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Editing of the starch branching enzyme gene SBE2 generates
high-amylose storage roots in cassava
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Abstract

Key message The production of high-amylose cassava through CRISPR/Cas9-mediated mutagenesis of thestarch
branching enzyme gene SBE2 was firstly achieved.

Abstract High-amylose cassava (Manihot esculenta Crantz) is desirable for starch industrial applications and production of
healthier processed food for human consumption. In this study, we report the production of high-amylose cassava through
CRISPR/Cas9-mediated mutagenesis of the starch branching enzyme 2 (SBE2). Mutations in two targeted exons of SBE2
were identified in all regenerated plants; these mutations, which included nucleotide insertions, and short or long deletions
in the SBE2 gene, were classified into eight mutant lines. Three mutants, M6, M7 and M8, with long fragment deletions in
the second exon of SBE2 showed no accumulation of SBE2 protein. After harvest from the field, significantly higher amylose
(up to 56% in apparent amylose content) and resistant starch (up to 35%) was observed in these mutants compared with the
wild type, leading to darker blue coloration of starch granules after quick iodine staining and altered starch viscosity with a
higher pasting temperature and peak time. Further '"H-NMR analysis revealed a significant reduction in the degree of starch
branching, together with fewer short chains (degree of polymerization [DP] 15-25) and more long chains (DP>25 and
especially DP>40) of amylopectin, which indicates that cassava SBE2 catalyzes short chain formation during amylopectin
biosynthesis. Transition from A- to B-type crystallinity was also detected in the starches. Our study showed that CRISPR/
Cas9-mediated mutagenesis of starch biosynthetic genes in cassava is an effective approach for generating novel varieties
with valuable starch properties for food and industrial applications.
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Introduction

Cassava (Manihot esculenta Crantz, 2n=36) is a starchy
root crop feeding more than 800 million people in tropi-
cal regions (Sayre et al. 2011). It is ranked as the world’s
fourth most important staple food after rice, wheat, and
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amylose, is beneficial for patients who are obese and dia-
betic and also for new industrial applications such as bio-
degradable plastics (Li et al. 2019). To meet the demand
for cassava starch with desirable functional properties,
genetic improvement of cassava has drawn more atten-
tion by breeders over the past decade, especially efforts
to increase the ratio of amylose to amylopectin (Ceballos
et al. 2020; Zhou et al. 2020). Nevertheless, due to its
genome complexity, monoecious and self-incompatibility,
and sporadic flowering and less seed (Ceballos et al. 2010;
Pootakham et al. 2014), cassava starch improvement by
traditional breeding is difficult and genome editing is in
demand (Bull et al. 2018).

Cassava native starch, like most starch, is mainly com-
posed of amylose (contents usually ranging from 20 to
30%) and amylopectin (contents ranging from 70 to 80%).
Granule bound starch synthase (GBSS), which is chaper-
oned by PTST1 (Seung et al. 2015), is mainly responsible
for long-chain glucan amylose biosynthesis, which occurs
in amyloplasts or chloroplasts of plant cells. In cassava,
GBSS gene mutation by heavy ion irradiation, down-reg-
ulation by RNAI, or editing by CRISPR/Cas9 leads to a
waxy starch phenotype (Ceballos et al. 2007; Zhao et al.
2011; Bull et al. 2018). The synthesis of highly-branched
amylopectin requires series of synthases, including soluble
starch synthase (SS) and a starch branching enzyme (BE)
and debranching enzyme (DBE). Phylogenetic and evolu-
tionary analysis of the soluble SSs in cassava has shown
that a point mutation under positive selection contributed
to the evolution of the MeSSI and MeGBSSI genes (Yang
et al. 2013). Down-regulation of cassava SSII expression by
RNAI increased amylose content up to 33% and the amount
of resistant starch by interrupting protein interactions among
the starch biosynthetic protein complexes (He et al. 2020).
Down-regulation of SBE2, but not SBEI, expression in cas-
sava led to more than 50% higher amylose accumulation
(Zhou et al. 2020), suggesting that SBE2 was a suitable tar-
get for genome editing to generate high-amylose cassava.

The development of the CRISPR/Cas system for site-spe-
cific editing of plant genomes has facilitated mutagenesis
of target genes for desirable traits in crops and paved the
way for crop breeders to produce transgene-free improved
varieties through genetic segregation by selfing and crossing
(Chen et al. 2019). This technology has been used to modify
starch quality by targeting starch biosynthesis genes or their
promoters in several important crops including rice, wheat,
maize, potato, and sweet potato (Andersson et al. 2017; Sun
et al. 2017; Dong et al. 2019; Johansen et al. 2019; Tuncel
et al. 2019; Wang et al. 2019; Li et al. 2020; Zeng et al.
2020; Zhao et al. 2021). In cassava, CRISPR/Cas9-mediated
mutations in GBSSI and PTST]I result in the reduction of
amylose content in storage root starch (Bull et al. 2018).
Similarly, IbGBSSI- or IbSBEII-knockout sweet potato lines
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showed altered amylose percentages in their storage roots
(Wang et al. 2019). CRISPR/Cas9-mediated mutagenesis
of starch biosynthetic genes (GBSS, SBE1, and/or SBE2) in
potato also gave rise to a range of tuber starch phenotypes
(Carciofi et al. 2012; Andersson et al. 2017; Johansen et al.
2019; Tuncel et al. 2019; Zhao et al. 2021).

To develop high-amylose cassava, there is a need to gen-
erate SBE2-edited cassava using the CRISPR/Cas9-system.
In this study, mutagenesis of SBE2 in cassava was achieved
using the dual-sgRNA CRISPR/Cas9 system. Our results
showed that cassava plants with a long fragment deletion
in SBE2 accumulated no functional SBE2 protein, result-
ing in a high-amylose starch phenotype with altered starch
physico-chemical properties in the storage roots.

Materials and methods
Phylogeny and conserved motif analysis of SBEs

Genomic and amino acid sequences of SBEs from different
plants species were obtained from NCBI GenBank. Multiple
amino acid sequences were aligned by ClustalW and phylo-
genetic tree was constructed in MEGA 7.0 with the neigh-
bor-joining method. The bootstrap values were obtained
with 1000 replications. Gene structure and conserved motif
analysis were performed and modified with GSDS 2.0 and
MEME web server 5.3.1, respectively (Bailey et al. 2009).
Annotations of conserved motifs were referred to SMART
database in PDBsum format.

CRISPR/Cas9-based vector construction
and production of SBE2 cassava mutants

The backbone of the CRISPR/Cas9 vector used in the study
was previously reported (Mao et al. 2013; Cong et al. 2013).
The target sequence harboring the NGG nucleotides was
searched using the cassava genome information based on
the Phytozome database (https://phytozome-next.jgi.doe.
gov/info/Mesculenta_v6_1), and two specific sgRNAs were
designed to recognize the second and fifth exons in cassava
SBE2 gDNA (Fig. 1). SBE2 sgRNAI (5'-TCTAAAAGA
GTCCTTCCTGATGGTCGGATT-3") and SBE2 sgRNA2
(5'-AATAACTTATAGAGAGTGGGCACCAGGAGC-3')
were both driven by U6-26 promoter from Arabidopsis (Mao
et al. 2013). SpCas9 was driven by the promoter of Arabi-
dopsis UBQI gene (Mao et al. 2013; Cong et al. 2013). The
backbone of the SpCas9 and sgRNA expression cassettes
was digested by EcoR I and Hind 111, and ligated into the
pCAMBIA1301 binary vector, which harbors the hygromy-
cin phosphotransferase gene. The constructed vector was
introduced into Agrobacterium tumefaciens LBA4404, and
the friable embryogenic callus of African cassava cultivar
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Fig.1 Mutations in the cassava SBE2 genome DNA sequence. The
sgRNAs targeting the second and fifth exons of SBE2 genomic DNA
are illustrated. Eight mutant lines of INDELs were classified by
sequencing PCR amplicons. Underlined bold fonts indicate the PAM;

TMS60444, which is frequently used for genetic transfor-
mation, was used to generate transgenic plants as described
previously (Zhang et al. 2000).

The WT and transgenic cassava plants were propagated
as shoot cultures in vitro and then transferred into pots and
grown in a greenhouse (16 h/8 h of light/dark, 30 °C/22
°C day/night). After 2 months of growth, five plantlets
per line were transferred to field in the Wushe Plantation
for Transgenic Crops, Shanghai, China (31° 13’ 48.00" N,
121° 28" 12.00” E) in early May for 6 months of growth.
The phenotypic performance of field plants was recorded
regularly until harvest and storage root parameters were
analyzed.

Genomic DNA extraction and mutation
analysis

Cassava genomic DNA was extracted from young leaves of
in vitro shoot cultures using the Hi-DNAsecure Plant Kit
(TIANGEN, Beijing, China). Four pairs of oligonucleotide
primers were synthesized to detect the first to fifth exons in
the SBE2 gene (Table S1) by PCR. PCR amplification was
carried using [-5™ 2X High-Fidelity Master Mix (TsingKe,
Beijing, China) following the manufacturer’s instructions.

red dashes indicate deletions; red font indicates insertions; numbers
in the right panel indicate the size of the mutation (“N” represents no
mutation)

PCR products were purified with the TIANgel Midi Purifi-
cation Kit (TTANGEN, Beijing, China) and cloned into the
P-Easy-Blunt vector (TransGen Biotech, Beijing, China),
about 8-16 colonies of transformants were sequenced and
analyzed. Pairwise blast searches were performed to com-
pare the sequences of the WT and SBE2 mutants.

Protein extraction, immunoblotting
and in-gel enzyme activity analysis

Soluble protein was extracted from cassava storage roots
in non-denatured solvent (50 mM Tris-HCI, pH 7.5, 2 mM
EDTA-2Na, 0.4 mM PMSF) on ice. After centrifuged for
10 min at 20,000xg, the protein was quantified by Modi-
fied Bradford Protein Assay Kit (Sango Biotech, Shanghai,
China). 40 pg of protein was subjected to SDS-PAGE and
blotted onto nitrocellulose filter membranes. Western blot-
ting was performed using rabbit antiserum of SBE2 which
was obtained by ABclonal Technology (Wuhan, China)
using purified recombinant protein as an immune antigen.

To analyze BE enzyme activity, 40 ug of soluble protein
was subjected to native-PAGE with 3.3% (w/v) stacking
gel and 5% (w/v) separating gel with (Sun et al. 1996)
or without 1% (w/v) (Yamanouchi and Nakamura,1992)
starch from TMS60444 storage roots at 4 “C for 3 h as
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described previously After electrophoresis, the gel was
incubated in reaction buffer containing 50 mM HEPES-
NaOH pH7.4, 50 mM G-1-P, 2.5 mM AMP, 10% (v/v)
glycerol and 50 units rabbit muscle phosphorylase (Sigma-
Aldrich, St.Louis, USA) at 30°C overnight. The gel was
stained with the I,/KI solution until the bands occurred. To
quantify protein bands from gels or films, intensity values
of SBE proteins and enzyme activity were analyzed with
Image J software (https://imagej.nih.gov/ij) and actin was
used as the internal control.

Starch extraction and amylose granule
analysis

Storage roots of 6-month-old plants harvested from the
field were used for starch extraction and subsequent analy-
sis. After washing and peeling, storage roots were homog-
enized thoroughly with water in a Waring blender (War-
ing Commercial, New Hartford, CT, USA) and then passed
through a 100-mesh filter to remove impurities. When the
starch completely settled, the supernatant was discarded and
the starch granules were washed with distilled water several
times. Then clean starch was baked in a constant temperature
ventilated oven at 40 °C for 2 days and stored in a constant
humidity cabinet.

Starch granule staining and light microscopy were per-
formed as described by Bull et al. (2018) with slight modi-
fication. Ninety microliters of 20 mg/mL purified starch was
mixed with 10 pL of 30% Lugol’s solution and centrifuged
for 1 min at 3000xg. After discarding the supernatant, the
starch pellet was resuspended with 20 pL of 50% (v/v) ster-
ile glycerol and observed under an Olympus microscope.
The starch granule morphology was observed by scanning
electron microscope (SEM) as described (Zhou et al. 2020).
The granule size distribution of starch was determined using
a Master-size 2000 laser diffraction instrument (Malvern
Instruments Ltd., Worcestershire, UK) in wet-cell mode as
previously described (Zhou et al. 2015).

Analysis of total starch, resistant starch,
and amylose contents

Total starch content and resistant starch content were
measured according to the AOAC’s official method by
using Total Starch (100 A) Kit and Resistant Starch Kit
(Megazyme International Ireland Ltd. Co., Wicklow, Ire-
land). Ten milligrams of starches from storage roots as
well as 10 mg of standard amylose/amylopectin was first
mixed with 100 pL of 95% ethanol (v/v) and then 900
pL sodium hydroxide (1 M) while vortexing. The mix-
ture was heated in a boiling water bath for 10 min, then
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cooled to room temperature and transferred to a 10 mL
volumetric flask to make up the volume by adding H,O.
Next gradient-diluted amylose solutions with concentra-
tions of 0, 10%, 20%, 30%, 50%, 60%, 80%, and 100%
were prepared using standard amylose and amylopectin.
The reaction system was brought up to 10 mL in volume
with 500 uL of sample supernatant, 100 uL. of 1 M acetic
acid solution, 200 pL of 2% (v/v) iodine potassium iodide
and double distilled water. After incubation at room tem-
perature for 10 min, detection of amylose content was
performed by measuring the absorbance at 720 nm in
a Thermo Scientific Multiskan GO spectrophotometer
(ThermoFisher Scientific, Vartaa, Finland).

Analysis of starch pasting and thermal properties

Starch pasting properties were analyzed by a Rapid Visco
Analyzer (RVA-4, Newport Scientific, Australia). To cal-
culate the starch dry weight, the moisture content was first
measured through high heat drying using a Rapid Moisture
Analyzer (HR83-P, Metter Toledo, Switzerland). Dried
starch was suspended in double distilled water at a ratio of
7% (w/v) and then analyzed. The program was as follows:
temperature was increased to 50 °C and held for 1 min,
then increased to 95 °C at a rate of 12 °C/min and kept for
3 min. Next, the temperature was decreased to 50 °C at the
same rate and maintained for 3 min. The stirring speed was
constant at 160 rpm throughout the analysis except for the
960 rpm applied during the first 10 s.

The starch thermal properties were analyzed by a differ-
ential scanning calorimeter (DSC Q2000; TA Instruments
Ltd., Crawley, UK). 3 mg starch was added to 9 uL distilled
water in an aluminum pan and incubated at room tempera-
ture for 24 h. With an empty aluminum pan as a reference,
the sample was heated at a speed of 10 °C/min from 30
to 105 °C, and the gelatinization temperature and enthalpy
were determined and recorded (Universal Analysis 2000, TA
Instruments Ltd., Crawley, UK).

Determination of starch branching degree, chain
length distribution, and molecular weight

Starch branching degree was determined using a Bruker Bio-
Spin GmbH NMR spectrometer equipped with a tempering
unit (Fuentes et al. 2016). Purified starch (10 mg) was mixed
with 1 mL of deuterated DMSO and fully dissolved at 80 °C
overnight. The mixture was centrifuged at 14,000 rpm to
clean out undissolved starch granular debris or impurities
600 pL of supernatant was taken and loaded into an NMR
tube. The heating temperature was set at 65 °C, and scanning
was performed 32 times. Data were collected and analyzed
with MestReNova.
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The chain length distribution was detected by high-
performance anion-exchange chromatography with pulsed
amperometric detection (HPAEC-PAD; Dionex-ICS 5000+;
Dionex Corporation, Sunnyvale, CA, USA) as previously
described (Zhou et al. 2020). Purified starch (5 mg) was
deproteinized with protease, cleaned with sodium bisulfite
to remove contaminated proteins or impurities in starch,
and debranched with isoamylase (1000 U/uL) following the
methods of Tran et al. (2011) and Li et al. (2011).

The molecular weight distribution of debranched starch
was analyzed using gel permeation chromatography (U3000,
Thermo, USA) differential optical (Wyatt technology, CA,
USA) multi-angle laser light scattering system (Wyatt
technology, CA, USA) with different columns (Ohpak
SB-803/805 HQ), and the column temperature was set at
65 °C. Standard dextrans of known molecular weights (350;
3K;21K; 130 K; 600 K; 820 K; and 3755 K) were used for
column calibration.

X-ray diffraction analysis

X-ray diffraction analysis of the purified starch was per-
formed using a D8 Advance Bruker X-ray diffractometer
(BrukerAXS, Karlsruhe, Germany). The samples were
scanned through the 26 range of 5°—40° at a rate of 4°/min
and a step size of 0.02°. The results were analyzed using
Jade 5.0 software (Materials Datalnc., Livermore, CA,
USA).

Statistical analysis

Samples were collected from three independent plants per
line and then pooled for further analyses. All statistical
analysis was performed using Duncan’s multiple range test
or Student’s #-test. A value of P < 0.05 was considered sta-
tistically significant.

Results

Efficient dual sgRNA-directed knock-out
of the cassava SBE2 gene

The cassava SBE2 gene (GenBank accession no.
MKO086026.1) is 19,327 bp in length, has 22 exons, and
encodes a protein of 837 amino acids. Phylogenetic analy-
sis of cassava SBE2 and SBEs from other crops, includ-
ing barley, maize, rice, wheat, potato, and sweet potato,
showed evolutionary divergence of SBE proteins (Fig. S1).
Among the analyzed SBE proteins, cassava SBE2 is closer to
SBE2.1 and SBE2.2 from Arabidopsis in the SBE2 cluster;
while the cassava SBEI is classified into another cluster. The
low nucleotide sequence homology between cassava SBE]

and SBE?2 facilitated the design of SBE2-specific sgRNAs.
Two different sgRNAs were designed to target the second
exon and the fifth exon of SBE2 to guarantee target gene
editing (Fig. 1). After friable embryogenic callus (FEC)-
mediated transformation using Agrobacterium tumefaciens,
43 transgenic cassava plant lines were recovered using
hygromycin selection. These lines were further verified
by PCR using two pairs of oligonucleotide primers (Sup-
plementary Table S1) surrounding the target regions, and
the PCR products were sequenced. Most of the transgenic
lines had mutations in the SBE2 gene; the mutation rate was
93.02% (40/43). These mutations including nucleotide inser-
tions and deletions could be classified into 8 mutated lines
according to their encoding sequences (Fig. 1). Homozy-
gous mutated line 1 (M1) was a 6-bp deletion (TCCTGA)
before the protospacer adjacent motif (PAM) sequence CGG,
which led to a loss of proline and asparagine. Mutant line
2 (M2) was biallelic mutations in exon 2 including 1-bp
insertion (A) in one allele and a 6-bp deletion (TCCTGA
) in the other allele. Mutant lines 3, 4 and 5 (M3, M4 and
M35, respectively) were heterozygous: M3 had 1-bp inser-
tion (T/A) in the second and fifth exon, respectively; M4
showed a 2-bp insertion (GA) around the CGG sequence
in the second exon; and M5 had a 6-bp deletion (CTGATG
) and 1-bp insertion (T) in the second exon. Mutant lines 6
and 7 (M6 and M7) were homozygous mutations, showing
large fragments (55 bp or 31 bp) deletion in the second exon
and a 1-bp insertion (T) near the PAM sequence AGG in the
fifth exon. Mutant line 8 (M8) had biallelic mutation, having
an 8-bp deletion (TTCCTGAT) and a 31-bp deletion (GGT
CACTGCGTCTAAAAGAGTCCTTCCTGAT) in different
alleles of the second exon. Its reading frame of the fifth exon
was deleted by 43 bp in one allele and no change in another
allele. These results showed that mutagenesis of the SBE2
gene in our study mainly occurred at — 3 to — 10 bp adja-
cent to PAM (NGG) site in M1-M5 mutant lines, but there
were also large deletions encompassing the PAM sequence
in M6-M8 mutant lines.

Mutation of cassava SBE2 affects plant growth
in field

To explore whether mutations in SBE2 have an impact
on growth, wild type (WT) and eight SBE2-mutated lines
(referred to as M lines) were planted in the field for 6 months
of growth. The amount of foliage produced by M lines was
variable; some lines including M1-M3 showed an obvious
reduction in growth in comparison with WT. The storage
root phenotypes, namely root biomass, root length, root
diameter, and root number (Fig. 2a—e), also differed between
WT and the mutants. Compared with the 2.80 kg/plant aver-
age biomass of WT storage roots, average biomass of the
mutants ranged from 0.89 to 1.93 kg/plant (Fig. 2a, b). The
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Fig.2 Phenotypes of 6-month-old field-grown cassava plants with
mutations in SBE2. a Canopy architecture (upper panel) and storage
roots (lower panel) of wild-type (WT) and SBE2-mutated plant lines.
b-e Comparisons of storage root biomass (b), storage root length (c),

mutant roots were also shorter; the average root length of
the mutants ranged from 18.00 to 28.30 cm, and that of WT
was 32.20 cm (Fig. 2a, c). The average storage root diameter
in WT, 3.11 cm, was slightly larger than that of the mutated
lines, which ranged from 2.41 to 2.99 cm (Fig. 2a, d). The
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average number of storage roots was around 7—8; no signifi-
cant difference was found between WT and the mutated lines
(Fig. 2a, e). In general, mutations in the SBE2 gene caused
areduction in the growth of storage roots, and the CRISPR/
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Cas9-generated mutant lines resemble those produced using
RNAI (Zhou et al. 2020).

SBE2-knockout mutants show higher amylose
content and a lower degree of branching in starch

To verify SBE2 expression, the protein level in WT and
the sbe2 mutants was analyzed by immunodetection using
total proteins extracted from 6-month-old cassava storage
roots. Immunoblotting results showed that SBE2 proteins
were barely detectable in M6, M7, and M8 mutant lines,
while in lines M2, M3, M4 and MS5, the protein levels were
slightly lower or similar to those in WT when compared to
the ratio between SBE2 and actin protein. Only the SBE2
protein in the homozygous M1 was higher than that of WT
(Fig. 3a, left panel). Native PAGE analysis showed that the
enzymatic activity of SBE2 was only absent in the M6, M7,
and M8 mutant lines and detectable in other mutant lines,
indicating SBE2 activity had significant changes in the large
fragment-deleted mutants (Fig. 3a, right panel). Meanwhile,
the enzymatic activity of SBE1 protein was not affected in
all mutant lines (Supplementary Fig. S2).

The significantly higher apparent amylose content in the
M6-MS8 mutant lines was detected by iodine colorimetric
assay. Compared with WT, which had an amylose content of
26.03%, the M6, M7, and M8 mutants had amylose contents
of 41.26%, 48.34%, and 51.81%, respectively (Fig. 3b). No
obvious difference was detected between WT and mutant
M4. However, the amylose contents in M1, M2, M3, and
M5 (around 20%) were relatively lower than that of WT
(Fig. 3b). Moreover, a higher content of resistant starch was
also detected in the M6 to M8 mutants, having a minimum
of 15.7% more than that of WT. The resistant starch content
in M1-MS5 mutant lines were lower than that in WT except
for M2 mutant line (Fig. 3c). The total starch content was
slightly lower in M6-M8 mutant lines compared to that of
WT (Supplementary Fig. S3a). After iodine staining for
5 min, the starch granules of WT and mutants M1-M35 were
stained a light-blue color, while those of mutants M6-M§
were a dark-blue color (Fig. 3d), which also indicated higher
amylose content in these mutants. Further ! H nuclear mag-
netic resonance (! H-NMR) analysis showed that the degrees
of starch branching in M6-MS8, which ranged from 1.96 to
3.01% (Table 1), were dramatically lower than those in WT
(3.75%) and the other M mutants (3.38-3.75%). The results
confirmed that the SBE2 protein was responsible for starch
branching in cassava. Nevertheless, no obvious difference
was found in the starch granule morphology among WT and
SBE2-mutated plants, all having similar granule size dis-
tribution patterns and shapes (Supplementary Fig. S3b-d).

SBE2 mutants have variable starch pasting
properties

Starch pasting profiles in the SBE2 mutant lines were
analyzed by a rapid visco analyzer (RVA). In general, the
starches of mutants M1 to M5 had slightly higher peak vis-
cosity (PV), hot paste viscosity (HPV), cold paste viscosity
(CPV), and peak time and lower pasting temperature (PT) in
comparison with WT starch. In contrast, starches of mutants
M6 to M8 had significantly higher HPV, CPV, PT, and peak
time, but dramatically lower breakdown (BD) values. These
findings indicated that the high amylose starch in M6 to M8
might be easier for their retrogradation than that of WT.
HPV values, reflecting the resistance to shear thinning, of
starch from all mutants were higher compared with that of
WT. In particular, the starches from M6 to M8 had HPV
values ranging from 1809 to 2255 cP, which were two-fold
higher that of WT (895 cP). The peak times (ranging from
5.80 to 7.00) and PTs (ranging from 71.58 to 82.10 °C) of
the starches in M6 to M8 were all higher than those of WT,
indicating slower gelatinization of these starches (Fig. 4a;
Table 2).

Thermal analysis of storage starch showed that higher
temperatures were required for melting M6 to M8 starches
compared with WT starch, but that lower temperatures were
required for melting the M1 to M5 starches. The onset tem-
perature (7;,) and top melting temperature (7},) for WT starch
were 56.47 and 59.59 °C, respectively. These parameters
are significantly higher for the starches of the M6, M7, and
M8 mutants, which had T /T, values of 60.61/67.85 °C,
60.90/66.26 °C, and 60.88/66.65 °C, respectively. There
were no significant differences in the conclusion temper-
ature (7,) and the enthalpy (AH) among WT and all the
mutant lines (Table 3). The increased 7, and T}, showed that
the starches from the M6, M7, and M8 mutants were more
difficult to gelatinize compared with those of WT and the
M1-M5 mutant lines (Fig. 4b; Table 3).

SBE2 determines fine structure of amylopectin
and thus affects the semi-crystallinity property
of storage starch

The native storage starch of WT cassava has typical A-type
crystals with 1 doublet around 17° (26) and 2 singlets around
15° and 23° (20) in X-ray diffraction (XRD) spectra (Defloor
et al. 1998; Zhao et al. 2011; Zhou et al. 2020). In contrast to
WT starch, the starches from the M6, M7, and M8 mutants
showed the typical patterns of B-type crystallinity, showing
diffractograms with additional singlets at 5° (26) and 20°
(26), doublets replacing the singlets at 23° (26), and singlets
substituting for doublets at 17° (26). For the starches of the
M1 to M5 mutants, a transitional stage from A- to B-type
crystallinity was observed, with starches showing additional
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(A)
Western blotting Enzyme activity by Native-PAGE
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small peaks at 5° (20) and singlets substituting for doublets ~ of SBE2 mutants displayed different crystallinity types in
at 17° (260). These peak intensities were weaker than those =~ comparison with those of WT (Fig. 5).
of WT at 23° (20). The results indicated that the starches
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«Fig.3 SBE2 protein detection and starch characteristics of SBE2-
mutated cassava. a Immunodetection and in-gel enzyme activity of
SBE?2 in total proteins extracted from storage roots of wild-type (WT)
and SBE2-mutated cassava plants. Actin protein was used as the con-
trol. The method was used as described previously (Yamanouchi and
Nakamura 1992). b-c Amylose content (b) by iodine colorimetric
assay and resistant starch content (c¢) in the storage roots. Error bars
are means + SD (n = 3). Statistical differences were determined by

Student’s r-test; *P < 0.05, **P<0.01, ***P<0.001. d Light micros-
copy of iodine-stained purified starch granules of WT and SBE2-
mutated cassava lines. Bar = 10 pm

To investigate the effect of SBE2 mutations on amylopec-
tin structure, the chain length distribution was measured by
high performance anion exchange chromatography-pulsed
amperometric detection (HPAEC-PAD). Starches from
the M1 to M5 lines showed a slight decrease in short and
medium chains (degree of polymerization [DP] values 6—13
and 20-39, respectively), and an increase in long chains (DP
40-60) compared with WT. For lines M6 to M8, notably
fewer chains with DP 6—13 and more chains with DP 25-70
were detected (Fig. 6). According to the branching fractions
of amylopectin, it revealed that starches from M6, M7, and
MS had fewer short chains and more long chains in amylo-
pectin than those of lines M1 to M5. Nevertheless, no signif-
icant change of starch granule size was found among all the
mutations compared with WT (Supplementary Fig. S3b, c).

Branching characteristics of these starches were also
measured by molecular weight distribution analysis using
gel permeation chromatography (GPC). In GPC analysis,
there are three peaks, peakl, peak2, and peak3, which repre-
sent amylopectin with short-branch chains, amylopectin with
long-branch chains, and amylose molecular, respectively
(Song and Jane, 2000). The ratio of the areas of peakl to
peak? reflects the branching pattern of amylopectin (Wang
et al. 1993). The M6-M8 mutant lines had higher peak2 and
peak3 ratios (Fig. 7; Table 4), which showed that M6-M8
mutant lines possessed prominently more amylopectin long-
chain (29.19%-34.28%) and amylose chain (19.65-28.87%)
compared with WT (21.21% and 13.98%, respectively).The
results was consistent with the apparent amylose content
estimated by colorimetric assay (Fig. 3b).

Discussion

Breeding high-amylose cassava is considered one of the
most important goals in cassava breeding programs to meet
the increased demand for potential applications in starch
industries. Although the generation of high-amylose cas-
sava has recently been accomplished by the knockdown of
cassava branching enzyme genes using RNAi technology
(Zhou et al. 2020), direct mutagenesis of the SBE2 gene
by CRISPR/Cas9 system provides a practical approach for

developing transgene-free cassava through further hybridi-
zation in future. Several reports have demonstrated the
feasibility of site-specific gene editing in cassava using the
CRISPR/Cas9 technique to improve traits including waxy
starch and disease resistance (Odipio et al. 2017; Bull et al.
2018; Gomez et al. 2019). The function of the cassava SBE2
gene in amylopectin synthesis in storage roots was previ-
ously validated (Zhou et al. 2020), and here high-amylose
cassava was further successfully developed using CRISPR/
Cas9-mediated SBE? editing; the storage roots of the sbe2
mutants had amylose contents higher than 50% (Fig. 3b).
Their resistant starch contents were also increased, show-
ing a positive correlation with high amylose starch content
(Cai et al.2015; Zhou et al. 2016). Furthermore, these sbe2
mutants will provide an invaluable resource for studying
the protein-protein interactions and starch biosynthetic pro-
tein complex in storage roots of root crops, as did in cereal
endosperms (Tetlow et al. 2015).

Mutations generated by CRISPR/Cas9 editing of plant
genomes are variable, and include nucleotide- and fragment-
based mutations around the PAM region (Li et al. 2018). In
the SBE2 mutants, nucleotide insertions and short- or long-
fragment deletions in the SBE2 gene were identified (Fig. 1).
Although two sgRNA target sites for SBE2 were used in our
study, a mutation preference was noticed. The target in exon
2 of SBE2 was more frequently mutated compared with that
in exon 5. This might be due to the difference of editing
efficiency and specificity of the sgRNA (Liang et al. 2016).
At the protein level, complete depletion of SBE2 protein
was only observed in the homozygous mutants M6, M7,
and biallelic mutant M8, which had long-fragment dele-
tions in SBE2 (Figs. 1 and 3a). In these mutants, loss of
SBE2 was associated with a dramatic increase of amylose-
content and reduced degree of branching in starch, confirm-
ing that SBE2 mainly functions in amylopectin branching
(Fig. 3b). Other SBE2-edited mutants, either biallelic or
heterozygous, showed expression of SBE2 protein but their
amylose starch contents were slight lower than that of WT,
possible due to the decreased SBE2 protein levels or the
disruption of SBE2-SSI/SSII interactions, since the SBE2-
SSI/SSI interaction is essential for organizing the starch bio-
synthetic enzyme complex in starch biosynthesis (He et al.
2020; Teltow et al. 2015). This also explains the phenotype
changes with delayed plant growth in these sbe2 mutants,
as evidenced in other crops (Hofvander et al. 2004). So far,
CRISPR/Cas9-mediated SBE2 editing in rice, potato and
sweet potato has been successfully reported for high-amyl-
ose trait improvement (Sun et al. 2017; Wang et al. 2019;
Zhao et al. 2021).

Most plant species with high amylose content, especially
in endosperms of cereals, may have smaller granules and
more irregular morphologies, depending on the levels of
amylose content. Simultaneously suppressing all SBEs
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Table 1 Degree of starch branching in SBE2-mutated cassava
detected by ' H NMR

Cassava line Areal Area2 Degree of
branch-
ing(%)

WT 360,462 13,993 3.75

Ml 903,003 32,009 3.38

M2 929,642 36,689 3.75

M3 1,077,584 42,300 3.75

M4 970,116 33,957 3.38

M5 787,585 31,081 3.75

M6 794,693 24,458 3.01

M7 793,308 20,305 2.53

M8 561,845 11,439 1.96

100
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_ 'M8—90 ;
2 3000 S M6 gg 3
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Fig.4 Pasting and thermal profiles of SBE2-mutated cassava
starches. a Pasting profiles of storage starches analyzed by a Rapid
Visco Analyzer. Starches were isolated from storage roots of wild-
type (WT) and SBE2-mutated cassava plants. Starch samples were
prepared as a 7% (w/v) starch suspension. b Differential scanning
calorimeter thermograms of storage starches from WT and SBE2-
mutated cassava plants. Samples were prepared using dried starch
powder

@ Springer

(SBE I, SBE Ila, SBE IIb) in barley could lead to irregular
shapes of starch granules (Carciofi et al. 2012), and such
change was also found in potato lines with both reduction
of SBEland SBE2 (Tuncel et al. 2019). In root crops such
as cassava and sweet potato, even though amylose content
increases up to 60%, their starch granule shapes did not
changes significantly in comparison with normal starches
that have 20-30% amylose (Zhou et al. 2015). In this study,
the apparent amylose content is less than 60% and their gran-
ule size and morphology did not detect significant changes
as evidenced by granule size distribution and SEM analysis
(Figs. 3b, S3d). Based on a recent study using waxy and
high-amylose sweet potato starch (Zhang et al. 2019), the
formation of new semicrystalline lamellae (named Type II)
in starch in addition to the widely reported Type I lamellae
has been revealed in sweet potato that had either downregu-
lated GBSSI (for waxy starch) or SBE (for high-amylose
starch) activity. Such lamellae changes might support the
structure flexibility in starch.

Meanwhile physico-chemical properties of cassava
starches from the M6 to M8 lines also resembled those
of mutants generated using RNAIi approaches. Consistent
with the starches from SBE2-RNAI transgenic plants, the
M6 to M8 mutants had significantly higher values of HPV,
CPV, PT, and peak time, but a lower BD value, indicating a
higher capacity for resistance to shear thinning and a slower
gelatinization process (Fig. 4a; Table 2). Several reports
indicated that there is positive correlation between amyl-
ose content, resistant starch, and gelatinization tempera-
ture (Park et al. 2007; Chung et al. 2011; Cai et al. 2015).
Indeed, our results were consistent with previous reports
in sweet potato and cassava (Zhou et al. 2015; Zhou et al.
2020), showing a higher temperature during the melting
process in these high-amylose cassava starches. The transi-
tion from an A-type to B-type crystallinity pattern among
these starches was also observed in starches with increased
amylose content isolated from SBE2-RNAi sweet potato and
cassava (Zhou et al. 2015; Zhou et al. 2020); these starches
showed significant changes at 5° (26), 17° (26), 20° (26)
and 23° (20) in X-ray diffractograms (Fig. 5). Since amylose
content affects the physical-chemical properties of starch
and determines the potential for application in the starch
industry (Zhou et al. 2015), our study provides techniques
for cassava genetic improvement and useful material for
functional exploration.

Amylopectin chain profiles are determined by the activity
of SBEs (Testerm et al. 2004). In cereals, SBEI and SBEII
are mainly responsible for catalyzing the formation of
branch points (Guan and Preiss, 1993). In rice, amylopectin
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Table 2 Viscosity properties of storage starches in SBE2-mutated cassava

Peak viscosity (cP) Hot paste viscosity Breakdown (cP) Cold paste viscos-  Setback (cP) Peak time (min) Pasting temperature
(cP) ity (cP) (®)

WT 1933 +25.87c 895 + 19.86f 1038 + 10.07b 1566 + 264e 671 £248cd 4.07£0.00f  69.57 +0.58d

M1 2345 + 24.70ab 1227 + 27.61d 1119 +28.10a 1937 + 52.05d 710 £72.81 cd 431 £0.03e  66.22 + 0.06f

M2 1935 + 12.70c 1024 + 15.04e 910 +2.52¢ 1544 + 27.40f 520 £ 4236e  4.15+0.04f  66.98 +0.03¢

M3 2276 + 64.38b 1285 + 20.65 cd 991 + 54.67bc 1698 + 15.10e 413 £22.55¢ 449+0.03d  6532+0.08¢g

M4 2301 +20.81b 1394 + 53.56¢ 907 +37.04c 2160 + 118¢ 766 + 167cd  4.67£0.00c  67.52 + 0.49d

M5 2568 + 70.87a 1312+ 10.07cd 1255 +63.52a 2144 + 35.30c 832 +45.13c 4.31+0.03¢  65.83 + 0.46f

M6 2042 + 39.00c 1842 + 28.75b 200 +20.07d 2477 + 36.43¢ 635+1332d 580+0.13b  71.58 + 0.42¢c

M7 2462 + 73.76a 2255 +97.81a 207 +48.05d 4134 + 259 1879 + 163a  7.00 £ 0.00a  82.10 + 1.00a

M8 1827 +22.27d 1809 + 17.09b 180+72le 3048 + 10.44b 1239 +27.18b  6.60 + 0.42a  76.47 + 0.40b

Table 3 Thermal properties - o o o

o SBEDmte Easfava Cassava line T, (C) T,(C) T.(C) AH (J/g)

determined by a differential WT 56.47 + 0.14b 59.59 + 0.08b 73.34 £ 0.18¢ 13.58 + 0.41a

scanning calorimeter M1 54.77 +0.17¢ 59.82 +0.25b 73.79 + 0.18¢ 13.60 + 0.46a
M2 54.95 +0.15¢ 58.87 + 0.23¢ 72.91 + 0.61d 13.11 + 0.85a
M3 54.70 + 0.07¢c 58.95 + 0.06¢ 68.92 + 1.00e 13.16 + 0.93a
M4 56.57 + 0.16b 60.13 + 0.32b 77.53 + 0.63a 13.10 + 1.17a
M5 53.97 +0.11d 57.34 +0.23d 73.08 + 0.45¢ 13.01 + 1.02a
M6 60.61 + 0.13a 67.85 + 0.65a 75.40 + 0.17b 12.64 + 0.92a
M7 60.90 + 0.24a 66.26 + 0.44a 72.46 + 0.35d 12.13 + 1.41a
M8 60.88 + 0.07a 66.65 + 0.16a 73.01 + 0.09d 13.69 + 1.29a

from endosperm of the sbel mutant had fewer long chains
with DP > 37 and chains with DP 12-21 (Satoh et al. 2003).
Cereal SBEII isoforms SBEIIa and SBEIIb have distinct
expression patterns; SBEIIa is ubiquitously expressed in all
tissues and SBEIIb is specifically present in the endosperm
(Nishi et al. 2001). In general, SBEIIb enzymes play a spe-
cific role in the formation of short chains of amylopectin,
and the amylose extender (ae) of maize, in which the gene
encoding SBEIIb is mutated, has a high amylose starch
phenotype (Nishi et al. 2001). Like SBE2-RNAI cassava,
SBE2-knockout cassava lines showed high-amylose pheno-
types with higher levels of glucan chains around DP 25-70
but lower levels of glucan chains with DP 10-25 in starch
granules, indicating that cassava SBE2 mainly functions in
the formation of the short chains of amylopectin in stor-
age roots, especially those with DP<25 (Fig. 6). This also
indicates that other SBE isoforms are required for long-
chain biosynthesis in cassava, as another SBE gene SBE]
have been identified based on blast searches of the genome
sequence (Pei et al. 2015). The higher levels of glucan chains
with DP>40 in starches of the sbe2 cassava mutant may
cause the formation of more solid, double-helical crystallini-
ties in amylopectin molecules, leading to an increase in the
thermal parameters 7, and Tp, and transformation of starch

e et
—r
m M2
_________M___ M1

WT

Diffraction angle (26)

Fig.5 X-ray diffractograms of SBE2-mutated cassava starches.
Starches were isolated from storage roots of wild-type (WT) and
SBE2-mutated cassava plants. Samples were prepared using dried
starch powder

granules with an A-type X-ray diffraction pattern to those
with a B-type pattern (Figs. 4b and 5; Table 3), as reported
for other high-amylose starches in species including rice,
wheat, cassava, potato, and sweet potato (Jane et al. 1999;
Zhou et al. 2015; Zhou et al. 2020).

In conclusion, our study reports the generation of high-
amylose cassava with increased resistant starch by CRISPR/
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Fig.6 Comparisons of amylopectin chain length distribution in wild-
type and SBE2-mutated cassava starches. Differences in the chain
length distribution between the wild type (WT) and SBE2-mutated

Table 4 Gel permeation chromatography (GPC) parameters of stor-
age starches in SBE2-mutated cassava

Starch GPC peak area(%) Peak 1/Peak 2
Peak 1 Peak 2 Peak 3
WT 64.82 21.21 13.98 3.06
Ml 52.19 31.95 15.86 1.63
M2 59.74 28.81 11.45 2.07
M3 56.33 35.41 8.26 1.59
M4 64.05 23.93 12.02 2.68
M5 52.83 31.33 15.84 1.69
M6 50.34 30.01 19.65 1.68
M7 38.88 34.28 26.84 1.13
M8 41.94 29.19 28.87 1.44
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lines were calculated by subtracting normalized CLD value for WT
from that of each mutated line

Cas9-mediated mutagenesis of the SBE2 gene, which pro-
vides a genetic resource to enrich cassava germplasm in
addition to the waxy cassava produced by editing GBSSI
and PTSTI (Bull et al. 2018). High-amylose cassava starch
showed altered starch physico-chemical properties, includ-
ing pasting and gelatinization properties, chain length dis-
tribution, and crystallinity. These high-amylose cassava
starches with different properties can be used in specific
industrial fields. The novel materials produced in this study
could be used as parents through proper selfing or inter-
mating hybridization between different transgenic lines to
segregate the trait and to eliminate Cas-9 gene in progenies,
generating plants without foreign genes.
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Fig.7 Gel permeation chromatography profiles of SBE2-mutated cassava. Starches from storage roots of wild-type (WT) and SBE2-mutated
plants were debranched by isoamylase treatment before gel permeation chromatography detection
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