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Abstract CRISPR/Cas, as a simple, versatile, robust and cost-effective system for genome manipulation, has
dominated the genome editing field over the past few years. The application of CRISPR/Cas in crop
improvement is particularly important in the context of global climate change, as well as diverse
agricultural, environmental and ecological challenges. Various CRISPR/Cas toolboxes have been
developed and allow for targeted mutagenesis at specific genome loci, transcriptome regulation and
epigenome editing, base editing, and precise targeted gene/allele replacement or tagging in plants. In
particular, precise replacement of an existing allele with an elite allele in a commercial variety through
homology-directed repair (HDR) is a holy grail in genome editing for crop improvement as it has been
very difficult, laborious and time-consuming to introgress the elite alleles into commercial varieties
without any linkage drag from parental lines within a few generations in crop breeding practice.
However, it still remains very challenging in crop plants. This review intends to provide an informative
summary of the latest development and breakthroughs in gene replacement using CRISPR/Cas tech-
nology, with a focus on achievements, potential mechanisms and future perspectives in plant biological
science as well as crop improvement.

Keywords CRISPR/Cas, Gene targeting (GT), Gene/allele replacement, Genome editing, Homology-directed repair
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INTRODUCTION

Natural variations among crop cultivars, landraces and
their wild relatives provide the genetic diversity
essential for plant breeding and crop improvement.
Molecular genetic studies have identified genes
responsible for controlling many agriculturally impor-
tant traits such as shoot branching, tiller number,
flowering time, grain number, grain size, nutrient use
efficiency, and resistance to both abiotic and biotic
stresses (Ashikari and Matsuoka 2006; Ashkani et al.
2015; Hao and Lin 2010; Hori et al. 2016; Liu et al.

2014; Mai et al. 2014; Xu et al. 2016). Allelic differences,
which have been selected during domestication and
subsequent improvements, account for major differ-
ences in crop yield and other agriculturally important
traits. The most valuable alleles, which are usually
derived from local landraces or related species or even
orthologs from other plant species, are often caused by
differences of one or several single-nucleotide poly-
morphisms (SNPs), or defined insertion/deletions (in-
dels) of a gene fragment in either promoter region or
gene’s encoding region. Harnessing the genetic diversity
and introduction of the elite alleles into commercial
cultivars has been a major goal in crop breeding pro-
grams. Generally, it will take the crop breeders up to
10 years to introduce just one elite allele into& Correspondence: xialanqin@caas.cn (L. Xia)
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commercial cultivars by crossing and back-crossing. In
addition, it is very difficult to remove any undesired
genes/agronomic traits derived from the parental lines
by crossing if they are closely linked to the target genes.
Thus, it will greatly accelerate crop improvement if we
can introduce the elite alleles from landraces or the
related species into the commercialized crop variety
without introducing unwanted gene or DNA fragments.

The clustered regularly interspaced short palin-
dromic repeat (CRISPR)/CRISPR-associated protein
(Cas) (CRISPR/Cas) enables robust genome editing and
has revolutionized both functional genomics and crop
improvement. The CRISPR/Cas system which evolved as
an adaptive immune response in bacteria and archaea to
defend against invading viral and plasmid DNAs
(Sampson et al. 2013; Sorek et al. 2013; Terns and Terns
2011), has been developed to cleave targeted specific
gene locus of interest to generate double-stranded DNA
breaks (DSBs) in various organisms including plants
(Bogdanove and Voytas 2011; Dana 2011; Feng et al.
2013; Jinek et al. 2012; Mali et al. 2013). The so far
exploited CRISPR/Cas systems were mainly classified
into two classes that have been further subdivided into
six types based on their characteristics (Burstein et al.
2016; Harrington et al. 2018; Liu et al. 2019; Makarova
et al. 2015; Shmakov et al. 2015, 2017; Yan et al. 2019).
For Class II Cas proteins, only few Cas proteins are
enough to initiate the DNA cleavage. The specificity of
Cas-directed DNA cleavage is strictly determined by a
chimeric single guide RNA (sgRNA) and a short proto-
spacer adjacent motif (PAM) in the genome (Cong et al.
2013; Zetsche et al. 2015). The Cas protein can induces
DSBs at specific target gene sites in the genome, which
are determined by the binding specificity of the DNA-
binding domain and guide RNA (gRNA). DSBs are
repaired by the error-prone non-homologous end join-
ing (NHEJ) pathway or the precise homology-directed
repair (HDR), or both NHEJ and HDR (Cong et al. 2013;
Danner et al. 2017; Jinek et al. 2012; Puchta 1998;
Zetsche et al. 2015). NHEJ is an imprecise repair path-
way and frequently introduces random small deletions
or insertions at the junction of the newly rejoined
chromosome. Therefore, NHEJ is widely used in gener-
ating the loss-of-function knock-out mutants (Fig. 1).
HDR is an alternative pathway of repairing a broken
chromosome. HDR is a precise repair pathway and is
stimulated by availability of the homologous DNA repair
template (DRT) surrounding a DSB (Jasin and Haber
2016; Puchta 1998) (Fig. 1). HDR or homologous
recombination-based gene targeting (GT) is a powerful
tool for targeted allele/gene replacement or precise
genome modifications such as tagging of genes of
interest, and has been widely used in organisms ranging

from yeast to mammalian cells (Table 1) (Chan-
drasegaran and Carroll 2016; Dahan-Meir et al. 2018;
Hinnen et al. 1978; Thomas and Capecchi 1987). How-
ever, up to date, few successful reports have been doc-
umented in plants, especially in crops. Conducting HDR
has been difficult, especially in plants, for four main
reasons: (1) NHEJ is the predominant pathway for DSBs
repair in somatic cells, while HDR is mainly active in the
late S and G2 phase of the cell cycle (Hiom 2010; Puchta
and Fauser 2014); (2) NHEJ competes with the HDR
pathway. Therefore, the frequency of HDR is much lower
than NHEJ (Puchta and Fauser 2014; Sun et al. 2016a;
Symington and Gautier 2011); (3) timing the induction
DSBs on the target gene to coincide with the delivery of
sufficient donor repair template (DRT) is crucial for
successful HDR events (Endo et al. 2016); (4) limited
DRT delivered into plant cells for HDR (Li et al. 2019).

As a simple, versatile, robust and cost-effective sys-
tem for genome manipulation, CRISPR/Cas has domi-
nated the genome editing field in various organisms
including plants over the past few years. The application
of CRISPR/Cas in crop improvement is particularly
important in the context of global climate change, as
well as in the face of diverse agricultural, environmental
and ecological challenges. So far, various CRISPR/Cas
toolboxes have been developed and allow for generation
of targeted mutagenesis at specific genome loci, tran-
scriptome regulation and epigenome editing, base edit-
ing, and precise targeted gene/allele replacement or
tagging in plants. However, it is worth mentioning that if
the elite allele is conferred by loss-of-function mutations
such as IPA or dep-1 (Li et al. 2016), these alleles can be
easily introduced in a cultivar through CRISPR/Cas9-
mediated NHEJ. In fact, the majority of gene editing
reports in crop plants were using NHEJ to generate loss-
of-function mutations (Belhaj et al. 2013; Gao and Zhao
2014; Jiang et al. 2013b; Mao et al. 2013; Miao et al.
2013; Tang et al. 2017; Weeks et al. 2016; Xie and Yang
2013). Furthermore, single point mutations in crop
plants such as C�G to T�A substitution or A�T to G�G
substitution can also be generated through cytosine or
adenine base editors using deaminase-dCas9 or deami-
nase-nCas9 fusions. However, base editing is often
constrained by the distance between the targeted base
and PAM sequences (Komor et al. 2016; Li et al. 2017;
Lu and Zhu 2017; Shimatani et al. 2017). Besides, severe
off-target effects of cytosine base editor and adenine
base editor were observed both at DNA and RNA levels
in cells although these may not have a major impact on
crop genome editing (Jin et al. 2019; Zuo et al. 2019).
Ideally, we hope to develop capacity to replace any DNA
fragments in crops with a desired version, thus allowing
us to quickly introduce elite alleles into commercial
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cultivars. However, it has been very difficult, labor-in-
tensive and time-consuming to introgress these elite
alleles into commercial varieties within a few genera-
tions in crop common breeding practice. CRISPR/Cas-
mediated HDR of DSBs potentially provides us such a
capability for introducing the elite alleles into com-
mercial lines within 2–3 generations without introduc-
ing undesirable genes or traits. Thus, precise
replacement of an existing allele with an elite allele in
commercial variety is a holy grail in crop breeding and
genetic improvement. Herein, we provide an informative
summary of the latest development and breakthroughs
in HDR for gene replacement or GT in plants using
CRISPR/Cas technology and its potential repair under-
lying mechanisms. In addition, we discuss the possible
factors affecting HDR as well as the challenges and
future prospects in implementing precise gene
replacement/modification for crop improvement
through CRISPR/Cas technology.

CRISPR/CAS 9-MEDIATED HDR IN PLANTS

CRISPR/Cas9, belonging to the class II-type II CRISPR/
Cas system, is a RNA-guided endonuclease that targets
DNA sites through nucleotide base pairing (Fig. 1). It

consists of a single gene encoding the Cas9 protein and
two RNAs, a mature CRISPR RNA (crRNA) and a par-
tially complementary trans-activating crRNA
(tracrRNA). The crRNA: tracrRNA complex together
with the Cas9 protein cleave the short sequences in
genome DNA adjacent to PAM to produce a DSB. A
crRNA and a tracrRNA are then bioengineered into one
guide RNA molecule sgRNA (Fig. 1), which makes
CRISPR systems easier to utilize (Jinek et al. 2012).
Because of its specificity, simplicity, and versatility,
CRISPR/Cas9 has been successfully applied in genome
editing in many organisms including plants (Table 1)
(Cong et al. 2013; Feng et al. 2013; Gao and Zhao 2014;
Ma et al. 2015; Ole et al. 2014; Sun et al. 2016b; Xie and
Yang 2013). However, the majority studies in reported
genome editing were to generate gene knock-outs via
NHEJ (Fig. 1, Table 1) (Cong et al. 2013; Endo et al.
2016; Gil-Humanes et al. 2017; Hwang et al. 2013; Jiang
et al. 2013a; Miao et al. 2013; Voytas and Gao 2014; Xie
et al. 2014). The CRISPR/Cas9 system has also been
successfully used for gene replacement or knock-in in
plants, albeit at a very lower frequency and fewer suc-
cessful reports (Fig. 1, Table 1) (Baltes et al. 2014;
Begemann et al. 2017; Butler et al. 2016; Butt et al.
2017; Čermák et al. 2015; Dahan-Meir et al. 2018; De
Pater et al. 2018; Endo et al. 2006, 2016; Fauser et al.

Fig. 1 Two major pathways underlying the repair of DSB induced by CRISPR/Cas. There are two major pathways underlying the repair of
double-stranded break (DSB) induced by CRISPR/Cas (Cas9 or Cas12a). One is a error-prone non-homologous end joining (NHEJ)
pathway, which generally generates random indels for knock-out mutagenesis. Another one is homology-directed repair (HDR), which is a
precise repair pathway and is generally used for targeted gene/allele replacement or knock-in
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Table 1 HDR in diverse plant species by CRISPR/Cas system

Plant
species

Target
gene

Nucleases Donor Transformation Selection References Note

Arabidopsis ADH1 Cas9 A kanamycin (nptII)
resistance cassette

Agrobaterium Kanamycin Schiml et al.
(2014)

Arabidopsis ROS1/
DME

Cas9 GFP cassette/DME with
mutant sites

Agrobaterium Hygromycin Miki et al.
(2018)

AtDD45
promoter

Arabidopsis ALS Cas9 Acetolactate synthase (ALS)
with mutant sites

Agrobaterium Imazapyr Wolter et al.
(2018)

EC1.1
promoter

Arabidopsis ALS LbCas12a Acetolactate synthase (ALS)
with mutant sites

Agrobaterium Imazapyr Wolter and
Puchta
(2019)

EC1.1
promoter

Maize ALS2 Cas9 Acetolactate synthase (ALS)
gene with mutant sites

Bombardment Chlorsulfuron Svitashev
et al.
(2015)

Maize ARGOS8 Cas9 ARGOS8 promoter
sequences

Bombardment Phosphomannose
isomerase
(PMI)

Shi et al.
(2017)

Tobacco ALS Cas9 BeYDV replicons-a
kanamycin resistance
cassette

Agrobaterium Kanamycin Baltes et al.
(2014)

Replicon

Tomato ANT1 Cas9 BeYDV replicons-
anthocyanin mutant 1
(ANT1) and a neomycine
phosphotransferase II
(NPTII) expression
cassette

Agrobaterium Kanamycin Čermák
et al.
(2015)

Replicon

Tomato ALC Cas9 ALC with mutant site Agrobaterium Hygromycin Yu et al.
(2017)

Tomato crtiso Cas9 BeYDV replicons-crtiso with
mutant sites

Agrobaterium Kanamycin Dahan-Meir
et al.
(2018)

Replicon

Tomato ANT1 LbCas12a BeYDV replicons-
anthocyanin mutant 1
(ANT1) and a neomycine
phosphotransferase II
(NPTII) expression
cassette

Agrobaterium Kanamycin Vu et al.
(2019)

Replicon

Potato ALS Cas9 BeYDV replicons-ALS with
mutant sites

Agrobaterium Kanamycin Butler et al.
(2016)

Replicon

Soybean DD20 Cas9 Hygromycin
phosphotransferase (HPT)
gene expression cassette

Bombardment Hygromycin Li et al.
(2015)

EFLA2
promoter

Soybean DD43 Cas9 Hygromycin
phosphotransferase (HPT)
gene expression cassette

Bombardment Hygromycin Li et al.
(2015)

EFLA2
promoter

Cassava EPSPS Cas9 5-Enolpyruvylshikimate-3-
phosphate synthase
(EPSPS) with mutant sites

Agrobaterium Glyphosate Hummel
et al.
(2018)

NHEJ

Rice ALS Cas9 Acetolactate synthase (ALS)
with mutant sites

Bombardment Bispyribac (Sun et al.
2016b)

Rice ALS Cas9 Acetolactate synthase (ALS)
with mutant sites

Agrobaterium Bispyribac Endo et al.
(2016)

DNA ligase
4 knock
out

Rice GST Cas9 WDV replicons-GFP cassette Agrobaterium Hygromycin Wang et al.
(2017a)

replicon

Rice ALS Cas9 Acetolactate synthase (ALS)
with mutant sites

Agrobaterium Bispyribac (Butt et al.
2017)

RNA and
DNA
repair
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2012; Gil-Humanes et al. 2017; Hahn et al. 2018; Li et al.
2015, 2018a; Miki et al. 2018; Paix et al. 2017; Sauer
et al. 2016; Schiml et al. 2014; Shan et al. 2018; Shi et al.
2017; Sun et al. 2016a; Svitashev et al. 2015; Wang et al.
2017a; Wolter et al. 2018; Wolter and Puchta 2019; Yu
et al. 2017). As listed in Table 1, a resistance cassette
was integrated into the Alcohol Dehydrogenase (ADH1)
locus in Arabidopsis via CRISPR/Cas-mediated HDR
(Table 1) (Schiml et al. 2014). ALS (acetolactate syn-
thase) gene encodes a key enzyme for the biosynthesis
of branched chain amino acids including leucine, iso-
leucine and valine, and is a major target for a class of
ALS inhibiting herbicides such as chlorsulfuron and
bispyribac sodium (BS) (Mazur et al. 1987). Chlorsul-
furon-resistant maize plants were generated by substi-
tution of proline 165 with serine in the ALS2 gene using
either single-stranded oligonucleotides (SSON) or dou-
ble-stranded DNA vectors as DRT via CRISPR/Cas9
(Svitashev et al. 2015). To enrich the availability of DRT
for HDR, an all-in-one vector which includes all com-
ponents such as Cas9, two gRNAs and DRT, co-bom-
barded with a free DRT fragment, enabled efficiently
introduction of multiple discrete point mutations in the
rice ALS gene through CRISPR/Cas9-mediated HDR.
Precise replacement of the wild-type ALS gene with the
intended mutant version that carries two discrete point
mutations at 548 and 627 sites confers rice plants
higher level of herbicide resistance (Sun et al. 2016b).
Precise editing of ALS gene in rice was also successful
through sequential Agrobacterium-mediated transfor-
mation, albeit at a very low efficiency (Endo et al. 2016).
Besides, precise modifications of the ALS gene or
5-enolpyruvylshikimate-3-phosphate synthase (EPSPS)
gene in maize, soybean, and flax through CRISPR/Cas9-
mediated HDR have also been reported although the
HDR events occurred at a very low frequency (Sauer

et al. 2016; Svitashev et al. 2015). In rice, a vector
harboring the CRISPR/Cas9 components and DRT, by
co-bombarding with the free DRT, was used to replace
the intron region of EPSPS gene to generate the gly-
phosate-resistant rice plants. However, no homozygous
lines were obtained even following segregation, because
the authors proposed that the homozygous, precisely
edited lines with modified EPSPS are lethal to the
growth of rice plants (Li et al. 2016). Agrobacterium-
mediated transformation method was also used for
obtaining ALC (alcobaca) gene replacement in tomato, in
absence and presence of the homologous repair tem-
plate, and high replacement efficiency (7.69%) was
achieved in T0 transgenic plants, respectively (Yu et al.
2017). In maize, the native GOS2 promoter, which con-
fers a moderate level of constitutive expression, was
inserted into the 50-untranslated region (UTR) of the
native ARGOS8 gene or was used to replace the native
promoter of ARGOS8. Compared to the wild type, the
developed ARGOS8 variants increased the grain yield by
five bushels per acre under stress conditions and had no
yield loss under well-watered conditions in field,
demonstrating the utility of the CRISPR/Cas9 system in
generating novel allelic variations for breeding drought
tolerant crops (Shi et al. 2017). By coupling Cas9 with a
chimeric single-guide RNA (cgRNA) molecule carrying
both sequences for generating the double-strand breaks
(sgRNA) and DRT to direct HDR, gene replacement of
ALS gene in rice was achieved by CRISPR/Cas9 (Butt
et al. 2017). In our previous study, we successfully
replaced of an NRT1.1B allele in japonica rice with an
elite allele from indica rice, which is related to improved
nitrogen use efficacy, in just one generation using
CRISPR/Cas9-mediated HDR (Li et al. 2018a). A
sequential transformation method has been developed
for GT in Arabidopsis. The parental lines expressing the

Table 1 continued

Plant
species

Target
gene

Nucleases Donor Transformation Selection References Note

Rice CAO FnCas12a/
LbCas12a

Chlorophyllide-a oxygenase
(CAO) with mutant sites

Bombardment Hygromycin Begemann
et al.
(2017)

Rice NRT1.1B Cas9 Nitrate transceptor NRT1.1B
with mutant sites

Bombardment Hygromycin Li et al.
(2018a)

Rice ALS LbCas12a Acetolactate synthase (ALS)
with mutant sites

Bombardment Bispyribac Li et al.
(2018b)

Rice ALS LbCas12a Acetolactate synthase (ALS)
with mutant sites

Bombardment Bispyribac Li et al.
(2019)

RNA and
DNA
repair

Wheat Ubiquitin Cas9 WDV replicons-GFP cassette Bombardment GFP Gil-
Humanes
et al.
(2017)

Replicon
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Cas9 from the egg cell- and early embryo-specific DD45
gene promoter can improve the frequency of gene
knock-ins and gene replacements via HDR at several
endogenous sites in the Arabidopsis genome (Miki et al.
2018).

MANIPULATING THE GEMINIVIRAL REPLICONS
TO ENRICH THE DRT AVAILABILITY AND IMPROVE
HDR EFFICIENCY IN PLANTS

One of the major factors leading to the low efficiency of
HDR for GT is the limited DRT delivered into plant cells
for repair of DSBs (Baltes et al. 2014). Geminivirus
replicons (GVR) have been used to overcome the
obstacles of delivering sufficient DRTs into plant cells
for CRISPR/Cas9-mediated HDR in tobacco, tomato, rice
and wheat (Table 1) (Baltes et al. 2014; Butler et al.
2016; Čermák et al. 2015; Dahan-Meir et al. 2018; Gil-
Humanes et al. 2017; Wang et al. 2017a). For example,
in tobacco, bean yellow dwarf virus (BeYDV) replicons
based HDR strategy enhanced GT frequencies one to
two orders of magnitude over conventional Agrobac-
terium T-DNA (Baltes et al. 2014). GVR were also used to
create heritable modifications to the tomato genome at
frequencies tenfold higher than traditional methods of
DNA delivery through Agrobacterium transformation. A
strong promoter was inserted upstream of a gene an-
thocyanin 1 (ANT1) controlling anthocyanin biosynthe-
sis, resulting in overexpression and ectopic
accumulation of pigments in tomato tissues. In this
particular case, both the pigmentation and integrated
selection marker neomycine phosphotransferase II
(NPTII) expression cassette facilitated the identification
and analysis of the HDR events (Čermák et al. 2015).
Using the wheat dwarf virus (WDV) replicons carrying
CRISPR/Cas9 nucleases and DRT, HDR events were
achieved at an endogenous ubiquitin locus at frequen-
cies 12-fold greater than non-viral delivery methods.
Knock-in a promoter-less T2A: GFP sequence into the
third exon of the ubiquitin gene in all three of the
homoeoalleles (A, B and D) of the hexaploid wheat
genome was achieved within the same cell at frequen-
cies of around 1%. However, no stable precisely
edited wheat plants have been obtained (Gil-Humanes
et al. 2017). Using WDV replicon and the DRTs with
GFP-2A-NPTII cassette flanked by two homology
arms (* 500 bp) for targeting endogenous Actin-1
(ACT1) or glutathione S-transferase gene (GST) locus
in rice, 12 out of 62 (19.4%) transgenic plants and 6 out
of 78 (7.7%) plants had incorporated the GFP-2A-NPTII
cassette in the predicted rice genomic loci (Wang
et al. 2017a). The carotenoid isomerase (CRTISO)

and phytoene synthase 1 (PSY1) genes from the car-
otenoid biosynthesis pathway were chosen as targets
due to their easily detectable change of phenotype. By
taking advantage of the geminiviral replicon amplifica-
tion as a means to provide a large amount of donor
template for the repair of DSBs, a fast-neutron-induced
carotenoid isomerase (CRISTO) gene allele containing a
281 bp deletion was repaired with the wild-type allele
through HDR at an efficiency of 25% (Dahan-Meir et al.
2018). In above reports, we noticed that the either gene
replacement or knock-in events provided either addi-
tional antibiotic resistance selection and/or visible
marker (such as GFP) to enrich or facilitate the identi-
fication of precise HDR events. It remains to improve the
HDR efficiency in the absence of selection markers or
reporters/visible markers through this replicon-based
HDR technology. However, it is worth mentioning that
enrichment of the homology repair template via GVR
was inefficient for HDR in Arabidopsis and failed to
improve GT efficiency (De Pater et al. 2018; Hahn et al.
2018; Shan et al. 2018). For example, similar numbers
of GT events were obtained with or without use of bean
yellow dwarf virus (BeYDV) GVR when modifying the
endogenous PPO gene through HDR using a 50 trun-
cated PPO gene with two amino acid substitutions as a
repair template (De Pater et al. 2018). In an experiment
of restoring trichome formation in a glabrous Ara-
bidopsis mutant by repairing a defective glabrous1 gene
through HDR, enrichment of the homology repair tem-
plate by GVR did not result in GT events (Hahn et al.
2018). While GVR increased somatic GT frequency to
knock-in of GFP at the Cruciferin 3 locus in Arabidopsis,
similar GT events and patterns were observed in ger-
minal cells with or without GVR (Shan et al. 2018).

CRISPR/CAS12A-MEDIATED HDR IN PLANTS

CRISPR/Cas12a (CRISPR from Prevoltella and Fran-
cisella 1, also named as Cpf1), a new class II-type V
CRISPR/Cas system, was recently exploited as an
alternative to SpCas9 in genome editing (Fonfara et al.
2016; Gao et al. 2017; Kim et al. 2016, 2017; Li et al.
2018b, d, 2019; Tang et al. 2017; Wang et al. 2017b; Xu
et al. 2017; Zetsche et al. 2015, 2017; Zhong et al. 2018).
Cas12a recognizes the ‘TTTN’ PAM complementary with
the popular SpCas9 system (‘NGG’ PAM), which enables
editing AT-rich regions such as 50 and 30 UTR and pro-
motor region (Zetsche et al. 2015). Cas12a is only gui-
ded by a single * 43 nt crRNA, which is 60 nt less than
Cas9 sgRNA, making it more suitable for packaging into
vectors (Zetsche et al. 2015). Thus, CRISPR/Cas12a
system is emerging as an attractive tool for editing AT-
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rich regions (Begemann et al. 2017; Tang et al. 2017;
Wang et al. 2017b). However, the gene editing efficiency
of CRISPR/Cas12a is relatively low compared with
CRISPR/Cas9, and many methods have been used to
improve its editing efficiency including high tempera-
ture treatment (Lin et al. 2018; Malzahn et al. 2019;
Moon et al. 2018). FnCas12a and LbCas12a nucleases, in
the presence of a guide RNA and DRT flanked by
homology DNA fragments to the target site, were
demonstrated to generate precise gene insertions as
well as indel mutations at the target site in the rice
genome. The frequency of targeted insertion for these
Cas12a nucleases reached up to 8%, higher than most
other genome editing nucleases, indicative of its effec-
tive enzymatic chemistry (Table 1) (Begemann et al.
2017). Also, co-delivery of CRISPR/Cas12a ribonucleo-
proteins (RNP) with single-stranded DRT results in
precise and targeted DNA replacement with as much as
* 10% efficiency in C. reinhardtii. As the direct delivery
of gene-editing reagents bypasses the use of transgenes,
this method is potentially applicable to a wider range of
species without the need to develop methods for
stable transformation (Table 1) (Ferenczi et al. 2017). In
addition, co-delivery of all-in-one CRISPR/Cas12a vector
and free DRT through bombardment, enabled us to
precisely replace the wild-type ALS gene with the
intended mutant version that carries two discrete point
mutations conferring rice plants herbicide resistance in
our previous study albeit at a relatively lower efficiency
(Table 1) (Li et al. 2018b). It is worth mentioning that
although co-delivery of the free DRT fragment enriches
the DRT availability and thus enhances the occurrence of
HDR, and DRT itself is not harmful, random integration
of this DRT fragment into the genome may raise bio-
safety concerns. RNA transcripts-templated homology-
directed DNA repair (TT-HDR) potentially can overcome
the obstacles in delivery of DRT into plant cells to repair
DSBs through HDR because RNA transcripts can be
produced abundantly in vivo. However, primary tran-
scripts are often processed, modified and transported to
cytosol, rendering them unavailable for HDR. TT-HDR
has been previously used in yeast and human cells (Derr
et al. 1991; Keskin et al. 2014; Nowacki et al. 2007;
Storici et al. 2007), but not in plant cells until recently.
In our previous study, we coupled LbCas12a with a
single array comprising of the crRNAs flanked with
ribozymes and a DRT flanked with either ribozymes or
crRNA targets. The primary transcripts from the arrays
underwent self-processing to release the crRNAs and
DRT inside the nucleus. Using TT-HDR and DNA-free
ribonucleoprotein (RNP) complexes, we achieved tar-
geted gene replacement in rice, greatly expanding our
ability to improve agriculturally important traits in

crops through CRISPR/Cas12a-mediated HDR technol-
ogy (Li et al. 2019). LbCas12a has recently also been
reported to work well in HDR in Arabidopsis and tomato
(Wolter and Puchta 2019; Vu et al. 2019). In Ara-
bidopsis, LbCas12a successfully mediated GT of ALS
gene, and the GT frequencies were higher than that of
SaCas9, which greatly broadens the range of in planta
gene targeting (ipGT) in AT rich regions (Wolter and
Puchta 2019). In tomatoes, coupling a CRISPR/
LbCas12a system with a multiple replicon system rather
than a single-replicon system effectively increased HDR
efficiency in approximately 3-fold, especially at higher
temperatures (Vu et al. 2019).

POTENTIAL MECHANISMS UNDERLYING HDR

Efficient repair of DSB is important for maintaining
genomic stability and survival of organisms. Compared
with NHEJ, HDR is an accurate repair process. It repairs
DNA DSBs using a homologous DNA sequences as
template. Based on its repairing characters, HDR has
been used for targeted elite allele replacement or knock-
in specific genes or markers/tags to target loci. The
repair mechanism of DSBs is basically conservative from
yeast to plants and animals. Upon availability of a
homologous template, three main potential mechanisms
have been proposed for HDR: single-strand annealing
(SSA), synthesis-dependent strand annealing (SDSA),
and the so-called double-strand break repair (DSBR)
model (Fig. 2) (Puchta 1998; Puchta and Fauser 2013).

During SSA, both ends of the DSB carry comple-
mentary sequences. These molecules can then anneal to
one another to form a chimeric DNA molecule with the
30-overhangs be trimmed. Consequently, the sequences
between the complementary sequences will be lost.
Therefore, SSA is also classified as a non-conservative
HDR-mediated DSB repair mechanism (Puchta and
Fauser 2013) (Fig. 2). In somatic cells, SSA can proceed
as efficient as NHEJ (Knoll et al. 2014). In the cases of
DSBR and SDSA, the homologous repair template can be
supplied in cis or in trans. Following the DSB induction,
30-end invasion of a single strand into a homologous
double strand occurs, resulting in a D-loop. Reparative
synthesis is initiated using the newly paired strand as a
template. In DSBR, DNA synthesis occurs at both broken
ends, respectively, so that genetic information is copied
from both strands of the homologous sequences,
respectively, which may lead to a crossover event
(Puchta and Fauser 2013) (Fig. 2). DSBR is a prominent
mechanism for meiotic recombination (Osman et al.
2011). In SDSA, both sides of the DSB is resected and
processed to generate 30 overhangs by stable complex
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Mre11–Rad50-Xrs2 (MRX) (Andrej and Miroslav 2004).
Subsequently, Rad51 protein binds to the 30 overhangs.
The 30 overhangs are then paired with the homologous
arms of the DRT and are extended by DNA synthesis
using the DRT as a template (Symington 2002). Then,
the newly synthesized strands withdraw from the DRT
and anneal back to the locus (Paix et al. 2017; Puchta
and Fauser 2014). SDSA has been proposed as a major
repair mechanism when the single-stranded oligo DNA
nucleotides (ssODNs) are used as DRT (Kan et al. 2017;
Paquet et al. 2016; Richardson et al. 2016). The repair
process of DSBs generated by Cas nucleases is more
consistent with SDSA when either ssODNs or dsDNAs is
used as repair templates in human cells (Paix et al.
2017) (Fig. 2). In our previous study, we provided evi-
dence of SDSA repair of Cas12a-induced DSBs, which
enables us to precisely replace the wild-type ALS gene
with the intended mutant version that carries two dis-
crete point mutations conferring rice plants herbicide
resistance. Our observation that the DRT with only left
homologous arm is sufficient for precise targeted allele
replacement offers a better understanding of the
mechanism underlying HDR in plants (Table 1) (Li et al.
2018b).

EXPLOITING DIVERSE STRATEGIES TO IMPROVE
HDR EFFICIENCY

Targeted genomic manipulation by nucleases can effi-
ciently generate knock-out cells and organisms via
NHEJ, but the efficiency of precise sequence replace-
ment by HDR is substantially low (Doudna and Emma-
nuelle 2014; Jiang and Marraffini 2015). As listed in the
following, diverse strategies have been exploited to
improve HDR frequency.

The first strategy is to manipulate the major com-
ponents involved in either NHEJ or HDR pathways in
plant cells. In the process of DSBs, NHEJ is the pre-
dominant pathway. Over the past several years, various
approaches have been tested by suppressing the com-
ponents involved in NHEJ pathway or overexpressing
the components involved HDR pathway to enhance the
occurrence of HDR in plants. In Arabidopsis, a fivefold to
16-fold enhancement in HDR-based GT in a ku70
mutant and a threefold to fourfold enhancement in GT
in the DNA ligase 4 (lig4) mutant compared with in wild
type were achieved when using a ZFN nuclease (Qi et al.
2013). Similarly, when gRNA targeting lig4 was trans-
formed with Cas9 prior to the GT experiment in rice, GT
efficiency increased and more than one line exhibiting
bi-allelic GT at the ALS locus was obtained (Table 1)
(Endo et al. 2016). Moreover, HDR at a defined locus

carrying an endogenous nuclear marker gene was
stimulated at least tenfold in transgenic plant cells
expressing nucleus-targeted RecA. The stimulation of
intrachromosomal recombination demonstrates that
Escherichia coli RecA protein is functional in genomic
homologous recombination in plants, especially when
targeted to the plant nucleus (Reiss et al. 1996). In
tobacco, expression of a bacterial RecA protein in plants
stimulates homologous recombination. And the number
of DSBs that were repaired at both sides by homologous
recombination was increased 3.3-fold (Reiss et al.
2000). In Arabidopsis, expression of the yeas-
t RAD54 gene can enhance GT in plants (Shaked et al.
2005). RAD54 expression under the egg apparatus-
specific enhancer (EASE) led to an approximately ten-
fold increase in HDR for GT efficiency in Arabidopsis,
when compared with wild-type plants (Even-Faitelson
et al. 2011).

The second strategy is to optimizing the design of
DRTs. (1) Orientation of the donor. Donor DNA comple-
mentary to the non-target strand stimulated HDR fre-
quencies and is more effective than donor
complementary to the target strand (Lin et al. 2014;
Richardson et al. 2016; Yang et al. 2013). (2) Homology
arm (HA) length of the donor. For editing large pieces,
double stranded DNAs with relatively long homology
arms are required to achieve relatively high efficiency. A
2.7 kilobase (kb) homozygous gene replacement was
achieved in up to 11% of iPSC without selection when
the homology arm length was around 2 kb (Byrne et al.
2015). It was found that a 600 bp homology in both
arms leads to high-level genome knock-in, with
97–100% of the donor insertion events being mediated
by HDR in 293 T cells (Zhang et al. 2017). (3) Cycle
regulators. The combined use of CCND1, a cyclin that
functions in G1/S transition, and nocodazole, a G2/M
phase synchronizer, doubles HDR efficiency to up to
30% in iPSCs (Zhang et al. 2017). (4) Sufficient amount
of donor repair template delivered to plant cells using
RNA transcripts as templates. Limited donor repair
template delivered into the nucleus is the main obstacle
in GT in crop plants. Production of RNA templates
in vivo by TT-HDR could potentially overcome this
problem. TT-HDR has been demonstrated in yeast and
human cells (Derr et al. 1991; Keskin et al. 2014;
Nowacki et al. 2007; Storici et al. 2007). A chimeric
sgRNA might serve as both a guide RNA and a DRT
(Table 1) (Butt et al. 2017). In our previous study, by
coupling Cas12a to an array of crRNAs flanked with
ribozymes, and a DRT flanked with either ribozymes or
crRNA sequences, we successfully obtained
stable transgene-free lines with two desired mutations
in the ALS gene in rice. The HDR efficiency can likely be
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improved if stronger promoters are used for producing
more abundant RNA transcripts (Table 1) (Li et al.
2019).

FUTURE PERSPECTIVES AND CHALLENGES

CRISPR/Cas provides an effective suite of molecular
tools to precisely alter the genome in a user-defined
manner. It has emerged as one of the foremost systems
with which to edit the crop genome, with rapidly
increasing agricultural applications in major cereals
such as rice, wheat, and maize and other crops (Zaidi
et al. 2019). Genome editing allows the alteration of
endogenous genes to improve traits in crops without
transferring transgenes across species boundaries.
Whereas CRISPR/Cas9-mediated gene knock-out and
base editing is widely used for a variety of applications
in crop improvement, other important applications
include precise DNA sequence editing, gene replace-
ment, and simultaneous enhancement of multiple traits,
as well as promoter and regulatory element engineering
for altered gene expression patterns have been docu-
mented only in a few cases. In years to come, manipu-
lation of diverse tools to improve HDR efficiency in crop
plants, de nevo domestication and pyramiding multiple
traits through HDR will become the hotspots in crop
genome editing. It is worth mentioning that precisely
edited crops with targeted elite allele replacement
should be exempted from regulation procedure and
biosafety concerns if such a variation or allele exists in
crop landraces or wild relatives and occurs naturally
during evolution or domestication.

NOVEL STRATEGIES TO IMPROVE HDR EFFICIENCY
IN PLANTS

Although it is now feasible to achieve precise gene/al-
lele replacement or gene targeting in Arabidopsis and
some crop species such as rice, maize and tomato
(Table 1) (Begemann et al. 2017; Butt et al. 2017; Endo
et al. 2016; Gil-Humanes et al. 2017; Hummel et al.
2018; Li et al. 2018a; b, 2019; Shi et al. 2017; Sun et al.
2016b; Svitashev et al. 2015; Wang et al. 2017a), it still
remains challenging to perform HDR in crop plants. For
example, no successful stable precisely edited wheat
plants have ever been recovered (Gil-Humanes et al.
2017). Besides, even for model crop species such as rice,
it is only feasible in a few laboratories due to a very
lower efficiency of HDR. Moreover, manipulation of
diverse tools to improve HDR efficiency in plants is
particularly important for polyploidy species such as

wheat because introgression and selection for wheat
improvement and environmental adaptation, has taken
the breeders many years to reduce deleterious allele
burden (He et al. 2019). Based on the importance of
HDR pathway, many approaches have been used to
improve HDR efficiency in mammalian cells. To enrich
the availability of DRTs, a modular RNA aptamer-
streptavidin strategy increased the ratio of precisely
edited to imprecisely edited alleles up to 18-fold higher
than standard gene-editing methods in human cells
(Carlson-Stevermer et al. 2017). Also, a 30-fold
enhancement of HDR efficiency was achieved by cova-
lently tethering a single-stranded donor oligonucleotide
(ssODN) to the Cas9/guide RNA ribonucleoprotein
(RNP) complex via a fused HUH endonuclease 5 (Aird
et al. 2018). In human cell lines, iPS cells, and rat
zygotes, Cas9 fused with a minimal N-terminal fragment
of CtIP obtained twofold or more efficient transgene
integration than that with only Cas9 (Charpentier et al.
2018). Also, spatial and temporal co-localization of the
donor template and Cas9 via SNAP tag increases the
correction HDR up to 24-fold, which is mainly caused by
an increase of donor template concentration in the
nucleus (Savic et al. 2018). It have been found that the
HDR efficiency could be improved if the DRT is in close
proximity to the DSB (Aird et al. 2018; Gu et al. 2018;
Ma et al. 2017; Rolloos et al. 2015; Roy et al. 2018; Savic
et al. 2018). These above strategies can be evaluated
and used in crop plants to improve the HDR efficiency.
Alternatively, using the egg cell-and early embryo-
specific DD45 gene promoter to drive SpCas9 expression
and sequential transformation in Arabidopsis has shown
potential for increasing the efficiency of HDR-mediated
gene editing (Miki et al. 2018), but has yet to be applied
to crops.

De nevo domestication and simultaneous
replacements of multiple genes for pyramiding
diverse elite traits

During domestication and intensive breeding practices
for higher yield and stresses tolerant crop varieties,
some elite alleles may loss due to the linkage drag of
deleterious genes/traits during selection. As a matter of
fact, breeders need to choose the main breeding target
traits and balance other multiple traits, good or bad, to
breeding a new variety. Genome editing can thus be
used for accurate manipulation of specific target genes
for de novo domestication in a route toward ideal crops
for food security. Next-generation DNA sequencing
technologies have generated an immense amount of
genomic data including full genome sequences for many
crop species including the most important stable food
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species such as wheat and rice (Ling et al. 2018; Wang
et al. 2018). For example, much progress has been made
in understanding the genetic basis of yield- and quality-
related traits in rice and maize (Chen et al. 2011; Ikeda
et al. 2013; Li et al. 2018c). In wheat, exome sequencing
highlights the role of wild-relative introgression in
shaping the adaptive landscape of the wheat genome
(He et al. 2019). The target genes/alleles for improve-
ment are now more accessible by mining the increasing
number of high-quality crop genomes and the allelic
comparisons in crops and their diverse accessions
including wild progenitors. It can be combined with the
mining of deep-sequenced genome data to tailor crops,
as well as to create a more sustainable and climate-
friendly agricultural industry by precise editing the key
domestication genes alongside the development of the
wild progenitors into current varieties (Fernie and Yan
2019). For example, the widespread adoption of semi-
dwarf green revolution varieties of cereals are conferred
by mutant alleles at the wheat Rht and rice SD1 loci
during breeding and domestication. However, rht and
sd1 inhibit nitrogen assimilation, carbon fixation and
growth, whereas GROWTH-REGULATING FACTOR 4
(GRF4) promotes these processes (Li et al. 2018c).
Either the haplotype with three SNPs in GRF4 promoter
region or the haplotype with two SNPs in encoding
region, or the presence of both haplotypes account for
increased nitrogen assimilation and grain yield (Che
et al. 2015; Hu et al. 2015). Specially, the explored
haplotype in promoter region only exists in selected
indica cultivars, but not in modern elite varieties (Li
et al. 2018a). Introgression of these haplotypes into
Japonica rice varieties will take the breeder many years.
Precise allele replacement will certainly accelerate this
process in a shorter period of 2–3 years. Besides, along
with the development of TT-HDR strategy (Table 1) (Li
et al. 2019), we envision that it is also feasible to
simultaneously manipulate multiple traits either by
multiplexing genome editing through HDR or pyramid-
ing the HDR events in sequential transformations or
crossing.

Biosafety concerns of precisely edited crops
with targeted elite allele replacement

Off-target effect has been a major concern in genome
editing in animal cells, but not a barrier in applying
CRISPR/Cas9 and CRISPR/Cas12a systems in precise
plant breeding. Following segregation or crossing with
wild-type plants, transgene-free plants could be recov-
ered in one generation. Besides, a large-scale whole-
genome sequencing analysis and CIRCLE-seq analysis
demonstrated that both CRISPR/Cas9 and CRISPR/

Cas12a systems were very specific in generating tar-
geted mutagenesis in rice and maize, respectively (Tang
et al. 2018; Lee et al. 2019). These facts suggested that
the off-target effect can be avoided by designing guide
RNAs with high specificity and should not be a major
biosafety concern. Indeed, the updated regulations
across different countries allow scientists to use some
genome-editing techniques in plants without govern-
ment approval except for the European Union. In March
2018, the US Department of Agriculture excluded gen-
ome-edited plants from regulatory oversight (Waltz
2018). Subsequently, Canada, Brazil, Argentina and
Japan announced the exclusion of the gene-edited plant
products from regulation. By contrast, the Court of
Justice of the European Union ruled in July 2018 that
they would treat gene-edited crops as genetically
modified organisms and subject to stringent regulation
(Callaway 2018). However, the Australian government
will not regulate the use of gene-editing techniques in
plants in which proteins cut DNA at a specific target site,
as long as the tools allow the host cell to repair the
break naturally, rather than using a template containing
genetic material to direct the repair process (https://
www.nature.com/articles/d41586-019-01282-8). The
Australian ruling is a ‘‘middle ground’’ between more
lenient gene-editing rules in the United States, Canada,
Brazil, Argentina and Japan, and tougher measures in
the European Union. In China, where the crop genome
editing research is boosting and is somehow leading the
world in the last few years (https://www.sciencemag.
org/news/2019/08), there are still no released regula-
tion policies yet, even though the policy-makers show
positive attitude toward gene-edited crops.

Considering the nature of precise gene/allele
replacement, it simply edits the existing genes within
crops using this technology to speed up a process that
otherwise elite alleles have occurred in landraces or
wild relatives in nature. Through this process, we’re
able to improve crops in a user-defined manner, quickly,
efficiently and cost-effectively without compromising
other elite agronomy traits and without linkage drag of
deleterious genes. Besides, no foreign DNA/genes exist
in the precisely edited lines following segregation in the
progeny or crossing with wild types, or using transgene-
killer CRISPR technology (He et al. 2018). Thus, we here
would like to propose that it is unnecessary to regulate
the crops with precisely gene/allele replacement, if the
resulting alleles exist in local landraces or wild relatives,
or such alleles can be obtained through other conven-
tional mutagenesis breeding methods.
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CONCLUDING REMARKS

Precise replacement of an existing allele with an elite
allele in commercial variety through HDR is a holy grail
in crop improvement. Although the impressive pro-
gresses have been achieved in the past few years, it still
remains very challenging in crop plants. Understanding
the potential mechanisms underlying HDR and manip-
ulating the DNA repair pathways will benefit the
improvement of HDR efficiency in crop plants. Fur-
thermore, diverse strategies used for HDR in mam-
malian cells may facilitate us to achieve a better efficacy
in crop plants. Through CRISPR/Cas-mediated gene
replacement, we’re able to improve crops in a user-de-
fined manner, quickly, efficiently and cost-effectively
without compromising other elite agronomy traits and
without linkage drag of deleterious genes. Following the
technology improvement by different modulations for
HDR, it is reasonable to expect that in the long run,
precise gene/allele replacement through CRISPR/Cas
system, in combination with conventional breeding
methods, will be widely used for breeding of diverse
crop elite varieties for sustainable agriculture and better
environment to ensure global food security.
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