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Most studies in the field of ecology and evolution aiming to connect genotype to
phenotype rarely validate identified loci using functional tools. Recent develop-
ments in RNA interference (RNAI) and clustered regularly interspaced palindromic
repeats (CRISPR)-Cas genome editing have dramatically increased the feasibility
of functional validation. However, these methods come with specific challenges
when applied to emerging model organisms, including limited spatial control
of gene silencing, low knock-in efficiencies, and low throughput of functional
validation. Moreover, many functional studies to date do not recapitulate eco-
logically relevant variation, and this limits their scope for deeper insights into
evolutionary processes. We therefore argue that increased use of gene editing
by allelic replacement through homology-directed repair (HDR) would greatly
benefit the field of ecology and evolution.

Identifying genomic variation in evolutionary dynamics

A fundamental aim in ecology and evolution is to identify the genomic variation that underlies
micro- and macroevolutionary dynamics [1]. In the present post-genomic era, diverse tools and
datasets are routinely used for this purpose in emerging model organisms (see Glossary),
ranging from genome-wide population data and various phenotype association approaches to
differential expression analysis and chromatin accessibility assays [2,3]. Although such methods
are advancing our understanding of genotype—phenotype relationships for traits involved in
adaptation and speciation [3,4], they also have clear limitations, the most obvious being that
they lack the ability to establish rigorous causal inferences between phenotypes and candidate
genes or |loci. However, molecular tools for manipulating gene function, such as RNAi and
clustered regularly interspaced palindromic repeats (CRISPR)-CRISPR-associated protein (Cas),
in recent years have also made it possible to establish a causal link between candidate loci and
phenotype in emerging model organisms. In this review we address the growing need for such
causal inferences, and we discuss some of the practical aspects of functional validation in
emerging model organisms and the future role of RNAi and CRISPR-Cas technologies in ecology
and evolution, with a strong emphasis on the challenge and importance of establishing ecological
relevance in functional validation.

The expanded reach of functional genomics

Rather than investing in functional validation, the accessibility of functional genomics
hasinstead predominantly resulted in an increase in the sample sizes of individuals, populations,
and species used in the quest to identify loci involved in adaptation and speciation. The resultis an
ever-increasing number of studies that, after identifying candidate loci (e.g., through molecular
tests of selection, allele-frequency patterns, association mapping, linkage analysis, and transcrip-
tomic studies), discuss at length the potential evolutionary implications. These methods all have
inherent challenges (reviewed in [5-8]), but common to them is the limitation that they do not
establish causal associations between genotype and phenotype. Drawing rigorous conclusions
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from this body of evidence is therefore challenging, and interpretations of such insights should be
considered carefully when attempting to understand the genotype—phenotype relationship.

Given these circumstances, we raise two aspects worth considering when investigating the
functional genetic basis of traits in ecology and evolution. First, although we acknowledge that
the implementation of functional genetic methods is not possible or even desirable in some
instances, we wish to stress that, in the absence of proper data allowing causal inferences, the
field would greatly benefit from avoiding the use of causal language. Imprecise language
degrades the importance of causal insights, impedes our understanding of how the natural
world works, and bloats the field with false positive results [9]. Second, relying upon existing
annotations without validation perpetuates bias. Consider a common hypothetical scenario,
wherein candidate loci are identified using the intersection of gene expression data and SNP
association mapping for a trait, where variants associated with the phenotype are in or near the
coding sequences of several differentially expressed genes. The resulting candidate gene list is
assessed, and hypotheses formed based on gene or sequence element annotations, which in
turn are overwhelmingly based on genetic and molecular studies in the closest model organism
(e.g., Drosophila melanogaster for insects, the mouse Mus musculus for mammals, the zebrafish
Danio rerio for fish, Saccharomyces cerevisiae for yeast, Arabidopsis thaliana for plants, and so
on). We note the duality of this approach: although this seems a sound way forward because
many homologous genes share functions over deep evolutionary time, and this approach is
necessary because no other such insights are possible, it also comes with a risk of erroneous
inferences. Model organisms not only have many important genes of unknown function [10]
but functions also certainly change over time for orthologous genes [11]. Thus, relying solely on
functional annotation from other organisms can restrict the ability to detect lineage-specific
protein functions or genes, moonlighting proteins, or cases of gene co-option that have
evolved to shape the phenotype of interest, especially because subsequent changes to functional
annotations can even alter the biological conclusions [12]. Equally problematic, relying upon
functional annotations for selecting candidate genes generates ascertainment bias because
genes without assigned functions are almost always avoided, even though species-specific
genes can clearly be important [11]. The magnitude of this problem is huge and the ramifica-
tions vast — even in Homo sapiens <10% of genes have been the focus of >90% of published
papers [13].

We highlight this annotation bias, as well as the aforementioned issues, to demonstrate not only
the importance but also the empowerment of being able to functionally test candidate genes
irrespective of whether they have or lack annotations. A recent study by van der Burg et al. [3]
exemplifies all of these issues with elegance, wherein the authors investigated the genetic assim-
ilation of plasticity in butterfly wing coloration, arriving at 13 candidate loci after intersecting
genome-wide association study (GWAS) and RNA-seq time-series results. They then used
CRISPR-Cas to manipulate four of these candidate genes. Knockout (KO) of their first choice,
a locus annotated to butterfly wing-pattern function (cortex), predictably affected wing color. Of
the two other annotated genes, one had no phenotypic effect (Dscam3) whereas the other did
(trehalase). Finally, KO of the then uncharacterized and unannotated gene demonstrated it to
be causally involved in wing coloration plasticity, and it was named herfst. Had the authors cho-
sen to only KO cortex, two novel loci would have been missed, one of which (the central metabolic
gene trehalase) has an unpredicted role in wing patterning. Had they not conducted functional
validation, the role of the neuronal developmental gene Dscam3 in wing patterning might have
generated a line of inquiry that in fact lacks causal support, and the novel role of trehalase
might possibly have been discounted. Finally, their discovery of herfst not only provides important
knowledge for future studies but also allows reanalysis of previous work. With more validation of
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Glossary

Candidate gene: a gene or locus
which has been associated with a
phenotype of interest, for example
through molecular test of selection,
genome-wide association studies
(GWAS), quantitative trait locus (QTL)
mapping, or RNA-seq, and for which a
hypothesis of a role in the phenotype of
interest is formulated.

Ecologically relevant variation: when
gene editing recreates phenotypic or
genetic variation that is already present
in the population as opposed to
introducing novel variation.

Emerging model organism: an
organism that lacks a substantial level of
resources such as mutant libraries,
large-scale screens for gene function,
in-depth description of development and
physiology, data-sharing communities
(such as FlyBase, WormBase, and The
Arabidopsis Information Resource,
TAIR), and large specialized molecular
toolboxes for genetic manipulation.
These are also called non-model
organisms or ecological model
organisms. The recent access to
genomic resources and the possibility of
functional work and rearing in the
laboratory are removing the divide
between model organisms and
‘non-model organisms', and thus
‘emerging model organisms' is
preferable to 'non-model organism'.
Functional genomics: the area of
research that aims to understand how
genes and intergenic regions contribute
to biological processes.

Functional validation: using functional
genetic methods that have the ability to
demonstrate causality to test whether a
candidate gene has a role in shaping a
phenotype.

Gene editing: editing a locus from one
allele to another (does not need to be a
naturally occurring allele).

Genetic compensation: a form of
canalization of the phenotype which can
mask disruptive mutations. It can be
detected by comparing KO and
knockdown effects of the same gene.
Loss of function of one gene is
compensated by altered expression of
other genes.

Genetic co-option: the employment of
conserved gene functions or pathways
in a new process, for example the
formation of new traits.
Homology-directed repair (HDR): a
ubiquitous DNA repair system which
repairs double-strand breaks (DSBs)
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components of studies in ecology and evolution, these types of functional insights will synergisti-
cally improve future association studies across a broader taxonomical range for phenotypes of
interest to our field.

Functional validation of candidate loci in emerging model organisms

Establishing functional tools for an emerging model system is by necessity a stepwise process
that requires determination and effort. Although some species will never be amenable to
functional manipulation, validation in others might be accomplished on the scale of months,
which has led to an impressive proliferation of insightful studies using gene knockdown or KO
techniques to explore the genetic basis of traits from candidates that were or had previously
been identified from association-based approaches [14-20]. These studies are taxonomically
diverse, ranging from confirming the role of loci in adaptive wing coloration in butterflies [15,16,20]
and albinism in cave fish [14] to describing the role of lineage-specific genes in adaptation to new
habitats in water striders [17]. These findings also highlight one of the major benefits of bringing
functional tools to the realm of emerging model organisms — the possibility to explore the molecular
mechanisms behind evolutionary processes that are documented in natural populations but that
are difficult to study in model organisms. These include phenomena such as the genetic basis of
migration [21], trait exaggeration [22], evolutionary innovations [23], and polyphenisms [24], to
name but a few.

The tools — RNAI and its use in emerging model organisms

RNAI is a molecular technique that is used to artificially downregulate the expression of a gene of
interest to assess its functional importance at the phenotypic level. The downregulation of the
gene occurs temporarily and is usually referred to as a gene knockdown because it reduces
rather than eliminates protein production, as opposed to a gene KO. The use of RNAi largely relies
on proteins of the endogenous small RNA pathways (e.g., microRNA, small interfering RNA,
Piwi-interacting RNA) that are present in almost all eukaryotic lineages [25]. Although the functions
and dynamics of endogenous small RNA pathways across taxa are highly divergent and complex
[26], exogenously induced RNAI is usually considered to follow a simplified conserved mechanism
(Box 1) which makes RNAI a possibility for most eukaryotic emerging model organisms (although
there are notable exceptions; e.g., Lepidoptera [27]).

Box 1. The nature of the RNAi pathway and how it enables sequence-specific knockdowns

The RNAI pathway was first discovered in plants and Caenorhabditis elegans [78,79], where researchers observed a
sequence-specific reduction of gene expression when they introduced double-stranded RNA (dsRNA) or antisense
RNA (asRNA) into cells or whole organisms. Research in different model systems has since elucidated the molecular
mechanisms of RNAI [80]. The core pathway is initiated by cleavage of dsRNA by the endonuclease Dicer into smaller
20-25 nt fragments [81]. From these small RNA fragments, RNA strands associate with proteins of the Argonaut family
and, together with additional factors, form the RNA-induced silencing complex (RISC) [82]. Based on the sequence
of the small RNA, the RISC recognizes and binds to other RNA molecules and interferes with their expression by direct
endonucleolytic cleavage, translational repression, or by directing the formation of heterochromatin at the corresponding
genomic locus [45].

The use of RNAI is dependent on the ability of the organism to transport RNA into the cytosol where the mechanisms
described above are initiated. In some groups the transport of dsRNA is highly efficient, whereas in other groups such
as vertebrates, dsRNA transport across cell membranes does not occur easily. In such cases, dsRNA introduction can
be aided by exogenous transport agents or methods including viral vectors and electroporation, or delivering the dsRNA
with the use of vehicle molecules such as cationic lipids [45]. A common technique for dsRNA introduction into emerging
model organisms is microinjection, where the dsRNA in solution is injected directly into the tissue. This method is
dependent on whether the organism has an efficient endogenous system for dsRNA transport, and is usually referred
to as systemic RNAI. The strategy of delivering dsRNA into the relevant emerging model organism can, to a large extent,
be guided by the methods applied in the nearest model organism.
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with the aid of the complementary DNA
sequence as a repair template.
Knockdown: reduction of gene
expression caused by artificially induced
RNA degradation or inhibition of protein
translation.

Knockout (KO): the generation of gene
variants which are not functional, usually
by disruption of the coding sequence.
Model organism: an organism that
has wide laboratory usage, many
genetic resources, many different and
often specialized tools for functional
research, and is amenable to
propagation in laboratory settings.
Moonlighting proteins: proteins that
have one main, usually basic, cellular
function, and another, usually more
specialized, function in an unrelated
process. Different parts of the proteins
can be responsible for the different
functions.

Non-homologous end-joining
(NHEUJ): a DNA repair pathway that
repairs DSBs in DNA by joining the two
ends, is error-prone, and often results in
mutations.

Protospacer adjacent motif (PAM):
a short (usually 3 bp) sequence which is
needed for endonucleolytic cleavage
by CRISPR-associated proteins

(Cas proteins).

RNA-induced silencing complex
(RISC): recognizes and binds to other
RNA molecules and interferes with their
expression.

Single guide RNA (sgRNA): the RNA
that guides Cas proteins to the site of
cleavage; one part that is programmed
by the user and another part binds to
Cas protein. A chimera between the
prokaryotic CRISPR (cr)RNA and trans-
acting CRISPR (tracr)RNA.
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Advantages and limitations of RNAi in emerging model organisms

Apart from the generally broad applicability of RNAI in diverse taxa, additional advantages include
initiation at specific developmental stages and the potential for tissue localization, both of
which can minimize negative pleiotropic effects. Further, RNAi can be tuned by controlling the
double-stranded RNA (dsRNA) dose to levels where the gene expression is not completely
ablated [28,29], thus enabling survival and phenotyping so as to infer function. For example,
the function of an insulin receptor in insect wing polyphenism has been revealed by RNAI [30],
whereas KO alleles cause embryonic lethality in the homozygous state [31]. Finally, RNAi has
also been used in several emerging model organisms to study polyphenisms [32] which have
rarely been studied in classical model organisms.

Although large-scale RNAI screens for gene function are normally associated with classical model
organisms [33,34], screens of tens of genes are possible in emerging model organisms [35].
Efficient screens rely on overcoming the hurdle of dsRNA introduction into the organism, which
in most cases is done through time-consuming microinjections, but targeting a modest set of
genes (less than ~50) is achievable through microinjection techniques [17,35]. Some emerging
model organisms are amenable to feeding RNAI [36,37], which enables time-efficient knock-
downs of many genes [38]. In addition to feeding RNAI, topical application of dsRNA in insects
[39] is an underutilized strategy for RNAI screens. One potential obstacle with RNAI is the
efficiency with which dsRNA delivery and transport occurs within a treated individual because
this varies across species [27] and even populations [40], generating variation that necessitates
larger sample sizes.

Another drawback is that, in organisms lacking systemic RNAi, administration of dsRNA
for efficient knockdown is difficult. One strategy in vertebrates is to resort to delivery via
viral vectors [41], which has successfully been adopted in zebra finch to study the neuro-
biology of sex-specific song systems [42-44]. In addition to virus-mediated delivery, local-
ized dsRNA injections can be used in vertebrates [45], which is a promising alternative
when the tissue-specific expression pattern of the gene of interest is known or when
the phenotype is manifested in clearly defined morphological structures. Finally, in organ-
isms with long lifespans or long developmental times, the transient effect of RNAI can
become a limitation and might require multiple or continuous administrations of dsRNA
[46], although injection trauma itself in some cases can induce phenotypic changes [47].
In general, ontogenetic knowledge of the trait of interest is (always) useful and can be
used to specifically guide the delivery of dsRNA to around the time when development
of the trait occurs.

CRISPR-Cas - a versatile tool that potentiates a deeper understanding of
phenotypes in emerging model species

The CRISPR-Cas toolbox (Box 2) is broad and has significantly increased the potential
to perform functional validation in emerging model organisms [48]. Starting from the first
description of gene editing with the CRISPR-Cas system [49], harnessing its full potential
is a rapidly developing field. In addition to gene editing, researchers have been able to use
CRISPR-Cas to specifically activate or repress gene expression [50,51], manipulate DNA
methylation patterns [52], modify chromatin state [53], and visualize spatial patterns of
chromatin conformation [54]. Although only a narrow range of these CRISPR tools currently
work in emerging model organisms, all these levels of gene regulation play important roles in shap-
ing phenotypes and may be important mechanisms of adaptation [55], making CRISPR-Cas
poised to play an important role for functional validation of ecologically and evolutionarily relevant
phenotypes in the future.
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Box 2. Programmed genome editing with CRISPR-Cas

The ability of the CRISPR-Cas system to induce a targeted double-strand DNA break (DSB) has been well reviewed
elsewhere [48,83,84], and we focus here upon what takes place after the DSB has been induced, usually 2-3 bp 5' of the
protospacer adjacent motif (PAM); but this differs for different Cas endonucleases [85]). The DSB in the DNA can be
repaired by one of two cell-autonomous DNA repair pathways: non-homologous end-joining (NHEJ) or homology-directed
repair (HDR). The NHEJ pathway (Figure 1) identifies the DSB and joins the two DNA ends in an unpredictable error-prone
fashion, which induces mutations in the form of insertions or deletions adjacent to the cut site. These resulting indels are relied
upon for altering the reading frame when a DSB is targeted to the coding sequence (CDS) of a gene. However, when two
flanking DSBs are induced by the use of two separate sgRNAs, deletion of entire regions can be accomplished. The HDR
pathway by contrast uses homologous sequences as a template for the repair. The homologous sequences can either be
endogenous, such as the homologous chromosome, or they can be exogenously introduced to the cell. In the latter case,
gene editing occurs by including desired sequences within the HDR template (Figure 1), for example fluorescent genes,
alternative alleles, and cis-regulatory elements (CREs), such that the original sequence is effectively replaced by the
exogenous sequence. Depending on the CRISPR-Cas system, the material requirements are somewhat different, although
the basics are very similar and are as easy to use as a reverse transcription kit, pushing deployment challenges to the realms
of delivery, cut efficiency, and animal husbandry [86,87]. For some organisms, microinjection of reagents at developmentally
relevant stages is greatly facilitated by soft eggs, external fertilization, and/or external development such as in some species of
fish [88]. However, for species with hard eggs, such as many terrestrial arthropods, microinjection is difficult and can require
substantial optimization [89].

The challenges of applying CRISPR-Cas in emerging model organisms are met
with novel solutions

The starting point and end-goal of a gene-editing study dictates how to utilize the CRISPR-Cas
toolbox. In principle, there are two distinct molecular categories of gene editing based on
two different DNA repair pathways (Figure 1 and Box 2). Targeted mutagenesis through
non-homologous end-joining (NHEJ) can be used to produce KOs for genes or regulatory
regions. To exchange one allele for another one must instead rely on the homology-directed
repair (HDR) pathway, which occurs less commonly in the cell and thus is less frequent
than targeted mutagenesis via the NHEJ pathway. However, the HDR pathway enables
allelic replacement experiments, something which is attractive for functional validation of
quantitative trait loci (QTLs) [56] and the assessment of ecologically relevant variation,
as compared to complete KO of gene function. Recent works have also successfully
performed knock-ins by relying on homology-independent repair mechanisms in model
organisms (Drosophila [57] and zebrafish [58]), and these may also be of use in emerging
model organisms in the future.

Common to both types of gene editing is the design of single guide RNAs (sgRNAs) which can
be accomplished with the aid of software that enables both the search for suitable target
sequences (sgRNA design) in the sequence of interest and scanning of the rest of the genome
for potential off-target sites [59]. Without a complete genome assembly, a powerful off-target
control is to use several sgRNA constructs where each is designed to cut a different site in the
locus of interest. When used independently, although any one sgRNA might induce off-target
cleavage elsewhere in the genome, unique sgRNAs are unlikely to produce similar phenotypic
effects unless they KO the function of the same gene. A final consideration is that combinations
of sgRNAs can be injected. This is an excellent starting point to quickly determine if any of
them have phenotypic effects because a given sgRNA may lack phenotypic effects for diverse
reasons (e.g., secondary structures that prevent cuts, cuts do not ablate relevant gene function,
etc). Using multiple sgRNAs is also important when targeting regulatory regions because a single
sgRNA is often not sufficient to disrupt function.

Similar to the application of RNAi in emerging model organisms, the delivery of reagents into the
desired cells is a significant challenge in using CRISPR-Cas (Box 3).
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Figure 1. Genomic regions associated with phenotypes of interest are causal hypotheses that can be tested using
CRISPR/Cas9 gene manipulations, some of which do and do not allow for ecologically relevant assessments.
(A) Genetic variation in a cis-regulatory element and a coding sequence is identified in a GWAS. (B) A CRE is removed with dual
sgRNA/Cas. (C) The gene is mutated with the aid of NHEJ, resulting in a nonfunctional gene. (D) HDR is used to exchange one
CRE variant to another, allowing for ecologically relevant insights via alternative allele swapping on different genomic
backgrounds. (E) Similarly, HDR is used to alter a G to a C, potentially recapitulating a naturally occurring nonsynonymous amino
acid change. Abbreviations: CDS, coding sequence; CRE, cis-regulatory element; CRISPR/Cas9, clustered regularly interspaced
palindromic repeats-CRISPR-associated protein 9; DSB, double-strand break; GWAS, genome-wide association studies; HDR,
homology-directed repair; NHEJ, non-homologous end-joining; sgRNA, single guide RNA.

From association to causality — choosing the right tools for the job

Different approaches for identifying candidate genes and/or mechanisms causing phenotypic
variation necessitate different methods of functional validation. For example, RNAI is restricted
to manipulation of whole transcript levels, and thus cannot be directly utilized to validate pheno-
typic differences caused by alternative alleles. By contrast, RNAI is a suitable tool to validate
results from differential expression analysis because partial knockdown from BRNAI can recapitulate
differential expression patterns. In this sense, if an allele is associated with differential expression of a
locus such as an expression (€)QTL or a candidate locus harboring variation only outside the coding
region, RNAi can be used to investigate whether locus-specific expression levels produce a relevant
phenotypic effect.
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Box 3. Optimizing delivery methods for emerging model organisms

To address the issue of low throughput and/or difficulty of embryo injections, sgRNA/Cas riboprotein complexes has been
tagged with a yolk protein precursor (YPP) peptide sequence and injected into the abdomen of female mosquitoes [60].
This method, termed receptor-mediated ovary transduction of cargo (ReMOT), circumvents the need for time-consuming
embryo injections while still being sufficiently effective to produce mutant offspring in a reasonable timeframe. However,
some major challenges are associated with the implementation of this method in other species. First, it relies upon a fusion
between Cas protein and an ovary-targeting peptide that works efficiently in the focal species. Such a peptide (P2C) has
been constructed for mosquitoes [60,90], but this is unlikely to work efficiently, or at all, outside higher dipterans [91]. Thus,
testing whether the P2C peptide is transported into ovaries in the target species is a crucial step. Unfortunately, this
requires custom synthesis of a fusion protein that brings together the ovary-targeting peptide and a fluorescent protein
to assess transport [60,91,92]. If successful, a fusion of this ligand with Cas9 would need to be generated. The ReMOT
approach also only induces mutations in the maternal lineage, such that heterozygous mutants in the progeny must have
dominant phenotypes to enable screening of mutant progeny [60,91,92]. Finally, because novel genes are likely the focus
of assessment, if knockout (KO) of such a gene is lethal, then neither high-penetrance mutations nor germline mutation is
desirable, making this approach a problematic starting point for CRISPR/Cas9 gene manipulation in new species. Work to
extend the use of ReMOT to enable transgenic replacement through homology-directed repair (HDR) is ongoing [60].
Excitingly, some recent work has been able to increase delivery efficiency using standard Cas9 proteins, thereby
bypassing the need to create a species-specific peptide tag as in ReMOT. This new method, called direct parental
(DIPA)-CRISPR [93], was successfully applied to cockroaches and red flour beetles, and can greatly facilitate the applica-
tion of CRISPR in insects. Limitations include the need for staging vitellogenic females to maximize delivery success and
the need to increase dramatically the amount of Cas9 and gRNA injected. Nonetheless, DIPA-CRISPR holds great
promise, and researchers are encouraged to follow this line of research for future advances. Once working, the real
challenge for the ecology and evolutionary biology community is to make gene editing using CRISPR-Cas relevant for
addressing important questions in ecology and evolution (main text).

Depending upon the system, RNAi knockdown can be highly variable among treated individuals,
resulting in quantitative trait variation that requires large sample sizes to achieve a significantly
different phenotype compared to controls. In such a situation, the large effect of entire gene
KO via CRISPR-Cas may be desirable.

The versatile toolbox of CRISPR-Cas enables validation at the level of genes, alleles, cis-
regulatory elements, chromatin state, and methylation (discussed earlier). However, at present,
the vast majority of studies on emerging model organisms have generated whole-gene KO
mutations, and knock-in mutations have only been achieved in a few species to date to our
knowledge [60-62]. Among the KO studies, these are dominated by somatic mutations in the
coding region of genes affecting morphological phenotypes, which display a mosaic phenotype
of wild-type and KO cell lineages, exemplified by the study of butterfly wing-color patterns
where aberrant coloration phenotypes are readily visible within the same individual [18]. In addi-
tion, there are also some nice recent examples where the regulatory region has been successfully
targeted to produce clear phenotypes [63-65].

For non-discrete phenotypes, germline transmission of the induced mutation enables the propa-
gation of mutant lines, thus providing a route to large sample sizes of mutants for detailed
comparison with controls. In addition, mutant lineages can be crossed with wild-type lineages
to reduce the risk of off-target effects or to assess different genetic backgrounds, or can be
crossed with other mutant lineages to create double mutants. However, such practices are to
date uncommon in emerging model organisms. Instead, NHEJ-mediated disruption of the coding
sequence is the most common way to use CRISPR-Cas, most likely because germline mutants
are difficult to generate, especially because many candidate loci are core developmental genes
whose germline KO is lethal (hence low-frequency somatic mosaic phenotypes are common).
However, despite these CRISPR-Cas advances in emerging model species, it is important
to keep in mind that such mosaic mutants rarely reflect ecologically relevant genetic variation
(discussed in more detail below), and it is often difficult to know which genetic variants cause
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the mosaicism because many alleles are generated, including mixes of homozygous and hetero-
zygous clones, small and large deletions, and even null mutations.

Currently, the role of structural variation (SV; insertions, deletions, and inversions) in generating pheno-
typic variation remains an under-represented area of evolutionary genomics compared to SNP-
focused studies [66], likely due to the fact that SVs can be much more challenging to identify than
SNPs [67]. However, we note that, for deletions and inversions, ecologically relevant gene manipulation
is readily available in the form of dual sgRNA-induced deletions. As an example, chromosomal inver-
sions and deletions of large sequences have been achieved in zebrafish [68]. Similarly, a deletion of
~800 bp was induced with two separate DSB cuts in Bombyx mori [69). It is likely that precise recon-
stitution of a naturally occurring deletion would require a large amount of screening to find mutants with
exactly the same positions in the deletion, something which would be very important if the deletion oc-
curs in a coding sequence. Nevertheless, ecologically relevant validation of SVs is now a possibility.

Interest in DNA methylation as a mechanism to generate phenotypic variation has dramatically
increased over the past few years [70]. Although divergent DNA methylation patterns exists
across populations [71] and species [72], evidence that variation in DNA methylation is the
cause of adaptive phenotypic variation is scarce [73-75]. CRISPR-Cas-based technologies to
sequence-specifically manipulate DNA methylation patterns could help to provide unequivocal
tests for the role of methylation by ruling out potential confounding genetic effects (Box 4).
Although such methods are still on the horizon for emerging model organisms, their implementation
would contribute to a more thorough understanding of the increasingly studied, but still controversial,
role of epigenetics in adaptation.

The challenges of functional validation in ecology and evolution

Despite the recent developments in CRISPR-Cas and RNAI for gene manipulation in emerging
model organisms, challenges with these methods remain. These include low knock-in efficien-
cies, low spatial control of knockdown levels, and large amounts of time required per validated

Box 4. Manipulation of DNA methylation patterns associated with trait divergence

Interest in the role of epigenetic mechanisms in generating phenotypic variation has increased significantly in recent years
[70-72,75,94,95]. This has been facilitated by technological advances in sequencing methods, for example chromatin
immunoprecipitation and deep sequencing (ChIP-seq) for DNA-binding proteins [96] and bisulfite sequencing for
5-methylation of cytosine [97]. Of particular interest among evolutionary biologists has been DNA methylation,
and this has been studied in several emerging model organisms [98].

Three different approaches can be used to validate the functionality of differentially methylated sites (DMS): inhibition of DNA
methyltransferases with the use of drugs [75], targeted removal of the methylated sites (e.g., through knock-ins with CRISPR-
Cas that remove CpG residues [99], or targeted methylation or demethylation [100] by using deactivated Cas variants fused
to different epigenetic modifying enzymes. Although methyltransferase-inhibiting drugs are perhaps the easiest to apply, this
strategy is also the most difficult to interpret because drugs alter DNA methylation genome-wide, thereby making it nearly impos-
sible to dissect the direct causal effects, even if some level of tissue targeting can be done by tissue-specific injections [75].

Utilizing CRISPR-Cas to manipulate DNA methylation can be achieved in a blunt way by editing CpG residues through the
HDR pathway [99]. This approach will also alter the genetic background, making interpretations potentially problematic. A
preferred approach would be to use Cas variants in which the endonuclease functions have been abolished (catalytically
dead Cas, dCas) that are fused to either DNA methyltransferases or DNA demethylases. These approaches rely on the
sgRNA to guide the dCas to the region of interest where it invokes changes in methylation pattern depending on whether
it carries a demethylase or a methyltransferase [101]. Such methods have been demonstrated to be applicable in several
model systems (mainly in biomedical research [101]) but have to our knowledge not been performed in an emerging model
organism. However, because CRISPR-Cas has a relatively low level of taxonomic restriction, emerging model organisms
may play a significant role in deciphering the role of DNA methylation if CRISPR-Cas-mediated targeted methylation
manipulation can be implemented. A major challenge concerns how to introduce the modified dCas and sgRNA into the cells
or tissues of interest; this would presumably occur through integration of constructs into the genome through HDR.
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locus. When weighing the investment of resources into functional validation against other venues
of research (e.g., deeper sequencing, more significant P values for candidate loci), validation
unfortunately often loses because it is perceived to be time-consuming and risky. Second, in
situations when time and resources have been spent on functional validation of putative candi-
date genes with negative results, such results may be difficult to publish [76]. In this perspective,
the ability of functional genetic methods to produce binary outcomes (locus is causative vs. not
causative) rather than probabilistic evidence may instead be perceived as a curse rather than a
cure. Regardless of whether negative results are (or are only perceived to be) difficult to publish,
we argue that functional validation of loci is always of higher value than no validation at all, even
when the results are negative. Rather than chastising our community for shying away from pursu-
ing or requiring such validation, we argue that a well-documented negative RNAI/CRISPR-Cas
result for robustly identified candidate locus would be fascinating, and such negative results are
of importance to the community and the advancement of science [9].

Given that it is easier to detect and validate candidate loci underlying adaptive traits with a simple
genetic basis (i.e., Mendelian or oligogenic traits), most advances in functional validation will occur
for such phenotypes. This is especially likely when traits are morphological, discrete, and can be
assessed using somatic mosaics.

A polygenic architecture poses several challenges when aiming to functionally verify genetic
variants contributing to phenotypic variation. Because the effect size of individual loci is often
very small for polygenic trait architectures, detecting the replacement of one allele with another
via knock-in will require very large sample sizes to detect phenotypic effects. Polygenic traits
might also be enriched for loci where gene-editing effects might be phenotypically masked
by genetic compensation [77]. Unfortunately, these issues are likely to increase the already
recognized bias in studies investigating the loci of adaptation towards traits with a simple
genetic basis [8].

A significant challenge for the ecology and evolutionary biology commmunity is to make functional
validation using CRISPR-Cas ecologically relevant, here defined as gene editing that informs
upon the phenotype in a way that reflects the natural variation in the candidate locus being inves-
tigated. At present the majority of published CRISPR-Cas studies in emerging model organisms
have used a NHEJ-based approach for whole-gene KO (cf [63-65]). Although being potentially
informative in mosaic phenotypes about the necessity of the gene for the formation of the inves-
tigated phenotype, these types of KO studies rarely, if ever, reconstitute the natural range or type
of phenotypic variation being studied. There is a profound difference between removing the
function of a locus (KO approach) compared to altering it from one functional naturally occurring
variant to another (i.e., allelic variation).

In summary, there are two types of functional validation studies. In one type the researcher simply
aims to validate the involvement of a gene in a trait, whereas in the other the researcher seeks to
investigate whether a particular genetic variant has a different impact on a phenotype as com-
pared to another variant, both of which are functional. We predict that increasing the efficiency
of allelic replacements with CRISPR-Cas through the HDR pathway (Figure 1) will be an important
factor in making functional validation with CRISPR-Cas ecologically relevant and therefore a truly
powerful tool for the ecology and evolutionary biology community.

Concluding remarks
Functional validation studies are rapidly expanding from a few laboratory model species to a
much greater diversity of organisms and traits in natural populations. This expansion, which
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Outstanding questions

How can we increase the use of
functional validation tools in the field
of ecology and evolution to draw
more robust inferences?

How can we increase the delivery
efficiency and throughput of dsRNA
and sgRNA/Cas for non-model species?

How can we move beyond the focus
on simple Mendelian traits to also
deploy functional genetic tools to
investigate traits with poly- or omnigenic
architectures?

Wil relevant allele replacement (through
the HDR pathway), as opposed to gene
KO, impact on our understanding of the
genetic basis of ecologically relevant
traits?

Can we use CRISPR to experimentally
induce SVs in the genome to examine
their phenotypic consequences, and
thus patterns of selection, to better
understand the population genetic
dynamics of SVs?

What is the relative role of epigenetic
variation in phenotypic trait variation,
and how can we facilitate the use of
CRISPR to examine epigenetic variation?
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provides a broader picture of how phenotypes develop and evolve, is driven by methodical devel-
opments such as more efficient and targeted delivery methods for RNAi and CRISPR-Cas (Box
3). Importantly, these developments are eroding the traditional divide between model and emerg-
ing model organisms, thereby facilitating a deeper understanding of the molecular underpinnings
of phenotypic variation. We look forward to the development of more efficient HDR protocols for
CRISPR-Cas gene editing to target both coding and noncoding regions of the genome because
such developments have significant potential for making functional validation increasingly relevant
to the study of ecology and evolutionary biology (see Outstanding questions).
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