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The Nudum (Nud) gene controls the caryopsis type of cereal crops by regulating lipid
biosynthetic pathways. Based on the HvNud sequence and its homologous gene
sequences in wheat, a conserved sgRNA was designed to obtain the mutants from
the barley variety “Vlamingh” and the wheat variety “Fielder” via Agrobacterium-mediated
transformation. A total of 19 and 118 transgenic plants were obtained, and 11 and 61
mutant plants were identified in T0 transgenic plants in barley and wheat after PCR-RE
detection, and the editing efficiencies of the targeted gene were 57.9 and 51.7% in barley
and wheat, respectively. The grain shape of the barley mutants was naked. Five different
combinations of mutations for wheat TaNud genes were identified in the T0 generation, and
their homozygous-edited plants were obtained in the T1 generation. Interestingly, the
conjoined plants in which one plant has different genotypes were first identified. The
different tillers in an individual T0 plant showed independent transgenic or mutant events in
both barley and wheat, and the different genotypes can stably inherit into T1 generation,
indicating that the T0 transgenic plants were the conjoined type. In addition, we did not find
any off-target mutations in both barley and wheat. A candidate method for detecting
putative-edited wheat plants was suggested to avoid losing mutations in this investigation.
This study provides not only materials for studying the function of the Nud gene in barley
and wheat but also a system for detecting the mutants in wheat.

Keywords: nudum (nud) gene, genome editing, agrobacterium-mediated transformation, conjoined plants, naked
grain

INTRODUCTION

Genome-editing technologies contain three types of sequence-specific nucleases (SSNs), viz., zinc-
finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and clustered
regularly interspaced short palindromic repeat-associated endonucleases (CRISPR/Cas) (Filippo
et al., 2008; Lieber, 2010; Chapman et al., 2012; Jiang and Doudna, 2017; Mushtaq et al., 2019;
Mushtaq et al., 2020; and Mushtaq et al., 2021a). At present, CRISPR/Cas is the most widely used
genome-editing system in both animals and plants due to its easy assembling, straightforward guide
RNA designing, and high activity (Mushtaq et al., 2021b). The most commonly used type for
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CRISPR/Cas is the type II system derived from Streptococcus
pyogenes (SpCas9) that mainly recognizes the PAM (protospacer
adjacent motif) sequence 5’-NGG-3’. To date, the genomes of
many plants and crop species such as Arabidopsis thaliana, rice
(Oryza sativa), tobacco (Nicotiana tabacum L.), tomato
(Lycopersicon esculentum), maize (Zea mays), wheat (Triticum
aestivum L.), barley (Hordeum vulgare L.), oilseed rape (Brassica
campestris L), soybean (Glycine max), and chickpea (Cicer
arietinum L.) have been edited using this technique (Li et al.,
2013; Brooks et al., 2014; Zhang et al., 2016; Kelliher et al., 2017;
Fiaz et al., 2019; Wu et al., 2020; Badhan et al., 2021; Fiaz et al.,
2021).

Wheat and barley are two important cereal crops worldwide
and are closely associated with social economic development,
food production supply, food security, and human health and
nutrition (Haas et al., 2019). Therefore, the improvement in the
yield, quality, disease resistance, and stress tolerance of wheat and
barley using CRISPR/SpCas9 technology is of significant value for
the two crops (Abdelrahman et al., 2018). Recently, with the
advancement of genetic transformation and the CRISPR/Cas
system in wheat, several traits have been genetically modified
by introducing mutations in the target genes using CRISPR/
SpCas9. Wheat plants with mutations in TaGW2 showed an
increase in grain size (GS) and thousand-grain weight (TGW)
(Wang et al., 2018; Zhang et al., 2018). The mutations in the
wheat genes TaMs2 led to the recovery of male sterility (Tang
et al., 2021). Knocking-out wheat TaPLA or TaMTL genes
induced haploid plant production (Liu et al., 2019a; Liu et al.,
2020a). However, genome editing of barley is more
straightforward than that of hexaploid wheat due to only one
genome in the former. The editing case of barley HvPM19 gene,
which encodes an ABA-induced plasma membrane protein, was
the first application of CRISPR/Cas9 in barley, and the mutants
showed a dwarf phenotype (Lawrenson et al., 2015). Barley
Hvckx1 mutations led to reduced root growth and an
increased number of tillers and grains (Gasparis et al., 2019).
Mutations of HvMORC1 induced with CRISPR/Cas9 resulted in
plants with enhanced resistance against fungal pathogens in
barley (Kumar et al., 2018).

Barley can be divided into two types based on the caryopsis:
naked and hulled. Most domesticated barley cultivars have
caryopses with adhering hulls that are known as hulled barley;
some barley cultivars have a free-threshing feature and are called
hulless (or naked) barley, especially the cultivars grown in the
Tibetan Plateau of China. The caryopsis type in barley is
controlled by the transcription factor gene Nudum (Nud),
which encodes a protein in the ethylene response factor (ERF)
family located on chromosome arm 7HL (Taketa et al., 2006). The
barley Nud gene is homologous to the Arabidopsis WIN1/SHN1
transcription factor gene, which is thought to function in lipid
biosynthesis. It has been shown that the caryopsis surface in
hulled barley is overlaid with lipid compounds, which penetrate
to the inner side of the hull to form the adhesion organ (Taketa
et al., 2008).

Studies on X-ray-induced nakedmutation alleles (Taketa et al.,
2008) and Nud locus re-sequencing in 162 barley cultivars (Yu
et al., 2016) showed that amino acid substitutions and frame shifts

in Nud led to loss-of-function and further resulted in the naked
phenotype. Moreover, a single nucleotide polymorphism of
HvNud (T643A), which generated an amino acid substitution
of valine (Val, V) by aspartate (Asp, D) at position 148 (Val 148
Asp), could lead to the naked caryopsis type in barley (Yu et al.,
2016). There are also three homologous genes for theNud gene in
wheat that are located on chromosomes 7AL, 7BL, and 7DL, but
their functions are presently unknown. Additionally, Nud may
also influence other traits in barley. The role of the Nud gene has
not been fully investigated at present, especially its roles in
controlling the naked hull phenotype in barley for efficient
breeding of naked barley varieties. Therefore, it is necessary to
characterize the function of Nud genes in detail in wheat and
barley.

In this study, mutants in HvNud and TaNud were generated
by CRISPR/SpCas9 in both barley and wheat. The efficiency
and heritability of the mutations were investigated in wheat.
Moreover, this is the first report in which we found that
different tillers in an individual T0 plant were independent
transgenic or genome-editing events in both barley and wheat,
called as conjoined plants. Conjoined plants mean that an
individual plant contains different genotyping which is
produced possibly from different contiguously transformed
cells and developed like one transgenic plant/event.
Additionally, potential off-target sites for HvNud and
TaNud in barley and wheat, respectively, were detected and
no off-target mutations were found. A method to test
candidate-edited wheat plants was put forward to avoid
losing mutations in this study. In the present study, the
Nud gene mutants developed in barley and wheat will be
valuable for further investigation of the functions of this
gene in the two crops.

MATERIALS AND METHODS

Plant Materials
The barley cultivar ‘Vlamingh’ and the wheat cultivar ‘Fielder’
were kindly provided by the National Crop Germplasm Bank,
Institute of Crop Sciences, Chinese Academy of Agricultural
Sciences, Beijing, China. The plants of both species were
cultured in an environmental growth chamber at 24°C−16 h
light/18°C−8 h dark with a light intensity of 300 μmol m−2 s−1

at 45% relative humidity.

Designing the sgRNA for the Nud Genes
The sequence of the barleyHvNud gene that determines hulled vs.
naked caryopsis was obtained fromNCBI (https://www.ncbi.nlm.
nih.gov/, Gene Bank accession AP009567.1). The wheat Nud
genes (TaNud) were identified using HvNud as a query in a
BLAST search of the IWGSCv1 wheat genome (https://urgi.
versailles.inra.fr/blast/blast.php). In order to simultaneously
edit the Nud genes in barley and wheat, a conserved 20-bp
sgRNA sequence (5’-CGGCTCCTTGTTGAGCTCGA-3’)
containing a SacI restriction site was selected as the target site
for both HvNud and TaNud. Off-target sites related to the 20-bp
sgRNA sequence were predicted by searching the target sequence
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in the IBSCv2 barley genome (https://webblast.ipk-gatersleben.
de/barley_ibsc/) and the IWGSCv1 wheat genome.

Vector Construction
The full DNA sequence encoding SpCas9 (Ma et al., 2015) was
inserted into the expression vector pWMB110 to generate a new
plasmid, pWMB110-SpCas9 (Liu et al., 2019a). The wheat TaU3
promoter was cloned onto plasmid pUC18 as a template, and the
sgRNA designed for the Nud gene was linked with the TaU3
cassette by overlapping PCR (Ma et al., 2015). The TaU3
promoter–sgRNA expression cassette was then amplified and
inserted onto the vector pWMB110-SpCas9 at the MluI cloning
site to generate the recombinant plasmid pWMB110-SpCas9-
Nud (Supplementary Figure S3). The final vector pWMB110-
SpCas9-Nud was transferred into Agrobacterium strain C58C1
for transformation of wheat and barley.

Agrobacterium-Mediated Plant
Transformation
Immature barley and wheat grains were collected approximately
14 days post anthesis (DPA). The immature grains were sterilized
with 75% ethanol for 1 min, followed by 5% sodium hypochlorite
for 15 min, and washed five times with sterile water.

Fresh immature embryos of wheat were isolated and
transformed by Agrobacterium-mediated transformation to
generate transgenic plants following the protocol described by
Ishida et al. (2015) with slight modifications. In brief, immature
wheat embryos were incubated with Agrobacterium strain C58C1
harboring the vector for 5 min in a WLS-inf medium at room
temperature and co-cultivated for 2 days on theWLS-ASmedium
with the scutellum facing upward at 25°C in darkness. After co-
cultivation, embryonic axes were removed with a scalpel, and the
scutella were transferred onto plates containing the WLS-Res
medium for delay culture for 5 days under the same conditions.
Afterward, tissues were cultured on the WLS-P5 medium with
5 mg L−1 phosphinothricin (PPT, Sigma, 45,520) for callus
induction. After two weeks, the calli were placed on the WLS-
P10 medium with 5 mg L−1 PPT for 3 weeks in darkness. The 1/2
MSmedium containing 5 mg L−1 PPTwithout zeatin was used for
differentiation of embryonic calli other than the LSZ-P5 medium
in the methods of Ishida et al. (2015) at 25°C with 100 μmol m−2

s−1 light. Regenerated shoots were transferred into cups filled with
1/2 MSmedium with 5 mg L−1 PPT for shoot elongation and root
formation.

Barley transformation was performed following the previously
published protocols with a slight modification (Bartlett et al.,
2008). Immature embryos of barley were isolated after
sterilization of the immature grains by the same methods as
wheat, subsequently incubated with Agrobacterium for 10 min,
and co-cultivated for 2 days on CM medium. Then, embryo axes
were remove, and the scutella were cultured on the first selection
medium with 5 mg L−1 PPT. After 2 weeks, tissues were
transferred onto the second selection medium with 10 mg L−1

PPT. After three weeks, embryonic calli were cultured on the DM
medium with 5 mg L−1 PPT at 25°C with 100 μmol m−2 s−1 light
for differentiation. Shoots were timely moved into a plastic box

containing the RT medium. Last, plants were transplanted into
pots filled with soil.

Detection of Transgenic Plants and Edited
Mutations
Mixed leaf samples from different tillers of T0 transgenic plants at
the jointing stage were collected for genomic DNA extraction
using the CWBIO NuClean Plant Genomic DNA Kit (CWBIO
Biotech Co., Ltd.). The SpCas9 and target genes HvNud and
TaNud in the T0 transgenic plants were amplified with gene-
specific primers (Supplementary Table S1) using 2X Taq Master
Mix (Vazyme Biotech Co., Ltd.) for positive detection. Two types
of primers were employed to amplify the TaNud gene: 1) gene-
conserved primer pairs designed by the barley HvNud gene to
simultaneously amplify the homologous wheat TaNud genes
from the A, B, and D genomes and 2) gene-specific primer
pairs designed to amplify the individual wheat gene from each
of the three genomes (Supplementary Table S1).

Mutations in the Nud genes were detected using a polymerase
chain reaction-restriction enzyme (PCR-RE) approach. For this
test, the amplification reactions were performed in a volume of
20 μl consisting of 2× PCR Mix, 50 ng of genomic DNA, and
0.25 μM of each primer. PCR amplification was performed in a
Veriti 96 PCR system (Applied Biosystems) using the following
program: an initial denaturation step at 94°C for 5 min, followed
by 34 cycles of 94°C for 1 min, 60°C for 45 s and 72°C for 1 min
and a final elongation step at 10 min at 72°C. The restriction
enzyme digestion of the PCR products was performed in a 20 μl
reaction volume containing the appropriate restriction enzyme
buffer and 0.2 μl SacI enzyme for 4–6 h at 37°C. The digested
products were separated in a 1.5% agarose gel and visualized
using a GelDoc XR System (Bio-Rad, United States). To
distinguish the different mutant types, the biggest band in the
PCR-RE test was directly sequenced for homozygous mutations
or indirectly sequenced after cloning into the pMD18-T vector for
heterozygous mutations (TaKaRa, Dalian, China) at Sangon
Biotech (Shanghai, China). The software BioEdit is used for
sequence alignment and analysis (Hall, 2011). The mutations
were identified by aligning the sequenced sequences with the
referenced sequences of the targeted genes.

RESULTS

Analysis of theHvNudGene in Barley and its
Homologs in Wheat
The structure of the barley HvNud gene (HORVU7Hr1G089930)
consists of two exons and one intron, and its ORF encodes a
deduced protein of 227 aa (Taketa et al., 2008, Figure 1). By using
HvNud as a query in BLAST searches of the wheat genome
database, three orthologous TaNud genes (TraesCS7A02G376300,
TraesCS7B02G277800, and TraesCS7D02G372700) located on
chromosomes 7A, 7B, and 7D were found. The TaNud genes
have the same gene structure as HvNud. All of the proteins
predicted from the Nud gene sequences contain an AP2/ERF
domain, a middle motif, and a C-terminal motif (Figure 1).
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Moreover, the DNA sequence similarity between the HvNud and
TaNud genes is 87.7%, and their similarity in protein sequence is
as high as 94%. A conserved sequence (5’-CGGCTCCTTGTT
GAGCTCGA-3’, containing a SacI restriction site) located in the
second exon of both HvNud and TaNud was selected as the
sgRNA for editing.

Detection of HvNud Gene-Edited Mutations
in T0 Transgenic Barley Plants
In total, 19 T0 transgenic barley plants (BL1 to BL10 and Ha1 to
Ha9) were generated from two experiments by Agrobacterium-
mediated transformation using immature embryos. A pair of
primers, HvNud-330F and HvNud-816R, was used to amplify the
HvNud gene from mixed leaves in an individual plant, and the
PCR products were then digested with SacI. Three types of band
patterns (Figure 2A) were found in the PCR-RE experiment:
heterozygous monoallelic mutants gave three bands, biallelic
mutants only gave a band of 487 bp, and non-mutants as well

as wild-type (WT) plants gave completely digested bands of
359 bp and 128 bp. A total of 11 mutant plants were obtained
(Figure 2A), and the editing efficiency in the T0 transgenic barley
plants was 57.9%. A total of five and six mutant plants were
confirmed to be biallelic and heterozygous monoallelic mutants
in the experiment, respectively (Supplementary Table S2).

The undigested PCR products from the mutant plants were
directly sequenced, and the results showed that the 1-bp insertion
mutation type appeared in the five mutant plants, while there are
nine different mutation types in T0 generation (Figure 2B,
Supplementary Table S2). It is interesting to find three peaks
after the 5’-CGGCTCCTTGTTGAGCT-3’ target sequence in BL2
(Figure 3A), which suggests that there might be three types of the
HvNud sequence at this nucleotide position. The PCR-amplified
DNA fragments from the targeted sequence in BL2 were
subcloned onto vector pMD18-T and sequenced. Surprisingly,
the sequencing results showed that there were three types of
HvNud sequence at the target site in BL2, which confirmed the
interpretation of the results: the first type has an A nucleotide

FIGURE 1 | Structure diagram of the HvNud gene. Boxes indicate exons, and the black bar between the boxes indicates intron.

FIGURE 2 |Detection and phenotyping ofHvNudmutations in transgenic barley plants. (A) PCR products ofHvNud digested with SacI restriction enzyme, M: DNA
marker; +: positive control; −: negative control; 1–10: B1-BL10; 11–19: Ha1–Ha9. (B) InDel mutations in the HvNud gene in edited T0 transgenic barley plants.
Nucleotide bases shown in red differ from the target sequence in the sgRNA. (C) Phenotype of T1 grains harvested frommutant plants in comparison toWT grain and T1
grains collected from HvNud knockout T0 mutants. WT: wild type without threshing; Ha2: frame-shift mutation after threshing; Ha7: 6 bp deletion mutation after
threshing.
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insertion (Figures 2B, 3B); the second type has a T nucleotide
insertion (Figures 2B, 3C); and the third type remains unchanged
from the WT (Figure 3D). Unfortunately, we did not harvest
seeds from plant BL2. The other mutant plants were randomly
selected for mutation detection by tillers. Also, the similar results
to BL2 were found in Ha3, in which only one tiller (Ha3-5) was a
biallelic mutant and the other four tillers had no mutations after
PCR-RE detection (Figure 3E). Sequencing results showed that
one DNA strand in tiller Ha3-5 had a 4 bp deletion and the other
DNA strand had a 4 bp deletion and an 8 bp insertion (−4 bp
+8 bp) (Figure 2B). These results proved that the different tillers
in Ha3 were different independent events.

Inheritance of HvNud Mutation Site in T1

Generation
The T0 transgenic barley plants numbered Ha2, Ha3, Ha4, Ha6,
and Ha7 produced seeds normally. The seeds of Ha2 and Ha4
were naked (Figure 2C). But, the seeds of Ha6 and Ha7 were
hulled and the same as their WT. In addition, the lemma covering
the seeds was difficult to be removed due to 6 bp deletion in the
two mutants (Figures 2B,C). As different tillers in Ha3 belonged
to different genotypes (Figure 3E), the seeds in this plant were
harvested by tillers. We found that the seeds from Ha3–5 were
naked, and the seeds from other tillers were hulled. Moreover, the
results by PCR-RE revealed that all the T1 plants from Ha3–5
were biallelic mutants, while no mutations were found in the

descendants of the other four tillers of Ha3 (Ha3-1, Ha3-2, Ha3-3,
and Ha3-4) (Supplementary Figure S1). Sequencing results
confirmed that Ha3-5-3 was a homozygous mutant with 4 bp
deletion, while Ha3-5-1 and Ha3-5-2 were heterozygous biallelic
mutants with −4 bp/−4 bp +8 bp. These findings were consistent
with the detection results of Ha3 in T0 generation (Figure 2B).
The aforementioned results confirmed that the different tillers of
Ha3 can inherit stably following the Mendelian rule.

Detection of Mutations in Different Tillers in
T0 Transgenic Wheat Plants
Totally, 118 transgenic wheat plants were generated and named
from WL1 to WL118. At the outset of the testing, five individual
T0 plants (WL1, 5, 8, 15, and 16) were randomly selected to test
the bar gene using QuickStix strips and SpCas9 gene by PCR in
different tillers. The results showed that all the tillers from plants
WL1, 5, 15, and 16 were positive, while two of 11 tillers on plant
WL8 were negative for the SpCas9 (Figure 4A) and bar genes
(Figure 4B). Moreover, both the negative and positive events
from the tillers can be steadily detected in T1 generation. The
mutations in the TaNud genes were further detected in the four
individual plants using the PCR-RE assay and positive detections
for SpCas9 and bar genes, and edited mutations for the TaNud
gene were identified in plants WL5 and WL15. In particular, one
tiller showed mutations in genomes A and B, another tiller
showed mutations in genome A, and the other eight tillers
showed no mutations (Figure 5) in plant WL15. These results
were consistent with the findings achieved in plant Ha3 in barley,
indicating that different tillers in an individual T0 plant might
belong to different independent transgenic or edited events.

Mutation Frequency and Type of TaNud
Genes in T0 Transgenic Wheat Plants
Genomic DNA was extracted from the mixed leaf samples of the T0

transgenic plants and detected for mutations in the three TaNud
genes on chromosomes 7A, 7B, and 7D by PCR-RE assay using the
gene-specific primers (Figures 6A–C). Mutations with the TaNud
genes were detected in 61 T0 transgenic plants (Table 1), and the
total editing efficiency of the target genes was 51.7%. In detail, the
editing efficiencies for the three TaNud genes on chromosomes 7A,
7B, and 7D were 24.6, 33.1, and 8.5%, respectively. The efficiency for
the simultaneous mutation of any two genes in a single plant was
14.4% (Table 1), and there was no plant identifiedwith simultaneous
mutations in the three TaNud genes. Theoretically, there were seven
combinations (aaBBDD, AAbbDD, AABBdd, aabbDD, AAbbdd,
aaBBdd, and aabbdd) of biallelic mutations in the three genes in
the edited T0 wheat plants, but only five biallelic mutation types were
obtained in this study (Table 1).

Application Comparison of the
Gene-Conserved and -Specific Primers
Used to Detect Edited Plants
A total of nineteen T0 transgenic wheat plants which carried
the five combinations of biallelic mutations in the three TaNud

FIGURE 3 | (A) Sequencing of the edited sites of the HvNud gene using
the PCR products of BL2. (B–D) Sequencing by using the subclonings of BL2
PCR products on the vector. (E) Detection of HvNud-edited mutations in
different tillers of Ha3 in T0 generation by PCR-RE. M: DNA marker; +:
positive control; -: negative control; 1–5: five different tillers of Ha3.
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genes were used to compare the gene-conserved primers
(HvNud-330F and HvNud-816R) and gene-specific primers
for the three alleles by PCR-RE assay. The results using the
conserved primers (Figure 6D) showed the mutated DNA
fragments as long as there was a mutation in any one of the
three genes on chromosomes 7A, 7B, and 7D (Figures 6A–C).
From this result, we can infer that the conserved primers are
able to detect all of the mutations in the three different TaNud
genes. Therefore, the conserved primers can be used to quickly
screen the transgenic plants, and a detailed confirmation of the
mutation types can then be performed using the specific
primers from the plants which contained mutations. This
approach is necessary to be adapted when large groups of
transgenic plants are obtained, or the editing efficiency in an
experiment is low.

Inheritance of TaNud Mutation Sites in
T1-Edited Wheat Plants
Genetic segregation of the mutations in the TaNud genes was
detected in the T1 generation by PCR-RE using gene-specific
primers and DNA sequencing. For this purpose, five T0 plants
(WL4, WL11, WL18, WL50, and WL56), in which each plant
belonged to a different mutation-type category, were selected for

FIGURE 4 | Detection of SpCas9 and bar genes in different tillers of WL8 by PCR and QuickStix strips, respectively. (A) Detection of SpCas9 gene by PCR. 1–11:
different tillers of WL8; WT: wild type by PCR-RE; P: PCR products without digestion; M: DNA marker. (B) Detection of Bar protein by QuickStix strips. (C) Schematic
diagram of conjoined transgenic wheat plant WL8. +: positive tiller; −: negative tiller.

FIGURE 5 |Detection of mutations of the wheat TaNud genes in different
tillers of WL15 by PCR-RE. (A) TaNud-7A. (B) TaNud-7B. (C) TaNud-7D.
1–10: different tillers of WL15; 11: positive control; M: DNA marker.

FIGURE 6 | Detection of mutations of wheat TaNud genes by PCR-RE
assay using specific primers and the conservative primers. (A) TaNud-7A-
specific primers. (B) TaNud-7B-specific primers. (C) TaNud-7D-specific
primers. (D) Conservative primers. 1: WL1; 2: WL2; 3: WL4; 4: WL5; 5:
WL11; 6: WL12; 7: WL18; 9:WL46; 10:WL50; 11:WL51; 12:WL56;WT: wild
type by PCR-RE; P: PCR products without digestion; M: DNA marker.
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further characterization in the next generation. A total of ten T1

plants were detected in each of the edited lines. The frequencies of
homozygous mutants were 30, 40, and 40% for the edited types
aaBBDD, AAbbDD, and AABBdd, respectively (Table 2). The
frequencies of simultaneous homozygous mutation plants at two
loci were 20 and 10% for aabbDD and aabbDD, respectively
(Table 2). The segregation ratios of the edited sites in the T1

generation plants did not follow the Mendelian heritance pattern,
which might be either due to the T1 population being small or
their T0 generations being conjoined. In total, five types of
homozygous mutations were identified in the T1 plants, and
DNA sequencing showed that the mutations in the TaNud genes
included small nucleotide insertions, deletions, and substitutions
(Figure 7, Supplementary Table S2).

Detection of Off-Target Mutations
The presence of potential off-target mutated sites in barley and
wheat was further analyzed. Two putative off-target sites which
had three or five SNPs compared with the target sequences were
predicted for each of HvNud and TaNud genes from the IBSCv2
barley genome and IWGSCv1 wheat genome by a BLAST search
(Supplementary Table S3). Specific PCR primers were designed
to amplify the potential off-target regions (Supplementary Table
S3) in two T0 barley transgenic plants and 61 T0 wheat transgenic

plants. The PCR-RE results verified that there were no off-target
mutations happened in our present experiments. Therefore, the
CRISPR/Cas9 system precisely targeted the selected sites in the
Nud gene sequences of the two crops in this study.

DISCUSSION

Compared to other techniques used to induce mutations, such as
ethyl methyl sulfonate (EMS) treatment and ray irradiation, the
CRISPR/Cas9 system is much precise and efficient in generating
specific mutations. Therefore, CRISPR/Cas9 has been the
common choice to induce mutations for target gene function
analysis and crop improvement because the genetic
transformation efficiency of wheat and barley has been
significantly improved (Bartlett et al., 2008; Wang et al., 2016);
the application of CRISPR/Cas9 will also be more widespread in
these two important crops. However, since wheat is a hexaploid
plant, most wheat genes are present in at least three copies, and
the difficulty of editing multiple target genes simultaneously may
limit the application of CRISPR/Cas9 in wheat.

Mutant Induction of the Nud Gene by
CRISPR/Cas9 in Barley and Wheat
In this study, five biallelic mutant plants and six monoallelic
heterozygous mutant plants were obtained for editing the barley
HvNud gene with an editing efficiency of 57.9%. Biallelic
mutation efficiency was up to 26.3%, and the naked grain
phenotype was observed in three T1 lines Ha2, Ha3, and Ha4.
Wheat has always lagged behind other cereal crops with respect to
the applications of genetic modification technologies due to its
complex polyploid genome. Although there were many studies on
the use of CRISPR/Cas9 in wheat, there were few reports
describing the simultaneous mutation of target genes located
on A, B, and D genomes (Wang et al., 2020). With the
optimization on vector construction and the improvement on
editing efficiency by the CRISPR/Cas9 system for wheat, the
application of genome-editing technology will soon become
routine in wheat. By using the optimized CRISPR/Cas9 system
in wheat (Liu et al., 2019a), the editing efficiency of TaWaxy and
TaMTL genes in T0 plants reached 80.5 and 57.5%, respectively.
In our current study, the editing efficiency of the three TaNud
alleles also reached 51.7%, but the editing efficiency of TaNud-7D
was only 8.5%. The low editing efficiency of TaNud-7D resulted
in failure to obtain plants carrying mutations in all three TaNud

TABLE 1 | Summary of the mutations of the TaNud genes in T0-edited wheat plants.

Mutation allele Mutant plant Mutation rate (%) Plant ID

7A 17 14.4 WL−4, 5, 10, 14, 20, 40, 48, 52, 75, 89, 92, 105, 106, 107, 110, 114, and 117
7B 22 18.6 WL−18, 21, 23, 32, 33, 36, 43, 53, 57, 59, 62, 63, 68, 76, 77, 80, 84, 90, 94, 96, 97, and 118
7D 5 4.2 WL−56, 67, 69, 95, and 109
7A and 7B 12 10.2 WL−11, 15, 17, 24, 27, 38, 46, 66, 74, 104, 113, and 115
7B and 7D 5 4.2 WL−50, 60, 82, 91, and 101

Lower case letters represent mutant types; capital letters represent wild type.

TABLE 2 | Summary of mutations in the TaNud genes in T1-edited wheat plants.

T0 line T0-edited allele T1-edited type

Homozygous Heterozygous WT

WL4 aaBBDD 3 3 4
WL18 AAbbDD 4 5 1
WL56 AABBdd 4 3 3
WL11 aabbDD 2 8 0
WL50 AAbbdd 1 9 0

FIGURE 7 | InDel mutations in TaNud genes in the edited T1 transgenic
wheat plants.
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genes on the three wheat genomes. Therefore, the same target site
might lead to different editing efficiencies for different
homoeologous genes. It is also possible that the editing
efficiency for genome D is lower than that for genomes A and
B due to the special structure in the target region of genome D in
wheat. In a word, CRISPR/Cas9 can be employed to accurately
generate targeted mutations for crop improvement.

Potential Function of the HvNudMutants by
CRISPR/Cas9
Generally, the hulled barley is used for distilling, brewing, and
animal feed, and the naked barley is an important food source in
Asia and northern Africa. Compared with the hulled barley, the
naked barley is easy to separate from its outer glume, which is
convenient for processing and eating. Moreover, the naked barley
has a high protein level, high β-glucan, some rare nutrients, and
trace element contents (Östman et al., 2006). The barley β-glucan
can reduce blood LDL-cholesterol and visceral fat obesity (Tiwari
and Cummins, 2011; Aoe et al., 2017). Therefore, the mutants of
HvNud gene could not only convert the hulled germplasm into
naked barley for dietary purposes but also increase the nutrition
value in barley grains.

Identification of Conjoined T0 Transgenic
Barley and Wheat Plants
In general, an individual T0 transgenic plant has been thought to
represent a single transgenic event. Previously, the transgenic
seedlings arising from the same embryo were even considered to
represent the same transgenic event. In a previous study, different
phenotypes for editing the wheat TaQ gene were observed in
different tillers of a single transgenic plant (Liu et al., 2020b). In
our present study, different independent transgenic events were
first identified in different tillers of an individual plant and could
inherit into next generations in barley and wheat. In T0 barley
plants, Ha3 displayed two different genotypes in different tillers
(Figure 3E), and the two genotypes could stably inherit in T1

generation, respectively (Supplementary Figure S1).
Theoretically, all of the transgenic plants should be positive
because the transformants were rigorously screened by the
selective agent. In fact, negative plants are often detected in T0

populations. In this study, two of 11 tillers on plant WL8 were
transgene negative (Figure 4A). It is very interesting that the
middle two tillers were negative in this plant (Figure 4C).
Moreover, the foreign integrating elements in positive plants
can be stably inherited by tillers. In summary, Ha3 and WL8
were conjoined plants, not chimeric plants. Mosaic or chimeric
plants are normally generated when some tissues are positive and
other tissues are negative for the transgenes in a plant. Thereby,
the transgenes or mutations in mosaic or chimeric plants cannot
stably inherit. We speculated that a negative transformant and a
positive transformant are tightly grown together like conjoined
babies in humans, and the negative transformant can be survived
by the resistance of the positive transformant to the selection
pressure in the medium. Conjoined plants were originated from
different cells, but the different cells are too close to separate

during transformation, so the conjoined plants are generated. Just
like a conjoined baby, the conjoined plants are independent
individuals although they grow combined. Therefore, this is
the reason that positive and negative tillers can be detected in
a single plant. The conjoined plants such as WL15 from wheat
and BL2 and Ha3 from barley in this study also led to different
transgenic events.

When the T0 transgenic plant in the genome-editing
experiment was shown to be a conjoined plant that contained
different independent transgenic events (Figure 4C), the T0

transgenic plants should be screened for edited mutations by
detecting the individual tillers, and this approach could be too
labor-intensive. Thus, mixed leaf samples can be used when
screening T0-edited plants to avoid missing targeted mutations.

System for Detecting Mutation in Different
Wheat Genomes
Wheat is a complex allopolyploid plant harboring three similar
genomes, and the most homoeologous genes have very small
sequence differences on the A, B, and D genomes. This fact makes
genome editing and the subsequent mutation detection extremely
challenging in wheat. Current methods for detecting DNA
sequence mutations induced by genome editing include PCR-
RE (Shan et al., 2014), PCR/RNP (Liang et al., 2018), the T7EI
cleavage assay (Vouillot et al., 2015), next generation sequencing
(NGS) (Liu et al., 2019b), high-resolution melting analysis
(HRMA) (Dahlem et al., 2012), and fluorescent PCR-capillary
gel electrophoresis (Ramlee et al., 2015). Even though each
method has its shortcomings, PCR-RE and Sanger sequencing
are the most direct, convenient, and widely used methods in
many laboratories. Moreover, PCR-RE is the best, efficient, and
most cost-effective method when a restriction enzyme site exists
in the target sequences. PCR-RE can steadily identify
heterozygous mutants, biallelic mutants, and un-mutated WT
sequences. Based on our experiences detecting wheat mutations
induced by CRISPR/Cas9, a detecting system was suggested as
follows: the sgRNA was designed with an incorporated restriction
enzyme recognition site. For most genes, a target site with a
restriction enzyme site can be found. Mixing leaf samples from
different tillers of single plants in the T0 generation were collected
for DNA extraction and PCR detection. Normally, individual
conjoined plants in T0 generation might be homozygous in T1

generation. Mixing samples can help to avoid missing the edited
mutants in T0 generation. Generally, different primer pairs
specific to the homologs on A, B, and D genomes should be
used. However, when the mutation frequency is low and/or a
large population needs to be screened, conserved primers that can
amplify the target regions from the three homologous genes can
be used for the initial screening, and then gene-specific primers
can be used for mutation detection.When the mutation plants are
heterozygous, the detecting results by PCR-RE will show three
binds and the largest fragment which is of the same size to the
undigested PCR product can be sequenced; when the mutation
plants are biallelic, the PCR-RE results will show only one bind, in
which the product can be directly sequenced, and the sequence
can be further analyzed at http://skl.scau.edu.cn/dsdecode/; in
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either way, the PCR-RE product can be ligated into a T-vector
and then sequenced. When there is no available restriction
enzyme site present in the sgRNA sequence, gene-specific
primers can be used to first amplify the target regions, and
DNA sequencing is followed to determine whether a mutation
is present by examining the overlapping peaks in the sgRNA
sequence. Finally, the sequencing results were analyzed at http://
skl.scau.edu.cn/dsdecode/, or the PCR product is ligated into a
vector to be sequenced.

CONCLUSION

In this study, we created barley and wheat mutations for the Nud
gene by CRISPR/Cas9 and provided materials for studying the
functions of the target gene in the two crops. The editing
efficiencies for the Nud gene in barley and wheat were 57.9
and 51.7%, respectively. The biallelic mutant barley plants
showed a naked phenotype. A total of five types of
homozygous wheat mutation plants for TaNud genes were
obtained in the T1 generation, especially we identified
conjoined plants in which different tillers in a T0 individual
plant were independent transgenic or genome-editing events in
barley and wheat, and different genotypes in different tillers could
inherit in the T1 generation. Therefore, the transgenic or edited
wheat and barley plants need to be detected by mixed leaf samples
in the T0 generation in case of missing some desired events, which
might be a candidate method for detecting edited wheat plants to
avoid the loss of possible mutations. The mutants of the HvNud
gene could not only convert the hulled germplasm into naked
barley for dietary purposes but also increase the nutrition value in
barley grains.
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