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Loss-of-function approaches in comparative physiology: is there a
future for knockdown experiments in the era of genome editing?
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ABSTRACT
Loss-of-function technologies, such as morpholino- and RNAi-
mediated gene knockdown, and TALEN- and CRISPR/Cas9-
mediated gene knockout, are widely used to investigate gene
function and its physiological significance. Here, we provide a
general overview of the various knockdown and knockout
technologies commonly used in comparative physiology and
discuss the merits and drawbacks of these technologies with a
particular focus on research conducted in zebrafish. Despite their
widespread use, there is an ongoing debate surrounding the use of
knockdown versus knockout approaches and their potential off-target
effects. This debate is primarily fueled by the observations that, in
some studies, knockout mutants exhibit phenotypes different from
those observed in response to knockdown using morpholinos or
RNAi. We discuss the current debate and focus on the discrepancies
between knockdown and knockout phenotypes, providing literature
and primary data to show that the different phenotypes are not
necessarily a direct result of the off-target effects of the knockdown
agents used. Nevertheless, given the recent evidence of some
knockdown phenotypes being recapitulated in knockout mutants
lacking the morpholino or RNAi target, we stress that results of
knockdown experiments need to be interpreted with caution. We
ultimately argue that knockdown experiments should not be
discontinued if proper control experiments are performed, and that
with careful interpretation, knockdown approaches remain useful to
complement the limitations of knockout studies (e.g. lethality of
knockout and compensatory responses).

KEY WORDS: CRISPR/Cas9, RNAi, Morpholino, Reverse genetics,
Knockdown, Knockout

Introduction
Techniques in loss-of-function (LOF) experiments have continually
expanded in their applicability, ease of use and affordability. As
such, LOF experiments, involving either knockdown or knockout
approaches (see Glossary), are now used widely in many research
fields, including comparative physiology. Knockdown refers to the
transcriptional or translational repression of gene expression,
ultimately leading to a reduction in protein expression, without
any genome modifications. The most widely used knockdown
techniques are RNA interference (RNAi) and morpholino antisense
oligonucleotide knockdown. Importantly, knockdown approaches
often result in only a ‘partial’ LOF, whereby some protein function
may be retained. By contrast, knockout refers to a mutation in the

genome aimed at ablating gene function. LOF mutations may be
null (amorphic; see Glossary), resulting in the complete loss of gene
function, or may only partially reduce gene function (hypomorphic;
see Glossary), depending on the nature of the mutation (Housden
et al., 2017). While mutant lines (see Glossary) in many species
were initially established through forward genetic screens (Brenner,
1974; Nüsslein-volhard and Wieschaus, 1980; Haffter et al., 1996;
Driever et al., 1996; Nolan et al., 2000; de Angelis et al., 2000), the
recent development of zinc-finger nucleases (ZFNs), transcription
activator-like effector nucleases (TALENs) and clustered regularly
interspaced palindromic repeats (CRISPR)/CRISPR-associated
nuclease (Cas) has allowed for precise targeted gene knockout.

Currently, the merits of knockdown versus knockout approaches
in biological research are being debated. Since the advent of
relatively simple genetic knockout approaches (primarily CRISPR/
Cas), there is a growing sentiment that these techniques should be
considered as ‘gold standards’ for determining gene function and
that knockdown approaches, which often result in only a partial
LOF, should be used only when null mutants are available for
comparison (Schulte-Merker and Stainier, 2014; Lawson, 2016;
Stainier et al., 2017). The view that knockdown approaches should
be used only when comparison can be made to a null mutant stems
mainly from reports of off-target effects (see Glossary): either
binding of knockdown reagents to non-target gene products or
toxicity leading to non-specific phenotypes, with the use of RNAi
and morpholino knockdown (Jackson et al., 2003, 2006a; Jackson
and Linsley, 2004; Aleman et al., 2007; Robu et al., 2007; Kok
et al., 2015; Joris et al., 2017). Knockout approaches are thought to
have lower incidences of off-target effects compared with RNAi or
morpholino knockdown, and thus are argued to be the preferred
LOF approach moving forward. Perhaps most worrying is that in a
screen of more than 24 genes, 80% of morphant (morpholino-
treated; see Glossary) zebrafish did not phenocopy individuals
carrying null mutations of the targeted gene, suggesting widespread
off-target effects of morpholinos (Kok et al., 2015) and spurring
debate in some fields (e.g. Faucherre et al., 2014, 2016; Shmukler
et al., 2015, 2016). Here, we provide experimental evidence and
present support from the literature to argue that differences between
knockdown and knockout-induced phenotypes may not always be a
result of non-specific, off-target effects in carefully controlled
knockdown experiments. We advocate that knockdown approaches
should continue to be used in comparative physiology research.

Knockdown techniques
RNA interference
The development of RNAi for targeted gene knockdown was
pioneered by Andrew Fire and Craig Mello, who – along with co-
workers – discovered that the administration of double-stranded
RNA (dsRNA) targeting unc-22 in Caenorhabditis elegans
produced phenotypes that mimicked those of unc-22 null mutants
(Fire et al., 1998). RNAi can be achieved through dsRNA
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administration or introduction of short hairpin RNA (shRNA)
expression vectors (Hannon, 2002; Meister and Tuschl, 2004; Rao
et al., 2009). While the cellular processing of dsRNA and shRNA
differ, both ultimately produce small/short interfering RNA
(siRNA) that is incorporated into the RNA-induced silencing
complex (RISC). The antisense siRNA strand guides RISC to the
target mRNA for degradation or translational repression (Fig. 1A;
Hannon, 2002; Novina and Sharp, 2004; Carthew and Sontheimer,
2009; Rao et al., 2009; Wilson and Doudna, 2013; Housden et al.,
2017). Importantly, mechanisms of RNAi may differ between
species (Meister and Tuschl, 2004).
RNAi-mediated gene knockdown has been used in an attempt to

silence gene expression in zebrafish (Wargelius et al., 1999),
Drosophila (Kennerdell and Carthew, 1998) and mice (Wianny and
Zernicka-Goetz, 2000), and is used extensively in comparative
physiology research (Table 1), although concerns have been raised
about off-target effects of RNAi. In zebrafish, injection of dsRNA
designed to target tbx16/spt produced novel phenotypes not seen in
tbx16/spt null mutants (Oates et al., 2000). Moreover, while
injection of the dsRNA resulted in a dose-dependent decrease in
tbx16/sptmRNA, it also resulted in a similar decrease in the mRNA
of non-target genes. Most strikingly, injection of dsRNA targeting
the lacZ gene of Escherichia coli, for which there is no homolog in
zebrafish, caused the same phenotype and decrease in tbx16/spt
mRNA as the tbx16/spt dsRNA (Oates et al., 2000). Several studies
have demonstrated off-target effects of RNAi at the transcript,
protein and phenotype levels (Jackson et al., 2003, 2006a; Scacheri
et al., 2004; Lin et al., 2005; Aleman et al., 2007). These effects are
suggested to result from binding to non-target transcripts, activation
of the interferon immune response or interference with endogenous
micro-RNA (miRNA) pathways (Jackson and Linsley, 2004; Cullen,
2006; Svoboda, 2007; Seok et al., 2018). There is evidence, however,
that specific chemical modifications of dsRNA can limit off-target
effects (Jackson et al., 2006b). Compared with dsRNA, shRNA is
thought to produce fewer off-target effects because this approach
utilizes endogenous miRNA cellular processing pathways and is thus
less likely to trigger immune responses (Rao et al., 2009).

Morpholino antisense oligonucleotides
Morpholino antisense oligonucleotides (morpholinos) are another
class of antisense knockdown reagent that consist of a 6-member
morpholine ring backbone and phosphorodiamidate inter-subunit
linkages (Summerton, 2007). Morpholinos [typically about 25 base
pairs (bp) in length] can be designed to bind to the start of the coding
region of an mRNA or to the intron/exon boundaries of a pre-mRNA
to block translation or splicing, respectively, by complementary base-
pairing (Fig. 1B). Morpholinos were first demonstrated to be capable
of phenocopying null mutant phenotypes in frogs (Heasman et al.,
2000) and zebrafish (Nasevicius and Ekker, 2000), and rapidly
became an important tool for assessing gene function in biological
research (Ekker, 2000; Corey and Abrams, 2001; Heasman, 2002;
Bill et al., 2009). Guidelines for morpholino use have since been
established (Ekker and Larson, 2001; Eisen and Smith, 2008; Bill
et al., 2009; Stainier et al., 2017; Xin and Duan, 2018).

The use of morpholino oligonucleotides has expanded markedly
to include several species and applications in comparative
physiology research (Table 1). Initially, morpholinos were used in
early embryonic/larval stages, where they are directly administered
into embryos at the one-cell stage, limiting effective knockdown to a
narrow window of early-life development (Bill et al., 2009).
However, the advent of vivo-morpholinos (Morcos et al., 2008;
Moulton and Shan, 2009; Ferguson et al., 2014a) possessing a
membrane-penetrating, eight-guanidine conjugate has allowed gene
knockdown in adults and in cell cultures (Table 1). As controls, a
morpholino in which 5 bases of the original sequence are altered
to prevent binding to the target mRNA or a standard control
morpholino that has no biological activity except in reticulocytes of
humans with a specific mutation linked to β-thalassemia can be used
(Gene-Tools, LLC).

Like RNAi, morpholinos are also prone to off-target effects.
Ekker and Larson (2001) reported that 15–20% of morpholinos
display off-target phenotypic effects (phenotypes that do not copy
known null mutations), even when dose is carefully controlled.
These off-target phenotypes are generally characterized by reduced
head and eye size, notochord malformations and craniofacial
defects. One major cause of these effects is the activation of p53-
mediated apoptosis, which can be attenuated by co-injection of a
morpholino that targets the p53 gene (Robu et al., 2007). In addition
to p53 activation, evidence from Xenopus tropicalis has
demonstrated widespread regulation of non-target genes, primarily
those with immune function, and mis-splicing of non-target genes
in response to morpholino injection (Gentsch et al., 2018). Indeed,
there is now mounting evidence, derived primarily from zebrafish,
that morphants often do not phenocopy null mutants (Robu et al.,
2007; Gerety and Wilkinson, 2011; Kok et al., 2015; Novodvorsky
et al., 2015; Rossi et al., 2015; Shmukler et al., 2015; Eve et al.,
2017; Joris et al., 2017). In addition, unlike RNAi, where many of
the mechanisms of off-target effects have been characterized
(Jackson and Linsley, 2004; Seok et al., 2018), the mechanisms
of p53 activation, immune responses, splice defects and non-target
binding are not as well understood for morpholinos, and minimizing
off-target effects may therefore be challenging.

Knockout techniques
Genome editing using targetable nucleases such as ZFNs (Bibikova
et al., 2002; Doyon et al., 2008; Geurts et al., 2009; Urnov et al.,
2010), TALENs (Huang et al., 2011; Tesson et al., 2011; Joung and
Sander, 2013) and CRISPR/Cas9 (Cong et al., 2013; Jinek et al.,
2013; Mali et al., 2013a; Hwang et al., 2013) allows for the
generation of specific gene knockouts exhibiting complete and

Glossary
Genetic compensation
Changes in RNA or protein levels that can functionally compensate for
the loss of function of another gene.
Hypomorphic mutation
Mutation that leads to only a partial loss or reduction in gene function.
Knockdown
Perturbation at the DNA, RNA or protein level that reduces the amount of
functional protein.
Knockout
Genetic perturbation that completely ablates gene function.
Morphant
Individual treated with morpholino antisense oligonucleotide.
Mutant
Individual carrying a knockout mutation in the genome.
Null (amorphic) mutation
Mutation that leads to complete loss of gene function.
Off-target effects
Non-specific effects of loss-of-function reagents resulting from targeting
of unintended genes or from toxic effects such as activation of immune or
apoptotic pathways.
Transcriptional adaptation
Changes in RNA levels that result from a genetic mutation and not from
the loss of gene function.

2

COMMENTARY Journal of Experimental Biology (2019) 222, jeb175737. doi:10.1242/jeb.175737

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y



permanent silencing of target gene function (Box 1). These
techniques introduce double-strand breaks (DSBs) at specific
sites, and error-prone cellular repair mechanisms introduce
insertion or deletion mutations when DSBs are repaired. Repair
occurs either through non-homologous end-joining (NHEJ; Fig. 1C,D)
or homology-directed repair (HDR) when a donor DNA template is
present. Knockout techniques are generally used at the single-cell
embryo stage, with the aim of inducing a heritable mutation in the
germline. This results in the generation of homozygous mutants that
can be used for experiments at most stages of the organism’s life

cycle (see Table 1). Exceptions exist where homozygous mutants
are non-viable or more subtly where the homozygous mutant is
viable, yet the gene of interest has early developmental effects,
resulting in subsequent phenotypic analysis being unable to identify
the primary function of the gene of interest.

ZFNs and TALENs
Chimeric ZFNs and TALENs are composed of a DNA-binding
domain that recognizes specific sequences (Box 1), and a restriction
enzyme FokI nuclease domain for DNA cleavage. However,
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Fig. 1. Mechanisms of loss-of-function technologies. (A) Gene knockdown via RNA interference (RNAi). RNA-induced silencing complex (RISC) is mediated
by Dicer to produce small interfering RNA (siRNA), which guides RISC to the target mRNA, initiating its degradation. (B) Splice-blocking or translation-blocking
morpholinos result in a mis-spliced or absent protein, respectively. (C) ZFN and TALEN, and (D) CRISPR/Cas9 introduce double-strand breaks (DSBs) in
target DNA. These DSBs are repaired by non-homologous end-joining (NHEJ), causing frameshift mutations and ultimate knockout of the gene. Abbreviations:
Cas9, CRISPR-associated protein 9; FokI, restriction endonuclease FokI; Indel, insertions/deletions; MO, morpholino; PAM, protospacer adjacent motif;
sgRNA, single-guide RNA; TALEN, transcription activator-like effector nuclease; ZFN, zinc-finger nuclease. See Box 1 for further details on the mechanisms
of programmable nucleases for gene editing.
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Table 1. Examples of LOF studies in comparative physiology

Model system LOF approach Delivery method
LOF
induced

Experiment
performed References

Invertebrates
Nematode
(Caenorhabditis
elegans)

RNAi E. coli feeding Embryo/
larva

Embryo to
larva

Choe and Strange, 2008;
Crombie et al., 2016

CRISPR/Cas9 Plasmid construct injection into adult
gonad

Embryo Adults Van Sinay et al., 2017

Fruit fly
(Drosophila
melanogaster)

RNAi Gal4-UAS-dsRNA Adult Adults Stergiopoulos et al., 2009;
Chahine et al., 2012

TALEN TALEN mRNA microinjection Embryo Adult Sajwan et al., 2015
CRISPR/Cas9 Microinjection of plasmid construct Embryo Embryo to

adult
Gáliková et al., 2015; Newman
et al., 2017

Mosquito
(Aedes aegypti)

RNAi Waterborne exposure Larva Larva Chasiotis et al., 2016; Durant
et al., 2017; Misyura et al.,
2017

CRISPR/Cas9 Microinjection of sgRNA+Cas9 protein Embryo Adult Vinauger et al., 2018
Mosquito
(Culex pipiens)

RNAi Microinjection Adult Adult Sim and Denlinger, 2009

Whitefly
(Bemisia tabaci)

RNAi Direct feeding Adult Adult Lu and Wan, 2011

Beet armyworm
(Spodoptera exigua)

RNAi Microinjection Larva Larva Park and Kim, 2013

Australian crayfish
(Cherax quadricarinatus)

RNAi Injection Juvenile Juvenile Pamuru et al., 2012

Chinese mitten crab
(Eriocheir sinensis)

RNAi Injection Juvenile Juvenile Li et al., 2016

Swimming crab
(Portunus
trituberculatus)

RNAi Injection Adult Adult Si et al., 2018

Fujian oyster
(Crassostrea angulata)

RNAi Waterborne exposure Larva Larva Yang et al., 2017

Pacific oyster
(Crassostrea gigas)

RNAi Injection Adult Adult Choi et al., 2013; Zhao et al.,
2017

Eastern oyster
(Crassostrea virginica)

RNAi Injection Adult Adult Pales Espinosa and Allam,
2018

Sea urchin
(Hemicentrotus
pulcherrimus)

Morpholino Microinjection Embryo Embryo Katow et al., 2010

Vertebrates
Zebrafish (Danio rerio) Morpholino Microinjection Embryo Embryo Horng et al., 2007; Shih et al.,

2008; Braun et al., 2009;
Kumai and Perry, 2011

TALEN TALEN mRNA microinjection Embryo Larva to adult Shu et al., 2016; Yabuki et al.,
2016; Yong et al., 2017

CRISPR/Cas9 Microinjection of sgRNA+Cas9 mRNA Embryo Larva to adult Chen et al., 2017; Facchinello
et al., 2017; Lupton et al.,
2017; Cai et al., 2018

Medaka
(Oryzias latipes)

CRISPR/Cas9 Microinjection of sgRNA+Cas9 mRNA Embryo Larva to adult Homma et al., 2017; Yeh et al.,
2017; Watanabe et al., 2018

African cichlid
(Astatotilapia burtoni)

CRISPR/Cas9 Microinjection of sgRNA+Cas9 mRNA Embryo Adult Juntti et al., 2016

Chinese tongue sole
(Cynoglossus
semilaevis)

TALEN TALEN mRNA microinjection Embryo Adult Cui et al., 2017

Red sea bream (Pagrus
major)

CRISPR/Cas9 Microinjection of sgRNA+Cas9 mRNA Embryo Adult Kishimoto et al., 2018

African clawed frog
(Xenopus laevis)

Morpholino Microinjection Embryo Embryo Horn et al., 2013

Western clawed frog
(Xenopus tropicalis)

CRISPR/Cas9 Microinjection of sgRNA+Cas9 mRNA Embryo Larva to adult Sakane et al., 2018

Atlantic killifish
(Fundulus heteroclitus)

Morpholino Microinjection Embryo Embryo Matson et al., 2008
Vivo-morpholino Injection Adult Adult Notch et al., 2011
ZFN and
CRISPR/Cas9

Microinjection Embryo Embryo Aluru et al., 2015

Laboratory mouse (Mus
musculus)

RNAi Injection of viral vector Adult Adult Sun et al., 2008
Vivo-morpholino Injection Adult Adult Ferguson et al., 2013;

Ferguson et al., 2014b

Continued
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construction of sequence-specific ZFNs and TALENs is
challenging and time-consuming, which has led to their gradual
replacement by CRISPR/Cas. The two main approaches for
constructing zinc-finger proteins with unique DNA-binding

specificity are the modular assembly approach and selection-
based approach (see Beerli and Barbas, 2002; Ochiai and
Yamamoto, 2015 for review). The recognition code of TALEs is
simpler than that of zinc fingers (Box 1), but provides similar
technical challenges to synthesis due to extensive identical repeat
sequences. Several methods have been developed that enable rapid
assembly of custom TALE arrays (see Joung and Sander, 2013;
Ochiai and Yamamoto, 2015 for review).

CRISPR/Cas
CRISPR has been transformative across nearly all biological and
medical science-related fields, and rapidly became the method of
choice for genome editing. Unlike ZFNs and TALENs, where each
new target site requires the design and construction of a new
nuclease, CRISPR/Cas9 uses a CRISPR RNA (crRNA) and a trans-
activating crRNA (tracrRNA) that can be engineered into a single
guide RNA (sgRNA) to target the Cas9 nuclease to a specific DNA
sequence (Box 1; Fig. 1D). For a more comprehensive review of the
history and mechanisms of CRISPR/Cas9-mediated genome
targeting, see Doudna and Charpentier (2014).

Following the first demonstrations that CRISPR/Cas9 can be
repurposed for genome editing in eukaryotic cells (Cong et al.,
2013; Mali et al., 2013a; Jinek et al., 2013), this technique was
adopted for studies on fruit flies (Bassett et al., 2013; Gratz et al.,
2013), zebrafish (Chang et al., 2013; Hwang et al., 2013; Xin and
Duan, 2018; Box 2), nematodes (Friedland et al., 2013), mice (Yang
et al., 2013) and other organisms (Blitz et al., 2013; Flowers et al.,
2014; Niu et al., 2014; Whitworth et al., 2014). CRISPR has also
been adopted for LOF experiments to study gene function in
physiological processes (Table 1).

Despite the simplicity of CRISPR, some studies have shown
that Cas9 nucleases can induce mutations at off-target sites
(reviewed by Tsai and Joung, 2016). However, the majority of
off-target sites exhibit mutation frequencies at least 2-fold lower
than on-target mutation frequency if the off-target site has greater
than one bp mismatch compared with the on-target site (Hsu
et al., 2013; Pattanayak et al., 2013; Cho et al., 2014).

Table 1. Continued

Model system LOF approach Delivery method
LOF
induced

Experiment
performed References

TALEN Microinjection of TALEN mRNA into
fertilized one-cell embryos

Embryo Adult Wang et al., 2016

CRISPR/Cas9 Electroporation of sgRNA plasmid into
embryonic stem cell/microinjection of
sgRNA+Cas9 mRNA into fertilized
eggs

Embryo Adult Tsuchiya et al., 2015; Davies
et al., 2017

Laboratory rat
(Rattus norvegicus)

RNAi Tracheal administration/lipofection of
plasmid DNA

Adult Adult Li and Folkesson, 2006

Pig (Sus scrofa
domesticus)

TALEN Cell transfection followed by somatic cell
nuclear transfer

Somatic
cell

Juvenile Quadalti et al., 2018

CRISPR/Cas9 Cell transfection followed by somatic cell
nuclear transfer

Somatic
cell

Juvenile Quadalti et al., 2018

In vitro cell/tissue culture
Rainbow trout
(Oncorhynchus mykiss)

RNAi Lipofection of cultured gill cells – – Kolosov and Kelly, 2017;
Kolosov et al., 2017

Laboratory rat (Rattus
norvegicus)

RNAi Reversible chemical permeabilization of
cultured brain tissue

– – Wickramasekera et al., 2013

Morpholino Endo-porter delivery into seeded
pancreatic INS-1 cells

– – Figeac et al., 2010

CRISPR/Cas9 sgRNA plasmid transfection – – Roy et al., 2014

A non-exhaustive list of studies in comparative physiology that have employed LOF techniques, including the study species, LOF approach, delivery method,
life stage at which the LOF was induced and life stage at which the experiments were performed.

Box 1. Mechanism of ZFNs, TALENs and CRISPR/Cas-
mediated genome targeting
Zinc-finger nucleases (ZFNs) are artificial restriction enzymes generated
by fusing a zinc-finger DNA-binding domain to a DNA-cleavage domain.
ZFN specificity is conferred by Cys2–His2 zinc-finger domains, which
consist of 30 amino acids arranged in a ββα configuration. These
domains bind a specific 3 bp DNA sequence (Beerli and Barbas, 2002).
Sequence specificity of zinc-finger proteins can be determined by
combining up to three contiguous domains, resulting in a 9 bp
recognition sequence. The design of a linker sequence to connect two
three-finger proteins further increased ZFN specificity to 18 bp in length,
allowing specificity in genomes up to 68 billion bp (Liu et al., 1997). By
fusing zinc-finger proteins to the cleavage domain of FokI nuclease,
ZFNs capable of cleaving DNA in a sequence-specific manner were
generated (Fig. 1C; Kim et al., 1996).

Similarly toZFNs, thespecificityof TALENs is conferredbyDNA-binding
proteins termed transcription activator-like effectors (TALEs). TALEs are
naturallyoccurringproteins found inphytopathogenicbacteria of thegenus
Xanthomonas. TheDNA-binding domain of TALE is composed ofmultiple,
nearly identical repeats, each of which comprises ∼34 amino acids. Two
hypervariable amino acid residues in each repeat recognize one bp in
target DNA (Boch et al., 2009; Moscou and Bogdanove, 2009). By joining
appropriate repeat units, TALEs can be redesigned to bind to user-defined
sequences (Boch et al., 2009), and their fusion with FokI nuclease
generated TALENs for genome editing (Fig. 1C; Christian et al., 2010; Li
et al., 2010; Mahfouz et al., 2011; Miller et al., 2011).

CRISPR/Cas-mediated genome editing utilizes the microbial adaptive
immunesystemCRISPR.UnlikeZFNsandTALENs, theCRISPRnuclease
Cas9 is targeted by a short guide RNA that comprises a constant region
(which facilitates the binding of Cas9 nuclease and maintains the
complex in its active form) and a target-specific region (typically 20 bp in
length) that is complementary to the target DNA sequence (Jinek et al.,
2012; Lim et al., 2016). In addition, binding of a protospacer-adjacent
motif (PAM) downstream of the target locus is required to direct Cas9-
mediated double-strand breaks (Gasiunas et al., 2012).
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Refinements in the CRISPR/Cas9 system have further improved
targeting specificity; these include truncating sgRNA to have
fewer than 20 nucleotides of complementarity with its target
DNA (Fu et al., 2014), converting Cas9 to a nickase enzyme
(Cas9n) requiring two separate Cas9 binding events to occur at

the same locus to result in DNA cleavage (Ran et al., 2013; Mali
et al., 2013b), and fusing catalytic residue inactive, ‘dead’ Cas9
(dCas9) with FokI, requiring dual sgRNAs to coordinate FokI–
dCas9 dimerization at a specific locus to enable DNA cleavage
(Guilinger et al., 2014; Tsai et al., 2014). Even if off-target
effects are unavoidable, unlinked off-target mutations should
segregate through breeding when generating a homozygous
mutant line (Box 2), and phenotyping of mutants generated from
two independent founder animals would be sufficient to establish
causality between phenotype and genotype.

The success of CRISPR/Cas9 as a genome editing tool has
resulted in a search for additional Cas nucleases for applications in
genome editing. Notably, Cas12a (previously named Cpf1) has
emerged as an alternative for Cas9. Cas12a only requires a ∼44-
nucleotide crRNA for activation (Zetsche et al., 2015), which is
much shorter than the ∼100-nucleotide sgRNA required for Cas9,
providing a significant advantage for the production of synthetic
guide RNAs. Furthermore, instead of the blunt cuts produced by
Cas9, Cas12a generates staggered cuts at target DNA, allowing gene
fragments to be inserted in the desired orientation via
complementary sticky ends, as in traditional restriction enzyme
cloning methods (Zetsche et al., 2015).

The knockdown versus knockout debate
The knockdown versus knockout debate in the zebrafish community
has been ongoing for over a decade and has led to the publication of
specific guidelines for the use of morpholinos in zebrafish research
(Eisen and Smith, 2008; Stainier et al., 2017). Similarly, guidelines
for the use and design of RNAi have also been established (Cullen,
2006; Bofill-De Ros and Gu, 2016) and research in RNAi
approaches continues to produce methods to minimize off-target
effects (Jackson et al., 2006b; Mockenhaupt et al., 2015; Suter et al.,
2016). Recently, the knockdown versus knockout debate was
spurred by Kok et al. (2015), who demonstrated that in 80% of the
24 genes studied, morphants failed to phenocopy mutants. Some
researchers have advocated limiting the use of morpholinos to cases
in which comparison can be made to a null mutant phenotype
(Schulte-Merker and Stainier, 2014; Lawson, 2016; Stainier et al.,
2017). Others propose the continued use of morpholinos even in the
absence of a null mutant in order to maintain progress in biological
research (Blum et al., 2015).

Even with proper experimental design and careful control of
dose, morpholinos and RNAi can exert non-specific off-target
effects that are unrelated to target gene function. However, there are
several additional reasons for the discrepancy between knockdown
and mutant phenotypes that need to be considered to appreciate how
the comparison of differences between mutant and morphant
phenotypes has likely overestimated the prevalence of off-target
effects of this particular knockdown reagent. First, in many of the
studies cited by Kok et al. (2015), morpholino dosewas not properly
controlled, a factor that we demonstrate with experimental evidence
to have profound gross morphological off-target effects in zebrafish.
Second, transcriptional adaptation (see Glossary) in mutants can
lead to genetic compensation (see Glossary) of functionally related
gene pathways (El-Brolosy and Stainier, 2017), which would not be
observed in knockdown approaches that do not alter the genome.
Third, LOF mutant progeny generated from heterozygous parents
(Box 2) can carry sufficient wild-type maternal mRNA to maintain
normal gene function in the absence of wild-type zygotic mRNA in
early life. These maternal mRNA-carrying null mutants will display
phenotypes that differ from those generated with knockdown
approaches that target both maternal and zygotic mRNA. Finally,

Box2.Workflow forestablishing amutant line of zebrafish
using CRISPR/Cas9 gene editing
CRISPR/Cas9 technology provides an efficient way of generating
knockout lines in zebrafish. First, wild-type (WT) zebrafish embryos are
microinjected with sgRNA-Cas9 solution at the one-cell stage of
development. These embryos are reared to reproductive maturity
(∼90 dpf). Founder fish (F0, mosaic red and blue stripes) are then
out-crossed withWT fish (solid blue stripes) to yield heterozygous F1 fish
(F1 +/–, solid red and blue stripes). Mature F1 fish that carry the same
mutation are in-crossed to obtain homozygous F2 (F2 −/−, solid red
stripes). Genotypic and phenotypic screening may take place
periodically at either the embryonic or adult stage (e.g. using fin
biopsy) to ensure the presence of a frameshift mutation.

X

X

Microinjected embryos

Screen for mutagenesis

WTFounder

Genotypic and phenotypic
characterization

Genotypic and phenotypic
characterization

F1 +/−F1 +/−

F2 −/− 

F0

F1

F2

F0 animals generated by CRISPR/Cas9 technology are often mosaic;
to screen for the presence of insertion/deletion mutations from a large
number of F0 animals, a variety of methods can be used other than
Sanger sequencing. The easiest methods are to take screening into
consideration when selecting target sites, such that the target site
contains a restriction enzyme site that will be lost along with the lesion;
this loss can be identified through PCR/restriction enzyme analysis (Gao
et al., 2015; Bhowmik et al., 2018). Alternatively, segmental deletions
can be generated by simultaneously targeting multiple sites. This results
in fragment size differences between WT and mutant alleles that can be
detected through PCR and agarose gel electrophoresis (Tabebordbar
et al., 2016). Other screening methods that are applicable to all target
sites include T7E1 and surveyor assay (Mashal et al., 1995; Qiu et al.,
2004; Guschin et al., 2010), PAGE-based assay (Zhu et al., 2014), high-
resolution melting (HRM) curve analysis (Montgomery et al., 2007;
Thomas et al., 2014) and annealing at critical temperature (ACT) PCR
(Hua et al., 2017). In F1 and F2 animals, the precise alteration of the
target loci can be further characterized by using Sanger sequencing.
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partial knockdown by morpholino or RNAi can result in the
complete retention of normal physiological function if the targeted
protein has a high affinity for its substrate or has a high catalytic
efficiency. In such cases, partial LOF phenotypes that retain normal
protein function will differ from amorphic mutant phenotypes.

Dose-specific off-target effects
The prevalence of off-target effects of morpholinos has likely been
inflated by inadequate control of dose in previous research. For
instance, Topczewska et al. (2001) reported that administration of a
morpholino targeting foxc1a at a dose of 10 ng/embryo resulted in a
complete loss of somite boundaries in developing zebrafish larvae.
In a later study, foxc1awas knocked out using TALENs, resulting in
only mild somite defects (Li et al., 2015). However, when foxc1a
morpholinos were administered at 4 ng per embryo (Topczewska
et al., 2001), the resulting phenotype was milder and more similar to
the mutant phenotype reported by Li et al. (2015). To further
demonstrate how an incorrect dose of morpholino can lead to
morphological off-target effects, we performed an experiment with
a morpholino designed to block the translation of the ammonia-
transporting protein Rhcgb (Shih et al., 2012). At a dose of 4 ng, no
gross morphological defects were observed, and Rhcgb expression
was effectively abolished, such that the Rhcgb immunostaining
pattern was indistinguishable from that of CRISPR/Cas9-generated
rhcgb null mutants (Fig. 2; see Appendix for details of methods
used). However, at higher doses, a specific phenotype was observed
whereby the trunk/tail was curved or kinked, as quantified by the
angular deviation from the midline of the body in the dorso–ventral
or sagittal planes. Importantly, this effect was not observed in larvae
treated with the sham (standard control) morpholino even up to
12 ng per embryo (Fig. 2). This curved trunk phenotype was also
observed, and perhaps was even more severe, in rhcgb null mutants
treated with 8–12 ng doses of morpholino (Fig. 2), demonstrating
that the observed phenotype can be considered an off-target effect
that is present only at morpholino doses that exceed those necessary
to effectively knock down Rhcgb protein expression. Importantly,
the lack of overt phenotype at the 4 ng dose does not necessarily
imply that this morpholino was free of off-target effects. For both
morpholinos and RNAi, studies have demonstrated widespread
regulation of non-target genes thought to be related to immune
responses, splice defects or promiscuous binding in the case of
morpholinos (Joris et al., 2017; Gentsch et al., 2018) or to alteration
of miRNA pathways by shRNA (Baek et al., 2014). It is possible
that these sub-phenotypic effects can have confounding effects on
the interpretation of knockdown results.
These experimental results highlight how the proportion of

morpholinos that are non-specific can be inflated by poor control of
morpholino dose, resulting in off-target effects that have been
misinterpreted as the effect of targeted knockdown. Indeed, it is
important to point out several features of the morphant phenotypes
analyzed by Kok et al. (2015) who concluded that off-target effects
occurred in 80% of morphants. First, of the 24morphant phenotypes
analyzed, 7 did not report the information necessary to determine
dose. Second, of those doses that were reported, several were >8 ng,
a dose that we found to result in a kinked-tail off-target phenotype
with the Rhcgb morpholino (Fig. 2). Third, the curved or kinked
trunk/tail phenotype that we observed in larvae treated with 8–12 ng
Rhcgb morpholino was observed in 11 of 24 morphant phenotypes.
In fact, Kok et al. (2015) conceded that a caveat of their study is that
the phenotypes they chose to analyze were those most typically
associated with off-target effects of morpholinos. It is important to
stress here that even with careful control of dose, morpholinos can

still cause off-target effects (Ekker and Larson, 2001; Schulte-
Merker and Stainier, 2014; Lawson, 2016), highlighting the
rationale for the recent suggestion that this knockdown reagent
needs to be validated in a null mutant of the same target (Stainier
et al., 2017). Indeed, in our experiment, treating the Rhcgb null
mutant with Rhcgb morpholino demonstrated the kinked-tail
phenotype is an off-target effect of the high morpholino dose
(Fig. 2). However, it is likely that the prevalence of gross
morphological off-target effects of morpholinos has been inflated
by poor control of reagent dose.

Transcriptional adaptation and genetic compensation
Genetic knockout can lead to transcriptional adaptation and
resulting compensatory gene regulation through DSB-induced
RNAs, mutant mRNA transcripts or RNA-binding proteins,
though the exact mechanisms and heritability of these
transcriptomic changes are still unclear (El-Brolosy and Stainier,
2017). Since transcriptional adaptation is triggered by changes in
the genome, this response would not be observed in knockdown
approaches. For instance, Rossi et al. (2015) showed that severe
vascular defects observed in Egfl7 knockdown zebrafish were not
observed in egfl7mutants, which would suggest off-target effects of
Egfl7 knockdown. However, egfl7 knockout resulted in the
upregulation of a different class of proteins and genes related to
vascular development, which was not observed in response to Egfl7
knockdown, indicating that the egfl7 mutants compensated for the
loss of Egfl7 function (Rossi et al., 2015). Importantly, knockdown
can also result in genetic compensation if the compensatory
mechanism is regulated by changes downstream of the gene (i.e.
protein function).

Influence of maternal mRNA
Where knockout results in death or loss of reproductive viability,
researchers have used F2 homozygous mutant progeny of
heterozygous parents to assess LOF outcomes. In these cases,
heterozygous mutant parents may pass sufficient wild-type mRNA
of the target gene on to mutant offspring, resulting in early
developmental expression of the target protein from maternal
mRNA (Wu et al., 2003). Alternatively, germ line replacement
(Ciruna et al., 2002) can be used to generate wild-type females with
homozygous mutant germ lines to obtain mutant offspring without
contribution of maternal mRNA; however, this method would not be
feasible if the gene of interest is essential for germline development. In
contrast, RNAi and translation-blocking morpholinos can knock
down the expression of both maternal and zygotic transcripts,
uncovering phenotypes that may not be observed in LOF
experiments when using mutant offspring generated from
heterozygous parents. In instances where maternal proteins are
directly deposited into embryos, careful comparisons of mutants
generated from heterozygous and homozygous crosses can help
elucidate the function of the gene of interest (Cote et al., 2007).

Proteins with high affinity or efficiency
When utilizing knockdown approaches, protein function must be
considered. For example, Pena et al. (2017) used morpholinos and
CRISPR/Cas9 to knock down or knock out, respectively, aldh7a1.
This gene encodes α-aminoadipic-semialdehyde dehydrogenase
(antiquitin), an enzyme important in the pathology of pyridoxine-
dependent epilepsy (PDE). In the absence of antiquitin, the toxic
lysine intermediate piperideine-6-carboxylic acid (P6C)
accumulates and causes the pathophysiological effects of PDE.
Injection of a splice-blocking morpholino (2.5 ng per embryo) led
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Fig. 2. Off-target effects of Rhcgb morpholino in zebrafish when administered at doses in excess of that causing effective protein knockdown.
Anti-Rhcgb whole-mount immunostaining of 4 dpf wild-type zebrafish larvae (A) treated with 4 ng sham (B), 4 ng Rhcgb (C), 12 ng sham (D) and 12 ng Rhcgb
(E) morpholino, and of 4 dpf rhcgbmutants (F). Scale bars: 50 µm. Representative images of wild-type (G) and rhcgbmutant (H) larvae injected with 12 ng Rhcgb
MO. Scale bars: 0.1 cm. (I,J) Quantitative analysis of the angular deviation from the midline of the body in wild-type (I) and rhcgbmutant (J) larvae injected with 4,
8 or 12 ng sham or Rhcgb morpholino. In I and J, different letters within a morpholino treatment represent statistically significant differences between doses and
asterisks represent statistically significant differences of morpholino treatment within a given dose as determined by a two-way ANOVA followed by a Holm–Sıd́ák
post hoc test (n=16–25; *P<0.05).
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to a >80% reduction in Aldh7a1 protein expression in 4 dpf
zebrafish larvae, yet the levels of P6C were unchanged compared
with levels in sham-injected larvae. However, P6C was found to
accumulate in aldh7a1 null mutants compared with wild-type larvae
(Pena et al., 2017). The authors concluded that this difference in
P6C accumulation between morphants and mutants is likely due to
the high catalytic efficiency of antiquitin for its substrate, such that
normal physiological function is maintained even when protein
expression is reduced by >80% (Pena et al., 2017). Therefore,
protein/enzyme affinity/efficiency is certainly an important feature
of physiological systems to bear in mind when interpreting results from
partial knockdown of target proteins. This example highlights that, in
some instances, complete knockout is the only way to assess gene or
protein function in physiological systems, and that maintenance of
normal phenotypes in response to partial knockdown should be
interpreted cautiously.

Should knockdown approaches continue to be used in
comparative physiology?
Knockdown approaches have been used in comparative
physiology research for over a decade, and their use continues
today (Table 1). These studies have undoubtedly advanced our
understanding of various physiological systems, yet the current
view in the zebrafish community for morpholinos is that
knockdown reagents should be limited to instances where the
reagent can be tested in a null mutant background (Schulte-
Merker and Stainier, 2014; Lawson, 2016; Stainier et al., 2017).
Indeed, this important control has demonstrated that some
morphant and RNAi-induced phenotypes can be recapitulated
in null mutants lacking the gene target (Baek et al., 2014; Kok
et al., 2015; Song et al., 2015; Jahangiri et al., 2016; Liu et al.,
2017). While we agree that administration of knockdown
reagents in a null background is the most definitive way to
prove knockdown specificity, many researchers in comparative
physiology work with non-model organisms (Table 1) for which
mutant lines may not exist. Furthermore, generation time and
husbandry of some species would make it impractical or
impossible to establish mutant founder lines. Indeed, the
production of mutant lines in zebrafish can take over a year
(Box 2), and this species has a relatively short generation time
(∼2–3 months). Therefore, we strongly believe that eliminating
knockdown experiments as an acceptable approach will limit
progress in the field of comparative physiology, in agreement
with the sentiment raised previously for developmental research
(Blum et al., 2015).
The prevalence of off-target phenotypes arising from knockdown

approaches, in particular morpholinos, may have been
overestimated in the literature, but these reagents can still produce
off-target effects even when reagents and experiments are carefully
designed and controlled. However, if researchers in comparative
physiology follow some of the earlier guidelines developed for
morpholinos and RNAi (Cullen, 2006; Eisen and Smith, 2008) such
as: (1) confirmation of knockdown at the transcript or protein level;
(2) the use of multiple antisense reagents designed to target the same
gene to demonstrate phenotype specificity; (3) concomitant
treatment with an antisense reagent control that does not target
any gene within the host genome; and (4) careful titration of dose to
the lowest causing target knockdown, rather than overt phenotype,
we believe that knockdown results should still be admissible in peer-
reviewed journals. It is important to bear in mind, however, that
without the ability to confirm specificity in a mutant background,
results from even the most carefully conducted knockdown

experiments should be interpreted with caution. While the advent
of simple and precise gene editing technologies such as CRISPR/
Cas9 has revolutionized LOF approaches, it is clear that knockdown
approaches will continue to be used in comparative physiology
(Table 1). We advocate that carefully executed and interpreted
knockdown experiments in comparative physiology, alongside
knockout experiments when possible, will be important for
maintaining progress in our understanding of gene function in
physiological systems.

Appendix
Generation of rhcgb−/− null mutant zebrafish
Expression of rhcgb (formerly rhcg1; NCBI gene accession:
NM_001320382.1) was knocked out using CRISPR/Cas9. A sgRNA
was synthesized using a cloning-free method described previously
(Talbot and Amacher, 2014), and the guide sequence of the
sgRNA which was specific to a region of exon 1 of rhcgb
(GGGCAACTGCTTCGGCTCCA) was designed using CHOPCHOP
(Montague et al., 2014; Labun et al., 2016). sgRNA size and qualitywere
verified by gel electrophoresis, and RNA concentration was determined
spectrophotometrically following purification (RNeasy mini kit,
QIAGEN). Cas9 mRNA was synthesized from zebrafish codon-
optimized Cas9 (pCS2-nls-zCas9-nls; Jao et al., 2013) using
mMESSAGE mMACHINE SP6 kit (Invitrogen). Following
purification (RNeasy Mini kit, Qiagen), mRNA size and quality was
checked by gel electrophoresis and concentration was determined
spectrophotometrically.

One-cell stage embryos were injected with 1 nl injection solution
containing 150 pg Cas9 mRNA, 50 pg sgRNA and 0.01% Phenol
Red suspended in Danieau buffer (Nasevicius and Ekker, 2000).
Embryos were reared to sexual maturity (60–90 dpf) and mutants in
this adult F0 population were identified through DNA extraction of
fin clips and Sanger sequencing (Genome Quebec, McGill
University, Montreal, Canada), which confirmed that a portion
(∼80%) of the embryos had a mutated rhcgb gene. A mutant line
was then established following the protocol outlined in Box 1 using
founders carrying a 1 bp insertion 3 bp upstream of the PAM.
Effective knockout of rhcgb was confirmed by whole-mount
immunohistochemistry using an antibody and methods described
previously (Nakada et al., 2007).

Morpholino knockdown
One-cell stage embryos were injected with either sham (standard
control) morpholino (Gene-Tools, LLC, Philomath, OR,
USA; 5′-CCTCTTACCTCAGTTACAATTTATA-3′), which has
no biological target in zebrafish, or a translation-blocking
morpholino that targeted the translation start site of rhcgb (5′-
CAGTTGCCCATGTCTACAGCTTGAG-3′; Shih et al., 2012)
diluted in Danieau buffer and 0.01% Phenol Red. Effective
knockdown of Rhcgb was confirmed by whole-mount
immunohistochemistry.
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