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Abstract

Gene editing technologies such as CRISPR/Cas9 have been used to improve many agricultural traits,

from disease resistance to grain quality. Now, emerging research has used CRISPR/Cas9 and other gene
editing technologies to target plant reproduction, including major areas such as flowering time and
seed dormancy. Traits related to these areas have important implications for agriculture, as manipu-
lation of flowering time has multiple applications, including tailoring crops for regional adaptation and
improving yield. Moreover, understanding seed dormancy will enable approaches to improve germi-
nation upon planting and prevent pre-harvest sprouting. Here, we summarize trends and recent
advances in using gene editing to gain a better understanding of plant reproduction and apply the

resulting information for crop improvement.
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INTRODUCTION

Supplementing traditional breeding and selection with
new genome manipulation technologies, such as plant
transformation and (more recently) targeted genome
editing, could substantially accelerate crop improve-
ment (Borisjuk et al. 2019; Chen et al. 2019). Genome
editing using specific targeted nucleases is a relatively
young, burgeoning technology that is rapidly becoming
an integral part of research and development in many
areas of life science. Boosted by the advent of CRISPR/
Cas9 nuclease systems based on target recognition by
RNA:DNA complementarity, gene editing has had a huge
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impact on plant biology in less than 10 years, as it was
readily adopted to introduce specific genetic changes in
plant genomes in experiments that helped resolve dif-
ficult scientific questions and improved important traits
in major agricultural crops. The rapid adoption of this
technology for basic and applied research on the
world’s most important crops is well illustrated by the
number of NCBI-registered publications yielded by
searches using the crop’s name “AND CRISPR” as a
query; as of September 2020, this query yielded: 526
hits for rice (Oryza sativa), 127 for wheat (Triticum
aestivum), 156 for maize (Zea mays), and 376 for Ara-
bidopsis thaliana.

A variety of comprehensive, recent reviews have
focused on advances in gene editing technologies
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(Razzaq et al. 2019; Bilichak et al. 2020; Giirel et al.
2020; Hahn et al. 2020; He and Zhao 2020; Hsieh-Feng
and Yang 2020; Li and Xia 2020), and the application of
these techniques to select crops such as rice (Oryza
sativa, Biswal et al. 2019), bread wheat (Triticum aes-
tivum; Borisjuk et al. 2019; Kumar et al. 2019; Hensel
2020), maize (Zea mays; Agarwal et al. 2018,), soybean
(Glycine max; Bao et al. 2020), sorghum (Sorghum
bicolor; Char and Yang 2020), and the improvement of
certain traits, such as abiotic stress tolerance (Abdel-
rahman et al. 2018), disease resistance (Zaidi et al.
2016; Borrelli et al. 2018; Bisht et al. 2019), and grain
quality (Fiaz et al. 2019).

However, the use of gene editing technologies in the
field of plant reproduction such as flowering time and
seed dormancy, which determine crop yield and sus-
tainability in various environments, has not been high-
lighted. Flowering/bolting time is critical for plant
reproduction and a key contributor to crop productivity,
seed size, and grain nutritional quality (Gaudinier and
Blackman 2020). For example, early bolting can limit
vegetative growth and severely decrease yields, but late
flowering can inhibit seed production. Flowering time is
one of the most important agronomic traits determining
grain yield and regional adaptation, as plants adapted to
specific day lengths may not flower at different lati-
tudes. Therefore, modulating the seasonal timing of
reproduction is a major goal of scientists and breeders
focused on developing novel plant varieties that are
adapted to local environments and the changing climate
(Jung and Miiller 2009).

Mature seeds generally undergo a period of dor-
mancy, followed by germination and production of the
next generation of offspring. The strength of dormancy,
defined as the seed’s resistance to germination, is an
important agronomic trait, as a high level of dormancy
will lead to non-uniform, variable germination after
seed sowing in the field. However, certain combinations
of environmental and genetic factors may eliminate or
reduce seed dormancy, resulting in seeds that germi-
nate on the spike, a phenomenon called pre-harvest
sprouting (PHS). PHS presents a considerable problem
for agriculture, particularly in regions where the rainy
season overlaps with the harvest season. Therefore,
finding the optimal balance of seed dormancy to pre-
vent PHS but allow uniform germination in the field is
pivotal for crop productivity.

Here, inspired by recent advances in the area and by
reports presented at the 6th International Symposium
on Plant Reproductive Development in the Summer of
2019 in Shanghai, we try to fill in the gaps and reflect on
the current state of research involving the use of gene

editing to modulate flowering time and seed dormancy,
with a focus on major crop species.

FLOWERING TIME
Flowering time genetic network

The induction of flowering in most plants depends on
seasonal cues, such as day length (photoperiod) and
temperature, with plants integrating environmental
signals to define flowering time. The long-day crops,
such as wheat, barley (Hordeum vulgare), pea (Pisum
sativum), and lentils (Lens culinaris), which mostly
originated in the Fertile Crescent (Nakamichi 2014),
flower in response to lengthening days in spring when
the light period extends to a certain critical length. To
flower, long-day plants usually need a period of low
temperature in winter (vernalization) when they
remain in a relatively cold-tolerant vegetative state. The
short-day crops, such as rice, maize, sugarcane (Sac-
charum sp.), sorghum, and soybean, originate from
areas closer to the equator and initiate flowering based
on long dark periods.

The molecular basis of the photoperiodic regulation
of flowering time has been primarily studied in the
long-day model plant Arabidopsis. In Arabidopsis, the
switch from vegetative to reproductive development is
implemented by a complex network of approximately
180 genes (Fornara et al. 2010), with some accelerating
flowering and others repressing flowering. In Ara-
bidopsis, the age, circadian clock, gibberellin biosyn-
thesis and signaling, ambient temperature,
vernalization, autonomous and photoperiod pathways
converge on the floral integrator genes FLOWERING
LOCUS T (FT) and SUPPRESSOR OF OVEREXPRESSION
OF CONSTANS 1 (SOC1). The molecular principles and
pathways revealed in Arabidopsis (Fornara et al. 2010)
have helped us understand flowering in major crops,
and rapid progress in genomics has uncovered numer-
ous genes involved in flowering time in rice (Kojima
et al. 2002), maize (Meng et al. 2011), wheat, barley
(Yan et al. 2006), sorghum (Wolabu et al. 2016), and
tomato (Solanum lycopersicum, Lifschitz et al. 2006).
Our current knowledge of the genetic and molecu-
lar/physiological mechanisms of flowering and flower-
ing time in dicots and monocots is represented in Fig. 1
and summarized in detail in several reviews (Brambilla
et al. 2017a; Li and Xu 2017; Leijten et al 2018).

The manipulation of flowering genes began with the
activating targeting of two inflorescence meristem
identity genes, APETALA1 (AP1) and LEAFY (LFY), and
the florigen gene FT (Kardailsky et al. 1999; Kobayashi
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Fig. 1 Simplified flowering regulatory networks in the model plant Arabidopsis and major crops wheat, barley, rice, maize, and soybean.
Arrows indicate gene activation and flat-ended lines indicate gene repression. Green boxes represent homologs of Arabidopsis CONSTANS
(CO) and red boxes represent homologs of Arabidopsis FLOWERING LOCUS T (FT). Yellow and orange boxes represent long-day (LD) and

short-day (SD) condition, respectively

et al. 1999). FT, which is also referred to as florigen, acts
as an integrator of pathways controlling flowering
(Turck et al. 2008; Andrés and Coupland 2012). Ara-
bidopsis FT was among the first targets of RNA-guided
gene editing in plants when Hyun et al. used the
CRISPR/Cas system to generate a heritable ft null allele
in Arabidopsis, which had a late flowering phenotype,
similar to other ft null alleles (Hyun et al. 2015). That
same year, Ma et al. (2015) developed a multiplex
CRISPR/Cas9-based gene editing system targeting 11 of
the 13 FT-like genes in rice to study their functions. This
system induced frame-shift mutations in the majority of
targeted genes, resulting in premature leaf senescence
phenotypes; however, the flowering phenotypes remain
unclear (Ma et al. 2015).

Modulating flowering time in the major crops:
maize, soybean, and rice.

Maize (Zea mays) was first domesticated in Mexico as a
tropical species requiring a daylength of less than 13 h
to flower, but was adapted to flower in the long-day
environments of the USA, Canada, and Chile over the
course of domestication (Hung et al. 2012). While the
natural genetic variability of flowering time in maize
allows wide adaption to diverse geographic zones, a
detailed understanding of the basic principles might
allow us to control flowering and thus maximize crop
yield, especially in response to current challenges
around climate change (Parent et al. 2018).

Flowering time control in maize is highly polygenic
compared to the relatively simple regulation of flower-
ing time in wheat and barley, which were domesticated
in the Fertile Crescent (Cockram et al. 2007). Although
many loci affecting natural variation in flowering time
have been detected in maize (Buckler et al. 2009), the
CCT (CO, CO-like and TIMING OF CAB1) domain gene
ZmCCT is the best-characterized locus related to maize
flowering time (Hung et al. 2012). ZmCCT is a homolog
of Ghd7, a key regulator of the photoperiod response in
rice. Ghd7 is expressed at maximum levels only in cer-
tain lines grown under long-day conditions (Xue et al.
2008). ZmCCT9 exhibits distinct diurnal expression and
negatively regulates the expression of the FT ortholog
ZCN8, thereby resulting in late flowering under long
days (Huang et al. 2018); consistent with this, knockout
of ZmCCT9 by CRISPR/Cas9 caused early flowering
under long days (Huang et al. 2018).

Soybean, an important legume crop, is a typical short-
day dicotyledon that flowers when the daylength is
shorter than a certain threshold. This natural sensitivity
to photoperiod limits its cultivation range. Therefore,
generating daylength-insensitive soybean varieties is
crucial for increasing the cultivation area of this crop to
include lower and/or higher latitudes (Sedivy et al.
2017). The FT homologs GmFT2a and GmFT5a play
similar, important roles in flowering, as overexpression
of these two genes in soybean induced early flowering
under long-day conditions (Nan et al. 2014). The
CRISPR/Cas9-mediated T, soybean mutant ft2a exhibits
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late flowering under both long-day and short-day con-
ditions (Cai et al. 2018). Detailed analysis of ft2a, ft5a,
and ftZa ft5a mutants under short- and long-day con-
ditions (Cai et al. 2020b) revealed that GmFT2a has a
greater effect than GmFT5a under short-day conditions,
whereas GmFT5a has a greater effect under long-day
conditions. GmFT5a is also essential for the adaptation
of soybean to high-latitude regions. The ft2a ft5a double
mutants showed a flowering time shift of approximately
31 days under short-day conditions, and produced sig-
nificantly more pods and seeds per plant than the wild
type, pointing to the huge yield potential of these
mutants in the tropics.

In a follow-up study, the authors targeted GmFTZ2a
and GmFT4 by base editing mediated by the nickase
Cas9n (D10A) fused with rat cytosine deaminase and
uracil glycosylase inhibitor as the base editor (Cai et al.
2020a). The C-to-G transition in GmFT2a in the ftZa-
C7G-BE plants did not generate a frame-shift mutation,
but it led to an amino acid change from proline to ala-
nine. The base-edited mutants showed late flowering,
but the flowering time shift was milder than that of the
knockout mutants, demonstrating the ability to fine-
tune flowering time using various CRISPR/Cas9-based
tools.

In addition to directly targeting FT homologs, other
studies in soybean have targeted regulators of GmFT
expression. For example, soybean E1 encodes a B3
domain transcription factor that suppresses GmFT; E1
truncated by CRISPR/Cas failed to inhibit GmFT2a/5a
causing early flowering (Han et al. 2019). Other studies
have targeted Pseudo-Response Regulator (PRR) pro-
teins, which play conserved roles in photoperiod
responses in dicots and monocots (Wang et al. 2020).
Two recent studies (Wang et al. 2020; Li et al. 2020)
explored the roles of PRR proteins in regulating flow-
ering time in soybean. The GmPRR proteins contain a
C-terminal CCT domain and an N-terminal response
regulator receiver domain. CRISPR/Cas9-induced
mutations in GmPRR37 (Wang et al. 2020) and
GmPRR3b (Li et al. 2020) promoted early flowering in
soybean, whereas overexpressing GmPRR37 or
GmPRR3b significantly delayed flowering. GmPRR37
downregulates the expression of the flowering-pro-
moting genes GmFT2a and GmFT5a and upregulates the
expression of the flowering inhibitor gene GmFTIla
under long-day conditions, whereas GmPRR3b directly
represses the expression of the flowering enhancer
GmCCAla. In both cases, the inhibitory effects of these
proteins on flowering required the CCT domain, which
was truncated in the gene-edited mutants due to added
stop codons. Together, these studies shed light on the

pathway linking the central circadian clock to flowering
time regulation in soybean.

Rice, another crop domesticated in the tropics, also
has a complex genetic network regulating flowering
(Hori et al. 2016; Kong et al. 2016). Because the key
components of flowering regulation in rice were iden-
tified and characterized prior to the widespread adop-
tion of gene editing (Shrestha et al. 2014), newer gene
editing studies have focused on some of the recently
identified novel flowering control factors. For example,
Brambilla et al. (2017b) used CRISPR/Cas9 to confirm
the role of two bZIP transcription factors, Hd3a BIND-
ING REPRESSOR FACTOR 1 (HBF1) and HBF2, in
downregulating the rice flowering-promoting genes
Early heading date 1(Ehd), Heading date 3a (Hd3a), and
Rice Flowering Locus 1(RFT1) (Fig. 1). The double hbf1
hbf2 loss-of-function mutants flowered earlier than the
wild type, and this phenotype was stronger when plants
were grown under long-day compared to short-day
conditions. Moreover, using electrophoretic mobility
shift assays (EMSAs), the authors demonstrated that the
HBFs most likely act by binding to the Abscisic Acid
Responsive Elements (ABREs) in the Fhd1 promoter.

A recent study by Wu et al. (2020) targeted the Ehd1
gene itself with the aim to adapt japonica rice, tradi-
tionally cultivated in the mid-latitude area to the lower
latitude of Southern China. The mid-latitude Japonica
varieties, which increase popularity over Indica because
of their superior grain quality, commonly display early
flowering when growing under short-day photoperiod
and high temperature in low latitudes, resulting in low
grain yield because of shortened vegetative growth
period (Wei et al. 2016). The generated frame-shift
Ehd1 mutants by CRISPR/Cas9 editing in four japonica
varieties Nipponbare, Longdaol6, Longdao24, and
Xiushuil34 demonstrated significantly longer vegeta-
tive growth periods compared with the wild-type
plants, when planting under low-latitude conditions.
The in-frame mutants exhibited intermediate-long veg-
etative growth periods. The field trials showed that both
the in-frame and frame-shift mutant lines had signifi-
cantly improved yield compared with wild-type plants,
demonstrating the potential of proposed gene editing
approach for adapting elite Japonica varieties for pro-
duction in low latitude (Wu et al. 2020).

Co-expression analysis of photoperiodic flowering
gene networks predicted that the Golden2 (G2)-like
transcription factor OsPHL3 regulates flowering time in
rice (Zeng et al. 2018). This role of OsPHL3 was con-
firmed by overexpression and CRISPR/Cas9-mediated
knockdown. Rice lines overexpressing OsPHL3 showed
delayed flowering, whereas knocking out OsPHL3 pro-
moted flowering regardless of genetic background or
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photoperiod. These findings indicate that in addition to
their diverse roles in regulating numerous processes,
G2-like transcription factors also play critical roles as
negative regulators of flowering time in rice.

Studies of genes related to other agronomic traits
have also revealed unexpected effects on flowering. For
example, editing of the yield-related gene GS3 by
CRISPR/Cas9 in rice caused not only an increase in seed
size (Li et al. 2016) but also an unexpected early flow-
ering phenotype (Meng et al. 2018). Further research of
the obtained plants can provide a better understanding
of the genetic pathways linking flowering and yield.

Manipulating flowering genes in other crops

Following the major crops, CRISPR/Cas systems have
been established to modify the expression of flowering
genes in various minor crops such as sorghum, apple,
pear (Pyrus sp.), rapeseed (Brassica napus), and tomato.

Genome editing technologies allow rapid functional
analysis of homologs of flowering time regulators
identified in Arabidopsis by facilitating the generation of
loss-of-function mutations in just about any species for
which a system for delivery editing reagents has been
established. For example, a newly established
Agrobacterium-mediated CRISPR/Cas9 delivery system
was used to target a candidate FT gene in sorghum,
resulting in a frame-shift mutation. The mutant exhib-
ited a 10-day delay in flowering time, confirming that
this gene functions in the regulation of flowering time
(Char et al. 2020). Another example involved examina-
tion of homologs of the phosphatidyl-ethanolamine
binding (PEPB)-like protein TERMINAL FLOWER 1
(TFL1), which prevents the expression of LFY and AP1.
Overexpressing TFL1 led to late flowering in Ara-
bidopsis (Ratcliffe et al. 1998). RNA interference of
MATFL1 led to precocious flowering in apple (Malus x
domestica) (Kotoda et al. 2006). An efficient CRISPR/
Cas delivery system has been developed for apple and
European pear (Pyrus communis L.) (Charrier et al
2019). Using this system, the authors successfully
knocked out TFL1 expression in both species, which
resulted in extreme phenotypes including the compete
loss of vegetative growth and continuous flowering
after only a few months of regeneration in vitro. Early
flowering was observed in 93% of the apple lines tar-
geting MdTFL1.1 and 9% of the pear lines targeting
PcTFL1.1, where the majority of edited alleles harbored
deletions of one or more bases.

To modulate flowering time in the oilseed crop
Brassica napus, Jiang et al. (2018a) took advantage of
information about the role of chromatin methylation in
regulating flowering in Arabidopsis, i.e, that the

methylation of histone H3 lysine is involved in activat-
ing FLOWERING LOCUS C (FLC) (He et al. 2004; Zhou
et al. 2020). The Arabidopsis methyltransferase SET
DOMAIN GROUP8 (SDG8) controls flowering time by
directly altering the H3K36 m2/3 levels at the FLC
locus, and the authors targeted the SDG8 homologs
BnaSDG8.A and BnaSDG8.C. CRISPR/Cas9-mediated
knockdown of these genes led to a drastic reduction in
the number of days to flowering (from 120 days in wild
type to 60 days) due to reduced H3K36 m2/3 levels in
chromatin at the BnaFLC loci. Their results demonstrate
that BnaSDG8.A/C directly participate in regulating
flowering time by epigenetically modifying the chro-
matin at BnaFLCs (Jiang et al. 2018a). The approach of
targeting factors involved in epigenetic regulation of
gene expression could be used to control the floral
transition via epigenetic chromatin modification; such
approaches could be directly used to breed early flow-
ering varieties of Brassica species and perhaps other
crops.

Lippman’s group at Cold Spring Harbor Laboratory
(Soyk et al. 2017) used CRISPR/Cas9 to engineer
mutations in tomato SELF-PRUNING 5G (SP5G), which is
a paralog of SINGLE-FLOWER TRUSS (SFT), a major
inducer of flowering in tomato. SP5G differs from SFT
by several amino acids within a domain determining
florigenic activity; these differences converted SP5G
into a flowering repressor or anti-florigen (Cao et al.
2016; Lifschitz et al. 2014). Mutations in SP5G resulted
in the elimination of daylength sensitivity and the cre-
ation of an early yielding tomato variety. The authors
speculate that targeting SP5G homologs in other crops
could allow daylength sensitivity to be customized in a
single step to expand the geographical cultivation range
of elite varieties.

Vernalization in temperate cereals

The agricultural success of the temperate cereals wheat
and barley relies on their adaptation to a wide range of
environments. This adaptation is in part due to allelic
diversity in the VRN vernalization genes, which regulate
plant growth habits. VRN1 is an MADS-box transcription
factor homologous to Arabidopsis AP1 that promotes
flowering and VRN2 is a ZCCT domain-containing pro-
tein that acts as a floral repressor and shares sequence
similarity with rice Ghd?7.

Differences in VRN1, VRNZ2, and VRN3 underlie the
separation of wheat and barley cultivars into winter and
spring varieties (Distelfeld et al. 2009). The winter
varieties are planted in the fall and require long expo-
sure to low temperatures to induce flowering in the
spring (vernalization requirement), whereas the spring
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varieties do not require vernalization and are planted in
the spring. Both types have advantages and disadvan-
tages for cultivation under certain conditions. For
example, in China, winter wheat is cultivated in 5 out of
10 agricultural climatic zones, spring wheat is grown in
3 zones, and a mixture of spring and winter varieties is
cultivated in 2 zones (Zhang et al. 2012).

According to the current model (Distelfeld et al
2009; Brambilla et al. 2017a), the expression of VRNI is
induced by low temperatures and VRN1 directly binds
to the VRNZ promoter, reducing its expression during
vernalization. Suppressing VRN2 levels and/or the suf-
ficient expression of VRNI1 is required to induce the
expression of VRN3 in temperate cereals; this gene is a
homolog of Arabidopsis and rice FT. VRN1 expression is
regulated by the binding of transcriptional repressors to
two cis-elements in its promoter (a VRN-box and CArG-
box) (Kane et al. 2007; Distelfeld et al. 2009) and by the
interaction of its first intron with RNA-binding proteins
(Xiao et al, 2014).

These repressor-binding sites are logical targets for
gene editing aimed at converting winter wheat into a
crop able to flower and produce seeds without vernal-
ization. Zong et al. (2018) recently explored this notion
using Cas9 nickase fused with a cytidine deaminase
(A3A-PBE) for C-to-T base conversion of the VRN- and
CArG-boxes in the TaVRNI-A1 promoter. Deep
sequencing of amplicons from wheat protoplasts
transfected with the A3A-PBE vectors identified muta-
tions in these cis-elements with efficiencies ranging
from 1.2-27.7%. These initial results pave the way for
producing valuable mutants for further analyzing both
the regulation of VRNI1 expression and the process of
vernalization in cereals as a whole.

PRE-HARVEST SPROUTING AND SEED DORMANCY
Molecular control of seed dormancy and PHS

PHS, dormancy of seeds, and efficient seed germination
rely on intertwined pathways regulated by genetic and
environmental factors. The genetic control of seed
dormancy has not yet been completely elucidated, but
the major structural and regulatory genes that form the
broad genetic networks have been described (Reviewed
in: Nonogaki and Nonogaki 2017; Tuan et al. 2018;
Nakamura 2018; Vetch et al. 2019). The hormonal bal-
ance in seeds, particularly gibberellic acid (GA) and
abscisic acid (ABA), also affects seed dormancy. The
genetic control of GA/ABA sensitivity involves Vivipar-
ous-1 (Vp1), the ortholog of ABA INSENSITIVE 3 (ABI3),
and MOTHER OF FT AND TFL1 (MFT), which encode

proteins from the PEPB superfamily. Overexpressing
TaMFT in wheat resulted in significantly longer dor-
mancy and the absence of PHS (Nakamura et al. 2011).
By contrast, RNA interference-mediated knockdown of
TaMFT led to rapid seed germination and increased
PHS, confirming the role of this gene in seed dormancy
(Liu et al. 2013). Vp1 and MFT are positive regulators of
ABA sensitivity but negative regulators of GA sensitivity
(Jiang et al. 2018b) (see Fig. 2).

DELAY OF GERMINATION 1 (DOG1) plays a central
role in controlling seed maturation and dormancy via
the ABA-dependent inhibition of HYPERSENSITIVE
GERMINATION 1 (a negative regulator of ABA responses
in germinating seeds) (Vetch et al. 2019). MFT and
DOG1 are members of GA- and ABA-regulated networks
that negatively modulate seed germination and could
therefore be effectively used against PHS (Reviewed in:
Tuan et al. 2018; Nonogaki 2019; Vetch et al. 2019).
Additionally, DOG1 is a major component of ABA sig-
naling in seeds in a highly complex regulatory network
involving the mitochondrial alternative respiration
pathway and NADH dehydrogenase (Nonogaki 2019).

Seed dormancy 4 (Sdr 4) encodes a zinc finger protein
that controls the expression of seed dormancy-related
genes. 0sSdr4 is a member of a regulatory network in
rice together with OsDOG1 and OsVp1 (Sugimoto et al.
2010). Transformation of a wheat cultivar that did not
show PHS with an allele of Mitogen Activated Kinase 3
(TaMKK3) from a PHS-susceptible cultivar strongly
increased susceptibility to PHS. Genetic transformation
of wheat genotypes with different TaMKK3 alleles
resulted in changes in seed dormancy (Torada et al
2016), indicating that this protein plays a vital role in

°><°
><

] [Germmatlon

VP1/MFT
Sdr4

I_IIE\
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Fig. 2 Simplified networks regulating pre-harvest sprouting
(PHS) and germination. Phytohormones abscisic acid (ABA) and
gibberellic acid (GA) play antagonistic role in regulation of PHS
and germination. Arrows indicate 264 activation and flat-ended
lines indicate repression
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PHS, possibly via protein phosphorylation and signal
transduction (Danquah et al. 2015).

In general, red wheats are more PHS resistant than
white wheats, an effect thought to be related to the
presence of the red pigment precursor catechin, which
inhibits germination (Himi et al. 2002). TaMyb10,
encoding an R2R3-type transcription factor involved in
flavonoid biosynthesis, is a promising candidate gene
for altering grain color and avoiding PHS (Kato et al.
2017).

The alanine aminotransferase gene Qsd also deserves
a special attention in efforts to limit PHS. Barley HvQsd
strongly affects seed dormancy (Sato et al. 2016). In
wheat, certain TaQsd1-B allelic variants produce signif-
icantly longer seed dormancy periods compared to
others; for example, the TaQsd1-B allele in cv. Chinese
Spring produces longer dormancy (Onishi et al. 2017).

Gene editing related to PHS and seed dormancy

Loss-of-function mutations of Ta@Qsd1 were produced in
all three homoeoalleles of bread wheat cv. Fielder via
Agrobacterium-mediated CRISPR/Cas9 gene editing
(Abe et al. 2019). After conventional crossing, triple
heterozygotes (AaBbDd) were selected, and a triple
homozygous mutant was developed, confirmed, and
propagated. Sequence analysis revealed a single-nu-
cleotide insertion in the target site in each of three
homoeologous chromosomes causing shifts in the
reading frames in TaQsd1-A, -B, and -D, thereby leading
to the production of defective polypeptides. The triple-
recessive homozygous CRISPR/Cas9 mutant of TaQsd1
showed no PHS phenotype and longer seed dormancy
than the wild type. This study also demonstrated that
novel breeding materials in bread wheat could be pro-
duced via genome editing using peptide-mediated
delivery of gRNA/Cas9 protein complexes, thereby
producing new, transgene-free, “non-GM” (non-Geneti-
cally Modified) cultivars (Abe et al. 2019). Indeed, the
production of non-GM plants that lack transgenes might
be one practical application of genome-editing technol-
ogy in crop breeding.

Longer dormancy is an important trait for preventing
PHS in rice; however, this might also negatively influ-
ence seed germination. The targeted mutagenesis of
OsVP1 in rice via CRISPR/Cas9 gene editing successfully
produced mutant lines with shorter dormancy and
improved germination (Jung et al. 2019). The expres-
sion vector OsU3::vp1-sgRNA/pBOsC designed based on
the OsVP1 sequence was delivered to callus tissue from
seeds of the japonica rice cv. Dongjin using Agrobac-
terium-mediated transformation. Eighteen T, mutants
were produced with small insertion/deletions and

substitutions in the target fragment of OsTP1, and four
transgene-free homozygous knockout T; lines were
selected. Seeds of the four T; gene-edited OsVP1 mutant
lines showed significantly improved germination, with
shorter seed dormancy compared to the wild type.
These results are promising for the production of novel
non-GM rice cultivars (Jung et al.,, 2019).

MIR156 from rice was identified as a microRNA that
targets IDEAL PLANT ARCHITECTURE 1 (IPA1); down-
regulating MIR156 significantly improved grain yield.
Mutations in five recently identified MIR156 subfamily
members, MIR156a-MIR156¢c, MIR156k, and MIR156l,
strongly suppressed PHS and led to longer dormancy
(Miao et al. 2019). These results were achieved via
CRISPR/Cas9 gene editing. Eleven MIR156 genes were
targeted with six CRISPR/Cas9 vectors in rice cultivars
Nipponbare and XS134 via Agrobacterium-mediated
transformation. Five independent knockout mutant
MIR156 lines were obtained in each background. The
mutants showed significantly increased IPAI expres-
sion, and their progenies showed strong improvements
in PHS (Miao et al. 2019).

These successful examples of gene editing to elimi-
nate PHS and prolong dormancy could be used as a
guideline for further investigation of target genes
involved in controlling PHS and seed dormancy.

CONCLUSIONS AND PERSPECTIVES

In this review, we describe the recent progress made in
manipulating genes related to flowering time, seed
dormancy, and PHS by gene editing technologies in
major crops. The targeted genes and affected crop
species are summarized in the Table 1.

Flowering time. Flowering time is an important
agronomic trait that helps to determine the geographic
adaptation and productivity of crops. Since 1991, when
the classic ABC model for floral organ identity was
introduced (Coen and Meyerowitz, 1991) and numerous
flowering time mutants were characterized in Ara-
bidopsis (Koornneef et al. 1991), our understanding of
the molecular mechanisms controlling the transition
from the vegetative to reproductive state and flower
development has progressed and expanded from a few
model plant species to many agricultural crops (Bliimel
et al. 2015). Arabidopsis FT homologs in many crops
have been established as major players in the floral
transition and integrators of several flowering path-
ways. For example, during domestication and natural
selection, maize became adapted to a short-day pho-
toperiod by alterations in FT-related gene expression
though a transposon integration in the ZmFT promoter.
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Table 1 List of genes targeted to manipulate flowering time, seed germination and dormancy

Plant species Targeted Gene product/function System for Types of editing Phenotype References
gene editing events manifestation
Arabidopsis AtFT PEPB /florigen, flowering Embryo Small indels Late flowering Hyun et al.
thaliana induction specific (2015)
Cas9
expression
A. thaliana AtAP1 MADS-box transcription factor/  Germ-line- Small indels - Mao et al.
inflorescence meristem specific (2016)
identity gene Cas9
system
A. thaliana AtTFL1 PEPB-like protein/prevents the  Dual- Mostly long deletions - Zhang et al.
expression of inflorescence CRISPR/ between targets, (2017)
meristem identity genes Cas9 inversion mutation
in target (2.2%)
Brassica napus BnaSDG8.A  Histone 3 lysine 36 (H3K36) CRISPR/ Small indels Early Jiang et al.
and methyltransferase SDG8/ Cas9 flowering (20184, b)
BnaSDG8. activation of central repressor
c of FLOWERING LOCUS C (FLC)
Glycine max GmFT2a Homolog of AtFT/florigen, CRISPR/ Mostly small indels Late flowering Cai et al.
flowering induction Cas9 under both (2018)
LD and SD
G. max GmFT2a Homolog of AtFT, PEBP, putative Cas9- Point mutations: Late flowering Cai et al.
and kinase inhibitor/pathway APOBEC1- C-to-G or C-to-T under both (2020a)
GmFT4 integrator activates floral UGI substitutions LD and SD
organ identity genes
G. max GmE1 B3 domain transcription factor/ CRISPR/ Long deletions Early Han et al.
regulation of photoperiodic Cas9 flowering (2019)
flowering
G. max GmPRR37 Pseudo-response regulator CRISPR/ Small indels Early Wang et al.
protein/regulation of Cas9 flowering (2020)
photoperiodic flowering and under LD
circadian clock
G. max GmPRR3b Pseudo-response regulator CRISPR/ Short deletions Early Li et al.
protein/ regulation of Cas9 flowering (2020)
photoperiodic flowering and
circadian clock
Solanum SISP5G Homolog of AtTFL1, PEPB-like Dual- Small and long Rapid Soyk et al.
lycopersicum protein/inhibition of CRISPR/ deletions flowering (2017)
inflorescence meristem Cas9 under LD
identity genes
Malus x MATFL1.1 Homolog of AtTFL1, PEPB-like Dual- Small indels located  Flowering Charrier
domestica protein/repressor of CRISPR/ in the target short after et al.
inflorescence meristem Cas9 sequence in vitro (2019)
identity genes LFY and AP1 regenerating
Oryza sativa OsFTL1-11  Homolog of AtFT, PEBP, putative Multiplex- Small indels Premature leaf Ma et al.
kinase inhibitor/pathway CRISPR/ senescence (2015)
integrator activates floral Cas
organ identity genes
0. sativa OsMADS15 Homolog of AtAP1, MADS-box CRISPR/ Short deletions Abnormalities  Song et al.
transcription factor/ Cas9 in spikelet (2017)
inflorescence meristem development

identity gene CRISPR/Cas9
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Table 1 continued
Plant Targeted  Gene product/function System for editing Types of Phenotype References
species gene editing events  manifestation
0. sativa OsEhd1 B-type response regulator/ CRISPR/Cas9 Mostly short Prolonged vegetative Wu et al.
regulation of Hd3a and RFT1 deletions growth, late (2020)
expression flowering, higher
yield
0. sativa OsHBF1 bZIP transcription factor Hd3a CRISPR/Cas9 Small indels Early flowering of Brambilla
and BINDING REPRESSOR double hbf1 hbf2 et al.
OsHBF2 FACTOR1 and 2/repress mutants (2017b)
flowering
0. sativa 0sGS3 Gamma subunit of G CRISPR/Cas9 - Early flowering Meng et al.
protein/grain size (2018)
0. sativa OsPHL3 G2-like MYB-CC transcription CRISPR/Cas9 Small indels Early flowering Zeng et al.
factor/ regulation of under LD and SD (2018)
chloroplast development and conditions
photosynthesis
0. sativa OsVP1 Viviparous-1 transcription factor/ CRISPR/Cas9 Small indels Speeding-up of Jung et al.
regulation of gibberellic acid germination and (2019)
and abscisic acid signaling reduction of seed
dormancy
0. sativa OsMIR156 miR156/suppress gibberellic acid Multiplex- Small indels Enhanced seed Miao et al.
signaling CRISPR/Cas9 dormancy and (2019)
suppression of PHS
Triticum TaVRNI1- Homolog of AtAP1, MADS-box AP- Cas9-APOBEC3A C-to-T - Zong et al.
aestivum Al like transcription factor/ (RNP, transient substitutions 2018
inflorescence meristem identity test on
gene protoplasts)
T. TaQsd1 Alanine amino transferase/ CRISPR/Cas9 Small indels Changed germination Abe et al.
aestivum quantitative trait locus on seed rates (2019)
dormancy 1
Zea mays  ZmCCT9 CCT domain-containing gene/ Dual-CRISPR/Cas9 Long deletions Early flowering Huang et al.
photoperiod response under LD (2018)

‘~’ not tested or data not provided

By editing FT homologs and other genetic determinants
of flowering using the CRISPR/Cas system, flowering
time was successfully modulated in a number of major
crops such as maize, rice, and soybean, as well as other
crops such as rapeseed, apple, pear, tomato, and sor-
ghum. Based on these successes, we expect that flow-
ering time could be adjusted in many other cultivated
crops and likely in some valuable species that are cur-
rently not in widespread agricultural use.

Despite the lack of data on the effects of editing genes
related to winter/spring growth habits in the temperate
cereals wheat and barley, looking at progress in our
understanding of the molecular mechanisms of vernal-
ization requirements, we predict that we will soon see
these crops engineered to convert from winter to spring
growth and vice versa.

Pre-harvest sprouting and seed dormancy. PHS, seed
germination on spikes prior to harvesting, is a serious
problem that decreases yield and grain quality in wet

Asian monsoon areas and is occurring in Europe with
increasing frequency. Our understanding of PHS directly
relies on our knowledge of seed dormancy, a process
controlled by multiple gene networks and hormones.
While our understanding of these networks is far from
complete, recent studies have revealed a few key genes
controlling seed dormancy. CRISPR/Cas targeting of
these genes produced promising results, allowing this
trait to be manipulated in wheat (Abe et al. 2019) and
rice (Jung et al. 2019). We hope to see further progress
in this area, which should help limit the losses caused
by PHD and facilitate the optimization of seed
germination.

Even though gene editing relies on numerous tech-
niques used to generate transgenic plants (GM Tech-
nologies), in most cases, guided nucleases (such as RNA-
guided CRISPR/ Cas9) produce small deletions/inser-
tions or nucleotide transitions similar to those found in
naturally occurring populations or produced by the
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conventional chemical mutagenesis (Voytas and Gao
2014). In classic GM plants, the new trait is associated
with the introduced DNA sequence. By contrast, in gene-
edited plants, once any transgenes encoding the gen-
ome-editing reagents have been segregated out (or in
lines produced by emerging transgene-free editing
methods), there is no way to distinguish between a
naturally occurring mutation and a gene edit. Therefore,
genome-edited plants are much more readily accepted
by safety regulators in many countries (Dobrovidova
2019; Friedrichs et al 2019). Thus, we hope that the
public acceptance of genome editing and its introduc-
tion into modern breeding programs will promote the
rapid, precise improvement of major staple crops, minor
horticultural crops, and emerging, not-yet-domesticated
crops.
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