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Abstract

One of the fundamental goals in evolution and ecology is to identify the genetic basis

of adaptive phenotypes. Unfortunately, progress towards this goal has been hampered

by a lack of genetic tools available for nonmodel organisms. The exciting new devel-

opment of the CRISPR (clustered regularly interspaced short palindromic repeat)/Cas9

(CRISPR-associated nuclease 9) genome-editing system now promises to transform the

field of molecular ecology by providing a versatile toolkit for manipulating the gen-

ome of a wide variety of organisms. Here, we review the numerous applications of this

groundbreaking technology and provide a practical guide to the creation of genetic

knockouts, transgenics and other related forms of gene manipulation in nonmodel

organisms. We also specifically discuss the potential uses of the CRISPR/Cas9 system

in ecological and evolutionary studies, which will further advance the field towards

the long-standing goal of connecting genotypes, phenotypes and fitness.
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Introduction

Understanding the genetic basis of adaptive traits has

been a fundamental goal in ecology and evolutionary

biology since the modern synthesis. This pursuit has

gained considerable momentum over the last decade,

fuelled in part by the rapid development of cost-effec-

tive ‘-omics’ technologies, which have allowed access to

the genome of nearly any organism (Feder & Mitchell-

Olds 2003; Stapley et al. 2010; Pavey et al. 2012). While

these technological breakthroughs have alleviated some

of the challenges associated with identifying candidate

genes linked to adaptive traits, molecular ecologists are

now encountering another set of obstacles en route to

the goal of uncovering the genetic basis of adaptation

(Pavey et al. 2012). Many researchers find themselves

with a list of candidate genes eager to take the next

steps to advance their research programme. In princi-

ple, the road forward is obvious. Candidate genes need

to be tested for links to phenotype, and ultimately,

allelic variants must be examined for their influence on

fitness (Dean & Thornton 2007; Piertney & Webster

2010; Storz & Wheat 2010; Barrett & Hoekstra 2011).

Unfortunately, functional testing of candidate genes is

most convincingly accomplished using genetic manipu-

lations that involve the creation of genetic knockouts

and transgenics, but such tools are not well developed

in nonmodel organisms. The lack of readily available

genetic toolkit for nonmodel organisms has served as a

major roadblock that continues to impede progress

towards understanding some of the key questions in

ecology and evolution. The exciting news is that the

recent development and rapid proliferation of genome-

editing technologies, most notably the CRISPR/Cas9

system, promises to provide these tools, allowing inves-

tigators to more easily link patterns of variation

between genotype, phenotype and fitness.

Our purpose in writing this review is to highlight the

transformative potential of the CRISPR/Cas9 genome-

editing system for the field of molecular ecology, and to

provide a practical guide for researchers looking to get

started using this technology with nonmodel organisms.

Although the majority of studies utilizing the CRISPR/
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Cas9 system to date have not been performed in an expli-

cit ecological context, we will review case studies, often

from traditional model organisms, that demonstrate dif-

ferent applications of the technology that could be used

in ecology and evolution. Drawing from these studies

and our own experiences, we will highlight some of the

considerations and challenges associated with the appli-

cation of CRISPR/Cas9 to nonmodel organisms, along

with potential strategies to circumvent these issues.

Introduction to the CRISPR/Cas9 genome-
editing system

The CRISPR/Cas9 genome-editing system is derived

from components of the microbial adaptive immune sys-

tem that interact to protect against invasion by foreign

nucleic acids (Ishino et al. 1987; Barrangou et al. 2007;

Horvath & Barrangou 2010; Wiedenheft et al. 2012; Hsu

et al. 2014). The most widely used type II CRISPR system

of Streptococcus pyogenes involves three main components:

the Cas9 endonuclease, trans-activating CRISPR RNA

(tracRNA) and CRISPR RNAs (crRNA) (Deltcheva et al.

2011; Jinek et al. 2012). The crRNA includes sequence that

is complementary to a foreign nucleic acid target, and

after recruitment into the Cas9 complex by tracRNA, this

complementary sequence guides Cas9 to the target site.

For Cas9 to successfully bind the target, a sequence

termed a protospacer adjacent motif (PAM), which serves

to differentiate foreign DNA from the host genome, must

be present just downstream of the target sequence. If

present, Cas9 cleaves the foreign element just upstream

of the PAM. The PAM required for Cas9 recognition in

S. pyogenes is 50-NGG, although the sequence varies for

other CRISPR systems (Jinek et al. 2012; Esvelt et al. 2013;

Hou et al. 2013).

For the purposes of genome editing, this system has

been simplified by combining the tracRNA and crRNA

into a single-guide RNA (sgRNA) that includes a

custom-designed 18- to 20-bp sequence complementary

to the desired target (Jinek et al. 2012) (Fig. 1A). These

(A)

(B)

Fig. 1 (A) Target sequence including the

complementary sequence of the crRNA

or sgRNA (green), the PAM sequence

(red) and the location of the double-

stranded break (DSB). (B) Overview of

the repair pathways that can be exploited

for genome-editing purposes. The impre-

cise nonhomologous end joining (NHEJ)

pathway often results in insertions and

deletions, while homology-directed

repair (HDR) pathway can be used to

insert desired alterations into the gen-

ome. The green and red segments repre-

sent the sgRNA-binding and PAM

sequences, respectively. The blue seg-

ment indicates the new recombined

sequence.
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components are typically delivered to early-stage

embryos as in vitro transcribed RNA, or DNA carried

within suitable expression vectors. When paired

together with the sgRNA in the embryo, Cas9 will gen-

erate a double-strand break (DSB) at the targeted locus.

Cells may then attempt to repair the DSB using one of

two mechanisms. The most common is nonhomologous

end joining (NHEJ), which is often imprecise, resulting

in small insertions or deletions near the target site

(Fig. 1B). Less frequently, cells may use homology-

directed repair (HDR) mechanisms that utilize recombi-

nation to replace the affected region with a homologous

sequence (Fig. 1B). The latter form of repair can be

exploited to create transgenics with specific alterations

to the targeted locus. Engineered homologous templates

with desired sequence changes or sequence tags can

easily be introduced along with the requisite CRISPR

machinery to generate knock-ins, providing researchers

with myriad tools for genetic manipulation and investi-

gation of allelic variants. In either case, if the editing

occurs in germ line cells, the mutation is potentially

heritable and stable lines can thus be created.

Comparison with other reverse genetics approaches

In the past few decades, a variety of reverse genetic

approaches have been developed to explore gene

function and to link genetic variation to phenotypic dif-

ferences within and between species. One fruitful

approach involves the use of in vitro assays or a heterol-

ogous expression system to experimentally examine the

functional consequences of variation in gene expression

or protein structure. This strategy has been employed

to identify causal mutations linked to a variety of phe-

notypes and has the potential to provide detailed reso-

lution into the specific mechanisms of adaptation at the

molecular level (Dean & Thornton 2007; Rebeiz & Wil-

liams 2011). A number of approaches have also been

developed to assess gene function at the level of the

whole organism, which allows for experiments that

directly link genetic variation and fitness. This is likely

where the CRISPR/Cas9 system will be most applicable

and should prove superior to existing methods. In par-

ticular, antisense technologies such as RNA interference

(RNAi) and morpholinos have been utilized to search

for genes impacting specific phenotypes in many non-

model organisms. While RNAi and morpholinos have

revolutionized the fields of evolution and development

and molecular ecology by allowing researchers to easily

investigate gene function when it would otherwise not

be possible, there are a number of caveats associated

with these technologies. For example, due to the fact

that both RNAi and morpholinos result in a reduction

in targeted protein translation rather than a complete

loss of function, in many instances a phenotype may

not be detectable due to insufficient knockdown. More-

over, the effects are usually transient and highly vari-

able among individuals. Consequently, these methods

can produce a number of false-negative results. On the

other hand, and more distressingly, many reports have

uncovered a high incidence of off-target effects that lead

to nonspecific phenotypes (Jackson et al. 2003, 2006; Lin

et al. 2005; Birmingham et al. 2006; Kulkarni et al. 2006;

Ma et al. 2006; Jackson & Linsley 2010; Kok et al. 2015).

In fact, recent studies have shown that up to 80% of

previously published phenotypes resulting from mor-

pholino-mediated knockdown cannot be reproduced

with genome-editing techniques such as CRISPR/Cas9,

transcription activator-like effector nucleases (TALENs)

or zinc-finger nucleases (ZFNs), suggesting that toxicity

and off-target effects may produce the majority of these

reported phenotypes (Kok et al. 2015). While the speci-

ficity of the CRISPR/Cas9 system is still under active

investigation, a number of methods for reducing off-tar-

get effects have already been developed (Sander & Jou-

ng 2014) (see below for more complete discussion). The

ease of use, promise of higher specificity, ability to per-

manently disable gene function, and the potential to

create stable transgenics all combine to make

the CRISPR/Cas9 a powerful alternative to antisense

technologies.

The CRISPR/Cas9 system also compares favourably

with other previously developed genome-editing sys-

tems such as ZFNs and TALENs. While these systems

have been used in a number of model organisms to

induce DSBs at specific targets, the CRISPR/Cas9 sys-

tem is cheaper and much less laborious to implement,

has higher efficiency and can be used to target multiple

sites in the genome simultaneously simply by pairing

Cas9 with more than one sgRNA (Harrison et al. 2014;

Sander & Joung 2014). These practical considerations

suggest that the CRISPR/Cas9 system is poised to sup-

plant these technologies, as is already evidenced by the

widespread adoption of CRISPR/Cas9 in numerous

studies.

Applications of the CRISPR/Cas9 genome-
editing system

The development of the CRISPR/Cas9 genome-editing

system has already led to an explosion of studies in

both model and nonmodel organisms since arriving on

the scene only 2 years ago (Harrison et al. 2014; Sander

& Joung 2014). Our goal for this section is not to pro-

vide an exhaustive review of these studies, but rather to

use specific examples to highlight different applicati-

ons of the technology that could be used to answer

questions in ecology and evolution. We discuss the

© 2015 John Wiley & Sons Ltd

3812 J . M. BONO, E . C. OLESNICKY and L. M. MATZKIN



examples along with recommendations for the types of

experiments that could be conducted using the

CRISPR/Cas9 system.

Exploiting the NHEJ pathway to create genetic
knockouts and structural variants

Genetic knockouts are a classic tool for verifying func-

tional links between genes and phenotypes. Attempts to

repair DSBs induced by Cas9 using the NHEJ pathway

often result in indels that can create diverse alleles,

including loss-of-function alleles and hypomorphs. This

method holds great promise for molecular ecologists

working on nonmodel organisms, as simple experi-

ments performed with genetic knockouts can verify

links between a candidate gene and a specific pheno-

type associated with ecological adaptation (Fig. 2A).

The creation of genetic knockouts has already been suc-

cessful in a number of nonmodel species (Harrison et al.

2014). For example, Zhang et al. (2014) used CRISPR/

Cas9 to study the function of dmrt6 in Nile tilapia, Ore-

ochromis niloticus. The drmt gene family includes a set of

transcription factors involved in sex determination and

differentiation in vertebrates. Dmrt6 was previously

thought to be present only in tetrapods, but a recent

study reported an ortholog in coelacanth (Forconi et al.

2013), raising the possibility that orthologs may be

found in other vertebrates as well. Zhang et al. (2014)

found putative orthologs in Nile tilapia and several

other fish species, suggesting a more ancient origin of

dmrt6 in bony fishes. Although high expression of dmrt6

in the coelacanth testes suggested a role in reproduc-

tion, little was known about its specific function. Zhang

et al. (2014) observed high expression in the testes of

Nile tilapia, specifically after the initiation of spermato-

genesis and appearance of spermatocytes. Given the

spatial and temporal expression patterns, the research-

ers hypothesized that dmrt6 may play a role in sper-

matogenesis. To examine this possibility, they used the

CRISPR/Cas9 system to knock out dmrt6 in developing

embryos. Mutagenesis proved to be highly efficient,

with 83% of fish injected with a combination of sgRNA

and Cas9 mRNA incurring mutations. A subset of

injected mutants was examined for several phenotypes

associated with spermatogenesis. At 120 days post

hatching, mutant fish had no spermatocytes, while con-

trols had a normal number. In contrast, they found no

difference in the amount of spermatogonia in mutant

and control fish. Interestingly, mutants gradually recov-

ered over time, reaching normal spermatocyte numbers

and eventually producing viable sperm by 150 days

post hatching. Thus, genetic knockout of drmt6 appears

to delay rather than permanently disable spermatogene-

sis. While Zhang et al. (2014) only systematically analy-

sed the phenotype of fish that were injected as

embryos, they also noted that mutations were detected

in F1 offspring, indicating that some of the induced

mutations were heritable. Altogether, this study pro-

vided an early demonstration that the CRISPR/Cas9

system could be used to efficiently modify the genome

of a nonmodel organism, thereby providing an impor-

tant tool for linking genes and phenotypes.

One of the advantages of the CRISPR/Cas9 system

over other methods of genome modification is the

potential for extensive multiplexing, which can be

achieved by pairing multiple sgRNAs with Cas9 to

simultaneously target different loci. Peng et al. (2015)

provide a unique demonstration of this approach in the

protozoan parasite Trypanosoma cruzi, the causal agent

of Chagas’ disease in humans. Despite the high impact

this disease has on humans and other animals, research

progress at the molecular level has been hampered by

the complexity of the T. cruzi genome and the relative

lack of tools for genetic manipulation. One of the major

challenges stems from the unusually high number of

large multigene families in T. cruzi, including several

families whose members likely interact directly with

immunological targets in hosts (Weston et al. 1999;

El-Sayed et al. 2005; De Pablos & Osuna 2012). To assess

the utility of the CRISPR/Cas9 system in this context,

(A)

(B)

Fig. 2 Design and predictions for experiments using (A)

genetic knockouts and (B) transgenics to assess the role of can-

didate loci in ecological adaptation. Each panel details an

experiment using individuals from two populations adapted to

divergent environments that are differentiated by colour (e.g.

blue flies are adapted to the blue environment). The boxes

inside the flies represent the status of the manipulated gene,

with the colour reflecting the population of origin of each

allele. The red X denotes a genetic knockout.
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the authors sought to simultaneously knockout multiple

genes belonging to the 65 member b-galactofuronal gly-
cosyltransferase (b-GalGT) gene family. High nucleotide

sequence homology (93%) among members enabled

Peng et al. (2015) to target the entire gene family with

only three sgRNAs. Subsequent whole-genome sequenc-

ing revealed mutations in 63% of the b-GalGT genes,

and failed to detect mutations at predicted off-target

sites. The authors conclude that in the near future the

CRISPR/Cas9 system will allow researchers to target

many of the large multigene families that appear to

interact directly with mammalian hosts. While this

study used a limited number of sgRNAs to target many

loci that share considerable homology, the system also

allows simultaneous targeting of many unrelated loci

with unique sgRNAs designed for each (e.g. Cong et al.

2013; Liu et al. 2014; Sakuma et al. 2014).

Although this study highlights the exciting multiplex-

ing possibilities with the CRISPR/Cas9 system, it also

illuminates some potential pitfalls that researchers may

encounter when candidate genes belong to multigene

families, or when the study organism is polyploid. The

first complication arises due to the issue of functional

redundancy. If different genes or homeologs (copies

created through chromosomal duplication) have similar

functions, then knocking out a single gene/copy may

not cause a detectable phenotypic change. In such cases,

the strategy employed by Peng et al. (2015) of knocking

out multiple members of a family could be considered

as a possible solution. In fact, a similar strategy was

also recently adopted in rice (Oryza sativa) to knock out

three members of the CDK gene family using one

sgRNA (Endo et al. 2015). However, this also points to

the other major complication that arises when working

with gene families, paralogs or homeologs. Due to the

possibility of unintended off-target effects, in situations

where knocking out a single target is desired, extra pre-

caution is warranted if the target belongs to a multigene

family or the species is polyploid (see below for discus-

sion of strategies to limit off-target effects).

In addition to exploiting the NHEJ pathway to create

genetic knockouts, researchers have also used NHEJ to

create precisely targeted structural modifications such

as inversions and duplications (Blasco et al. 2014; Choi

& Meyerson 2014; Maddalo et al. 2014; Torres et al.

2014). Kraft et al. (2015) performed a series of experi-

ments in mice using two sgRNAs spaced varying dis-

tances apart on a chromosome to create structural

modifications encompassing regions as large as 1.6 Mb.

Specifically, imprecise repair triggered by the DSBs

resulted in large deletions and inversions in 5% of

cases, while duplications arose in 3% of cases. The

authors note that the precision and efficiency of creating

structural variations using the CRISPR/Cas9 system is

much higher and also less laborious than previous

methods (e.g. radiation).

The creation of precise structural variants may prove

highly useful in evolution and ecology given the fre-

quent involvement of chromosomal rearrangements and

duplications in adaptation and speciation (Noor et al.

2001; Rieseberg 2001; Coghlan et al. 2005). For example,

CRISPR/Cas9 may open the door to experiments

involving direct manipulation of structural variation,

which has not been a viable option in most systems.

Furthermore, the creation of targeted structural variants

may have other practical applications for molecular

ecologists. As an example, fine mapping of quantitative

trait loci (QTL) that lie within inversions is typically

hindered by a lack of recombination, a problem that

could potentially be overcome by targeting the genomic

region to create colinear chromosomes. Targeted inver-

sions might also be used to create balancer chromo-

somes, which have proven highly useful in some

genetic model organisms as a tool for screening and

maintaining mutant stocks that are sterile or lethal in

the homozygous state (St Johnston 2002).

Exploiting the homology-directed repair mechanism to
create transgenics

Another major application of the CRISPR/Cas9 system

involves the creation of transgenics by introducing pre-

cise genetic modifications into the genome through co-

option of the HDR pathway. When a donor template

containing homology to the targeted region is delivered

along with other CRISPR/Cas9 components, cells may

use the HDR pathway to repair the DSB. Although this

occurs much less frequently than repair with NHEJ, it

is nonetheless becoming a well-established method for

creating transgenics, with edits ranging in size from a

single base pair to entire genes. Furthermore, some

studies have shown that the efficiency of HDR can be

improved by disrupting the competing NHEJ pathway

(Beumer et al. 2013; Gratz et al. 2014; Chu et al. 2015;

Maruyama et al. 2015).

Irion et al. (2014) provide a nice example of how the

CRISPR/Cas9 system can be used in conjunction with

repair templates to generate precise single-base modifi-

cations in zebrafish. Prior to this study, attempts at tar-

geted knock-ins in zebrafish suffered from low

efficiency, and the propagation of germ line mutations

had not been documented. Irion et al. (2014) used the

albino (alb) zebrafish mutant to assess the feasibility of

generating knock-ins with the CRISPR/Cas9 system.

Melanophores of alb mutant larvae are unable to pro-

duce melanin, and hence appear pale. This results from

a single G->T mutation in exon 6 of alb that introduces

a premature stop codon. Irion et al. (2014) used the

© 2015 John Wiley & Sons Ltd
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CRISPR/Cas9 system together with a donor template to

repair the single-base mutation, which was easily

assessed by screening larvae for pigmentation. After

optimizing the design of donor templates, they were

able to repair the mutation in nearly 50% of injected

individuals. Moreover, a small percentage of these lar-

vae transmitted the repaired allele to progeny, making

this the first successful case of functional knock-in in

the germ line of zebrafish. It is important to note that

while the goal of this study was to engineer a small sin-

gle-base modification, much larger changes are also

possible.

Precise modification of target loci using the CRISPR/

Cas9 system has several potential important applica-

tions in the field of molecular ecology. One of the major

roadblocks in studying the genetic basis of adaptation

is that often the fitness effects of alternative alleles need

to be examined in different environments (Dean &

Thornton 2007; Piertney & Webster 2010; Storz & Wheat

2010; Barrett & Hoekstra 2011). For some phenotypes, a

possible solution is to examine functional differences

between alleles using in vitro experiments (Dean &

Thornton 2007). However, in cases where researchers

wish to examine the phenotypic variation at the organ-

ismal level, often in conjunction with fitness experi-

ments, the absence of genetic tools that allow the

creation of transgenics poses a serious limitation. As an

illustration of how the CRISPR/Cas9 system may help

researchers overcome these challenges, imagine the

common scenario where populations are locally

adapted to divergent environments, and candidate

genes for enhanced performance in each environment

have been identified. With genetic manipulations gener-

ated using the CRISPR/Cas9 system, critical experi-

ments could be conducted that were previously

challenging or perhaps not even possible. For example,

HDR could be utilized to replace an allele from a focal

population with the corresponding allele from the other

population. If the allele were involved in adaptation to

the native environment of the focal population, then a

reduction in the fitness of transgenics would be

expected (Fig. 2B). Likewise, the putative adaptive allele

from the focal population could be moved into individ-

uals of the other population, in which case transgenics

should exhibit higher fitness upon exposure to the envi-

ronment of the focal population (Fig. 2B). If alleles dif-

fered at multiple nucleotide positions, a series of

modifications could even target individual SNPs, pro-

viding a mechanism to uncover the specific substitu-

tions responsible for adaptive phenotypes and

potentially the order of mutational events. The power

of this strategy has been demonstrated by previous

studies using model organisms or in vitro assays to

examine the phenotypic effects of individual mutations

either alone or in combination with other mutations

(e.g. Dean & Thornton 2007; Rebeiz et al. 2009; Tufts

et al. 2015). The simplicity of the CRISPR/Cas9 system

should help to further extend this approach to in vivo

studies of nonmodel organisms.

In addition to editing nucleotide sequences, the HDR

pathway can also be used to create other types of modi-

fications that may prove useful to molecular ecologists.

For example, reporters or tags can be inserted at precise

locations to allow for visual tracking of transcripts or

proteins in vivo. This tool could be especially useful

when adaptive phenotypes involve changes in the pat-

tern of gene expression. In such cases, visual reporters

can be generated to determine the precise temporal and

spatial differences among allelic variants or between

orthologs of different species. While researchers have

classically used antibody staining to analyse protein

expression patterns in situ, antibodies for specific gene

products are often unavailable for nonmodel organisms.

Moreover, antibody generation and subsequent trouble-

shooting can be laborious, and commercial generation

of synthetic or peptide antibodies is often unreliable

and expensive. Thus, the ease of CRISPR/Cas9-medi-

ated generation of knock-ins and tagged transgenics

opens many new possibilities for precisely examining

changes in gene expression. As proof-of-principle in the

nonmodel mollusc, Crepidula fornicata, Perry & Henry

(2015) created transgenic embryos expressing the

mCherry reporter fused to the gene b-catenin. The

reporter allowed them to observe the expression pattern

of b-catenin during embryonic development, which sug-

gested a role in cell adhesion and signal transduction.

Using the CRISPR/Cas9 system to regulate gene
expression

Aside from generating knockouts and transgenics, there

are also some other exciting applications of the

CRISPR/Cas9 system in the development pipeline.

Most notably, a catalytically inactive version of Cas9

(‘dead’ Cas9; dCas9) has been used to regulate endoge-

nous gene expression by either repressing or activating

genes of interest (Fig. 3) (Gilbert et al. 2013; Qi et al.

2013). dCas9 lacks endonuclease activity but is still

able to bind sequences targeted by sgRNA. CRISPR

interference (CRISPRi) involves recruitment of dCas9 to

promoter regions or areas just downstream from tran-

scription start sites, which effectively blocks transcrip-

tion. This has been further optimized by fusing dCas9

to a repressor domain, which seems to result in more

efficient knockdown (Gilbert et al. 2013, 2014). This sys-

tem is similar in its effects to RNAi, but may offer

advantages in terms of greater specificity and fewer off-

target effects. In addition, not all species have the

© 2015 John Wiley & Sons Ltd
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required cellular machinery for RNAi to work, making

CRISPRi an attractive alternative. dCas9 has also been

used to activate gene transcription (CRISPRa), by

recruiting multiple activating effector domains that can

initiate transcription (Gilbert et al. 2014).

Manipulation of gene expression would be quite rele-

vant when differences between divergently adapted

populations are transcriptional in nature. Moreover, the

ability to knock down or activate gene expression may

be important when the generation of a full loss-of-func-

tion allele is sterile or lethal. In such cases, mutant

alleles will not be useful for studying adaptive traits, or

permanent lines may not be possible to maintain. How-

ever, gene knockdown or overexpression may circum-

vent these problems and concomitantly provide clues to

gene function. While CRISPRi and CRISPRa have cur-

rently been implemented in only a few study systems,

these strategies have already been optimized to modu-

late the expression of approximately 16 000 human

genes, as well as multiple bacterial and plant genes

without any detectable toxicity (Gilbert et al. 2013, 2014;

Piatek et al. 2014). We expect that continued develop-

ment of CRISPRa and CRISPRi will see applications in

a variety of organisms in the near future.

A practical guide to using CRISPR/Cas9 in
nonmodel organisms

The CRISPR/Cas9 system has the potential to revo-

lutionize many research fields, including molecular

ecology. As such, we expect molecular ecologists will

be eager to determine whether the technology is trans-

ferable to their study system. In this section, we discuss

some of the important considerations researchers will

need to think about when adopting this technology, in

particular highlighting some of the challenges and limi-

tations that may arise when working with nonmodel

organisms.

Perhaps the strongest limiting factor in adopting

CRISPR/Cas9 technology in nonmodel organisms will

be the feasibility of delivering the necessary compo-

nents to early-stage embryos. Many studies in ecology

and evolution require relatively large sample sizes, and

given that efficiency of mutagenesis can be quite low,

this means researchers will likely need easy access to a

large number of developing embryos. Assuming this is

possible, the CRISPR/Cas9 components then need to be

delivered to embryos early in development, which is

typically accomplished through microinjection, electro-

poration, or infection via virus or bacteria. While these

delivery mechanisms are routinely used in laboratories

working on model organisms, protocols can be techni-

cally challenging and may not be immediately transfer-

able to nonmodel systems. This is one area where

collaboration with laboratories working on model

organisms will prove highly beneficial. In addition, sev-

eral commercial vendors do offer microinjection ser-

vices and may be willing to adapt protocols to other

species as demand increases. While optimization of

delivery methods will undoubtedly pose a challenge,

the variety of organisms for which successful protocols

have already been developed is encouraging (Harrison

et al. 2014).

The other main limitation in adopting CRISPR tech-

nology concerns whether mutant lines can be main-

tained and propagated. In some cases, it may be

possible to perform experiments on the F0 generation,

as, for example, in the study on Nile tilapia described

above (Zhang et al. 2014). However, F0 mutants will

often be genetic mosaics, with different cells carrying

alternative mutations (or no mutations), which could

prove problematic depending on the goals of the study.

In many cases, stable mutant lines will need to be estab-

lished and maintained for subsequent experimentation,

making species that are easily reared in the laboratory

ideal candidates for CRISPR/Cas9 experiments.

Strategies for constructing sgRNAs

CRISPR/Cas9 components can be delivered to embryos

as RNA or DNA carried on an expression vector

(Box 1). At this point, there is no clear consensus on

which method results in higher efficiency, and this may

also vary for different study species. While a consensus

Fig. 3 A catalytically inactive version of Cas9 (dead or dCas9)

can be used to activate (CRISPRa) or repress gene expression

(CRISPRi).
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might eventually emerge as more systematic studies on

multiple species are conducted, it is important to note

that both methods have been used with reasonably high

efficiency in a number of different organisms. Regard-

less of which method is chosen, the first step is to syn-

thesize the sgRNA (Box 1). The sgRNA can be designed

to target essentially any region, provided that it lies

immediately proximal to a PAM sequence (‘NGG’).

Assuming only one locus is being targeted, the simplest

scenario involves the use of one sgRNA in conjunction

with Cas9. While the use of one sgRNA has proven to

be successful in a number of studies, there are reasons

to consider using multiple sgRNAs even when only tar-

geting a single locus. First, studies have demonstrated

that sgRNAs often vary considerably in efficiency, but,

as of now, the reasons for this are not clear (Ran et al.

2013). As delivery of CRISPR/Cas9 components to

embryos is much more laborious and challenging than

making sgRNAs, it might make sense to use more than

one sgRNA to increase the overall success rate. Another

reason to consider using multiple sgRNAs is for screen-

ing purposes (Box 2). When two DSBs occur, repair by

NHEJ often results in deletion of the entire region sepa-

rating the breaks, meaning that the mutation is gener-

ally much larger than most induced by a single sgRNA

(e.g. Paix et al. 2014). These larger mutations are more

easily detected during the screening process, which can

lead to considerable cost savings. One drawback of

using multiple sgRNAs is that it might increase the

probability of unintended off-target effects. However,

Box 1. Design and delivery of CRISPR/Cas9 components

CRISPR/Cas9 components can be easily prepared in laboratories using routine molecular protocols and equipment

readily available to most molecular ecologists. Typically, Cas9 and sgRNA are delivered to embryos either as DNA

carried on expression vectors or as RNA. Expression vectors can be purchased commercially, or from Addgene

(www.addgene.org/CRISPR/), an online plasmid repository. Although some researchers prefer to work with DNA

rather than RNA due to potential problems with RNA stability, it should also be noted that available expression

vectors may not work efficiently across species due to divergence in promoter regions. Hence, new plasmids carry-

ing species-specific promoters may need to be generated, which requires knowledge of the promoter sequence and

additional labour. In such cases, delivery of mRNA may prove to be a simpler solution.

Cas9: Cas9 expression vectors can be directly delivered to embryos. Numerous vectors are already available,

including some designed with promoters that allow for inducible or tissue-specific expression of Cas9. Tissue-spe-

cific or inducible expression of Cas9 may allow for the investigation of genes that would otherwise cause early

embryonic lethality or other undesired pleiotropic effects. Cas9 expression vectors can also be used to generate

mRNA through in vitro transcription. If using this method, a 50 cap and polyadenylated tail must be added to the

mRNA, which can be accomplished using commercially available kits. Ready-to-use Cas9 mRNA can also be pur-

chased from commercial vendors.

Guide RNA: sgRNA is designed to be complementary to an 18- to 20-base target sequence on either DNA strand.

The only requirement is that the sequence lies immediately 50 of the PAM (NGG) motif, which is not included as

part of the sgRNA. Online tools can be used to evaluate potential targets and optimize design of sgRNAs, taking

into consideration sequence features that are predicted to improve efficiency (e.g. Doench et al. 2014). If the guide

is to be delivered as DNA, plasmids can be purchased that allow for one or more sgRNAs to be cloned into the

vector. Generally, this involves ligation of two annealed oligos containing the corresponding target sequence into

the vector (protocols will vary depending on the plasmid), which can be delivered to embryos following verifica-

tion and clean-up using commercially available kits.

Alternatively, the sgRNA can also be delivered as RNA. A simple protocol to make the guide involves a polymer-

ase chain reaction (PCR) amplification step to generate a DNA template, which is then used for in vitro transcrip-

tion (e.g. Bassett et al. 2013). PCR uses a common reverse primer containing sequence corresponding to essential

portion of crRNA and tracRNA of the sgRNA (50-AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGG

ACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC-30). The custom forward primer (50-GAAATTAAT

ACGACTCACTATAGGN18-20GTTTTAGAGCTAGAAATACG-30) contains a T7 promoter-binding sequence

(underlined), and the 18- to 20-nt target sequence followed by an overlapping complement of the reverse primer

(in bold). The GG is required for efficient transcription by T7 polymerase; it can be part of the target sequence or

appended as extra nucleotides. These two primers are used in a no-template PCR to generate a double-stranded

product that is then used for in vitro transcription. The RNA produced by the IVT reaction can then be delivered

to embryos following clean-up using commercially available kits.

© 2015 John Wiley & Sons Ltd
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there are a number of strategies that can be easily

implemented to reduce this possibility (see below for

more discussion).

Design of donor repair templates

For experiments designed to generate transgenics via

HDR, a donor repair template containing the desired

edits must be provided along with other components to

trigger homologous recombination. Repair templates

can be double-stranded DNA cloned into plasmids

or, in the case of smaller modifications (e.g. ≤200 bp),

single-stranded oligonucleotides (ssODNs). To facilitate

recombination, the repair template must include homol-

ogy arms that flank the sequence to be inserted. At this

point, the optimal length of flanking homology arms is

not clear, and conflicting reports from different studies

likely, at least in part, reflect variability across study

systems. As a general guideline, for eukaryotes 200–400
bases of homology is often considered the minimum

for efficient recombination using large repair templates,

with optimal efficiency typically achieved at longer

lengths (Hasty et al. 1991; Waldman 2008; Wu et al.

2008; Beumer et al. 2013; Shin et al. 2014). However, a

Box 2. Methods to screen for mutations

Although in some cases it may be possible to perform experiments with the injected generation (F0), often researchers

will want to create stable homozygous mutant lines to be used for later experiments. This requires a crossing scheme

in conjunction with a mechanism to screen large numbers of individuals for mutations (assuming there is no visible

marker). Although the injected generation can be screened for mutations, it is important to note that in most cases

these individuals will be genetic mosaics, with potentially many different mutations per individual. Although screen-

ing is still possible, it could be messy given the possibility of a large number of alleles, and any mutant alleles that

are detected may not be from the germ line. Regardless of whether the injected generation is screened for mutations,

the first step will generally be to backcross these individuals to wild type (this can be performed for multiple genera-

tions to reduce off-target effects). The progeny of these backcrosses will need to be screened for mutations, which

involves genotyping a large number of individuals over multiple generations. Below, we outline several different

genotyping options, considering potential trade-offs between time, detection efficiency and cost.

Sequencing: Sequencing is a highly sensitive method for detecting mutations. Although a mutation will at some

point need to be sequenced for verification, this is generally not very cost-effective for screening large numbers of

individuals.

High-resolution melt analysis (HRMA): HRMA provides a rapid, highly efficient method for detecting mutations.

It is powerful enough to detect even single-base-pair differences between samples, so it could be used to detect in-

dels generated by imprecise NHEJ or SNPs resulting from HDR. While probably the fastest method for genotyping

and also very reliable, HRMA can carry significant start-up costs depending on what equipment is available. The

method requires a real-time qPCR instrument and may also require the purchase of additional software to perform

HRMA.

Screening by PCR amplicon size: Most indels created using only one sgRNA are likely to be smaller than can be

easily detected on an agarose gel. However, multiple sgRNAs simultaneously targeting different regions of the

locus can be used to generate larger deletions, because repair often involves joining together the two cut sites. PCR

amplicons with large indels could thus be easily detected on an agarose gel. This would provide a highly cost-

effective, relatively rapid method of screening. However, individuals with mutations occurring at only one of the

cut sites might be overlooked as indels are likely to be small. Smaller indels can also be detected using capillary

electrophoresis usually in conjunction with fluorescence detection (e.g. as is used for microsatellites). Once fluores-

cent primers are purchased, fragment analysis can be very cost-effective because fluorescent labelling and the abil-

ity to design primers to amplify fragments of varying sizes permit a high degree of multiplexing.

Nuclease assays: Several commercially available nucleases (e.g. T7 endonuclease, CEL I, Surveyor nuclease, or

mung bean nuclease) recognize and cleave mismatches between DNA strands due to single nucleotide polymor-

phisms or small indels (Oleykowski et al. 1998; Babon et al. 2003; Qiu et al. 2004; Till et al. 2004). Digestion products

can then be separated using standard gel electrophoresis methods.

Restriction fragment length polymorphism: sgRNAs can be designed to include a restriction site, such that a dele-

tion will likely result in a loss of the site. This can be cost-effective but may not detect all mutations depending on

the exact location of the restriction site, and could severely limit the number of potential targets. This method

would be particularly useful for experiments where alleles are exchanged between populations using HDR, assum-

ing that there are restriction site differences between the alleles.
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recent study in C. elegans demonstrated successful inser-

tion of green fluorescent protein (864 bases) with con-

siderably shorter homology arms (59/59-nt) (Paix et al.

2014). A much shorter region of homology has gener-

ally been used for ssODNs (Radecke et al. 2010; Bedell

et al. 2012; Beumer et al. 2013; Chen et al. 2014; Paix

et al. 2014). Paix et al. (2014) also demonstrated more

efficient editing in C. elegans when homology arms

immediately flanked the cut site rather than being

placed even a relatively short distance away. For exper-

iments described above involving the exchange of

alleles between populations (Fig. 2B), the alleles them-

selves may provide enough homology to facilitate

recombination without the need for additional homolo-

gous flanking sequence. However, it should be noted

that previous research has demonstrated that recombi-

nation frequency declines with a reduction in sequence

identity (Waldman 2008; Heyer et al. 2010), although

this may also depend on the precise location of mis-

matches (Negritto et al. 1997). This could pose a prob-

lem in cases where alleles of different populations are

considerably divergent. Despite some uncertainty con-

cerning the optimal design of donor templates, gene tar-

geting has been successful in many different study

systems, suggesting that these challenges can be easily

overcome.

Another consideration in the design of repair tem-

plates is that if the target sequence is present in the

repair template, it may be advantageous to modify the

sequence so that Cas9 does not also cut the template or

the edited sequence following recombination. For exam-

ple, the introduction of mutations to the PAM

sequence, or other synonymous mutations in the target

sequence can be used to disrupt recognition (Yang et al.

2014). This is straightforward if working with custom-

synthesized ssODNs, but will require extra steps when

using PCR-generated templates, as mutations will need

to be introduced (e.g. through site-directed mutagene-

sis). In cases where exogenous sequence will be

inserted (e.g. a fluorescent tag), the sgRNA can be

designed so that the tag will disrupt the target

sequence upon insertion.

Strategies for minimizing off-target effects

The targeting specificity of the CRISPR/Cas9 system is

a subject of active debate and continued experimenta-

tion (Sander & Joung 2014). While the propensity to

produce mutations at unintended target sites continues

to be evaluated, it must be acknowledged that there

will always be at least some risk of off-target mutagene-

sis and strategies to minimize this possibility should be

considered. There are two basic ways to combat this

issue. The first involves methods to enhance target

specificity in order to prevent off-target effects in the

first place, and the second involves experimental

designs that minimize the confounding effects of any

off-target mutagenesis that does happen to occur.

For organisms with available genome sequences,

researchers can limit off-target effects by carefully

designing the guide RNA and removing complementar-

ity to potential off-target sequences within the genome.

This can easily be accomplished using one of a grow-

ing number of publically available databases dedicated

to generating unique sgRNAs. The 12-nt ‘seed’ region

occurring proximal to the PAM site appears to be most

important for specificity as mismatches in this region

are less often tolerated, while mismatches in the rest of

the target sequence are less problematic (Cong et al.

2013). Unfortunately, many molecular ecologists work

on species that do not have sequenced genomes, which

means that the uniqueness of target sites cannot be

assessed. Nevertheless, several strategies have emerged

that increase target specificity by altering either sgR-

NAs or Cas9. Fu et al. (2014) showed that truncated

sgRNAs consisting of 17–18 nucleotides instead of 20

(tru-gRNAs) can dramatically reduce off-target cleavage

without compromising efficiency. Likewise, adding two

extra guanines to the 50 end of the sgRNA (termed

ggX20 sgRNA) also appears to increase specificity with

no loss of efficiency (Cho et al. 2014; Kim et al. 2015). A

‘dual nicking’ strategy utilizing a mutant nickase ver-

sion of Cas9 (Cas9n) that only produces a single-strand

break (SSB) has also been shown to substantially

reduce off-target effects (Ran et al. 2013). With this

strategy, Cas9n is paired with two appropriately

spaced sgRNAs targeting opposite strands of the geno-

mic DNA. A DSB thus only occurs if both sgRNAs

locate their targets, which effectively doubles the num-

ber of bases needed for recognition, thereby greatly

improving specificity.

A number of experimental approaches can also be

used to minimize the confounding effects of off-target

mutations should they occur. One solution is to perform

experiments with mutants created using more than one

sgRNA, each specific to a different region of the target

locus. Because the two sgRNAs would be unlikely to

have the same off-target effects, concordance in pheno-

type in experimental assays on the different mutants

would help to rule out other mutations as a potential

cause. In established model organisms, the standard for

‘cleaning up’ mutagenized chromosomes is to backcross

mutants to wild-type stocks multiple times before creat-

ing a homozygous mutant line, which is likely to break

up an association between the desired mutation and

any off-target mutations. If two lines carrying different

mutations are created this way, they can also be crossed

prior to the experiment to create trans-heterozygotes to
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further reduce the likelihood of off-target effects. In fact,

the use of trans-heterozygotes and confirmation of phe-

notypes among lines harbouring different mutant

alleles, and the use of rescue experiments to confirm

mutational specificity, remains the gold standard for

genetic investigation in model organisms. Fortunately,

the ease with which multiple mutations can be gener-

ated using the CRISPR/Cas9 system makes all of these

alternatives highly feasible. Researchers may choose to

use one or several of these strategies depending on

particulars of the study system (e.g. generation time).

Conclusions

The development of the highly versatile CRISPR/Cas9

genome-editing system, in conjunction with continued

advances in genomic technologies, promises to usher in

an exciting new era of molecular ecology. Continued

evaluation of the CRISPR/Cas9 system in different

study organisms will undoubtedly lead to further

improvements and additional applications in the near

future. In particular, additional research on the poten-

tial for off-target effects is necessary, and this will likely

motivate further enhancements to targeting specificity.

With the necessary tools now available to connect geno-

types, phenotypes and fitness in a wide variety of study

systems, answers to many long-standing questions in

ecology and evolution are within reach.
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