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Abstract Rice grain amylose contents (ACs) is a
key quantitative trait influencing eating and cooking
quality. Regulating the expression level of Waxy, a
key gene controlling ACs, and in turn fine-tuning the
grain ACs, is an ideal approach to improve grain qual-
ity of rice varieties. Based on CRISPR/Cas9 genome
editing technology, we designed eight targets in the
cis-regulatory region of Wx“ background, screened
phenotypic changes of the transgenic lines and gener-
ated eight novel Waxy alleles with altered grain ACs.
Among the eight alleles, we found that a 407-bp non-
homologous substitution (NHS) in the 5'UTR-intron
caused by genome editing regulated Waxy expression
and decreased grain ACs by 2.9%. Moreover, embed-
ding the 407-bp NHS into the cis-regulatory region
of W’ allele can also affect gene activity. Our work
suggested the effect of 5’UTR-intron on Waxy gene
expression regulation, and provided a potentially use-
ful allele in breeding that can finely adjust rice grain
ACs.
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Background

Genome editing technology could be applied in crop
breeding through generating advantageous alleles
(Hua et al. 2019; Chen et al. 2019; Zhang et al.
2020). In previous works, it has been proven that
knocking out one or several undesirable trait-asso-
ciated genes via genome editing has the potential to
improve crop corresponding traits (Chen et al. 2019;
Zhang et al. 2020). For example, knocking out bread
wheat (Triticum aestivum) MLOs gained powdery
mildew-resistance (Wang et al. 2014), and knock-
ing out rice (Oryza sativa) PYLI, PYL4, and PYL6
improved grain yield (Miao et al. 2018). However,
for most genes, only a few specific alleles could be
used for crop improvements, while defective func-
tions of the genes usually produce few beneficial
effects, even decrease crop quality and yield severely
(Shen et al. 2018; Yano et al. 2019). Screening for
fine-tuned alleles of target genes, especially quanti-
tative trait genes, is one of the best ways to solve the
problem. Recently, multiple precise genome editing
tools for generating targeted variations efficiently
(e.g., base-editors and prime editing system) have
been developed (Hua et al. 2019; Chen et al. 2019;
Zhang et al. 2020), which facilitated the fine-tuned
allele screening.
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In crop genomes, abundant functional alleles for
crop breeding come from not only coding regions but
also non-coding regions. Recent studies found that
genome editing in non-coding regions, especially the
cis-regulatory region (including 5'UTR, promoter,
and distal regulatory elements), could improve crops
efficiently (Oliva et al. 2019; Liu et al. 2021; Song
et al. 2022). For example, a new rice line with broad-
spectrum resistance to bacterial blight was developed
by genome editing in the promoter of three gene
encoding sugar transporters (SWEETI1, SWEETI 3,
and SWEET14) (Oliva et al. 2019). Furthermore, edit-
ing cis-regulatory regions showed a high potential for
creating diverse quantitative variation in a highly effi-
cient way (Rodriguez-Leal et al. 2017; Mohammadi
et al. 2017). As a pioneer work in tomato, cis-regu-
latory alleles of three tomato genes (SICLV3, COM-
POUND INFLORESCENCE, and SELF PRUNING)
were generated rapidly and efficiently, by designing
a CRISPR/Cas9 construct with multiple sgRNAs
targets in the promoter. Then, a series of alleles with
continuum of traits were obtained through phenotype
screening (Rodriguez-Leal et al. 2017). However,
most genome editing lines in non-coding regions do
not have phenotypic changes. It was reported that
non-coding region, even very close to coding region,
could have high tolerance to genetic perturbations
(Wang et al. 2021).

In rice, Waxy encoding a granule-bound starch
synthase is the major quantitative trait gene of amyl-
ose content (AC), which is an important trait influenc-
ing grain quality (Tian et al. 2009). The natural allelic
variations of Waxy decide diverse ACs (Zhang et al.
2019), and too high grain ACs are generally related to
poor eating and cooking quality. There are two major
natural Waxy alleles (Wang et al. 1995; Isshiki et al.
1998): Wx* (usually exists in indica cultivars) and
Wx? (mainly distributed in japonica cultivars). The
main difference between Wx* and Wa” is a G/T poly-
morphism in the first splicing site of Waxy in 5'UTR.
The Wx’ allele, which undergoes an abnormal splic-
ing process, has tenfold lower protein level than Wx*,
resulting in a low grain AC (Larkin and Park 2003).

Creating waxy varieties by genome editing of
Waxy gene showed higher-efficiency than trait intro-
gression in conventional breeding that usually needs
multi-generation backcrossing (Gao et al. 2020).
CRISPR/Cas9 technology was firstly applied to target
Waxy coding sequences to create null alleles which
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resulted in glutinous rice (Zhang et al. 2018), whereas
moderate grain ACs (neither too glutinous nor too
non-adhesive) are preferred in rice grain quality
improvement, which relies on alleles with fine-tuned
Waxy activity. Recently, fine-tuning rice grain ACs
was implemented by genome editing in cis-regulatory
region of Waxy (Zeng et al. 2020; Huang et al. 2020).
More variations which can regulate Waxy activity are
needed to fine-tune grain ACs for diverse rice breed-
ing goals. There have been evidences in plants for the
cis-regulatory elements in 5'UTR-introns with effects
on gene expression (Kim et al. 2006; Zeng et al. 2017;
Vetrici et al. 2021). Zeng et al. constructed Waxy
alleles with altered splicing patterns and fine-tuned
AC, by targeting the splicing site in 5'UTR intronic
(Zeng et al. 2020). However, cis-regulatory elements
inside the 5'UTR-intron region (more than 1 kb) of
Waxy are still unrevealed, and whether editing inside
the 5'UTR-intron region can fine-tune the Waxy level
is still unknown.

To explore the cis-regulatory region, especially
the 5'UTR-intron, to generate more appropriate target
sites for adjusting grain ACs, in this study, we used
8 sgRNA in one CRISPR/Cas9 transgene system to
rapidly create dozens of random alleles with varia-
tions in the cis-regulatory region of Waxy. Coupled
with phenotype screening, new Waxy alleles with
fine-tuned ACs were generated.

Results

Strategy for constructing novel Waxy alleles by
CRISPR/Cas9

To identify potential cis-regulatory region that can
regulate Waxy expression and affect grain ACs,
Zhongzao35 (ZZ35) which is an early-flower-
ing indica cultivar with a high grain AC (~25%)
was selected for genome editing. Through Sanger
sequencing, we obtained 2.7 kb cis-regulatory
sequence immediately upstream the Waxy coding
region in ZZ35, which covers the~1.4 kb promoter
region and a 1288 bp S'untranslation region (5'UTR)
with a 1132 bp 5'UTR-intron included. The sequence
also confirmed ZZ35 Waxy belongs to Wx* allele.

To investigate the effect of 5’'UTR-intron of Waxy
and generate alleles with fine-tuned grain ACs,
we designed 4 targets in promoter and 4 targets in
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5'UTR-intron using CRISPR-P (http://crispr.hzau.
edu.cn/CRISPR2/) for multiplex editing in the 2.7 kb
cis-regulatory region (Fig. 1A). Using a full-fledged
CRISPR/Cas9 system (Ma et al. 2015), we generated
one construct vector with all 8 sgRNAs. This con-
struct was introduced into ZZ35 to generate muta-
tions resulted from random combination among 8
editing targets. Twelve first-generation transgenic
plants (T,) were identified by PCR genotyping. In
T, generation, sixteen homozygous lines contain-
ing deletion variants in the cis-regulatory region of
Waxy were obtained. For phenotype screening, the
sixteen T, alleles were planted in Hainan, China, for
the measurement of grain ACs. Probably due to the
destroyed gene expression, those alleles which con-
tained deletions covering the transcription start site
(TSS) exhibited a same phenotype: extreme reduced
grain ACs. After eliminating alleles with pheno-
typic redundancy, here we presented genotype and

phenotype (grain ACs) of eight new Waxy alleles,
which were named Waxy precise adjustment 1 to 8
(WPI1 to WPS, Fig. 1B). Compared with the grain
AC of ZZ35 (25.03%), phenotype of the eight alleles
could be divided into two groups. WP1, WP4, WP5,
and WP6 were all glutinous rice with ACs less than
5%. All these four lines carried large-scale deletions
spanning promoter and 5'UTR of Waxy. WP2, WP3,
WP7, and WP8 showed slightly reduced grain ACs.
WP3 contained a 394 bp deletion in 5'UTR-intron and
a single-base deletion in the promoter region; WP2
contained a 407 bp deletion replaced by a 14 bp short
sequence (that, non-homologous substitution, NHS)
in 5'UTR-intron, and two short deletions in promoter;
WP7 carried a 1049 bp deletion in promoter, and 2
single-base deletions in 5'UTR-intron; and WP8 car-
ried a 537 bp deletion in promoter, 2 single-base dele-
tions, and a 95 bp deletion which was replaced by a
28 bp sequence in 5'UTR-intron (Fig. 1A).
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Fig.1 Generating novel Waxy alleles by genome editing
of cis-regulatory region. A Schematic of the cis-regulatory
region of Waxy and genotype of T, alleles. 2.7 kb sequence
immediately upstream the coding region was targeted by eight
sgRNAs (purple arrows). Pink region: 5'UTR-intron; orange
region: exonl; yellow region: promoter. Deletions (-), inser-

tions (+), and substitutions (>) in eight Waxy alleles gener-
ated by editing were indicated by numbers or letters. B Grain
amylose contents (ACs) of ZZ35 and T, homozygous progeny
of the eight alleles. Mature grains of nine individuals of each
line were mixed together for the measurement in two technical
replications. Bars represent standard deviation
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Cis-regulatory region editing of Waxy achieved
fine-tuning of grain ACs

Among the weak phenotype group of WPs, WP2
and WP3 have very similar genotypes. However,
WP2 showed the most significant reduced grain AC,
while there was no significant AC difference between
WP3 and ZZ35. To verify the effect of cis-regulatory
region editing on fine-tuning of grain ACs, WP2 and
WP3, accompanied with a glutinous allele WP1 as
control, were selected for further analysis. T, genera-
tion lines of WP1, WP2, and WP3 were planted in
Shanghai, China, and grain cooking quality-related
phenotypes were measured. Compared with ZZ35,
the grain AC of WP2 decreased by~3 percentage
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Fig. 2 CRISPR/Cas9-created Waxy allele WP2 resulted in
fine-tuned grain ACs and cooking quality. A Grain ACs of
7735 and T, progeny of three genome editing lines. B Grain
gel consistency (GC) of different T, plants. C-J RVA-related
parameters of different T, plants. BDV, breakdown value;
PKV, peak viscosity value; CSV, consistence value; CPV,
cold paste value; HPV, hot paste value. H Grain moisture con-
tents (MCs) of different T, plants. Mature grains of nine plant
individuals of each line were mixed together for the measure-
ment in three technical replications. Bars represent SD. Two-
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points (25.6% in ZZ35 wild type and 22.7% in WP2),
and the gel consistency (GC) increased by 2 mm
(Fig. 2A, B). Parameters related to Rapid Visco Anal-
ysis (RVA) were also changed in WP2 (Fig. 2C-G).
In WP3, all these traits exhibited no significant differ-
ences with ZZ35.

Only the appearance of WP1 grains was obvi-
ously different from ZZ35 (Fig. 2I), but observations
from scanning electron microscopy revealed differ-
ences in the microstructure of starch granules among
these alleles. Starch granules of ZZ35 are round and
loosely packed. In contrast, the starch granules of the
glutinous allele WP1 are polygonal and sharp. Con-
sistent with the grain AC changes, the starch gran-
ules in WP2 endosperm exhibited sharper edges than

ZZ35 WP1 WP2 WP3

tailed rtest (", P<0.05; ™, P<0.01, compared with ZZ35).
I Appearance of milled rice of ZZ35 and T, progeny of three
genome editing lines. J Photos from scanning electron micros-
copy showed the changes in morphology of starch granules in
WP2. Round and loosely packed starch granules were observed
in ZZ35 and WP3, compared with the starch granules in
WP2 with polygonal tendency. Polygonal granules with sharp
edges were exhibited in WP1. Bars=20 pm and 5 pm for the
800 x and 3000 x magnifications, respectively
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that in ZZ35, while starch granules of WP3 showed
no obvious changes (Fig. 2J). These results indicated
grain ACs in WP2 was fine-tuned.

The plant height, panicle length, and culm length
of WP1, WP2, and WP3 were shorter than ZZ35,
indicating the reduced plant growth of the three edit-
ing lines. However, the growth of WP1 and WP2
showed no significant difference with that of WP3, an
allele with no significant changes in grain ACs. The
result suggested that the impact on plant growth were
probably caused by transgenic experiment, while the
mutations in the cis-regulatory region of Waxy may
not cause the difference in plant growth (Fig. 3A, B).

A variation in 5'UTR-intron resulted in fine-tuned
Waxy activity

Gene expression levels of Waxy in the T, plants were
detected by gqRT-PCR with seeds at 10 days after pol-
lination (DAP). The mRNA of Waxy in WP1 was
almost undetectable, suggesting that the large dele-
tion covering TSS destroyed Waxy expression. The
expression level of Waxy in WP2 reduced to 0.66-fold
of that in ZZ35, while the Waxy transcriptional activ-
ity of WP3 decreased only slightly (92.58% relative to
7735) (Fig. 3C). These results indicated fine-tuning
of Waxy expression occurred in WP2 but not in WP3.
In WP2, besides a 407-bp NHS variation in the
5'UTR-intron, there were another two short deletions
in the promoter region. To test whether the 407-bp
NHS caused fine-tuned Waxy expression, the activi-
ties of cis-regulatory region variant were examined
with a dual-luciferase reporter assay in rice proto-
plast. Based on the WT cis-regulatory region of Waxy
in ZZ35, we created three 2 kb chimeric sequences
harboring the 407 bp NHS in WP2 (del-WP2), 394 bp
deletion in WP3 (del-WP2), and 1435 bp deletion in
WP1 (del-WP2), respectively. The full 2 kb sequence
immediately upstream of Waxy coding region in ZZ35
(pro-ZZ35) was used as control. These four 2 kb frag-
ments were cloned into luciferase reporter vectors.
Compared with the pro-ZZ35, the luciferase activity
driven by del-WP2 was reduced by 7.3 times, and that
of del-WP3 was only reduced by 3.5 times (Fig. 3D).
The luciferase activity of del-WP1 was almost the
same as that of the blank vector. These results were
consistent with the expression level of Waxy in differ-
ent alleles, indicating that the 407 bp NHS in 5'UTR-
intron caused the fine-tuning of Waxy expression.

Furthermore, to test whether the 407 bp NHS
in 5'UTR-intron of WP2 has effect in other genetic
backgound, we embedded the 407 bp NHS in to a
2 kb fragment based on the cis-regulatory region
of Nipponbare (Nip, Wx’) for the dual-luciferase
reporter assay. Consistent with the lower Wx” activ-
ity, the luciferase activity induced by wild-type 2 kb
cis-regulatory fragment of Waxy in Nipponbare (Wx”)
decreased to 0.05 of that in ZZ35(Wx“). The lucif-
erase activity was further reduced by 2 times when
the 407 bp NHS was imported to Wx’ (Fig. 4B), sug-
gesting the 407 bp NHS had effects on Wx’.

In addition, we scanned the variations between the
2 kb cis-regulatory sequence of Waxy in ZZ35 and
Nipponbare. Besides the major variation between
Wx® and Wx? (G/T polymorphism in the first splicing
site), there are another 15 variations between ZZ35
and Nipponbare, including a (CT), polymorphism,
(TAAT) , polymorphism, and 13 single nucleotide
variants (SNVs) (Fig. 4A). To evaluate the genetic
effects of these variations, we divided them into
four variation segments (V1-V4): V1 containing a
(CT),, polymorphism site and two SNVs, V2 contain-
ing the SNV in the first splicing site, V3 containing
a (TAAT) , polymorphism site and one SNV, and
V4 containing 11 SNVs. Effects of chimeric frag-
ments of V1-V4 segments which were cloned from
7735 or Nipponbare were tested by dual-luciferase
reporter assay. All chimeric fragments containing V2
from ZZ35 induced the luciferase activity close to the
activity induced by the full 2 kb cis-regulatory frag-
ment of ZZ35. On the contrary, embedding any other
segments from ZZ35 into Nipponbare segments can-
not rescue the low luciferase activity value (Fig. 4B).
This result indicated that these natural variations,
except for the G/T polymorphism in the first splicing
site, had few influences on Waxy activity.

Discussion

Amylose contents is a typical quantitative trait that
needs to be fine-tuned, as the excellent grain eating
and cooking quality usually correlate with moderate
ACs (Tian et al. 2009). Mining or creating diverse
allelic variations is urgently needed for rice improve-
ment, which now can be genetically engineered to
regulate the expression of the ACs-associated gene
Waxy. To date, there were only a few reports of
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Fig. 3 Gross morphology of editing lines and Waxy expres-
sion change caused by a mutation in 5'UTR-intron of WP2. A
Appearance of mature plants of T, progeny of three genome
editing lines. B The plant growth related phenotypes of mature
plants. C qRT-PCR analyses revealed the altered expressions
of Waxy in T, progeny of three genome editing lines. Shelled
seeds in 10 DAP were used for analysis (three biological and
three technical replicates). OsActinl was used as internal con-
trol and data (relative to ZZ35) was presented as mean+SD.
D Effects of mutations in genome edited alleles WP1 to WP3
analyzed by dual-luciferase reporter system. 2 kb cis-regula-

CRISPR/Cas9-created alleles with fine-tuned Waxy
expression (Huang et al. 2020; Zeng, et al. 2020). In
this study, through genome editing in cis-regulatory
region of Waxy, we found a 407 bp NHS inside the
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Relative Fluc / Rluc ratio (log2)

tory sequence of each allele was cloned into the promoter of
FLuc. Length of bars represent logarithm (base 2) of the rela-
tive luciferase activity of FLuc (relative to RLuc and empty
vector). Bars represent standard deviation. Two-tailed #-test
(**, P <0.01, compared with ZZ35). pro-ZZ35: the WT 2 kb
sequence immediately upstream the coding region of Waxy
in ZZ35. del-WP1/WP2/WP3: 2 kb sequence constructed by
importing the mutation (1435 bp deletion, 407 bp NHS and
394 bp deletion in WP1, WP2 and WP3, respectively) into pro-
7735 and supplementing with upstream sequences

5'UTR-intron caused the change of Wx“ expression
and fine-tuning of ACs. Embedding this variant into
the cis-regulatory region of Wx’ could also affect the
report gene activity in rice protoplast, implying the
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Fig.4 The 407 bp NHS variation in 5'UTR-intron can also
affect W’ expression. A Schematic of the genetic variations
between the cis-regulatory region of ZZ35 (Wx“) and Nip
(Wxb). 2 kb cis-regulatory region with a total of 16 natural
variations is divided into four segments (V1-V4). Deletion
is represented in yellow; SNV is showed in blue. B Effects
of different cis-regulatory sequences on gene activity ana-
lyzed by dual-luciferase reporter system. 2 kb cis-regulatory
sequence of each allele was cloned into the promoter of FLuc.
The length of bars represents logarithm (base 2) of the rela-

general effect of the 407 bp NHS in rice varieties with
different Waxy genotype. Our study provided a poten-
tially useful allele, the 407-bp NHS in the cis-regula-
tory region of Waxy, which could be introduced into
other rice cultivars to finely adjust rice grain ACs.
Generation of new alleles containing both the 407 bp
NHS variant in the 5'UTR-intron and the T variant in
the splicing site, and follow-up phenotype analysis, is
needed to further verify this hypothesis.

In plant, the 5'UTR-introns have been found to
harbor specific features, which are different from
3'UTR introns and coding region-residing introns
(Chung et al. 2006). Studies have verified that 5’'UTR-
introns could contain binding sites for transcription
factors and regulate gene expressions. For example,
in rice, transcriptional repressor Ghd7 directly binds

tive luciferase activity of FLuc (relative to RLuc and empty
vector). Bars represent standard deviation. Statistical analysis
was performed by two-tailed -test (™, P <0.01, compared with
7735). WT-ZZ35/Nip: the wild-type 2 kb sequence immedi-
ately upstream the coding region of Waxy in ZZ35 or Nip; del-
WP2(ZZ35)/(Nip): 2 kb sequence constructed by importing
the 407 bp NHS in WP2 allele into WT-ZZ35/Nip and supple-
menting with upstream sequence; ZZ35""Nip".": 2 kb chimeric
sequence combined by the fragments of V1 to V4 amplified
from the corresponding materials (ZZ35 or Nip)

to the 5'UTR-intron of ARE] to regulate the nitrogen
use efficiency (Wang et al. 2021). Deletions in the
5'UTR-introns could result in significant change of
gene expression level (Chung et al. 2006; Vetrici et al.
2021). In olive cultivars, sequence polymorphisms in
5'UTR-intron of FDA2 gene were significantly asso-
ciated with phenotypic variation (Salimonti et al.
2020). Here we found a 407 bp NHS (constituted
with a 407 bp deletion and 14 bp non-homologous
sequence, which may be caused by repairing pro-
cess in genome editing) in the 5'UTR-intron of Waxy
gene could fine-tune the expression level. Interest-
ingly, another 394 bp deletion in WP3 allele, which
was fully covered by the 407 bp NHS, had little
effect on gene expression. This suggested that a func-
tional cis-regulatory element may locate in the 13 bp

@ Springer
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non-overlapped sequence, or the 14 bp insertion alter
gene activity by introducing new TF binding sites or
disrupting spacing between existing TF binding sites.
The exact mechanisms need further researches.

Conclusions

In summary, through genome editing in cis-regulatory
region of Waxy under a multi-sgRNA-in-one strategy,
we generated novel Waxy alleles in a limited num-
ber of T, mutant lines, and got a series of lines with
changed ACs. A new allele WP2 with fine-tuned ACs
(decreased by 2.9% in the ZZ35 background) was
obtained. The 407 bp NHS in 5'UTR-intron of Waxy
in WP2 was demonstrated to affect the Waxy expres-
sion and ACs. Our result suggested that 5'UTR-intron
of Waxy was a potential target for rice grain quality
improvement.

Materials and methods
Plant materials and cultivation

Zhongzao35 (short for ZZ35) is an indica rice vari-
ety bred by the China National Rice Research Insti-
tute by crossing Zhongzao22 and Jiayu253. It is an
elite double-season early rice which is mainly planted
in the lower reaches of the Yangtze River (https:/
www.ricedata.cn/variety/varis/605894.htm). A multi-
sgRNA-in-one vector was constructed with editing
targets in Waxy regulatory region by using pYL-
CRISPR/Cas9 system (Ma et al. 2015), which was
then transferred into ZZ35 callus by Agrobacterium
tumefaciens-mediated transformation using the strain
EHAI105 (Hiei et al. 1997). Rice transformants were
grown in greenhouse in Shanghai, China (E:121.51,
N:30.84), in normal rice-growing condition. Positive
T, transformants were identified by PCR. T, plants
were planted in Hainan, China (E: 109.18, N: 18.36),
and T, plants were planted in Shanghai.

Rice grain phenotype assays
The grain ACs and GCs were measured follow-
ing the procedure described in NY/T 55-1987 and

NY/T 83-2017, respectively. The moisture con-
tent (MC) and RVA related parameters (including
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breakdown value, BDV; cold paste value, CPV; hot
paste value, HPV; consistence value, CSV) were
measured following the procedure described in
NY/T 1765-2009. Measurement of peak viscosity
value (PKV) followed the procedure described in
NY/T 1765-20,097.

For starch granules observation by scanning elec-
tron microscopy, rice grains were dried completely in
37 °C for 2 weeks and cooled. The grains were cut
across the short axis with a surgical blade slightly,
and the resulted surfaces were sputter coated with
gold and observed by scanning electron microscopy
(JEOL JSM-6360LV).

Reverse transcription and quantitative PCR analysis

Total RNA from shelled seeds of 10 DAP was
extracted using EASYspin Plus Complex Plant RNA
Kit (Aidlab, Beijing, China), treated with RNase-free
DNase I, and used for cDNA synthesis with Prime-
Script™ RT Master Mix (TaKaRa, Japan) accord-
ing to the manufacturer’s instructions. qPCR was
performed using TB Green® Premix Ex Taq™ II
(TaKaRa, Japan) by LightCycler® 480 (Roche Diag-
nostics, Rotkreuz, Switzerland). Waxy gene was
amplified with primers 5-TCATCGAAGGCAAGA
CTGGT-3' and 5-TCCTGGTTCATGCAGTTC
CT-3'. The OsACT1 gene was amplified (with primers
5'-CCTTCAACACCCCTGCTATG-3" and 5'-TGA
GTAACCACGCTCCGTCA-3') as an internal control
for normalization.

Protoplast transfection

Rice protoplasts used in this study were isolated fol-
lowing the procedure below. Briefly, stem and sheath
tissues derived from seedlings 12 day after germi-
nation were cut into 1 mm strips, and incubated in
enzyme solution for 4 h at 28 °C with gentle shak-
ing (40-60 rpm) in darkness. Protoplasts were col-
lected and washed by W5 solution and resuspended in
MMG solution. For transient expression assays, 1 pg
plasmid DNA was mixed with freshly prepared pro-
toplasts (~1x 107 cells) and equal volume PEG4000
solution (40%, W/V) (Sigma—Aldrich Biotech, St.
Louis, MO), and cultured at 28 °C in the dark for
16 h.
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Dual-luciferase assay

Cloning of the 2 kb cis-regulatory sequences: WT-ZZ35
(pro-ZZ35) and WT-Nip were 2 kb DNA sequences
immediately upstream the Waxy coding region, ampli-
fied by Tks Gflex™ DNA Polymerase (TaKaRa, Dalian,
China) with primers (Full-S: 5'-tcgacggtatcgataGCA
GGCACTCAGCTCGCT-3' and Full-R: 5"-gcggecgctcta-
2aAGGTGGTTGTCTAGCTGTTGCT-3") from the
genomic DNA of ZZ35 and Nipponbare, respectively.
del-WP1, del-WP2, and del-WP3 were composed of two
fragments before and after the deletions in the respective
genome editing alleles, and the length defects caused by
deletions were supplemented by the upstream sequences to
ensure the length of 2000 bp (10 bp). DNA fragments
were amplified with primers: WP1-segl (5'-tcgacggtatc-
2ataTGCGAATTCGGTCGTCG-3' and 5'-ctgaataaCCC
ACGGCTGTAATAAGCTAG-3"); WP1-seg2
(5"-ccgtggg TTATTCAGATCGATCACATGCAT-3"  and
Full-R); WP2-segl (5'-tcgacggtatcgataGAAAAGCGC
AGGTAATTGAC-3' and 5'-ccaaaataGGGAAACAA
AGAATTATAAAC-3'); WP2-seg2 (5'-gtttcccTATTTT
GGGTATAGGTCAAAGC-3' and Full-R); WP3-segl
(5'-tcgacggtatcgataGAAAAGCGCAGGTAATTGAC-3'
and 5-ccctcct AGAGGGGAAACAAAGAATTATAAA
C-3); and WP3-seg2 (5'-tcccctct AGGAGGGTTTATTTT
GGGTAT-3' and Full-R). Chimeric fragments of V1-V4
segments were amplified with the different matching pair-
ing primers (Full-S; V2-zz-R: 5-ATACCTTGCAGATGT
TCTTCCT-3"; V2-nip-R: 5-ATAACTTGCAGATGT
TCTTCCT-3"; V3-zz-F:  5-GGAAGAACATCTGCA
AGGTAT-3"; V3-nip-F:  5-GGAAGAACATCTGCA
AGTTAT-3; V3-R: 5-GCCTAACCAAACATAACG
AAC-3"; V4-F: 5-GTTCGTTATGTTTGGTTAGGCT-3;
Full-R) from genomic DNA of ZZ35 or Nipponbare.

Dual-luciferase assays were performed as
described previously (Xu et al. 2013) using modified
pGreenll-0800-LUC plasmids (Hellens et al. 2015).
The 2 kb cis-regulatory sequences were cloned into
the promoter region of firefly luciferase (FLuc) with
pEASY®-Basic Seamless Cloning and Assembly Kit
(TransGen, Beijing, China) according to the manu-
facturer’s instructions. The luciferase activity was
detected with Dual Luciferase Reporter Assay Kit as
the technical manual (Vazyme, Nanjing, China).

Abbreviations ACs: Amylose contents; BDV:
Breakdown value; CPV: Cold paste value; CSV:
Consistence value; DAP: Days after pollination;

GC: Gel consistency; HPV: Hot paste value; MC:
Moisture content; Nip: Nipponbare; PKV: Peak
viscosity value; RVA: Rapid Visco Analysis; ZZ35:
Zhongzao35
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