene
expression (figure 1).

The brain is functionally, structurally and transcriptionally
complex. In humans and mice, approximately 80% of all
genes in the genome are expressed in the brain [22], and this
transcriptional complexity is embedded in spatial and struc-
tural heterogeneity that is central to brain function; distinct
brain regions have distinct (behavioural) functions, regions
can be further divided into subregions, and cells within regions
can be categorized into distinct cell types of classes that may
subserve specific behaviour. For example, distinct subsets of

preoptic area galanin neurons mediate pup-seeking versus n

pup-licking and -grooming in parental mice [23]. As a result
of this structural and transcriptional complexity, behaviourally
relevant gene expression specific to one brain region or cell
type may be masked when the expression is surveyed at a
coarse level of analysis (e.g. whole brain). Moreover, current
analytical techniques are biased toward identifying the largest
gene expression differences, even though many molecules
with critical functions (e.g. transcription factors) and specific
influences on behaviour (e.g. oxytocin) are known to be
transcribed at low levels [24]. Technological advances over
the past decade have facilitated increasingly fine-grained
transcriptional surveys (e.g. single-cell RNA-seq), yet these
advances have not freed us from limitations. Rather, they
have revealed additional levels of complexity, demonstrating
that cells of the same transcriptional type may be functionally
distinct [25], that cells of the same functional type may be tran-
scriptionally distinct [25,26], and that transcripts may be
localized even at the subcellular level [27].

Rapid behavioural responses are mediated by signals trans-
duced electrically along neurons and electrically or chemically
across synapses. Gene expression changes—in which mol-
ecules must be transcribed—are simply too slow for this job.
Thus, as discussed above, gene expression changes associated
with behaviour are largely occurring in response to activity in
behaviourally relevant neurons and circuits. While they do
not drive the immediately preceding behaviour, the transcrip-
tional responses triggered by rapid electrical and chemical
responses can alter neural circuit tuning and structure to
facilitate ongoing and shape future behaviour. This has two,
non-mutually exclusive consequences for the interpretation of
differentially expressed genes. First, as transcriptomic activity
is linked to neural activity, we can still reasonably interpret
differences as behaviourally relevant. Second, because tran-
scriptional responses alter future circuit function, we may
view gene expression changes as predictive of future behav-
iour. Taken together, the inherent feedback between nervous
system activity and gene expression provides a means to
integrate experience-dependent behavioural outcomes across
contexts and timescales, which in turn allows for individual
variation and environmentally induced plasticity in behaviour.
Indeed, brain gene expression profiling has the potential to
open the black box of so-called ‘integrator mechanisms’ [28]
by which individuals combine information from different
sources to make adaptive decisions [29,30].

The idea that gene expression responses provide a means
of integrating acute experiences into longer lasting responses
provides a synthetic framework for understanding the role of
gene expression changes in behaviour across timescales [31].
Importantly for our discussion here, this means that some of
the gene expression variation associated with behaviour
reflects outcomes of previous experiences that have altered
individuals’ behavioural propensity and/or ability for the
behaviour, while other gene expression responses reflect the
performance of the behaviour in question and may thereby
drive behavioural performance in the future [32]. These
alternatives are critical to consider—even when they are diffi-
cult to distinguish—in particular because the same genes
may be central to organizational, responsive and evolutionary
processes, a phenomenon that has important implications for
the evolution of phenotypic plasticity [1,32,33].

As with ‘organizational’ versus ‘activational’ effects
of hormones [34], transcriptional changes associated with a



particular behaviour can reflect changes resulting from its
acute performance, changes resulting from previous experi-
ences, or a combination of both. Moreover, it is likely that, as
with hormones, transcriptional mechanisms themselves have
evolved in species-specific ways. For example, nonapeptides
facilitate social behaviour in multiple species of estrildid
finches but the direction of this association depends on sex
and social system (gregarious versus territorial) [35,36]. In
brief, additional work is needed to distinguish the precise
influence of individual gene expression changes on behaviour.

Finally, brain gene expression differences associated with
behaviour may reflect robustness, rather than change (figure 1).
This could be the case when transcriptional differences are
compensatory or homeostatic, allowing individuals to produce
consistent behaviour despite—rather than in response to—
changes in the internal and external environment. In other
words, transcriptional responses may in some cases stabilize
higher-level outputs, a phenomenon elegantly demonstrated
by work showing consistent circuit-level activity arising from
variable underlying gene expression configurations in the
crab stomatogastric ganglion [26,37,38]. Though behavioural
plasticity and robustness appear initially contrasting, by me-
diating experience-dependent influences on the structure and
tuning of neural circuits, gene expression changes may in fact
be critical precisely for mediating this balance [39]. Indeed,
the phenomena described above are likely occurring simul-
taneously rather than sequentially or exclusively. The central
challenge remains distinguishing between alternatives to
understand how and when gene expression changes do (or
do not) propagate to behavioural responses and what conse-
quences these phenomena have for fitness outcomes and
evolutionary trajectories.

Here we have highlighted problems with the implicit
assumption that gene expression differences associated with
behaviour identify genes that cause behaviour, issues with
linking brain gene expression to behaviour, and the notion
that the gambit RNA-seq can elucidate this relationship
directly. So how can we reap rewards from this gambit?
First, and most importantly, only careful study design and
thoughtful interpretation will allow us to leverage the
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dynamic nature of the transcriptome to discern (rather
than confound) the influences of time, experience and the
environment on gene expression and behaviour.

Second, while they are not a panacea, increasingly sophis-
ticated technologies continue to provide new insights [39,40].
For example, recent advances allow transcriptomic profiling
specifically of neurons active during behaviour [4142],
spatial-transcriptomics facilitates gene expression surveys
with stunning spatial resolution [25], and ATAC-seq can ident-
ify regions of open chromatin in bulk tissue or within single
cells. Importantly, the concurrent expansion of tools for gene
expression surveys and gene expression manipulation (e.g.
CRISPR/Cas9 gene editing) is facilitating causal testing of
gene-behaviour relationships identified via transcriptomic
surveys, even outside of traditional model systems [43,44].

Finally, additional answers will come from comparative
studies that provide the opportunity to discern core principles
from species-specific patterns [45-47] and from studies of
behavioural variation in genetically identical individuals that
provide the opportunity to disentangle behavioural from
genetic variation [48,49]. As the twentieth century brought hor-
mone measurements to a wide array of species in and outside
the laboratory, we are poised to apply RNA-seq and related
approaches to diverse species and, thereby, advance evolution-
ary perspectives on the biological basis of behaviour. These
approaches will be most powerful when they are combined
into integrative studies that link transcriptional variation
with neural activity, physiology and genetic variation. As
ever more sophisticated genomic technologies continue to
revolutionize behavioural studies, it is critical that we go back
to the basics of careful study design, sufficient sample sizes
and thoughtful interpretation in order to build a beyond-
the-basics view of the complex, dynamic and bidirectional
relationship between genes and behaviour.
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