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Abstract: The CRISPR/Cas9 system has been successfully used in hexaploid wheat. Although
it has been reported that the induced mutations can be passed to the next generation, gene
editing and transmission patterns in later generations still need to be studied. In this study,
we demonstrated that the CRISPR/Cas9 system could achieve efficient mutagenesis in five wheat
genes via Agrobacterium-mediated transformation of an sgRNA targeting the D genome, an sgRNA
targeting both the A and B homologues and three tri-genome guides targeting the editing of all three
homologues. High mutation rates and putative homozygous or biallelic mutations were observed
in the TO plants. The targeted mutations could be stably inherited by the next generation, and the
editing efficiency of each mutant line increased significantly across generations. The editing types and
inheritance of targeted mutagenesis were similar, which were not related to the targeted subgenome
number. The presence of Cas9/sgRNA could cause new mutations in subsequent generations,
while mutated lines without Cas9/sgRNA could retain the mutation type. Additionally, off-target
mutations were not found in sequences that were highly homologous to the selected sgRNA sequences.
Overall, the results suggested that CRISPR/Cas9-induced gene editing via Agrobacterium-mediated
transformation plays important roles in wheat genome engineering.
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1. Introduction

The clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 system is becoming
a powerful genome editing tool and has rapidly replaced the zinc finger nucleases (ZFN) and
transcription activator-like effector nuclease (TALEN) systems. The CRISPR/Cas9 system can produce
double-stranded breaks (DSB) at specific chromosomal sites that are subsequently repaired by
error-prone non-homologous end joining (NHE]) or the homology-directed repair (HDR) pathway.
This approach is more convenient and powerful than random mutagenesis for inducing fixed-point
mutations, thus presents many advantages for functional genomics and molecular breeding [1-4].

The CRISPR/Cas9 system for gene editing has been successfully used and developed in various
plant species, and stable genetic mutants have been obtained [3,5-15]. However, the editing efficiency
of different CRISPR/Cas9 systems can differ in different species even within the same species. Many
factors may affect the efficiency of the CRISPR/Cas9 system, such as the Cas9 gene, RNA polymerase
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IlI-dependent promoters (U3, U6, etc.), target sites, plant species (genome size, GC content), and
transformation strategies involved [3,4,7,8]. For genome editing in plants, vectors carrying the Cas9 and
sgRINA expression cassettes are delivered into plant cells via two major platforms: Agrobacterium-mediated
and biolistic (particle bombardment) delivery systems. The Agrobacterium-mediated method presents the
advantages of integrating T-DNA into plant genomes with a low copy number of transgenes, stability
and heritability in progeny.

Common wheat (Triticum aestivum. L, 2n = 6x = 42, AABBDD) presents a large genome size
of 17 Gb with a complex allohexaploid nature that consists of three different genomes (AA, BB and
DD) [16,17]. Each genome is equivalent to that of a diploid plant, in which editing can result in
homozygous, biallelic, heterozygous or chimaeric mutants. Compared to diploid plants, when targeting
polyploid wheat, mutation detection and the analysis of editing results are much more challenging.
The downstream analysis of the inheritance of different editing types is more difficult due to the
complex hexaploid nature of the wheat genome. It has been demonstrated that the CIRSPR/Cas9 system
can edit the genome of wheat protoplasts [18-20]. CRISPR/Cas9 technology has been used to generate
targeted mutations in the mildew resistance locus TaMLO-A1 allele in T0 transgenic plants [13]. Liang
et al. [21] applied DNA-free genome editing of bread wheat using CRISPR/Cas9 ribonucleoprotein
complexes (RNPs) to obtain completely transgene-free mutants. Sanchez-Ledn et al. [22] generated
low-gluten, non-transgenic wheat lines using CRISPR/Cas9, and these plants showed a large reduction
in a-gliadins. Zhang et al. [23] used the gene-editing mutants of three homologues (TaGW2-A1, -B1 and
-D1) to analyze the functions of TaGW2 homologues in determining wheat grain weight and protein
content traits in hexaploid wheat. These studies all used biolistic bombardment delivery systems.
Recently, some groups demonstrated the feasibility of using Agrobacterium-delivered Cas9/sgRNA for
targeted mutagenesis in the hexaploid wheat. Howells et al. [24] achieved efficient gene targeting of
the TaPDS gene at rates of 11%-17% for single-genome-targeted guides and 5% for tri-genome-targeted
guides. Our research group targeted the TaDA1 gene and achieved a mutation frequency of 54.17% in
TO transgenic plants using Agrobacterium tumefaciens-mediated transformation [25]. Recently, it was
reported that the Agrobacterium-delivered CRISPR/Cas9 system was used in wheat to target four
grain-regulatory genes, with an average editing rate of 10%, and it was confirmed that the mutations
were heritable through the T0, T1 and T2 generations [26]. Genome editing has also been successfully
applied for the generation of male-sterile wheat lines [27,28]. Okada et al. generated heritable targeted
mutations in Ms1 by using the CRISPR/Cas9 system for the rapid generation of male-sterile hexaploid
wheat lines that could be used in hybrid seed production [29].

In recent years, the CRISPR/Cas9 genome editing system has achieved breakthroughs, with an
editing efficiency of up to 100% being obtained for rice and maize by a number of laboratories [8,30-32].
In contrast, the reported genetic editing efficiency in wheat is much lower than that in rice and maize,
reaching a maximum of 54.17%, and only a few genes have been successfully edited. It is worth
investigating gene editing in later generations, and transmission patterns need to be studied. In this study,
we demonstrated that the CRISPR/Cas9 system could achieve efficient mutagenesis in five target genes
of wheat when introduced via Agrobacterium-mediated transformation. The Agrobacterium binary vector
system achieves efficient and heritable targeted mutagenesis in the T1 and T2 generations. The presence
of Cas9/sgRNA could cause new mutations in subsequent generations, while mutated transgenic lines
without Cas9/sgRNA could retain the mutation type. This provides a new strategy for breeding new
wheat cultivars, since it is easy to obtain DNA-free lines by self-crossing the transgenic lines.

2. Results

2.1. sgRNA Design and Vector Construction

Hexaploid wheat presents three sets of subgenomes (AA, BB and DD). Due to the plasticity of
these subgenomes, three homologues of some genes are retained, while one or two homologues of other
genes are lost. Based on those characteristics, we selected five genes representing singleton, duplex
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or triplet genes to investigate the editing mode in wheat. Thus, we constructed five independent
Cas9-sgRINA vectors that targeted the five wheat genes (i.e., TaPinb, TaDA1, TaDA2, TaNCED1 and
TuLPR2 genes) (Figure 1A). The TaPinb gene is located on chromosome 5DS (Genbank accession number
AB262660), and no other copy of this gene was found in the wheat genome. An sgRNA was designed
in the coding sequence of the TaPinb gene (Figure 1B). The sgRNA targeting the 11th exon of the TaDA1
gene was designed to target the conserved sites with perfect matches in the A (TraesCSU01G007800)
and B (TraesCS2B01G007700) genomes, but there was a mismatch in the D (TraesCS2D01G016900)
genome at position one at the 3’ end (Figure 1C). Three sgRNAs targeting the 12th, first and second
exons of the TuDA?2 (TraesCS4A01G093500, TraesCS4B01G210900 and TraesCS4D01G211600), TaNCED1
(Genbank accession number JQ772528) and TaLPR2 (TraesCS4A01G276100, TraesCS4B01G037600 and
TraesCS4D01G035000) genes, respectively, were designed according to the conserved sites of each three
homoeologous copies (Figure 1D). Overall, the gene editing experiment involved sgRNAs targeting
singleton, duplet and triplet genes (Figure 1, Table S1).
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LB T35S bar P35  Ter Cas9 Pubi seRNA-Sc  RB
B
CCGCAGGAGCGGCCGAAGC B Exon
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0kb 1kb
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Figure 1. Schematic map of the binary vector and sgRNA selection in the target genes used for wheat
transformation. (A) The T-DNA region of the binary vector used for genome editing in wheat. Cas9
was expressed with a ubiquitin promoter, and the sgRNA was derived using U3 promoters. (B) The
gene structure of TaPinb and its sgRNA targeting the 5D genome. The TaPinb gene is a single-copy
gene. (C) The gene structure of TaDA1 and the design of its sgRNA targeting A and B homologues.
The sgRNA of the TaDA1 gene was designed to target the conserved sites of the A and B genomes but
showed a mismatch to the D genome at position one at the 3’ end. (D) The gene structure of TaDA?2,
TaNCED1 and TaLPR?2 and the design of their sgRNAs targeting all three homologues. Introns are
shown as lines, and exons are shown as black boxes. Target sites are indicated in red. The protospacer
adjacent motif (PAM—NGG) sites are underlined and indicated in italics.
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The wheat U3 promoter was selected to drive the sgRNA expression, whereas the expression of
Cas9 was driven by the maize ubiquitin promoter (Figure 1A). The functions of the above genes are
related to grain quality (TaPinb, puroindoline b), grain development (TuDA1 and TuDA?2, ubiquitin
receptor) and stress-related genes (TaNCED1, 9-cis-epoxycarotenoid dioxygenase; and TuLPR2, low
phosphate response). Knockout mutations of these genes did not cause an easily identifiable phenotype.

2.2. CRISPR/Cas9 Induced Highly Efficient Mutagenesis in Four Genes but Not in TuPinb in TO Plants

After Agrobacterium-mediated transformation, the regenerated plantlets were molecularly
characterized. A total of 22, 24, 19, 48 and 15 independent TO transgenic plants were obtained
in which TaPinb, TaDA1, TaDA2, TaNCED1, and TaLPR?2, respectively were targeted. The targeted
regions were investigated with the corresponding PCR primers and were further confirmed by
sequencing (Table S2). The results showed a high mutation efficiency in four target genes. TaDA1,
TuDA2, TaNCED1, and TuLPR2 were all detected with high mutation rates of 54.2% (13 out of 24), 31.2%
(6 out of 19), 20.8% (10 of 48) and 46.7% (7 of 15), respectively (Table 1). The highest editing efficiency
was observed for the TaDA1 gene, in which the target region was mutated in 13 lines out of a total of
24 lines. Unfortunately, no mutation was detected in any of the 22 T0 transgenic wheat plants in which
TaPinb was targeted. The presence of a transgene was confirmed in all 22 lines via the Enviologix
QuicksStix kit for bar protein. In addition, it has been reported that the GC content of the targeted sites
may influence the targeting efficiency. However, the mutation frequency was not in accordance with
the GC content of these genes, with the GC content of TaDA1 being lowest at 43% (Table S1).

Table 1. Targeted mutagenesis in TO plants.

Target Gene Number of Plants Examined Mutation Line ~ Mutation Rate (%) Mutation Types (bp)
TaPinb 22 0 0 —
TaDA1 24 13 54.2 1i, 1d, 2d, 4d, 5d, 19d
TaDA2 19 6 31.2 1i, 1d
TaNCED1 48 10 20.8 1i, 1d, 2d, 8d
TaLPR2 15 7 46.7 1i, 1d, 3d, 4d, 6d, 29d, 42d

i, insertion; d, deletion; -, No mutation.

2.3. Inheritance and Stability of Targeted Mutations Induced by CRISPR/Cas9 in the T1 and T2 Generations

Individual TO plants from the selected mutant lines were self-pollinated. To investigate whether
the targeted mutations that occurred in the TO plants could be transmitted to the later generations, an
analysis was carried out on the progeny of the selected plants. The four selected TO plants of each
target gene used in this study were all positive plants having the Cas9/sgRNA. After the genomic DNA
was extracted, PCR amplification and Hi-TOM sequencing were performed for mutation analysis.
For the TaPinb gene, we did not detect CRISPR/Cas9-induced mutations at the sgRINA target site in
the TO plants. To further investigate the possible reason for the unsuccessful mutation targeting, we
randomly chose six positive T1 plants from each independent transgenic event for mutation detection.
The results showed that some T1 plants had detectable mutations. Ten plants from a total of 132 plants
from nine independent lines exhibited mutations. The editing efficiency was 7.6% (Table 2).

For the other four genes, approximately 20 seeds from each of the four selected mutated TO plants
were germinated and grown in the greenhouse. For the T1 plants, we wanted to find the inheritance
patterns of the mutations in both positive and negative plants. Some T1 lines that either exhibited a
T-DNA insertion or not by bar detection were both selected for analysis. Genotype analysis showed that
heritable targeted mutations were present in the T1 progeny. The total mutation rates of TaDA1, TaDA2,
TaNCED1 and TaLPR2 were 97.6%, 74.3%, 75% and 86.9%, respectively. For each T1 line, the editing
efficiency of the four genes ranged from 61.5% to 100%. The editing efficiency in four T1 lines reached
100% for TaDA1-15, TaDA1-17, TaLPR2-1 and TaLPR2-17 reached 100% (Table 2). The proportion of the
T1 generation showing 100% editing efficiency for the four genes was 31.3%.
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Table 2. Mutation rates and mutation types in the T1 and T2 generation.
T1 Number of Number of Mutation Mutation T2 Line Number of Number of Mutation = Mutation Type
Target Gene Line Plants Mutated Rates (%) Types (bp) from T1 Plants Mutated Rates (%) (bp)
Examined Plants ’ yp P Examined Plants ° P
. 5d, 7d, 12d
_ 00 7 7 7 .
TaPinb 1-22 132 10 7.6% 20d, 34d 47 21 1 476 12d
30 21 15 714 12d
34 21 2 9.5 12d
44 21 2 9.5 12d
48 12 1 8.3 12d
TaDA1 6 13 12 92.3 1d, 3d, 1i 6-3 17 17 100 1i, 1d, 3d, 6d
14 21 20 95.2 4d, 15;&7% od, 14-1 19 19 100 1i, 4d, 5d, 114,
14-15 19 19 100 5d, 9d, 18d
1i, 4d, 5d, 94,
14-6 19 18 94.7 184
15 25 25 100 1d, Zdiisd’ 4d, 15-7 15 15 100 1i,1d, 2d, 3d, 4d
15-8 15 15 100 1i, 2d
1d, 2d, 4d, 12d, .
17 26 26 100 19d, 57d, 1i 17-4 16 16 100 1i,1d, 2d
TaDA2 3 19 15 78.9 53d, 1i 3-12 17 13 76.5 1i
3-13 13 12 92.3 1i
5 13 8 61.5 1d, 1i 5-13 22 16 72.7 1i
58 20 18 90 1d,7d, 1i 58-6 21 21 100 1i, 1d
58-10 16 16 100 1i,1d
58-18 12 12 100 1i, 1d
60 22 14 63.6 1d, 24d, 544, 1i 60-3 14 1 7.1 1d
TaNCED1 53 11 7 63.6 1d, 8d 53-1 18 16 88.9 1d, 8d
53-6 20 20 100 1d, 8d
53-10 15 15 100 8d
84 20 14 70 1d 84-6 20 10 50.0 1d
84-10 14 14 100 1d
98 17 16 94.1 1i, 12d 98-3 8 8 100 1i
98-9 16 16 100 1i,1d
98-12 18 14 77.8 1i
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Table 2. Cont.

6 of 19

T1 Number of Number of Mutation Mutation T2 Line Number of Number of Mutation Mutation Type
Target Gene Line Plants Mutated Rates (%) Types (bp) from T1 Plants Mutated Rates (%) (bp)
Examined Plants ° yp P Examined Plants ° P
98-13 11 11 100 1i, 12d
107 16 11 68.8 2d 107-2 11 3 27.3 2d
TuLPR2 1 22 22 100 1d, 4d, 6d, 2i 1-13 20 20 100 1d, 4d, 6d
54 23 23 100 1d, 12d 54-23 20 20 100 1d
57 18 14 77.8 29d, 1i 57-1 18 13 72.2 1i
1d, 2d, 6d, 124,
13d, 15d, 184, 1d, 1i, 2d, 6d, 9d,
59 21 14 66.7 22d.30d. 50, 59-4 16 16 100 12d, 17d
53d, 1i
1d, 3d, 5d, 22d,
59-11 20 20 100 93d2i
59-14 15 15 100 1d, 2d, 4d, 6d
1d, 4d, 6d, 7d,
59-16 18 18 100 12d, 18d, 30d

i, insertion; d, deletion.
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Five to ten T2 transgenic lines from the four mutant lines that carried three genotypes (homozygous,
heterozygous and chimaeras) either exhibited a T-DNA insertion or not were selected for analysis.
Approximately 11-20 seeds of each line were germinated for DNA extraction and sequencing. It is
worth noting that the editing efficiencies of the selected T2 transgenic lines were all significantly
increased. The proportion of transgenic lines with 100% editing efficiency increased to 66.9%, which
was significantly higher than that in the T1 generation according to Fisher’s exact test, with a p-value
= 1.06 x 1078, Among all 31 selected T2 transgenic lines, 21 lines exhibited 100% mutation rates.
TaDA1-edited and TaLPR2-edited plants of the T2 generation were both detected in six lines among
the selected seven lines exhibiting 100% editing efficiency. The total mutation rates of TaDA1, TaDA?2,
TaNCED1 and TaLPR2 were 99.2%, 79.1%, 84.1% and 96.1% respectively (Table 2), which were higher
than the rates in the T1 generation.

The editing bias of each subgenome was further investigated. Some target genes showed a
mutation preference in the subgenomes across generations. For example, TaLPR2 exhibited a smaller
proportion of B genome editing compared with the other genomes (A and B) in T0, T1 and T2
generations, and TaDA?2 presented higher editing rates in the D genome in the T1 and T2 generations
(Figure S1).

These results showed that the targeted mutagenesis induced by CRISPR/Cas9 is stably inherited
in the progeny of hexaploid wheat.

2.4. CRISPR/Cas9-Induced Mutation Types Across Generations

After Agrobacterium-mediated stable transformation, independent TO transgenic plants were
obtained, and target mutations were analyzed in the TO, T1 and T2 lines. A number of T1 plants
derived from the same T0 plants were investigated in the mutation analysis (Table 2 and Table S3).
Some of the T2 plants generated from the corresponding T1 lines were selected on the basis of whether
they presented genotypes (homozygous, heterozygous and chimaeric) with or without the transgene
(Table 2 and Table S4). Most of the gene mutations were stably passed on to the next generation, though
some mutations occurring in TO were lost, and some new mutations were generated in the progeny.
We detected the T-DNA region by bar detection. When the Cas9 protein was removed, for example, the
14-6 and 15-8 of TaDA1, 3-12 and 60-3 of TaDA2, 98-3 of TaNCED1, and 54-23 of TuLPR2 (Table S4), of
these lines had the same genotype as the T1, or different genotypes from T1 because of segregation in
T2. The editing types of these lines were also stably inherited from the T1, except for a few lost types
(Table 2). All of the insertion mutations occurred at the 4th base upstream of the PAM (protospacer
adjacent motif) site, and nearly all of the 1 bp deletions were also located at this position. Relatively,
longer deletions also occurred, including deletions at this site.

For the TaPinb gene, the observed mutation types included only deletions, such as 5d, 7d, 12d,
29d and 34d in T1 (Figure 3A, Table 2), but only 12d in T2 (Figure 4A, Table 2). For the TaDA1 gene, the
mutation types included both insertions, such as 1i in T0, T1 and T2 generations, and deletions, such as
1d, 2d, 4d, 5d, 9d and 18d in TO (Figure 2A, Table 1); 1-5d, 7-9d, 12d, 18d, 19d and 57d in T1 (Figure 3B,
Table 2); and 1-6d, 9d, 11d and 18d in T2 (Figure 4B, Table 2). For the TaDA2 gene, only 1i and 1d were
detected in TO (Figure 2B, Table 1), while more variations were detected in T1, including 1i and 1d, 7d,
24d, 53d and 54d (Figure 3C, Table 2). Because T2 plants were partially selected from the T1 lines, only
1i and 1d were detected in T2 plants (Figure 4C, Table 2). For TaNCED], the variation types were stable
and included 1i, 1d, 2d and 8d in TO plants (Figure 2C, Table 1), while 12d was additionally found in
T1 plants (Figure 3D, Table 2), and the same variations were found in T2 (Figure 4D, Table 2). For the
TaLPR2 gene, the mutational variations were complex. A 1 bp insertion was detected in TO, T1 and T2
generations (Figures 2D, 3E and 4E, Tables 1 and 2). Regarding deletions, 1d, 4d, 6d, 29d and 42d were
detected in TO (Figure 2D). In addition, 12-14d, 18d, 19d, and 50d appeared in T1 (Figure 3E, Table 2),
and novel mutations, such as 3d, 5d, 7d, 9d, 17d, 22d, 30d and 93d occurred in T2 (Figure 4E, Table 2).
There were differences in the mutation types in each subgenome for TiDA1, TaDA2 and TaLPR2, while
TaNCED1 exhibited similar mutation types among the three subgenomes (Figure S2).
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A

TaDAl
WT: CTCATGAGATGATGCAT- GCATGG
6: Cmmmmmmm e e ATGG -18bp 2A
CTCATGAGATGATG- - T- GCATGG 2bp 2B
14: CTCATGAGATGATGCATTGCATGG +1bp 2A
CTCATGAG- = = - = == = = - GCATGG -9bp 2B
CTCATGAGATGA- - - - - - GCATGG -5bp 2B
15: CTCATGAGATGATG- - T-GCATGG  -2bp 2A
CTCATGAGATGATGC- T- GCATGG -1 bp 2A
CTCATGAGATGATGC- - - GCATGG -2bp 2B
17: CTCATGAGATGATG- - T- GCATGG  -2bp 2A
CTCATGAGATGATGCATTGCATGG +1bp 2B
CTCATGAGATGATGC- - - - - ATGG -4bp 2B
B | 7una2
WT: GTCTTACTTGTGGCTCG- AGTCGG
3. GTCTTACTTGTGGCTCGAAGTCGG  +1 bp 4D
5. GTCTTACTTGTGGCTCGTAGTCGG  +1 bp 4D
58: GTCTTACTTGTGGCTCGTAGTCGG  +1 bp 4A
GTCTTACTTGTGGCTC- - AGTCGG -1 bp 4A
GTCTTACTTGTGGCTCGAAGTCGG +1bp 4B
GTCTTACTTGTGGCTCGAAGTCGG  +1 bp 4D
60: GTCTTACTTGTGGCTCGCAGTCGG  +1 bp 4A
GTCTTACTTGTGGCTCGGAGTCGG  +1 bp 4A
C | rancepi
WT: CCGGCG- AGCTCTTCGCGCTCAGCT
53: CCGGCGmm = === = - - GCGCTCAGCT -8bp 5A
CCGGCG- - GCTCTTCGCGCTCAGCT -1 bp 5A
CCGGCG- - GCTCTTCGCGCTCAGCT -1 bp 5B
CCGGCG === == == - GCGCTCAGCT -8 bp 5D
84: CCGGCG- - GCTCTTCGCGCTCAGCT -1 bp 5A
CCGGCG- - GCTCTTCGCGCTCAGCT  -1bp 5B
98: CCGGCGGAGCTCTTCGCGCTCAGCT +1 bp 5A
CCGGCGGAGCTCTTCGCGCTCAGCT +1 bp 5B
107: CCGGCG- - - CTCTTCGCGCTCAGCT -2 bp SA
CCGGCG- - - CTCTTCGCGCTCAGCT -2 bp 5B
D |741PR2
WT: CCCCTT- CCACGTCGTCGGCTCCG
1: CCCCT- - CCACGTCGTCGGCTCCG -1 bp 4A
CCCCTT-- - - - - CGTCGGCTCCG -6 bp 4A
CCCCTT--- - - GTCGTCGGCTCCG -4 bp 4A
CCCCTT- - CACGTCGTCGGCTCCG -1 bp 4D
CCCCTT--- - - GTCGTCGGCTCCG -4 bp 4D
54: CCCCTT- - CACGTCGTCGGCTCCG -1 bp 4D
CCCCTT- - CACGTCGTCGGCTCCG  -1bp 4D
57: CCCCTTCCCACGTCGTCGGCTCCG  +1 bp 4A
--------- ACGTCGTCGGCTCCG  -29 bp 4D
CCCCTTCCCACGTCGTCGGCTCCG  +1 bp 4D
P T ACGTCGTCGGCTCCG  -42 bp 4A

Figure 2. CRISPR/Cas9-induced targeted mutagenesis of the target genes TuDA1 (A), TaDA2 (B),
TaNCED1 (C) and TaLPR2 (D) in the T0 plants. The mutation sites are indicated in red. The PAM (NGG)
sites are underlined and indicated in italics in green.
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A TaPinb C | TaDA2
WT: GTCTTACTTGTGGCTCG- AGTCGG
WT: CCGCAGGAGCGGCCGAAGCTAAG 3: GTCTTACTTGTGGCTCG- - = - = - - 53 bp4A
2: CCGCAG- == === === == == CTAAG -12bp 5D GTCTTACTTGTGGCTCGAAGTCGG  +1 bp 4D
18: CCGCAG- == === === - - -~ CTAAG -12bp 5D 5: GTCTTACTTGTGGCTCA- - GTCGG -1 bp 4A AD
30 COGCAGn - m o mm e o CTAAG -12bp 5D GTCTTACTTGTGGCTCGAAGTCGG  +1 bp 4B AD
Y aaccameing i  CCTHCTIOCCTECTATEGE 13 340
A e e e e _ B == 66 -1bp 5
43: CCGCAG CTAAG -12bp 5D GTCTTACTTGTGGCTCGAAGTCGG  +1 bp 4A4B 4D
dimmmmmmmm e GGCCGAAGCTAAG  -29bp 5D GTCTTACTTGTGGCTCGTAGTCGG  +1 bp 4A4BAD
4Timm-mm - AGCGGCCGAAGCTAAG -34bp 5D GTCTTACTTGTGGCTC- - - - - - - - -7 bp 4B.4AD
CCGCAG-- - - - GCCGAAGCTAAG -5 bp 5D 60: GTCTTACTTGTGGCTCGAAGTCGG  +1 bp4A4BAD
48: CCGCAG- - - - - - - CTAAGCTAAG -7 bp 5D GTCTTACTTGTGGCTCA- - GTCGG -1 bp 4D
76: CCGCAG- === = == === == CTAAG -12bp 5D | |  mmmmmmmmmmmeeoeooo 24bp 4D
GTCTTACTTGTGGCTC= - - - - = - - 54 bp 4D
B D | 7uNCEDI
TaDAI

WT: CCGGCGAGCTCTTCGCGCTCAGCT
WT: CTCATGAGATGATGCAT- GCATGG CG GCGCTCAGCT -8bp 5A,5B,5D
6: CTCATGAGATGATGCATTGCATGG  +1 bp 2A2B GGCG- GCTCTTCGCGCTCAGCT -1 bbp SA
84: CCGGCG- GCTCTTCGCGCTCAGCT -1 bp SA
TCATGAGATGATGC- - - - - - - - - 8 bp 2A LG
CTCATGAGATGATGC 8 bp GGCG- GCTCTTCGCGCTCAGCT -1 bp 5A,5B,5D

C
CTCATGAGATGATGCA- - GCATGG -1 bp 2B s )
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Figure 3. CRISPR/Cas9-induced targeted mutagenesis of the target genes TaPinb (A), TaDA1 (B), TaDA2
(C), TaNCED1 (D) and TaLPR2 (E) in T1 plants. The mutation sites are indicated in red. The PAM
(NGQG) sites are underlined and indicated in italics in green.

There was a very similar trend in the mutation types between the T0, T1 and T2 generations
(Figure 5A). The types of mutations varied among the target regions. Among the five different target
genes, the mutation types were similar. Two mutation types, insertions and deletions, were present
in all the gene targeting events, especially 1 bp insertions and 1 bp deletions. The other mutation
types included a series of short deletions, such as 2d, 4d and 5d. Most of the deletions were short, but
there were also longer deletions that ranged from ten to ninety-three base pairs (Figures 2-4). Among
the wide variety of mutation types, 1 bp insertions presented the highest proportion. However, the
proportion of total deletions was higher than that of total insertions when all the mutation events
were summed. It is worth noting that the mutation types found in the T1 and T2 generations were
both increased in number and were more abundant in the T0 lines with the presence of the transgene,
such as the 2 bp insertions and several different lengths of deletions. In addition to the majority of
the mutation types in TO plants, a variety of new mutations also emerged. Some mutations occurring
in TO were lost in the subsequent generations. In the absence of the transgene in some T2 plants, the
targeted mutations were relatively stable and regular. The mutation genotypes of some T1 lines were
not changed and were stably passed to the T2 generation without the CRISPR/Cas9 system, such as
the TaDA2-3-2, TaDA2-60-3 and TaNCED1-98-3 (Table 2). The mutation types of the TO and T1 plants
presented a very high-frequency correlation by the Pearson method, with R? = 0.9416 (p-value =
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3.956 x 10717), as did the mutation types of the T1 and the selected T2 plants, with R? = 0.9657 (p-value
= 3.842 x 1077) (Figure 5C).

A TuPinb D| 7aNCEDI1
WT: CCGCAGGAGCGGCCGAAGCTAAG WT: CCGGCG- AGCTCTTCGCGCTCAGCT
30: - -12bp 5D 53-1: CCGGCG-=====-~~~- GCGCTCAGCT -8 bp 5A,5B,5D
. 112 ';1:) gg CCGGCG- - GCTCTTCGCGCTCAGCT -1 bp 5A,5B,5D
14 12bp 5D 53-6: CCGGCG--=----- - GCGCTCAGCT -8 bp 5A,5B,5D
: -12bp 5D CCGGCG- - GCTCTTCGCGCTCAGCT -1 bp 5A,5B,5D
48: CCG -12bp 5D 53-10: CCGGCG-------- - GCGCTCAGCT -8 bp 5A,5B,5D
84-6: CCGGCG- - GCTCTTCGCGCTCAGCT -1 bp 5A,5B,5D
B | TubAl 84-10: CCGGCG-- GCTCTTCGCGCTCAGCT -1 bp 5A,5B,5D
WT: CTCATGAGATGATGCAT- GCATGG 98-3: CCGGCGG- GCTCTTCGCGCTCAGCT +1 bp 5A,5B,5D
6-3: CTCATGAGATGATGCATTGCAZTGG_ +1 bp2A2B 98-9: CCGGCGG- GCTCTTCGCGCTCAGCT +1 bp 5A,5B,5D
ggﬁgzgﬂgﬁgc' T- gg//:;(c(c ; ‘l’)l’ ;g CCGGCGA- - CTCTTCGCGCTCAGCT -1 bp 5A,5D
CTCATOAGATG o = - - GeATCC & b;’ 2B 98-12: CCGGCGG- GCTCTTCGCGCTCAGCT +1bp 5A
14-1: CTCATGAGATGATGCATTGCATGG -+ bp 2A2B 98-13: CCGGCGG- GCTCTTCGCGCTCAGCT  +1 bp 5A,5B,5D
CTCATGAGATGATG- - - - - CALGG 4bp2B c CGCTCAGCT -12 bp SASD
CTCATGAGATGA- - - - - - GCATGG -5bp 2B
CTCATGA- - = == == = = = = = CATGG -11bp 2B 107-2: CCGGCG- - - CTCTTCGCGCTCAGCT  -2bp 5A
14-5: CTCATGAGATGA- -- - - - GCATGG -5 bp2B CCGGCG- - - CTCTTCGCGCTCAGCT -2 bp 5A,5B,5D
CTCATGAG- = - == - == - - GCATIGG -9 bp2B
Crmmmemmcmamaaaanaa. ATGG -18 bp 2A2B
1-14-5: CTCATGAGATGATGCATTGCATGG  +1 bp 2B E TuLPR2
CTCATGAGATGATG- - - - - CATGG -4bp 2B a
CTCATORGATGA- - - -~ - GCATGG -5 bp28 WT: CCCCTT- CCACGTCGTCGGCTCCG
oI ATCC 18 b‘; JA2B 1-13: CCCCTT--CACGTCGTCGGCTCCG -1 bp4AAD
15-7: CTCATGAGATGATGCATTGCATGG — +1 bp 2B CCCCTT---- -~ - CGTCGGCTCCG -1 bp4A
CTCATGAGATGATGC- T- GCATGG -1 bp 2A2B CCCCTT--- - - GTCGTCGGCTCCG 4 bp4B.4D
CTCATGAGATGATGC- - - GCATGG -2 bp 2A2B 54-23: CCCCTT--CACGTCGTCGGCTCCG -1 bp 4D
CTCATGAGATGATG- - - - GCATGG -3 bp 2B 57-1: 'CCTTCCCACGTCGTCGGCTCCG  +1 bp4A,4D
CTCATGAGATGATG- - - - - CATGG -4 bp2B 59-4: CCCCTT--CACGTCGTCGGCTCCG -1 bp 4A4B,4D
1-15-7: CTCATGAGATGATGCATTGCAZGG  +1bp 2B CCCCTT--- ACGTCGTCGGCTCCG -2 bp 4D
CTCATGAGATGATG- - T- GCATGG -2 bp2A2B CTTCCCACGTCGTCGGCTCCG  +1 bp 4A
1-17-4: CTCATGAGATGATGCATTGCATGG  +1 bp2A2B ------CCACGTCGTCGGCTCCG -6 bp 4A
CTCATGAGATGATGCAT- - CATGG -1 bp2A -------CACGTCGTCGGCTCCG -12 bp4AAD
CTCATGAGATGATG- - T- GCATGG  -2bp2A2B | | cceeeeoo- CGTCGTCGGCTCCG -9 bp 4D
-------CACGTCGTCGGCTCCG -17 bp4A
C 59-11: CCCCTT- - CACGTCGTCGGCTCCG -1 bp 4A4D
TaDA2 CCCCTT--- - CGTCGTCGGCTCCG -3 bp 4A,4D
. e CCCCTT--- - - -TCGTCGGCTCCG -5 bp 4A
WT: GTCTTACTTGTGGCTCG- AGTCGG | | === CGTCGTCGGCTCCG 22 bp 4B
2-13: GTCTTACTTGTGGCTCGAAGTCGG +1bp4D | | mmmmm e e e e e m o - 93/+2 bp 4D
3-12: GTCTTACTTGTGGCTCGAAGTCGG +1 bp4D 59-14: CCCCTT-- CACGTCGTCGGCTCCG -1 bp 4D
5-13: GTCTTACTTGTGGCTCGTAGTCGG +1 bp 4B4D CCCC---CCACGTCGTCGGCTCCG -2 bp4A

CCCCTT--CACGTCGTCGGCTCCG -1 bp4D

-6: +
58-6: GTCTTACTTGTGGCTCGAAGTCGG +1 bp4A4D CCCC-- - - ACGCCGTCGGCTCCG -4 bp 4D

GTCTTACTTGTGGCTCGTAGTCGG +1 bp 4A,4D - - CCACGTCGTCGGCTCCG -6 bp 4D
58-10: GTCTTACTTGTGGCTCGTAGTCGG +1 bp4D 59-16: CCCCTT--CACGTCGTCGGCTCCG -1 bp 4A
GTCTTACTTGTGGCTCGAAGTCGG +1 bp4A4B4D CCCCTT----C-TCGTCGGCTCCG -4 bp 4D

GTCTTACTTGTGGCTC- - AGTCGG -1 bp4A,4D === ---CCACGTCGTCGGCTCCG -6bp4A
=== === =-CACGTCGTCGGCTCCG -7 bp4D

-18: GG+
58-18: GTCTTACTTGTGGCTCGTAGTCGG 1 bp4A4B4D - - - CCACGTCGTCGGCTCCG 12 bp4A
GTCTTACTTGTGGCTC- -AGTCGG  -1bp4AdD | | ... ACGTCGTCGGCTCCG  -18 bp4D
60-3: GTCTTACTTGTGGCTC- - AGTCGG -1bp4D | |  =m-==-s---s-s-o-------- -30bp 4A

Figure 4. CRISPR/Cas9-induced targeted mutagenesis of the target genes TaPinb (A), TaDA1 (B), TaDA2
(C), TaNCED1 (D) and TaLPR2 (E) in T2 plants. The mutation sites are indicated by red. The PAM
(NGQG) sites are underlined and indicated in italics in green.

The distribution of mutation lengths was similar to that of mutation types in the T0, T1 and T2
lines (Figure 5B). The mutation length of 1 bp, including both 1 bp insertions and 1 bp deletions,
was the most common, followed by the 2 bp mutation length, including of 2 bp insertions and 2 bp
deletions. The distribution of other different deletion lengths was the same as that of the mutation
types. Similarly, some mutation length types were lost, and new mutation length types arose across
the generations. Mutation length in the TO and T1 plants exhibited a very high-frequency correlation
according to the Pearson method, with R? = 0.9872 (p-value = 8.031 x 1078), as did the mutation length
of the T1 and the selected T2 plants with R? = 0.9209 (p-value = 7.892 x 10~7) (Figure 5C).
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Figure 5. The distributions and correlations of the mutations across generations. (A) Distribution of
mutation types in the TO, T1 and T2 generations. (B) Distribution of the mutation lengths in T0, T1
and T2 generations. (C) Correlation of mutation type frequency between the TO and T1 generations.
(D) Correlation of mutation type frequency between the T1 and T2 generations. The correlation was
analyzed by Pearson’s method. i, insertion; d, deletion; ¢, combined mutation types.

2.5. Editing Frequency of the Mutant Genotypes across the Generations

Hexaploid wheat generally presents three homoeologous subgenomes (A, B and D) and includes
six alleles. In this study, we used a singleton of TaPinb, a duplet of TaDA1 and three triplets of TaDA2,
TaNCED1 and TaLPR?2 for targeted mutagenesis in wheat. Among these genes, the most distinctive
situation was found for the TaDA1 gene, which was found in all three subgenomes, although the sgRNA
was designed to target the A and the B but not the D genome. The genotypes of the mutant plants
were analyzed. The editing efficiency of two groups of target genes, duplets and triplets, is shown
in Figure 6. In the presence of the transgene, a number of new mutations occurred in the T1 and T2
generations compared to the TO generation. The proportion of editing in the targeted subgenomes and
alleles continued to increase in the progenies. Homozygous mutants could be obtained whether the
target gene was present in a single copy, two copies or three copies in the hexaploid wheat genome. For
example, the TuPinb lines with a singleton genome were first found to exhibit heterologous mutations
in the T1 generation (Table S3) and to be homozygous in the T2 generation (Table S4).

In the four selected independent TaDA1 TO lines 6, 14, 15 and 17, the two targeted subgenomes
presented mutations in the A and B subgenomes, but only two or three alleles with homologous
mutations were found for one subgenome (Figure 6A,C). As expected, no mutations were detected
in the D genome because of the 1 bp mismatch in the sgRNA region. In the progeny of T1 and T2,
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mutations were detected in one or two subgenomes, and included one, two, three or four alleles
(Figure 6B,D). These mutant TO lines were determined to be homozygous and to show a 60.2% editing
rates in the T1 generation. Homozygous mutations occurred in the T1 lines, such as TaDA1-15 and
TuDA1-17, with the genotype of HomAHomB (Table S3). The editing rate of T2 homozygotes increased
to 81.3%, which was higher than that of T1 plants.
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Figure 6. The editing rates of alleles and subgenome numbers of the target genes in each generation.
(A) Editing frequency of the alleles in TO and T1 generations. (B) Editing frequency of alleles in the
four selected T1 plants and their T2 progeny. (C) Editing frequency of the subgenomes in the T0 and T1
generations. (D) Editing frequency of subgenomes in the TO and T1 generations in the four selected T1
plants and their T2 progeny.

The results of using a tri-genome targeting sgRNA for the TaDA2, TaNCED1 and TaLPR2 genes
showed some differences in the simultaneous editing of three homoalleles in hexaploid wheat. In the
TO generation, the TaDA2 and TuNCED]1 lines exhibited mutations in three subgenomes, but all six
alleles of the three subgenomes were edited only for the TaDA2 gene, as was found for TaDA2-58,
whose genotype was BiaAHomBHomD. Meanwhile, the TaNCED1 mutants were heterozygous for
all three homoalleles (Figure 6A,C, Table S3). New editing types also occurred in other subgenomes
because of the presence of the transgene (T-DNA). In the presence of Cas9, the four genes that were
mutated in the TO plants were successfully edited in all subgenomes which were edited in the T1
generation (Table S3). The number of homozygotes and chimaeras continued to increase in the T2
generation (Table S4). Similar to that which occurred for the TaLPR2 genes, the TO plants showed
mutations in only one or two subgenome alleles, but exhibited tri-genome-mutated alleles in T1 lines,
such as TuLPR2-1 and TuLPR2-59 (Figure 6C). The TaLPR2 gene was homozygous in the T1 generation
(Figure 6A). TaNCED1-84, TaNCED1-98 and 1TaNCED1-107 were edited in the A and B genomes of
the TO plants, and all tri-genome alleles presented mutations in the T1 plants (Figure 6A,C, Table S3).
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However, homozygous TaNCED1 mutants for all three homoalleles were detected in the T2 generation
(Figure 6B,D, Table 54).

These results suggest that a number of the TO plants exhibited mutations in a single genome
(A, B or D) or two subgenomes (A, B; A, D; or B, D), but novel mutations were generated in their
subsequent generations due to the continuous activity of the Cas9/sgRNA complex. We were able to
obtain homozygous mutations in hexaploid wheat in the TO generation or its T1 and T2 progeny.

2.6. Off-Target Analysis of Targeting sgRNAs

To further assess the off-target effects of the CRISPR/Cas9 system, the target sequence plus the
PAM motifs of each gene were used to search the wheat reference genome. Six potential off-target
sites with 2 bp or 3 bp mismatches compared to the target sequence were selected for off-target
analysis. Twenty-four T2 progeny plants were used for each potential target site for mutation detection.
DNA was extracted, and PCR amplification of putative off-target sites was performed. The potential
off-target effects and the PCR primers used for amplifying the potential off-target sites are listed in the
supplementary material (Table S5). The sequencing results showed that no mutations were observed
at those sites. Our results showed that the CRISPR/Cas9 system was highly specific for gene editing in
transgenic wheat plants.

3. Discussion

Compared to Arabidopsis, rice and maize, all of which are diploids, common wheat (Triticum
aestivum L.) exhibits a complex genome structure involving a combination of three different genomes
(AA, BB and DD), which makes it an important model for studying and optimizing genome editing
systems in polyploid plants. Here, we targeted five genes in wheat using the CIRSPR/Cas9 system.
A schematic overview of the experimental workflow is provided in Figure 7, which includes the
steps from the sgRNA design to plant mutation detection across generations. We reported that the
CRISPR/Cas9 system can efficiently achieve specific targeted mutagenesis with an editing efficiency
of 20.8%-54.2% in TO plants when delivered by Agrobacterium-mediated wheat transformation.
The mutation types were heritable and novel mutations could be produced in the T1 and T2 generations
without detecting off-target mutations.

Biolistic bombardment and the Agrobacterium-mediated transformation are the two major
approaches for wheat transformation. In addition to the designing of the CRISPR/Cas9 system,
including the promoters used and the selection of sgRNA, the editing efficiency also depends on
the delivery of that complex. Most of the previous genome editing experiments related to using the
CRISPR/Cas9 system in wheat were conducted by biolistic transformation [13,21,33,34]. The main
problem is that the biolistic transformation requires hundreds of wheat embryos, and for most of the
editing events that occur during transient expression of the CRISPR/Cas9 system, the CRISPR/Cas9
and selection marker cassette are not integrated into the genome. This situation could result in many
transgene copies, which are associated with a high frequency of gene silencing, and this may be related
to the low editing rate observed. It was very hard to detect mutagenesis, which is a labor intensive,
time consuming and financially costly process. Compared to this method, Agrobacterium-mediated
transformation with the CRISPR/Cas9 system is more repeatable and less costly in terms of both money
and labor. Additionally, since the T-DNA is integrated into the genome, mutations were induced
with high efficiency and show stable heritability in wheat. We had tested the Agrobacterium-mediated
transformation with a series of different combinations of endonucleases (zCas9, pCas9, AteCas9,
proCas9 and hCas9) and sgRNA promoters (OsU3, OsU6, TaU3 and TaUs6). The results showed that
the use of OsU3, OsU6 and TaU6 with their binary vectors does not work in the wheat plants. Only the
combination of the TaU3 promoter and the zCas9 has the highest editing efficiency, which we used in
this study.
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Figure 7. Schematic overview of the procedure for the generation of mutations and mutation detection

in TO, T1 and T2 wheat plants. We targeted five genes in wheat using the CIRSPR/Cas9 system with
Agrobacterium-mediated delivery. The transgenic wheat plants were then evaluated with the Hi-TOM
mutation detection kit. A high mutation efficiency could be obtained in TO plants, and the mutations
could be stably transmitted to the T1 and T2 progenies.

The allohexaploid genome of wheat exhibits many genes with three copies on homoeologous
chromosomes. This genetic redundancy impedes genetic functional studies. The phenotypical effects
of mutations within a single homologue are frequently masked by other gene copies. We need to
investigate the contribution of mutations in each homoeologous gene and their combined contributions
to phenotypic variation in polyploid wheat. In this study, we designed three types of editing strategies
for five wheat genes, including the use of an sgRNA targeting the 5DS genome of the TaPinb gene; a
single sgRNA targeting both the 2A and 2B genomes for the TuDA1 gene; and three sgRNAs targeting
the three subgenomes for the TaDA2, TaNCED1 and TuLPR2 genes. Our results confirmed a high
mutation efficiency in the TO generation. However, not all target sites were mutated in TO plants.
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The similar editing case of the TaPinb lines, where mutation could be detected in T1 and T2 but not in
TO0, have been reported in previous studies [35,36]. The mutations that were not detected in TO could be
due to the limited detection of rare mutation events in chimeric leaf tissues. The mutagenesis efficiency
was variable, due to the sgRNA characteristics and CRISPR/Cas9 being continuously present across
number of generations [36]. In our present study, the mutation rates in the targeted genes (subgenomes
and alleles) continued increasing in the progenies. We were able to obtain homozygous mutations in
hexaploid wheat in the TO generation or its T1 and T2 progeny.

The editing types and the inheritance of targeted mutagenesis were similar to those in rice [37,38],
which was not related to the sgRNA-targeted subgenome number. However, some genes exhibited
mutation preference in the subgenomes across generations. The mutation types in each subgenome
were also different except for TaNCED1. The targeted mutations could be stably inherited in the next
generation, and the editing efficiency of each mutant line increased significantly across the generations.
The mutation types occurring in the plants may be lost in the next generation, which may result from
somatic mutations being lost in the progeny. In addition, it has been reported that different mutations
can be detected in samples of different tissues [39]. Mutations in tissues that we did not examine
may have been overlooked because we examined only the target sequence in a single leaf sample.
In addition, the PCR amplification efficiency has important effects. New mutations could be generated
in progeny. The existence of Cas9/sgRNA continued to play roles in editing the target sequences in the
T1 and T2 generations, with an increasing mutational efficiency. Therefore, increases and decreases in
the present mutation types were frequently found in the progeny of T1 and T2.

The existence of chimaeras is an important issue for the CRISPR/Cas9 system. Our results showed
that chimaerism did occur, and the WT target sequences with an abundance of heterozygotes and
chimaeras could continue to mutate in the T1 and T2 generations. Genome editing could occur at any
time and in any cells during the plant life cycle, giving rise to the question of whether the mutations
could be present in germ cells and transmitted to the offspring. A previous study revealed that the
adoption of a gametophyte-specific promoter to control the expression pattern of Cas9 was an effective
way to solve the chimeric mutant problem [39].

It seems that not all sgRNAs are highly active in targeted mutagenesis in plants. The mutation
types and mutation rates seemed to be different across the different target genes. One of the possible
reasons for this may be that the activity of the CRISPR/Cas9 system in different transgenic events
depends on where the CRISPR/Cas9 transgene is inserted into the plant genome [38]. The position and
the base composition of the selected sgRNA may also impact the function of the CRISPR/Cas9 system.
Additionally, it has been reported that chromatin accessibility is associated with CRISPR-Cas9 efficiency
in the human cells and zebrafish [40-42]. The editing efficiency may be related to the chromatin state
of the target genes.

In this study, the mutated plants did not show an obvious phenotype. That may be related to the
existence of heterozygotes and chimaeras, and gene redundancy in the polyploid wheat. The complex
genome composition of wheat makes it difficult to edit all alleles simultaneously. In addition, the
selected five genes, except TuPinb were all newly characterized genes from wheat; their functions were
not identified in wheat. The functions of the genes are related to grain quality (TaPinb, puroindoline b),
grain development (TuDA1 and TaDA2, ubiquitin receptor) and stress-related genes (TuNCEDI,
9-cis-epoxycarotenoid dioxygenase; and TuLPR2, low phosphate response). Knockout mutations of
these genes did not cause an easily identifiable phenotype. Thus, more experiments are needed, such
as grain quality and abiotic stresses treatment to characterize the gene function.

In the present study, the combination of the Agrobacterium-mediated transformation method
with the CRISPR/Cas9 system significantly improved mutagenesis efficiency significantly; and the
integrated CRISPR/Cas9 cassette could be transferred to other cultivars via conventional breeding, and
additional mutagenesis would occur in the new cultivars. In our study, the CRISPR/Cas9 transgene
still exhibited high editing activity in the T1 and T2 generations. Only one transformation process was
necessary and could result in mutants in different cultivars. Moreover, because the editing sites and the
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insertion of the CRISPR/Cas9 cassette occur at different loci, we do not worry about the dangers of DNA
(CRISPR/Cas9 cassette)-harboring editing lines. It is easy to obtain DNA-free lines by self-crossing the
transgenic lines. Therefore, this approach provides a new strategy for the breeding and promotion of
new wheat cultivars.

4. Material and Methods

4.1. sgRNA Design and Plasmid Construction

The target sequences were designed and selected using CRISPRdirect (http://crispr.dbcls.jp/) and
CRISPOR (http://crispor.tefor.net/) to minimize off-target effects. The oligonucleotide primers used
are listed in Table 52. The recombinant plasmid was generated by introducing the guide RNA into
the binary vector pBUE411, which is modified with the wheat TaU3 promoter and guides the RNA
scaffold (Table S1). The Cas9-sgRNA expression vectors were constructed as previously described [43].

4.2. Plant Materials and Genetic Transformation

The constructed vector was introduced into the Agrobacterium tumefaciens strain EHA105.
The wheat variety Fielder was used. Immature wheat embryos were isolated and
Agrobacterium-mediated transformation was performed according to Zhang et al. [25]. The plants were
grown in greenhouses at a temperature of 20 °C with a light intensity stronger than 60,000 Ix and a night
temperature of 16 °C. Transgenic lines were selected based on BASTA resistance. Transgenic wheat
plants were identified with the Enviologix QuickStix kit for Bar protein (ENVIROLOGIX, Portland,
ME, USA). The T1 and T2 generation progeny were collected from independent TO lines.

4.3. Detection of the Targeted Genome Editing Events

Genomic DNA from the leaves of transgenic wheat plants was extracted using the Tiangen
DNAgquick Plant System (Tiangen, Beijing, China). NGS library construction and next-generation
sequencing were performed using the Hi-TOM Gene Editing Detection Kit (Novogene, Beijing,
China) [44]. Specific PCR primers were designed and used for PCR amplification of relevant regions
flanking the target sites (Table S2). Then barcoding PCR was carried out for library construction. Equal
amounts of PCR products were mixed in a pool. These samples were used for Illumina sequencing at the
Novogene Company (Beijing, China). Amplified DNA fragments of target genes were sequenced and
aligned with the BioEdit program, which was used to analyse the nucleotide sequencing results. Indels
(insertions and deletions) occurring at the targeted sites of the target genes were considered mutations.

4.4. Off-Target Analysis

The potential off-target effects of CRISPR/Cas9 in common wheat were identified using the
BLASTN tool against the wheat genome sequence (URGI: https://urgi.versailles.inra.fr/blast/?dbgroup=
wheat_all&program=blastn) by searching for the seed sequence plus PAM. Hits with fewer than three
mismatches were chosen for amplification and analysis by using specific primers (listed in Table S5).
Potential off-target sites were amplified and sequenced using the Hi-TOM Gene Editing Detection Kit
(Novogene, Beijing, China).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/17/
4257/s1.
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CRISPR Clustered Regularly Interspaced Short Palindromic Repeats

DSB Double-Stranded Breaks

NHE] Non-Homologous End Joining

HDR Homology-Directed Repair

PAM Protospacer Adjacent Motif

TALEN Transcription Activator-like Effector Nuclease

ZFN Zinc Finger Nucleases

References

1.  Jinek, M.; Chylinski, K.; Fonfara, I.; Hauer, M.; Doudna, J.A.; Charpentier, E. A programmable dual

10.

11.

12.

13.

14.

RNA-guided DNA endonuclease in adaptive bacterial immunity. Science 2012, 337, 816-821. [CrossRef]
[PubMed]

Jinek, M.; Jiang, F,; Taylor, D.W.; Sternberg, S.H.; Kaya, E.; Ma, E.; Anders, C.; Hauer, M.; Zhou, K;; Lin, S.;
et al. Structures of Cas9 Endonucleases Reveal RNA-Mediated Conformational Activation. Science 2014, 343,
1247997. [CrossRef] [PubMed]

Ma, X.; Liu, Y.G.; Liu, Y. CRISPR/Cas9-Based Multiplex Genome Editing in Monocot and Dicot Plants.
Curr. Protoc. Mol. Biol. 2016, 115, 31.6.1-31.6.21.

Zhu, C.; Bortesi, L.; Baysal, C.; Twyman, R.M.; Fischer, R.; Capell, T.; Schillberg, S.; Christou, P. Characteristics
of Genome Editing Mutations in Cereal Crops. Trends Plant Sci. 2017, 22, 38-52. [CrossRef] [PubMed]

Bao, A.; Chen, H.; Chen, L.; Chen, S.; Hao, Q.; Guo, W.; Qiu, D.; Shan, Z; Yang, Z.; Yuan, S.; et al. CRISPR/
Cas9-mediated targeted mutagenesis of GmSPL9 genes alters plant architecture in soybean. BMC Plant Biol.
2019, 19, 131. [CrossRef] [PubMed]

Brooks, C.; Nekrasov, V.; Lippman, Z.B.; Van Eck, J. Efficient Gene Editing in Tomato in the First
Generation Using the Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR-Associated9
System. Plant Physiol. 2014, 166, 1292-1297. [CrossRef] [PubMed]

Char, S.N.; Neelakandan, A K.; Nahampun, H.; Frame, B.; Main, M.; Spalding, M.H.; Becraft, PW.;
Meyers, B.C.; Walbot, V.; Wang, K.; etal. An Agrobacterium-delivered CRISPR/Cas9 system for high-frequency
targeted mutagenesis in maize. Plant Biotechnol. J. 2017, 15, 257-268. [CrossRef] [PubMed]

Feng, C.; Yuan, J.; Wang, R.; Liu, Y.; Birchler, ].A.; Han, E. Efficient Targeted Genome Modification in Maize
Using CRISPR/Cas9 System. J. Genet. Genom. 2016, 43, 37-43. [CrossRef] [PubMed]

Jia, H.; Wang, N. Targeted Genome Editing of Sweet Orange Using Cas9/sgRNA. PLoS ONE 2014, 9, e93806.
[CrossRef] [PubMed]

Lawrenson, T.; Shorinola, O.; Stacey, N.; Li, C.; Ostergaard, L.; Patron, N.; Uauy, C.; Harwood, W. Induction
of targeted, heritable mutations in barley and Brassica oleracea using RNA-guided Cas9 nuclease. Genome
Biol. 2015, 16, 258. [CrossRef]

Li, J.E; Norville, J.E.; Aach, J.; McCormack, M.; Zhang, D.; Bush, J.; Church, G.M.; Sheen, J. Multiplex and
homologous recombination-mediated genome editing in Arabidopsis and Nicotiana benthamiana using
guide RNA and Cas9. Nat. Biotechnol. 2013, 31, 688-691. [CrossRef]

Tian, S,; Jiang, L.; Gao, Q.; Zhang, J.; Zong, M.; Zhang, H.; Ren, Y.; Guo, S.; Gong, G.; Liu, F; et al. Efficient
CRISPR/Cas9-based gene knockout in watermelon. Plant Cell Rep. 2017, 36, 399-406. [CrossRef] [PubMed]
Wang, Y.; Cheng, X.; Shan, Q.; Zhang, Y.; Liu, J.; Gao, C.; Qiu, J.L. Simultaneous editing of three homoeoalleles
in hexaploid bread wheat confers heritable resistance to powdery mildew. Nat. Biotechnol. 2014, 32, 947-951.
[CrossRef]

Zhang, Y.; Ma, X,; Xie, X.; Liu, Y.-G. CRISPR/Cas9-Based Genome Editing in Plants. Prog. Mol. Biol. Transl. Sci.
2017, 149, 133-150.


http://dx.doi.org/10.1126/science.1225829
http://www.ncbi.nlm.nih.gov/pubmed/22745249
http://dx.doi.org/10.1126/science.1247997
http://www.ncbi.nlm.nih.gov/pubmed/24505130
http://dx.doi.org/10.1016/j.tplants.2016.08.009
http://www.ncbi.nlm.nih.gov/pubmed/27645899
http://dx.doi.org/10.1186/s12870-019-1746-6
http://www.ncbi.nlm.nih.gov/pubmed/30961525
http://dx.doi.org/10.1104/pp.114.247577
http://www.ncbi.nlm.nih.gov/pubmed/25225186
http://dx.doi.org/10.1111/pbi.12611
http://www.ncbi.nlm.nih.gov/pubmed/27510362
http://dx.doi.org/10.1016/j.jgg.2015.10.002
http://www.ncbi.nlm.nih.gov/pubmed/26842992
http://dx.doi.org/10.1371/journal.pone.0093806
http://www.ncbi.nlm.nih.gov/pubmed/24710347
http://dx.doi.org/10.1186/s13059-015-0826-7
http://dx.doi.org/10.1038/nbt.2654
http://dx.doi.org/10.1007/s00299-016-2089-5
http://www.ncbi.nlm.nih.gov/pubmed/27995308
http://dx.doi.org/10.1038/nbt.2969

Int. J. Mol. Sci. 2019, 20, 4257 18 of 19

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Zhang, Y.; Bai, Y.; Wu, G.; Zou, S.; Chen, Y,; Gao, C.; Tang, D. Simultaneous modification of three homoeologs
of TaEDRI1 by genome editing enhances powdery mildew resistance in wheat. Plant J. 2017, 91, 714-724.
[CrossRef] [PubMed]

Choulet, E; Alberti, A.; Theil, S.; Glover, N.; Barbe, V.; Daron, J.; Pingault, L.; Sourdille, P.; Couloux, A.;
Paux, E.; et al. Structural and functional partitioning of bread wheat chromosome 3B. Science 2014, 345,
1249721. [CrossRef]

Ling, H.Q.; Zhao, S.; Liu, D.; Wang, J.; Sun, H.; Zhang, C.; Fan, H.; Li, D.; Dong, L.; Tao, Y.; et al. Draft
genome of the wheat A-genome progenitor Triticum urartu. Nature 2013, 496, 87-90. [CrossRef] [PubMed]
Kim, D.; Alptekin, B.; Budak, H. CRISPR/Cas9 genome editing in wheat. Funct. Integr. Genom. 2018, 18,
31-41. [CrossRef] [PubMed]

Shan, Q.; Wang, Y.; Li, J.; Gao, C. Genome editing in rice and wheat using the CRISPR/Cas system. Nat.
Protoc. 2014, 9, 2395-2410. [CrossRef]

Shan, Q.; Wang, Y.; Li, J.; Zhang, Y.; Chen, K ; Liang, Z.; Zhang, K,; Liu, J.; Xi, ].J.; Qiu, J.L.; et al. Targeted
genome modification of crop plants using a CRISPR-Cas system. Nat. Biotechnol. 2013, 31, 686—688.
[CrossRef] [PubMed]

Liang, Z.; Chen, K,; Li, T.; Zhang, Y.; Wang, Y.; Zhao, Q.; Liu, J.; Zhang, H.; Liu, C.; Ran, Y,; et al. Efficient
DNA-free genome editing of bread wheat using CRISPR/Cas9 ribonucleoprotein complexes. Nat. Commun.
2017, 8, 14261. [CrossRef] [PubMed]

Sanchez-Leon, S.; Gil-Humanes, J.; Ozuna, C.V.; Gimenez, M.].; Sousa, C.; Voytas, D.F.; Barro, F. Low-gluten,
nontransgenic wheat engineered with CRISPR/Cas9. Plant Biotechnol. ]. 2018, 16, 902-910. [CrossRef]
Zhang, Y,; Li, D.; Zhang, D.; Zhao, X.; Cao, X.; Dong, L.; Liu, J.; Chen, K.; Zhang, H.; Gao, C.; et al. Analysis
of the functions of TaGW2 homoeologs in wheat grain weight and protein content traits. Plant J. 2018, 94,
857-866. [CrossRef] [PubMed]

Howells, R.M.; Craze, M.; Bowden, S.; Wallington, E.J. Efficient generation of stable, heritable gene edits in
wheat using CRISPR/Cas9. BMC Plant Biol. 2018, 18, 215. [CrossRef] [PubMed]

Zhang, S.; Zhang, R; Song, G.; Gao, J.; Li, W.; Han, X.; Chen, M,; Li, Y.; Li, G. Targeted mutagenesis using the
Agrobacterium tumefaciens-mediated CRISPR-Cas9 system in common wheat. BMC Plant Biol. 2018, 18, 302.
[CrossRef] [PubMed]

Zhang, Z.; Hua, L.; Gupta, A.; Tricoli, D.; Edwards, K.J.; Yang, B.; Li, W. Development of an Agrobacterium-
delivered CRISPR/Cas9 system for wheat genome editing. Plant Biotechnol. |. 2019, 17, 1623-1635. [CrossRef]
[PubMed]

Singh, M.; Kumar, M.; Albertsen, M.C.; Young, ] K.; Cigan, A.M. Concurrent modifications in the three
homeologs of Ms45 gene with CRISPR-Cas9 lead to rapid generation of male sterile bread wheat (Triticum
aestivum L.). Plant Mol. Biol. 2018, 97, 371-383. [CrossRef] [PubMed]

Singh, M.; Kumar, M.; Thilges, K.; Cho, M.].; Cigan, A.M. MS26/CYP704B is required for anther and pollen
wall development in bread wheat (Triticum aestivum L.) and combining mutations in all three homeologs
causes male sterility. PLoS ONE 2017, 12, e0177632. [CrossRef] [PubMed]

Okada, A.; Arndell, T.; Borisjuk, N.; Sharma, N.; Watson-Haigh, N.S.; Tucker, E.J.; Baumann, U.; Langridge, P;
Whitford, R. CRISPR /Cas9-mediated knockout of Ms1 enables the rapid generation of male-sterile hexaploid
wheat lines for use in hybrid seed production. Plant Biotechnol. ]. 2019. [CrossRef]

Ma, X.; Zhang, Q.; Zhu, Q.; Liu, W,; Chen, Y,; Qiu, R.;; Wang, B.; Yang, Z; Li, H.; Lin, Y,; et al. A Robust
CRISPR/Cas9 System for Convenient, High-Efficiency Multiplex Genome Editing in Monocot and Dicot
Plants. Mol. Plant 2015, 8, 1274-1284. [CrossRef]

Xie, K.; Minkenberg, B.; Yang, Y. Boosting CRISPR/Cas9 multiplex editing capability with the endogenous
tRNA-processing system. Proc. Natl. Acad. Sci. USA 2015, 112, 3570-3575. [CrossRef] [PubMed]

Zhu, J; Song, N.; Sun, S.; Yang, W.; Zhao, H.; Song, W.; Lai, J. Efficiency and Inheritance of Targeted
Mutagenesis in Maize Using CRISPR-Cas9. J. Genet. Genom. 2016, 43, 25-36. [CrossRef] [PubMed]
Hamada, H.; Liu, Y; Nagira, Y.; Miki, R.; Taoka, N.; Imai, R. Biolistic-delivery-based transient CRISPR/Cas9
expression enables in planta genome editing in wheat. Sci. Rep. 2018, 8, 14422. [CrossRef] [PubMed]
Wang, W.; Simmonds, J.; Pan, Q.; Davidson, D.; He, F; Battal, A.; Akhunova, A.; Trick, H.N.; Uauy, C.;
Akhunov, E. Gene editing and mutagenesis reveal inter-cultivar differences and additivity in the contribution
of TaGW2 homoeologues to grain size and weight in wheat. Theor. Appl. Genet. 2018, 131, 2463-2475.
[CrossRef] [PubMed]


http://dx.doi.org/10.1111/tpj.13599
http://www.ncbi.nlm.nih.gov/pubmed/28502081
http://dx.doi.org/10.1126/science.1249721
http://dx.doi.org/10.1038/nature11997
http://www.ncbi.nlm.nih.gov/pubmed/23535596
http://dx.doi.org/10.1007/s10142-017-0572-x
http://www.ncbi.nlm.nih.gov/pubmed/28918562
http://dx.doi.org/10.1038/nprot.2014.157
http://dx.doi.org/10.1038/nbt.2650
http://www.ncbi.nlm.nih.gov/pubmed/23929338
http://dx.doi.org/10.1038/ncomms14261
http://www.ncbi.nlm.nih.gov/pubmed/28098143
http://dx.doi.org/10.1111/pbi.12837
http://dx.doi.org/10.1111/tpj.13903
http://www.ncbi.nlm.nih.gov/pubmed/29570880
http://dx.doi.org/10.1186/s12870-018-1433-z
http://www.ncbi.nlm.nih.gov/pubmed/30285624
http://dx.doi.org/10.1186/s12870-018-1496-x
http://www.ncbi.nlm.nih.gov/pubmed/30477421
http://dx.doi.org/10.1111/pbi.13088
http://www.ncbi.nlm.nih.gov/pubmed/30706614
http://dx.doi.org/10.1007/s11103-018-0749-2
http://www.ncbi.nlm.nih.gov/pubmed/29959585
http://dx.doi.org/10.1371/journal.pone.0177632
http://www.ncbi.nlm.nih.gov/pubmed/28520767
http://dx.doi.org/10.1111/pbi.13106
http://dx.doi.org/10.1016/j.molp.2015.04.007
http://dx.doi.org/10.1073/pnas.1420294112
http://www.ncbi.nlm.nih.gov/pubmed/25733849
http://dx.doi.org/10.1016/j.jgg.2015.10.006
http://www.ncbi.nlm.nih.gov/pubmed/26842991
http://dx.doi.org/10.1038/s41598-018-32714-6
http://www.ncbi.nlm.nih.gov/pubmed/30258105
http://dx.doi.org/10.1007/s00122-018-3166-7
http://www.ncbi.nlm.nih.gov/pubmed/30136108

Int. J. Mol. Sci. 2019, 20, 4257 19 of 19

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Feng, Z.; Mao, Y.; Xu, N.; Zhang, B.; Wei, P; Yang, D.L.; Wang, Z.; Zhang, Z.; Zheng, R.; Yang, L.; et al.
Multigeneration analysis reveals the inheritance, specificity, and patterns of CRISPR/Cas-induced gene
modifications in Arabidopsis. Proc. Natl. Acad. Sci. USA 2014, 111, 4632-4637. [CrossRef] [PubMed]
Morineau, C.; Bellec, Y.; Tellier, F.; Gissot, L.; Kelemen, Z.; Nogué, F,; Faure, ].D. Selective gene dosage by
CRISPR-Cas9 genome editing in hexaploid Camelina sativa. Plant Biotechnol. ]. 2017, 15, 729-739. [CrossRef]
[PubMed]

Xu, R.F; Li, H; Qin, R.Y;; Li, J.; Qiu, C.H,; Yang, Y.C,; Ma, H.; Li, L.; Wei, P.C.; Yang, ]J.B. Generation of
inheritable and “transgene clean” targeted genome-modified rice in later generations using the CRISPR/Cas9
system. Sci. Rep. 2015, 5, 11491. [CrossRef]

Zhang, H.; Zhang, J.; Wei, P; Zhang, B.; Gou, E; Feng, Z.; Mao, Y.; Yang, L.; Zhang, H.; Xu, N.; et al.
The CRISPR/Cas9 system produces specific and homozygous targeted gene editing in rice in one generation.
Plant Biotechnol. ]. 2014, 12, 797-807. [CrossRef]

Wang, Z.P.; Xing, H.L.; Dong, L.; Zhang, H.Y.; Han, C.Y.; Wang, X.C.; Chen, Q.]. Egg cell-specific promoter-
controlled CRISPR/Cas9 efficiently generates homozygous mutants for multiple target genes in Arabidopsis
in a single generation. Genome Biol. 2015, 16, 905. [CrossRef]

Daer, R.M,; Cutts, J.P; Brafman, D.A.; Haynes, K.A. The Impact of Chromatin Dynamics on Cas9-Mediated
Genome Editing in Human Cells. ACS Synth. Biol. 2017, 6, 428-438. [CrossRef]

Kallimasioti-Pazi, E.M.; Chathoth, K.T.; Taylor, G.C.; Meynert, A.; Ballinger, T.; Kelder, M.].E.; Lalevée, S.;
Sanli, I; Feil, R.; Wood, A.]. Heterochromatin delays CRISPR-Cas9 mutagenesis but does not influence the
outcome of mutagenic DNA repair. PLOS Biol. 2018, 16, €2005595. [CrossRef] [PubMed]

Uusi-Madkeld, M.LE.; Barker, HR.; Bduerlein, C.A.; Hakkinen, T.; Nykter, M.; Rdmet, M. Chromatin
accessibility is associated with CRISPR-Cas9 efficiency in the zebrafish (Danio rerio). PLoS ONE 2018, 13,
€0196238. [CrossRef] [PubMed]

Xing, H.L.; Dong, L.; Wang, Z.P.; Zhang, H.Y.; Han, C.Y,; Liu, B.; Wang, X.C.; Chen, Q.]. A CRISPR/Cas9
toolkit for multiplex genome editing in plants. BMC Plant Biol. 2014, 14, 327. [CrossRef] [PubMed]

Liu, Q.; Wang, C.; Jiao, X.; Zhang, H.; Song, L.; Li, Y,; Gao, C.; Wang, K. Hi-TOM: A platform for
high-throughput tracking of mutations induced by CRISPR/Cas systems. Sci. China Life Sci. 2019, 62, 1-7.
[CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1073/pnas.1400822111
http://www.ncbi.nlm.nih.gov/pubmed/24550464
http://dx.doi.org/10.1111/pbi.12671
http://www.ncbi.nlm.nih.gov/pubmed/27885771
http://dx.doi.org/10.1038/srep11491
http://dx.doi.org/10.1111/pbi.12200
http://dx.doi.org/10.1186/s13059-015-0715-0
http://dx.doi.org/10.1021/acssynbio.5b00299
http://dx.doi.org/10.1371/journal.pbio.2005595
http://www.ncbi.nlm.nih.gov/pubmed/30540740
http://dx.doi.org/10.1371/journal.pone.0196238
http://www.ncbi.nlm.nih.gov/pubmed/29684067
http://dx.doi.org/10.1186/s12870-014-0327-y
http://www.ncbi.nlm.nih.gov/pubmed/25432517
http://dx.doi.org/10.1007/s11427-018-9402-9
http://www.ncbi.nlm.nih.gov/pubmed/30446870
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	sgRNA Design and Vector Construction 
	CRISPR/Cas9 Induced Highly Efficient Mutagenesis in Four Genes but Not in TaPinb in T0 Plants 
	Inheritance and Stability of Targeted Mutations Induced by CRISPR/Cas9 in the T1 and T2 Generations 
	CRISPR/Cas9-Induced Mutation Types Across Generations 
	Editing Frequency of the Mutant Genotypes across the Generations 
	Off-Target Analysis of Targeting sgRNAs 

	Discussion 
	Material and Methods 
	sgRNA Design and Plasmid Construction 
	Plant Materials and Genetic Transformation 
	Detection of the Targeted Genome Editing Events 
	Off-Target Analysis 

	References

