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Abstract
The development of CRISPR-based editors having different protospacer adjacent motif (PAM)

recognition specificities, or guide RNA length/structure requirements broadens the range of possible
genome editing applications. Here, we evaluated the natural and engineered variants of Casl2a
(FnCasl2afrom Francisella novicida and LbCasl12a from Lachnospiraceae bacterium) and Cas9 for
wheat genome editing efficiency and ability to induce heritable mutations in endogenous genes
controlling important agronomic traitsin wheat. Unlike FnCasl12a, LbCas12a was able to induce
mutations in the wheat genome in the current study, even though with alower rate than that reported for
SpCas9. The eight-fold improvement in the gene editing efficiency was achieved for LbCasl2aby using
the guide RNAs flanked by ribozymes and driven by the RNA polymerase Il promoter from switchgrass.
The efficiency of multiplexed genome editing (M GE) using LbCas12awas mostly similar to that obtained
using the simplex RNA guides. A LbCas12a-M GE construct was successfully applied for generating
heritable mutations in a gene controlling grain size and weight in wheat. We show that the range of
editable loci in the wheat genome could be expanded by using the engineered variants of Casl2a
(LbCasl2a-RVR) and Cas9 (Cas9-NG and xCas9) that recognize the TATV and NG PAMSs, respectively,
with the Cas9-NG showing higher editing efficiency on the targets with atypical PAMs compared to
xCas9. In conclusion, our study reports the set of validated natural and engineered variants of Casl2aand
Cas9 editors for targeting loci in the wheat genome not amenable to Cas9-based modification.

Keywords
Wheat genome editing, Casl2a, engineered Cas9, atered PAMs, multiplex gene editing, grain size and
weight
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I ntroduction

Among considerations for designing genome editing experiments using an easily customizable
CRISPR-Cas system, one of the important factorsis the availability of target sequences with specific
protospacer adjacent motifs (PAMSs). The Cas9-based editor’s specificity is defined by the 20 nt-long
target sequence located next to G-rich NGG PAM (Jinek et al., 2012), which limits availability of target
sequences. The discovery of Casl2a nuclease (Zetsche et al., 2015) and engineered SpCas9 variants (Hu
et al., 2018a; Nishimasu et al., 2018) allows to expand the number of editable target sites. The T-rich
PAMs of Cas12a(TTTV or TTV) and the atypical NG PAMs of xCas9 and Cas9-NG allows for genome
editing in the regions that might lack the G-rich PAMs needed for SpCas9. When the Casl2a nucleases
were initially studied in human cells, contrary to the FnCas12a from Francisella novicida U112, only
AsCasl2afrom Acidaminococcus sp. BV3L6 and LbCasl2a from Lachnospiraceae bacterium ND2006
induces detectable mutations (Zetsche et al., 2015). Since the length of the PAM (TTTV) for the
AsCasl2aand LbCasl2a nucleases limits the possibl e target spaces for editing in genomes, the
development of engineered AsCasl2a (carrying mutations S542R/K607R or S542R/K548V/N552R) and
LbCasl12a (carrying mutations G532R/K595R or G532R/K538V/Y 542R) with atered PAMs (TYCV or
TATV) further broadened further the utility of the Casl2a system for genome engineering applications
(Gao et dl., 2017).

The application of CRISPR-Casl2a system has been widely studied in different plant species
including Arabidopsis, rice, soybean, and tobacco (Begemann et al., 2017; Endo et ., 2016; Hu et al.,
2017; Kimet a., 2017; Tang et d., 2017; Xu et ad., 2017; Yin et d., 2017). In rice, the efficiency of
LbCas12a-mediated gene editing was comparabl e to that obtained using Cas9, while the AsCas12a-
induced mutations were hardly detectable (Tang et a., 2017). The FnCasl12a, which has shorter PAM
(TTV), was proved to induce robust DNA cleavage in multiple species, including such model speciesas
rice and tobacco (Begemann et al., 2017; Endo et al., 2016; Wang et al., 2017; Wang et al., 2018a; Zhong
et a., 2018). In wheat, until now, only two target sites in the exogenous gene GUS (B-glucuronidase) were
edited using LbCas12a (Liu et a., 2020), with one of the targets showing the genome editing efficiency
lower than that of Caso.

The efficiency of multiplex genome editing (M GE) is another important consideration when choosing
the CRISPR-Cas system. To edit multiple targets in a genome using the CRISPR-Cas9 system, multiple
guide RNASs (gRNAs) should either be expressed each from its own independent promoter or be
expressed as along tandem gRNA array with individual units separated by spacers, which should undergo
endogenous or exogenous RNA processing to produce functional RNA guides (Wang et a., 2016; Xing et
a., 2014). The ability of Casl2ato process a precursor crRNA array (Fonfaraet a., 2016; Zetsche et al.,
2017) permits using it without need to separate each guide by a spacer sequence. Additionally, the short
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length of crRNAs makes the CRISPR-Casl2a system an ideal M GE tool, which was successfully applied
to editing the genome of different species, including rice (Wang et a., 2017).

To expand the range of editable targets, one of the most broadly used nucleases, SpCas9, was
engineered to recognize the NG PAM instead of NGG. The two engineered variants, referred to as xCas9
and Cas9-NG, wereinitialy tested in human/mammalian cells (Hu et al., 2018a; Nishimasu et al., 2018),
and later in other species, including some crops (Ren et a., 2019; Zeng et a., 2019; Zhong et a., 2019).
The xCas9 nuclease was substantially less effective than SpCas9 for editing the exogenous GUS genein
wheat (Liu et al., 2020), and less effective than Cas9-NG for editing the endogenous targets in rice (Zeng
et a., 2019; Zhong et a., 2019). However, the application of both xCas9 and Cas9-NG for engineering
the endogenous gene targets in wheat was not reported.

In this study, we investigated the nuclease activity of the natural and engineered variants of Casl2a
and Cas9 towards the targets in the wheat genome with the canonical and non-canonical PAMs using the
simplex and multiplex gene editing constructs. Using Casl12a we have produced a stable mutant with
heritable mutations in a gene affecting grain size and weight in wheat. To improve the efficiency of
Casl2a-based editing in wheat, we have evaluated constructs with humanized and plant codon-optimized
variants of Casl2a expressing guide RNAs under the contral of the PvUbip promoter from switchgrass,
and assessed the effect of ribozyme-based guide RNA processing on the efficiency of genome editing. We
have demonstrated the ability of the engineered Casl2a and Cas9 nucleases with the altered PAMSsto
induce mutations at targets inaccessible to Cas9, expanding further the range of editable loci in the wheat

genome.
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90 Results

91  Comparison of LbCasl2a and FnCasl2a genome editing efficiency in wheat

92 Because AsCasl2a showed lower gene editing efficiency in both rice and tobacco compared to

93  LbCasl2a(Bernabe-Ortset a., 2019; Tang et a., 2017), in this study, we focused on evaluating the

94  genome editing efficiency of LbCasl2aand FnCasl2a, which recognizethe TTTV and TTV PAMS,

95  regpectively (Figure 1A). Intotal, 17 RNA guides were designed for LbCasl2ato target eight genes:

96 TaAn-1, TaGASR7, TaGS3, TaGSES, TaGW2, TaGW?7, TaPDS, and TaSPL16 (Table S1). The efficiency of

97  genome editing for 10 gene targets assessed in the wheat protoplast, after correcting for transformation

98 efficiency, was higher than 1% in at least one biological replicate (Figure 1B, Table S2), with the highest

99  editing efficiency reaching 21.6%. Most of the mutations induced by LbCas12a were deletions longer
100 than 3 bp located at the 3’ end of protospacers distal from PAMs (Figure 1C).
101 Dueto overlap of PAM sequences, the guides designed for LbCas12a should target the same genes
102 when used with FnCasl2a. However, using 16 guide sequences designed for LbCas12a and two guides
103 specifically designed for the targets carrying the TTV PAM, we could not identify FnCasl2a-induced
104  mutations at the target sitesin the wheat protoplasts (Figure 1B and Table S3).
105 To compare the gene editing efficiency between LbCasl2a and Cas9, the CRISPR-Cas9 guides were
106  designed for the coding sequences of the TaGS3, TaGSES, and TaPDS genes. We also used the previously
107  reported estimates of genome editing efficiency for the CRISPR-Cas9 guides targeting the TaGW?7 gene
108  (Wanget a., 2019). The editing efficiencies for 21 Cas9 and 12 LbCas12a RNA guides were estimated to
109  be64% and 41% at the regions targeted by CRISPR-Cas9 and CRISPR-Cas12a, respectively, and both
110  had mutation rates higher than 1% (Table S2 and $4). Overall, the gene editing efficiency of CRISPR-
111  Cas9 was higher than that of LbCasl2ain the wheat protoplasts (Figure 1D) The highest gene editing
112 efficiencies observed for the LbCasl2atargets within genes TaGW7, TaGS3, TaGSES5, and TaPDSwere
113 6.7%, 13.8%, 8.4% and 3.74%, respectively. The highest gene editing efficiencies for the Cas9 targets
114  within the TaGW7, TaGS3, TaGSE5, and TaPDS genes were 28.4%, 7.7%, 12.1% and 24.2%, respectively
115  (Table S2 and $4).
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AGAGGCAGgcattcgttgcagctcctcctctaGARATGCCC CTGGITITGcaggctaagaaggcecgectgegtgecGCTCAAGGCG
AGAGGCAGgcattcg———cagctcctcctctaGARATGCCC CTGGTTTGcaggctaagaaggcgctg————-cGCTCAAGGCG
AGAGGCAGgc—-—-——gttgcagctcctcctctaGARATGCCC CTGGTTTGcaggctaagaaggcge—————= cGCTCAAGGCG
AGAGGCAGgcat————— gcagctcctcctctaGARATGCCC CTGGTTTGcaggctaagaaggecge————————— TCAAGGCG
AGAGGCAGgCc—————— tgcagctcctcctctaGARATGCCC CTGGTTTGcaggctaagaaggce
AGAGGCAGg——————— tgcagctcctcctctaGARATGCCC CTGGTTTGcaggctaaga—————-
AGAGGCAGg————————— cagctcctcctctaGARATGCCC CTGGTTTGcaggctaagaa————-——————————=—
BAGAGGCA————=——==== cagctcctcctctaGAAATGCCC CTGGTTTGcagqctaagaagqq——————————————~—
AGAGGCAGg————————————— tcctcctctaGAAATGCCC
AGAGGC-————————————— gctcctcctctaGARATGCCC
AnlTl1
GS3T11 GGCTTCTTTAcccgcagtacagecccagttgectcCGTCAGTT
TCCATTGAAGGGctccatgetgectecatatgetgCAAAGA GGCTTCTTTAcccgcagtacageco——————— CcCGTCAGTT
TCCATTGAAGGGctc—atgctgectccatatgectgCAAAGA GGCTTCTTTAcccgcagtacagccc———————— CGTCAGTT
TCCATTGAAGGGctcca———tgcctccatatgctgCAAAGA GGCTTCTTTAcccgcagtacagcct———————— CGTCAGTT
TCCATTGAAGGG--——atgctgcctccatatgctgCAARGA GGCTTCTTTAcccgcagtacagee————————— CGTCAGTT
TCCATTGAAGGGctcca——————— tccatatgctgCAAAGA GGCTTCTTTAcccgcagtacagee GTCAGTT
TCCATTGAAGGGCt——————— gcctccatatgctgCARAGA GGCTTCTTTAcccgcagtacage——————————— GTCAGTT
TCCATTGAAGGGC—————~—— gcctccatatgoctgCARRGA GGCTTCTTTAcccgcagtacag————————— tcCGTCAGTT
TCCATTGAAGGGC—————————— ctccatatgctgCAAAGA GGCTTCTTTAcccgcagtacagcc———————————— CAGTT
TCCATTGAAGGG——————————— ctccatatgctgCAAAGA
TCCATTGAAGG————————————— tccatatgctgCAAAGA
TCCATTGRA-——————————— gcctccatatgctgCARAGA SPL16T2
L t t tatgctgCAAAGA
cRgcatanaratgory GACTGTGCtctctctettoctgtcagetecocggCAAACTCCTC
GASR7T2 GACTGTGCtctctct——tctgtcagctccggCARACTCCTC
GACTGTGCtctct————-tctgtcagctccggCAAACTCCTC

GGCGGCGgcggcaagctcaageccatggggTAARCCCACTTG

GGCGGCGgo——-aagotcaagecatggggTARACCCACTTS gigggggéf ________ tﬁtgtzzgg:gzggtm‘ég‘éggg
GGCGGCGgcg-—-——gctcaagccatggggTAAACCCACTCG i B E_Cagctccgg MEAAACTCCTC
GGCGGCGge—————— ctcaagccatggggTAAACCCACTCG g 99
GECEEEE~————————~ tcaagccatggggTAAACCCACTTG
GECEECeg———————— caagccatggggTAAACCCACTTG
GGCGGo—————————— tcaagccatggggTAAACCCACTCG GW7T14
GECEEC caagccatggggTARACCCACTTE AGCATCGAcaggaccaccaaggccgtccccgCAAACGTCGT
GW7T13 AGCATCGAcagg-——accaaggccgtccccgCARACGTCGT
AGTACAAGGACtcgccaaggccattgetgot ctcCAAATCGAT AGCATCGGL——————- ccaaggccgtccccgCARACGTCGT
AGTACAAGGACtc---aaggccattgcotgetctcCARATCGAT AGCATCG-———————~ ccaaggccgtccccgCARRCGTCGT
AGTACAAGGACtc————— ggccattgctgctctcCAAATCGAT AGCATCG-——======= caaggccgtccccgCARACGTCGT
AGTACAAGGACtc—————— gecattgetgetctcCAAATCGAT AGCATC-—======== acaaggccgtccccgCARACGTCGT
AGTACAAGGACt——----~- gccattgctgoctctcCAAATCGAT AGCATCGA-————— caccaaggccgtccccgCAAACGTCGT
AGTACAAGGAC-——————— gccattgctgctctcCAAATCGAT AGCATCGA-———=——— ccaaggccgtccccgCARACGTCGT
AGTACAAGGAC-========= cattgctgctctcCAAATCGAT AGCATCGA————————— caaggccgtccccgCAAACGTCGT
AGTACAAG-============ cattgctgctctcCARAATCGAT AGCATCGA aaggccgtccccgCAAACGTCGT
T o S ————— gccattgctgctctcCARATCGAT AGCATCGA-—————————— aggccgtccccgCARACGTCGT

116
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117  Figurel. LbCasl2a but not FnCasl2a induces mutationsin the wheat genome. A) A schematic
118  illustration of plasmids pA9LbCas12aCr and pA9FnCas12aCr. Both the maize Ubiquitin promoter and
119  wheat U6 promoter are shown with open arrows and marked as zUbip and TaU6p, respectively. The
120  coding sequences of LbCasl2a and FnCasl2a are shown as blue rectangles. The nuclear localization
121  signal peptide sequences that flank the Casl2a coding sequences are shown as yellow rectangles. The
122 NOSpoly A terminator is shown as grey rectangle and marked as NOSt. The direct repeat and guide
123 sequence of crRNA are shown as pink and purple rectangle, respectively. The sequence of seven “T”
124  basesisterminator for TaU6p. B) The comparison of gene editing efficiency between LbCasl2a and
125  FnCasl2a. The gene editing efficiency was normalized by protoplast transformation efficiency. The bar
126  plots showed the data as mean + standard error. Each target had three biological repests. C) The

127  representative NGS reads generated for regions targeted by CRISPR-LbCasl12a. The sequences of the
128  wild type al€eles are shown on the top. The PAM and target sequences are shown as underlined and lower-
129  caseletters, respectively. D) The comparison of mean gene editing efficiency for Cas9 (21 targets) and
130  LbCasl2a (12 targets) estimated for genes TaGS3, TaGW/7, TaPDS and TaGSE5 (Table S2 and $4). The
131  duplicated target sitesin the A, B, and D genomes were treated as independent targets. The gene editing
132 efficiency of each target was normalized by protoplast transformation efficiency. The means of two or

133 threebiological replicates for each target were used to make the box and whisker plot.

134
135  CRISPR-Casl2a-based multiplex gene editing
136 The MGE efficiency of the CRISPR-Casl2a system was investigated by transforming the wheat

137  protoplasts using the constructs expressing LbCasl2a and tandem arrays of three, four or eight crRNA
138 units (Figure 2A and S2). The LbCasl12a-induced mutations were detected for all targets included into the
139  MGE constructs (Table S5). The editing efficiency of the multiplexed guides, except for GW2T6, from
140  the LbCasl2a MGE constructs, was comparable to that of the LbCasl2a constructs carrying only one

141  guide RNA (Figure 2B and S2, Table S5, t-test p-value > 0.05). The editing efficiency of the GW2T6

142  guidewas significantly higher than those of the remaining guides and also increased with increasein the
143 number of crRNA unitsin the tandem arrays of the LbCas12a M GE constructs (Figure 2B and S2).
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Figure 2. The gene editing efficiency of CRI SPR-LbCasl2a constructswith single and multiple
gRNA units. A) Schematic illustration of the M GE CRISPR-LbCasl12a constructs. The MGE constructs
targeting three and eight targets are referred to as pA9LbCas12acr-3T and pA9LbCasl2acr-8T,
respectively. The order of guide sequences for different targets are shown next to the construct names. B)
The box and whisker plots of gene editing efficiency for the CRISPR-LbCas12a constructs targeting one
(1T), three (3T) and eight (8T) targets. The data generated from the protoplasts transformed with
construct pA9eY FP was used as negative control (marked as 9Y). Because targets located in the A, B, and
D genomes showed similar LbCas12a-induced mutation rates, data generated for all three genomes was
pooled together for calculating the gene editing efficiency. The estimates for each target site were based
on four biological replicates.

A CRISPR-Casl2a-induced mutation in the TaGW7-B1 gene changed grain shape and weight

To further validate the CRISPR-Casl2a system in wheat plants, we created 35 and 51 transgenic
plants carrying the 9LCCnv-GS3T11 and 9LCCnv-8T constructs, respectively. All regions targeted by
RNA guides in these LbCasl2a-positive plants were genotyped by NGS. No mutations were detected in
the 35 plants carrying the 9L CCnv-GS3T 11 construct. Among 51 LbCasl12a positive plants transformed
with the 9LCCnv-8T construct, two plants (5384-1 and C3137-1) had mutations in the target site
GWT7T14, with no mutations detected in the remaining target sites. The T, plant 5384-1 was heterozygous
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163  for 1-bp deletion in TaGW7-B1, and the T, plant C3137-1 was heterozygous for 3-bp deletion in TaGW?7-
164 D1 (Figure 3A). Thiswas consistent with the segregation ratio of the mutated allelesin the T, progeny of
165  5384-1and C3137-1 plants (Figure 3B).

166 The effects of CRISPR-LbCas12a-induced mutations in the TaGW7-B1 gene on grain size and

167  thousand grain weight (TGW) were assessed in the T, and T, generation plants derived from 5384-1. The
168  C3137-1 was excluded from further analyses because the 3-bp deletion does not cause frameshift in the
169  coding sequence. In T; generation, the TGW of TaGW7-B1 homozygous mutants was increased by 6.2%
170  compared to the wild-type lines segregated from the same T, plants (t-test, P < 0.05) (Figure 3C). This
171 result was confirmed by the 2% increase of TGW in the TaGW?7-B1 homozygous mutants compared to the
172 wild-type plantsin the T, generation, though difference was not statistically significant (Figure 3D).

173 Whilethe grain length of TaGW7-B1 homozygous mutants was not increased compared to the wild-type
174  plants, the grain width was increased by 1.1% and 1.4% in the T, and T, generation, respectively. This
175  increase of grain width was accompanied by the slight increase of grain areain the T, and T, generation
176  plants. Though these increases in grain size were not statistically significant in both the T, and T,

177  generation plants, the direction of phenotypic change in the mutant lines from both populations was the
178  same, and also was consistent with the changes of TGW and grain size in the TaGW7-B1 mutants

179  previoudly created by our group using the CRISPR-Cas9-based genome editing (Wang et a., 2019).

A 5384-1 GW7T14 C3137-1 GW7T14

A:TCGAcaggaccaccaaggccgtccecegeaaaCGTC WT 92 A:TCGAcaggaccaccaaggccgtccccgcaaaCGTC WT 62

B:TCGAcaggaccaccaaggccgtcccecgecaaaCGTC WT 88 B:TCGAcaggaccaccaaggccgtccccgcaaaCGTC WT 56

TCGAcag-accaccaaggccgtcccegeaaaCGTC -1 26 D:TCGAcaggaccaccaaggccgtccccgcaaaCGTC WT 38

D:TCGAcaggaccaccaaggccgtccccgcaaaCGTC WT 96 TCGAcagg---accaaggccgtcccecgecaaaCGTC -3 36
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180
181  Figure 3. The phenotypic effects of heritable mutationsinduced by the Cas12a M GE construct. A)

182  Thealigned NGS reads flanking the target site GW7T14 and frequencies of wild-type and mutated reads
183  intheTOlines5384-1 and C3137-1. WT stands for wild-type allelesin cv. Bobwhite; “-” sign and
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184  numbers after them represent number of nucleotides deleted. The PAM sequences are underlined. The
185  deleted nucleotides are shown with red dashed lines. B) The segregation of Casl2a-induced mutated

186  dlelesinthe TaGW7 genein T, generation. The capital letters A, B and D and the lower-case letters a, b
187  and d represent the wild-type and mutated alleles of TaGW?7 in the A, B and D genomes, respectively.
188  The ;- test for the expected Mendelian segregation ratio. C) and D) Box and whisker plots show the trait
189  distribution for TGW, grain area, grain width, and grain length in T, (C) and T, (D) progeny of line 5384-
190 1. Themean value of each group is shown asa“x” sign within the box-plot. Only the B genome

191  genotypes with the Casl2a-induced mutations are shown. The capital |etters and the lower-case letter

192 represent the wild-type and mutated alleles, respectively. The T, plants were derived from T, line 5384-1,
193  with 13 plants having genotype AAbbDD, and 15 plants having genotype AABBDD. All T, plants were
194  derived from T, plant 5384-1-3 with 10 plants having genotype AAbbDD, and 11 plants having genotype
195  AABBDD.

196
197

198  Improving the CRISPR-Casl2a-based genome editing efficiency in wheat

199 The editing efficiency of the CRISPR-LbCasl12a construct for most genes was significantly lower than
200  that of the CRISPR-Cas9-based constructs (Figs. 1D and 2B). Inrice, it was shown that the LbCasl2a's
201  editing efficiency could be significantly improved by using the maize ubiquitin promoter to drive

202 expression of acrRNA flanked by ribozymes (Tang et a., 2017). To improve the CRISPR-LbCas12a gene
203  editing capacity in wheat, we created a construct (hereafter referred to as pA9LbCasl2acr-enhanced or
204  9LCCe), where the expression of crRNA flanked by two ribozymes was driven by the switch grass

205  ubiquitin promoter (PvUbip) (Fig. 4A). Considering the ability of Casl2ato process CRISPR array into
206  mature crRNAS, we tested a construct (henceforth pA9LbCasl2acr-enhanced2 or 9LCCe2), in which the
207  flanking ribozymes were removed and one extra direct crRNA repeat was added to the 3' end of the

208  crRNA protospacer (Figure 4A). In addition, the human codon optimized LbCas12ain 9LCCe and

209  9LCCe2 wasreplaced by the plant codon optimized LbCasl2a (Tang et al., 2017) to create constructs

210  henceforth referred to as 9LCCop and 9LCCop2, respectively (Figure 4A).
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Figure 4. Improving the gene editing efficiency of LbCasl2a. A) Schematic illustration of the
modified LbCasl2a constructs. Compared to 9LCCnv, al the constructs have the wheat U6 promoter
replaced by the PvUbip promoter. 9LCCe and 9LCCop have hammerhead and hepatitis delta virus
ribozymes flanking the 5" and 3’ ends of crRNA to facilitate its processing; 9L cce2 and 9LCCop2 have
one extra direct repeat after the 3' end of the guide sequence; 9LCCe and 9LCCe2 have the human
optimized LbCasl2awhile 9LCCop and 9LCCop2 have the plant codon optimized LbCasl2a. B) The
comparison of gene editing efficiency among different versions of the LbCasl2a constructs. The
efficiencies of gene editing were estimated for the SPL16T2 and GW2T6 target sites conserved across all
three wheat genomes. The estimates were based on four or five biological replicates. The gene editing
efficiency was normalized by the protoplast transformation efficiency.

The CRISPR-LbCasl2a crRNAs SPL16T2 and GW2T6 were subcloned into the modified constructs
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224  (Fig. 4A). Compared to the guides driven by the TaU6 promoter (9LCCnv construct), the gene editing
225  efficiency of the SPL16T2 and GW2T6 crRNA flanked by ribozymes driven by the PvUbip promoter was
226  improved by 3- and 8-fold, respectively (Figure 4B, Table S6). However, guides flanked by the crRNA
227  scaffolds and driven by the PvUbip promoter did not show improvement in gene editing efficiency

228  (Figure 4B, Table S6), indicating that the double ribozyme system improves the gene editing capacity of
229  CRISPR-LbCasl2a, likely by improving the efficiency of crRNA processing. The plant codon optimized
230  Caslzadlightly improved the gene editing efficiency at target SPL16T2, but no improvement was

231  observed at target GW2T6 (Figure 4B, Table S6), which indicates that codon optimization did not

232 substantialy affect the ability of CRISPR-LbCasl2ato induce double strand breaks.

233

234  ThelbCasl2a variant with thealtered PAM induces mutationsin the wheat genome

235 To broaden the editing capability of LbCasl12a, we created a variant carrying mutations G532R,

236 K538V, and Y542R (henceforth LbCas12a-RVR) that could recognize targets sites with the TATV PAMs
237  (Figure5A). As expected, the genome editing using LbCas12a-RVR at three target sites, GSEST9,

238  GW2T6 and PDST 16, each having the TTTV PAM resulted in low mutation rate (Table S7). On contrary,
239 by using LbCas12a-RVR in combination with two guides targeting sites with the TATV PAMsin the

240  TaAn-1 gene (Table S1), we detected mutations at both sites (Figure 5B) with the highest gene editing
241 efficiency reaching 3.1% (Table S7).

A

pA9LbCas12aRVRcr (9LCCRVR)

(), I o bl Ly
/
NS goqait Kedov Rssar NLS Gukie saquenos

57 -TATVNNNNNNNNNNNNNNNNNNNNNN-3’

AR AR
37 ~ATABNNNNNNNNNNNNNNNNNNNNNN-5

B AnlT12

GCCAAGGACTACATCCATGTGAgggcgaggagggggcaggcaaccGATAGTC,
GCCAAGGACTACATCCATGTGAgggcg———agggggcaggcaaccGATAGTC.
GCCRAGGACTACATCCATGTGAgg—————— agggggcaggcaaccGATAGTC.
GCCAAGGACTACATCCAT———————————— agggggcaggcaaccGATAGTC.

An1T13

GCCTATCagctccccteccacgeggggecgeccGCAGGCGTTCCGGGGCTACGGC!
GCCTATCagctccccteccacgecggggecgecGtAGeCeccggaacGeCggCGGLl
GCCTATCagctccecctccacgegg———————————————-— aacGcCTgCGGCH

242
243

244  Figureb5. Engineered LbCasl2a induces mutationsin the wheat genome. A) Schematic illustration of
245  plasmid pA9 LbCas12aRVRCr (9LCCRVR). The modified LbCas12a-RVR contains three amino acid
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246  substitutions, S542R, K548V, and N552R, which change PAM recognition specificity to “TATV". B)

247  Therepresentative mutated reads of two targets on TaAn-1 induced by CRISPR- LbCas12a-RVR. The
248  first row for each target iswild type. The PAM sequence is underlined. The target sequences are shown in
249  lower-case lettersin the wild type sequence; the SNPs in the mutated reads of the An1T13 siteare aso

250 shown as lower-case | etters. The deleted nucleotides are shown as“-".

251
252 Off-target gene editing activity of L bCasl2a and L bCasl2a-RVR
253 It has been reported that both AsCas12a and LbCas12a show lower off-target activity in human cells

254  compared to Cas9 (Kim et al., 2016a; Kleinstiver et al., 2016), likely due to the long PAM sequence. Here,
255  weidentified the possible off-target sites for the LbCasl12a by comparing the target sequences with the
256  reference genome IWGSC RefSeq v1.0 (The International Wheat Genome Sequencing Consortium

257  (IWGSC) 2018). Among the analyzed 10 targets for LbCasl12a and two targets for LbCasl2aRVR, only
258  six targets had matching PAMs (Figure S3). Most of these possible off-target sequences were highly

259  divergent within the 8~10 bp from the PAM-distal end, and one of the possible off-target regions had

260  SNPslocated three and ten base-pairs after PAM (Figure S3). These mutations are expected to prevent
261  LbCasl2afrom inducing mutations at the off-target sites. By sequencing these possible off-target sites,
262  wedemonstrated the lack of off-target editing activity for both CRISPR-LbCas12a or CRISPR-

263  LbCasl2a-RVR constructs (Table S8).

264

265  Cas9-NG and xCas9 expand the range of genome editing tar getsin wheat

266 To investigate whether the xCas9 and Cas9-NG enzymes engineered to recognize NG PAMs could
267  edit genesin the wheat genome, the maize codon-optimized Cas9 in construct pBUN421 was replaced by
268  the synthesized maize codon-optimized xCas9 and Cas9-NG, henceforth referred to as pBUN421x and
269  pBUN421ING, respectively. The gene editing ability of xCas9 and Cas9-NG was investigated by

270  transforming them into the wheat protoplasts isolated from a wheat line constitutively expressing green
271 fluorescent protein (GFP). Seven targets with the “NGN” PAMs were designed for the GFP coding

272 sequence (Table S1). While both xCas9 and Cas9-NG induced mutations in the targets followed by NGG
273  PAMSs, they showed preference for different targets. Compared to xCas9, Cas9-NG showed eight times
274 higher editing efficiency for target GFPT4 (Figure 6A). In contrast, xCas9 showed four times higher

275  editing efficiency than Cas9-NG for target GFPTS (Figure 6A). When compared to wild type Cas9, both
276  xCas9 and Cas9-NG had lower editing efficiency for target GFPT13, which was followed by the NGG
277  PAM (Figure 6A). For al four targets with the NGH PAMs, xCas9 showed |ower editing efficiency than
278  Cas9-NG (Figure 6A). The highest editing efficiency of 5.8% and 26% was observed for xCas9 and Cas9-
279 NG on target site GFPT9 (Figure 6A and Table S9). While Cas9-NG induced mutations in targets GFPT7
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280  and GFPT10 with the editing efficiency of 13.2% and 4.6%, respectively, no mutations on these targets
281  were detected in the cells transformed with the xCas9 construct (Figure 6A and Table S9).

282 To evauate the ability of xCas9 and Cas9-NG to edit genes in the wheat genome, we designed guides
283  for the TaARF4 gene to target three regions with the NGG PAMs and three regions with the NGA PAMs
284  (Table S1). Similar to target region GFPT 13, both xCas9 and Cas9-NG showed lower editing efficiency
285  than the wild-type Cas9 for the target regionsARFAT1 and ARFAT2, both followed by the NGG PAM
286  (Figure 6B and Table S9). Mutations were induced by xCas9 in one of the three targets with the NGA
287 PAM, ARFATS5, with the editing efficiency of 5%. Cas9-NG induced mutations in the other two NGA
288  PAM targets, ARFAT6 and ARFATY, with the editing efficiency of 16.7% and 3.4%, respectively (Figure
289 6B and Table S9).

290
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293  Figure 6. Mutationsinduced by the Cas9 variantsin the wheat genome. A) Comparison of the xCas9
294  and Cas9-NG editing efficiency for targets located within the GFP gene. The estimates of gene editing
295  efficiency are based on three biological replicates. B) Comparison of the xCas9 and Cas9-NG editing
296  efficiency for targets |ocated within the TaARF4 genes. Because target sites were conserved across al
297  three wheat genomes, the estimates of gene editing efficiency are based on reads pooled from all three
298  wheat genomes. The gene editing efficiency was normalized by the protoplast transforming efficiency.
299  Therepresentative mutated reads for the Cas9-NG' stargets GFPT7, GFPT9, GFPT10, ARF4T6, and

300 ARFATY, and the xCas9' s target ARFRT5 are shown under the box and whisker plots. The first row for
301  eachtarget iswild type. The PAM sequenceis underlined. The target sequences are shown in lower-case
302  letters. The deleted nucleotides are shown as“-".
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303 Discussion

304 In the current study, we successfully applied the natural and engineered variants of the Casl2a
305  and Cas9 nucleases for genome editing in whesat. Even though FnCasl12a was reported to be effective for
306  genome editing in rice (Zhong et a., 2018), FnCasl2a did not induce detectable mutations in our

307  experiments, making it unsuitable for wheat genome engineering. This observation indicates that further
308  optimization of newly CRISPR-Cas systems is usually required to improve their portability across species,
309  evenfor those that belong to the same clade. On contrary, the Cas12a nuclease from L. bacterium was
310 capable of inducing double strand breaks in the wheat genome, albeit at the lower rates than those

311  previously observed in our studies for Cas9 (Wang et al., 2016; Wang et al., 2018b; Wang et al., 2019).
312 Both the LbCasl2a and engineered LbCas12a-RVR variants showed no off-target activities and ability to
313  support highly specific genome editing in wheat.

314 The recovery of mutant lines with the loss-of-function mutations in the TaGW?7-B1 gene,

315  demonstrating the expected effects on the grain size and weight traits (Wang et al., 2019), suggests that
316 the Casl2a-based editors are effective tool for modifying the wheat genome, especially in the regions that
317 lack the NGG PAMs recognized by Cas9. To our best knowledge, thisis the first report on the usage of
318  Casl2afor producing heritable mutations in the wheat genome with the validated effect on phenotypic
319 traits. We also found that the efficiency of Casl2a-based multiplexed genome editing assessed in the

320  protoplasts was not directly related to that obtained in the transgenic plants. Consistent with this

321  observation, our prior work based on Cas9 showed that even though the protoplast-based screening is
322  critical for selecting guide RNAs for robust genome editing, the genome editing efficiencies assessed
323 using this approach show relatively low correlation with the number of transgenic plants carrying

324  mutations at the target loci (Wang et al., 2018b).

325 We show that a crRNA array without spacers in combination with Casl2a could be applied for the
326 multiplexed wheat genome editing. In agreement with our previous study comparing the efficiency of
327  simplex and multiplex genome editing using CRISPR-Cas9 in wheat (Wang et al., 2018b), most Casl2a
328  targets were edited with the efficiency equal to that achieved using the simplex guide RNAs. In addition,
329  inthewhest protoplasts, we found increase in the GW2T6 target editing efficiency with increasein the
330 leve of multiplexing. While thistrend could be explained by various factors, including the increased

331  Casl2arecruiting capacity of the higher-level multiplexed crRNA arrays, the position of protospacersin
332 thecrRNA array or by the high accessibility of the target loci in the complex genome, it is currently hard
333  todiscern aspecific reason for this observation.

334 Contrary to earlier work showing the improvement of genome editing efficiency after codon

335  optimizationin rice (Xing et al., 2014), the codon optimization of LbCasl2adid not affect the efficiency
336  of wheat genome editing. However, modifications introduced into the guide RNA processing system had
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337  asubstantial effect on the LbCasl2a's editing ability. Even though the Casl2a nuclease is capable of

338  processing crRNA arrays to produce mature crRNAs (Fonfara et al., 2016), its natural crRNA processing
339  capability appearsto limit the efficiency of genome editing in wheat, which could be substantially

340  enhanced by supplementing crRNA constructs with ribozymes (Tang et a., 2017). Although most Cas12a
341  targets had editing efficiency lower than 5%, some exhibited high mutation rates, as high as 24%,

342  indicating that genome editing efficiency could be further improved by optimizing the CRISPR-LbCasl12a
343  system. In addition, the efficiency of Casl2a-induced genome editing could be enhanced by increasing
344  temperature (Malzahn et al., 2019), or by improving the tolerance of LbCasl12ato |ow temperature

345  (Schindele and Puchta, 2020). Further studies are warranted to assess these strategies for improving the
346  Casl2a-based genome editing efficiency in wheat.

347 The engineered variants of Casl2a and Cas9, which demonstrated the ability to recognize

348  noncanonical PAMs (TATV and NG), further expand the scope of editable loci in the wheat genome. The
349  application of engineered Casl2a variants to plant genome editing was limited (Zhong et a ., 2018), and
350  the successful modification of the wheat genome targets located next to the TATC PAM using the altered
351  LbCasl2a-RVR nuclease provides great addition to the wheat genome editing toolbox and broaden the
352  range of specieswhose genomes could be modified using LbCas12a. We showed that the xCas9 and

353  Cas9-NG nucleases targeting minimal NG PAM were effective at generating doubl e strand breaks within
354  the endogenous gene targets that could not be edited using other editors. Though both xCas9 and Cas9-
355 NG recognized targets with the NG PAMs, in whest, we observed some biasin the target preference, with
356  Cas9-NG being more effective at targets followed by the NGH PAM than xCas9 (Zeng et al., 2019;

357 Zhongetd., 2019).

358

359  Conclusion

360 Here, we evaluated the ability of the natural (FnCasl2a, LbCasl2a) and engineered (LbCasl2a-RVR,

361  xCas9 and Cas9-NG) variants of the CRISPR-based DNA editors to induce mutations within the

362  endogenous gene targets with the canonical and altered PAMsin the complex wheat genome. We

363  demonstrated the improved target editing efficiency in the wheat genome using the LbCasl12a constructs
364  with crRNA unitsflanked by ribozymes. By using the LbCasl12a nuclease in combination with the

365 multiplexed RNA guides, we created stable wheat mutants with higher grain size and weight. We showed
366  that the scope of editable loci in the wheat genome could be expanded by using the engineered LbCas12a-
367 RVR, xCas9 and Cas9-NG nucleases recognizing targets with altered PAMs. Our study also highlights the
368  importance of the systematic testing and optimization of newly devel oped CRISPR-Cas-based genome
369  editing technologies to create a crop-specific customized toolkits to effectively implement diverse

370  genome editing strategies for improving agronomic traits.
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371 Experimental procedures

372 Plasmid Construction

373 To construct the plasmids for this study, all the DNA oligoes and fragments were synthesized by

374  Integrated DNA Technologies (USA). All the PCR was performed using NEBNext® High-Fidelity 2X

375 PCR Master Mix (Catalog number: M0541L, New England Biolabs Inc., USA) following the

376  manufacturer’sinstructions. All DNA fragments were assembled using the NEBuilder® HiFi DNA

377  Assembly Cloning Kit (Catalog number: ES520S, New England Biolabs, USA) following the

378  manufacturer’sinstructions. All the newly constructed plasmids were confirmed by Sanger sequencing.
379 A plasmid with AsCas12a crRNA (CRIPSPR RNA of Casl2afrom Acidaminococcus sp. BV 3I6)

380  expression cassette was firstly constructed. The NOS terminator and wheat U6 promoter in plasmid

381  pA9Cas9sg (Wang et al., 2016; Wang et al., 2019) were amplified using primers NOS-F and DR-

382  AsCasl2aFl (Table S1). The direct repeat sequence of AsCasl2a crRNA, two Bsal cutting sites, and 7 “T”
383  baseswere added by the second round of PCR using the NOS-F and DR-AsCasl2aF2 primers (Table S1).
384  Thefina PCR products were subcloned into pA9FeY FP (Figure S1) between the Xmal and Sacl cutting
385  ditesby replacing the eY FP and NOS terminator. Henceforth, the resulting construct is referred to as

386  pA9Ascr.

387 To construct plasmid pA9LbCasl12acr (9LCC for short) that expressed the humanized LbCasl2a and
388  crRNA, the plasmid pA9Ascr was amplified using the primer pair LbCrF and LbCrR. The PCR product
389  wasself-ligated using NEBuilder® HiFi DNA Assembly Cloning Kit, and henceforth is referred to as

390  pA9LDbCr. The humanized LbCas12a CDS and the 3' end NLS were amplified using the LbCas12aF and
391  LbCasl2aR primers from plasmid pY 016 (pcDNA3.1-hLbCas12a). The PCR product was subcloned into
392 pA9Lbcr to create the plasmid 9LCC (Figure S1). To add one more nuclear localization signal peptide to
393  the5’ end of humanized LbCas12a CDS, aprimer pair SV40NLS L bCasl2a F and LbCasl12aR was used
394  to amplify the humanized LbCas12a CDS and the 3' end NLS. Then the resulting PCR product was

395  amplified again using a primer pair pA9_SV40NLS F and LbCasl12aR, followed by subcloning into

396  pA9Lbcr to create aplasmid pA9LbCasl2acr-new-version, SLCCnv for short (Figure S1). To create

397  plasmid pA9 LbCas12aRV Rcr, the plasmid pA9LbCas12acr was amplified using a primer pair

398  pA9 SVAONLS F and LbCasl2aRVR-R, and a primer pair LbCas12aRVR-F and LbCas12aR. The

399  resulting PCR products were ligated and amplified using a primer pair pA9_SV40NLS F and LbCasl2aR
400  followed by subcloning into Kpnl and Xmal digested pA9LbCasl12acr-new-version to replace the wild
401  type Casl2a. This created the plasmid 9LCC.

402 To construct pA9FnCasl2acr (9FCC for short) expressing awheat codon optimized FnCasl12aand its
403  crRNA, the FnCasl2a coding sequence with NLS and 3 x HA tag on the 3' ends was synthesized (Figure
404  Sl), and amplified using a primer pair SV40NLS FnCasl2a F and FnCasl12aR (Table S1). The resulting
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405  DNA fragment was amplified again using a primer pair pA9_SV40NLS F and FnCasl2aR to finalize the
406  addition of SV40 NLSs. The PCR product was subcloned into pA9Ascr between Kpnl and Xmal cut sites,
407  resulting in plasmid pA9FnCasl2aAscr. To change the crRNA direct repeat sequence from AsCasl2ato
408  FnCasl2a, the plasmid was amplified using two primer pairs: NOS-F and FnCrR, and FnCrF and

409  FnCasl2aR. The resulting two PCR products were assembled. This created the plasmid 9FCC.

410 To construct the pA9LbCasl2a-enhanced (9LCCe for short), the hammerhead ribozyme and hepatitis
411  dedtavirus ribozyme sequences were added to the 5’ and 3’ ends of LbCas12a crRNA direct repeat,

412 respectively, using the two rounds of PCR. Two Bsal cutting sites were embedded between the crRNA
413  direct repeat and delta virus ribozyme. The first round of PCR was conducted using the primer pair

414  Hammer-crF and HDVribo-crR with plasmid 9LCC as a template. The second PCR was done using the
415  primer pair Hammer-F and HDVriboR. The PCR product was assembled with Pstl +Xhol digested

416 pMOD_B2312 (Cermak et d., 2017). The new construct, designated as pMODLBcr, was then amplified
417  using the primer pair PvUbi1pF4 and 35SterR2, and the 9LCC was amplified using the primer pair NOS-
418  F5and NOS-R followed by digestion with BamHI. The first PCR product and the digested product were
419  assembled and amplified again using primer NOS-F5 and 35SterR2. The new PCR product was

420  assembled together with the 9LCC construct digested with Xmal and Sacl to generate plasmid 9LCCe,
421 which wasthen amplified using the two primer pairs, PvUbilpF4 and PvUbilpR1, and 35SterF2 and

422  35SterR2. These two PCR products were assembled and amplified using the primer pair PvUbi1pF4 and
423  35SterR2. The new PCR product was assembled with Spel and Sacl digested 9LCCe to form the plasmid
424  pA9LbCasl2a-enhanced2 (9LCCe2 for short). Then the plant codon-optimized LbCasl12awas amplified
425  from plasmid pY PQ230 (Tang et a., 2017) and used to replace the human codon-optimized LbCasl12ain
426  9LCCeand 9LCCe2, henceforth pA9LbCasl12a-optimized (9LCCop for short) and pA9LbCasl2a-

427  optimized2 (9LCCop2 for short), respectively.

428 To obtain xCas9 and Cas9-NG constructs, mutations were introduced into the maize codon-optimized
429  zCas9in plasmid pBUN421 (Xing et a., 2014), resulting in the pPBUN421x and pBUN421NG constructs,
430  respectively. To construct pPBUN421x, zCas9 was amplified with the two primer pairs, zCas9F3 and

431  zCas9seg4, and zCasOR3 and zCas9seqb5. Both PCR products were assembled along with the synthesized
432 DNA fragment zxCas9_741-3740. The assembled DNA fragment was amplified using the pair of primers
433  zCas9F3 and zCas9R3, followed by assembling the resulting PCR product with Xmal and Stul digested
434  pBUNA421 to replace the wild type Cas9. To construct pPBUN421NG, zCas9 was amplified using the

435  primers zCas9F3 and zCas9seq19, and the resulting product was assembled aong with the synthesized
436  DNA fragment zCas9-NG_R. The assembled product was amplified using the primers zCas9F3 and

437  zCas9R3, followed by assembling the PCR product with Xmal and Stul digested pBUN421 to replace the
438  wild type Cas9.
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The sequences of the wheat orthologs of six rice genes, including OsGW?2 (Song et al., 2007), OsGS3
(Mao et d., 2010), OsGSE5 (Duan et al., 2017), OsAn-1 (Luo et d., 2013), OsSPL16 (Wang et al., 2012),
OsARF4 (Hu et al., 2018b), were identified by comparing with the IWGSC RefSeq v2.0 reference
genome on Ensembl Plants (https://plants.ensembl.org/index.html). The crRNA protospacers were
selected from the cDNA sequences of the TaPDS, TaGASRY (Ling et a., 2013), TaGW2, TaGS3, TaGSES,
TaAn-1, TaSPL 16, and TaGW7 genes (Wang et al., 2019). Both forward and reverse sequences of the
protospacers along with the 4-nucleotide 5’ overhangs were synthesized and sub-cloned into
pPA9FnCasl2acr, pA9LbCasl2acr, pA9 LbCasl2aRV Rcr, pBUN421x, and pBUN421NG, as previously
described (Wang et a., 2018b). To construct the multiplex gene editing constructs with three, four, or

eight tandem crRNA units, we synthesized one or two ultra-DNA oligonucleotides (Table S1). These
oligonucleotides were assembled and amplified by PCR, and resulting amplicons were sub-cloned into
plasmid 9LCCnv.

Protoplast transfor mation

The wheat protoplast transient expression assay was performed as previously described with some
modifications (Wang et al., 2018b). About 100 seedlings of wheat cultivar Bobwhite were grown in the
dark for two weeks, shoot tissues were finely sliced and vacuumed at -600 mbar for 30 minin a 30 ml of
WS5 solution (0.1 % glucose, 0.08 % KCI, 0.9 % NaCl, 1.84 % CaCl,-2H,0, 2 mM MES-KOH, pH 5.7).
Then the tissues were digested for 2.5 hoursin a 30 ml enzymic mix containing 1.5% Cellulase R10
(from Trichoderma viride, 7.5 U/mg), 0.75 % Macerozyme R10 (from Rhizopus sp.), 0.6 M mannitol, 10
mM MES pH 5.7, 10 mM CaCl, and 0.1% BSA. After digestion, protoplasts were filtered through 40 um
nylon meshes. The remaining tissues were washed with the 30 ml of W5 solution followed by filtering
through the nylon meshes. The resulting cell suspension was mixed gently, and protoplasts were collected
by centrifugation at 100 g for 5 min, and then washed twice with the 10 ml of W5 solution. The final
protoplast pellet was re-suspended in the 5 ml of W5 solution, cell count was estimated using a
hemocytometer. The re-suspended protoplasts were kept on ice for 30 min to allow for the natural
sedimentation. Then protoplast cell count was adjusted to 10° cells/ml in MMG solution (0.4 M mannitol,
15 mM MgCl;, 4 mM MES, pH 5.7).

The 10 pg of plasmid DNA and 100 ul of protoplasts were mixed with the 130 pl of PEG solution (40%
(W/V) PEG 4000, 0.2 M mannitol and 0.1M CaCl,). After 30-min incubation at room temperature in the
dark, 500 ul of W5 solution was added. The protoplasts were collected by centrifugation at 100 g for 2
min, re-suspended in 1 ml of W5 solution and incubated in the dark at room temperature. The
transformation efficiency was assessed by counting the fraction of fluorescent-positive protoplasts
transformed with pA9MRFP. Protoplasts were collected 48 h after transformation and DNA was isolated
with PureLink Genomic DNA Mini Kit (Thermo Fisher Scientific, Catalog number: K182002) following
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473  the manufacture's protocol.

474  Gene editing efficiency calculation by the next generation sequencing (NGS) of PCR amplicon
475  library

476 To detect mutations induced by the CRISPR-Cas12a or CRISPR-Cas9 variants, genomic regions

477  harboring the crRNA targets were amplified by PCR. The Illumina’s TruSeq adaptors on both ends of the
478  amplicons were added using two rounds of PCR as described (Wang et a., 2016). PCR products were

479  purified with MinElute PCR Purification Kit (Qiagen), pooled in equimolar ratio, and sequenced on a

480  MiSeq Sequencer using the MiSeq Reagent Nano Kit v2 (500 cycles, 2 x 250 bp run) at the K-State

481  Integrated Genomics Facility. The Illuminareads passing quality control were aligned to the wild-type
482  reference sequences of targeted genes. The gene editing efficiency was calculated by dividing the number
483  of mutated readsto the total number of all aligned reads.

484  Transgenic plants regeneration and genotyping

485 Wheat immature embryo transformation and plant regeneration were performed as previously

486  described (Saintenac et al., 2013). To isolate DNA, leaf tissues were sampled and homogenized in 500 pL
487  of TPS buffer, then incubated for 20 min at 75 °C. After centrifugation for 5 min, 140 L of the

488  supernatant was mixed with 140 puL isopropanol and incubated for 20 min at room temperature. DNA was
489  precipitated, washed with 70% ethanol, and re-suspended in 100 uL of deionized water.

490 The presence of CRISPR/Casl12a or CRISPR-Cas9 variants constructs in the transgenic plants was
491  validated by PCR using four pairs of primers amplifying different regions of the Casl12a and crRNA

492  expression cassettes (Table S1). The CRISPR/Casl2a-induced mutations were examined only in the

493  plants showing the presence of three PCR products. The mutations were detected using the NGS-based
494  procedure described above.

495  Plant growth and grain mor phometric data collection

496 The CRISPR-Cas12ainduced mutant plants were grown and phenotyped as described previously with
497  dlight modifications (Wang et al., 2018c). Briefly, the T1 generation plants were grown in agrowth

498  chamber under 16-h light / 8-h dark cycle. The temperature was set to 24 °C during the day and 20 °C

499  during the night. The T, generation plants were grown in the Kansas State University’s greenhouses under
500 natura conditions supplemented by additional light sources to maintain 16-h light / 8-h dark cycle. The
501  room temperature was set as 24 °C during the day and 20 °C during the night. Three main spikes from

502  each plant were harvested separately. A MARVIN seed analyzer (GTA Sensorik GmbH, Germany) was
503  used to measure the grain morphometric traits (grain width, length, area), and thousand grain weight for

504  each spike. The mean of three spikes from each plant was calculated and used for further analyses.

505  Statistical analysis
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506 The two-tailed Student’s t-test was applied to assess the significance of differences between the
507  simplex and multiplex gene editing efficiencies in the whest protoplasts.

508

509
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