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Abstract

Key message Induced mutations in the waxy locus in rice endosperm did not abolish GBSS activity completely. Com-
pensatory mechanisms in endosperm and leaves caused a major reprogramming of the starch biosynthetic machinery.
Abstract The mutation of genes in the starch biosynthesis pathway has a profound effect on starch quality and quantity and
is an important target for plant breeders. Mutations in endosperm starch biosynthetic genes may impact starch metabolism in
vegetative tissues such as leaves in unexpected ways due to the complex feedback mechanisms regulating the pathway. Sur-
prisingly this aspect of global starch metabolism has received little attention. We used CRISPR/Cas9 to introduce mutations
affecting the Waxy (Wx) locus encoding granule-bound starch synthase I (GBSSI) in rice endosperm. Our specific objective
was to develop a mechanistic understanding of how the endogenous starch biosynthetic machinery might be affected at the
transcriptional level following the targeted knock out of GBSSI in the endosperm. We found that the mutations reduced but
did not abolish GBSS activity in seeds due to partial compensation caused by the upregulation of GBSSII. The GBSS activ-
ity in the mutants was 61-71% of wild-type levels, similarly to two irradiation mutants, but the amylose content declined to
8—-12% in heterozygous seeds and to as low as 5% in homozygous seeds, accompanied by abnormal cellular organization in
the aleurone layer and amorphous starch grain structures. Expression of many other starch biosynthetic genes was modulated
in seeds and leaves. This modulation of gene expression resulted in changes in AGPase and sucrose synthase activity that
explained the corresponding levels of starch and soluble sugars.

Keywords Granule-bound starch synthase - Starch quality - AGPase - Genome editing

Introduction

Starch is the major component of rice endosperm and com-
prises a mixture of the polysaccharides amylose and amy-
lopectin. Amylose is a linear chain of a(1,4)-linked glucose
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monomers whereas amylopectin contains additional a(1,6)-
linked branches every 24-30 residues (Martin and Smith
1995). Starch from different plant species varies in its phys-
icochemical properties due to the ratio of amylose and amy-
lopectin and differences in chain length and/or amylopectin
branching density (Jobling 2004). Differences in enzyme
activities may thus induce changes in starch composition.
Starch synthesis in plants begins with the conversion of
glucose 1-phosphate to ADP-glucose, catalyzed by ADP-
glucose pyrophosphorylase (AGPase). This is followed
by the polymerization of ADP-glucose to form amylose
and amylopectin via the coordinated activity of AGPase
and starch synthases (SSs), which form the «(1,4)-linked
glycosidic bonds of both molecules, and starch-branching
enzymes (SBEs), which form the a(1,6)-linked glycosidic
bonds in amylopectin. Starch synthases catalyze the transfer
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of the glucosyl moiety of the soluble precursor ADP-glucose
to the reducing end of a pre-existing a(1,4)-linked glucan
primer (Tetlow et al. 2004) whereas SBEs cleave internal
amylose a(1,4) glycosidic bonds and transfer the reducing
ends to C6 hydroxyls to form a(1,6) linkages (Jiang et al.
2013). The latter can be removed by starch debranching
enzyme isoamylase, hence the amylopectin content of starch
is sensitive to the balance between branching and debranch-
ing activities. The structure of amylopectin is also influ-
enced by the two different SBE isoforms, with SBEI show-
ing higher affinity towards amylose than amylopectin and a
preference for longer glucan chains and SBEII showing the
opposite properties (Tetlow et al. 2004). Disproportionating
enzyme (DPE) and starch phosphorylase (PHO) also play
a role in the initiation and elongation of starch polymers
(Satoh et al. 2008). The pathway is summarized in Fig. 1.
There are two major groups of starch synthases (Fig. 1).
The first group is the classical starch synthases and com-
prises four isoforms, some represented by multiple paral-
ogs: SSI, SSIIa/b/c, SSIa/b and SSIVa/b (Nakamura 2002).
These synthesize the linear chains of amylopectin and their
distribution between granular and stromal fractions can vary
between species, tissues and developmental stages (Ball
and Morell 2003). The second group is the granule-bound
starch synthases (GBSS) which are restricted to the granule
matrix. There are two isoforms, GBSSI and GBSSII, the first
expressed mainly in the endosperm and the second mainly in

the leaves (Ohdan et al. 2005). GBSSI catalyzes the exten-
sion of long glucan chains primarily in amylose (Maddelein
et al. 1994). The GBSSI protein is 609 amino acids in length,
with a catalytic site spanning residues 78—609 composed of
a-helices and (-sheets that form a substrate-binding cleft.
An N-terminal transit peptide outside the catalytic center
is required to import the protein into the starch granules
(Momma and Fujimoto 2012).

In rice, GBSSI is encoded by the Waxy (Wx) gene, so named
because of the waxy appearance of the amylose-free grain in
Wx null mutants (Hirano 1993). As well as the Wx null allele,
two other natural alleles are common in rice (Sano 1984). The
Wxa allele is predominant in indica subspecies, and has strong
GBSSI activity, and thus more amylose in the endosperm. Wxb
has weaker GBSSI activity and the amount of amylose and
amylopectin in the endosperm is more variable (Hirano and
Sano 1998; Umemoto and Terashima 2002). Because of its
impact on grain quality, Wx is an important target in rice qual-
ity improvement programs and in studies of starch biosynthesis
and metabolism (Tran et al. 2011; Zhang et al. 2012). The
Wx gene has been modified by conventional mutagenesis such
as irradiation, chemical mutagenesis and T-DNA/transposon
insertional mutagenesis but these approaches generate random
lesions and large populations must be screened to isolate use-
ful mutants. Such techniques have largely been supplanted
by targeted mutagenesis using designer nucleases, particu-
larly CRISPR/Cas9, because this can modify the target gene
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Fig.1 The coordination of different starch biosynthesis genes in rice
(modified from Thitisaksakul et al. 2012). SuSy sucrose synthase,
G-1-P glucose-1-phosphate, G-6-P glucose-6-phosphate, ADP-Glu
ADP-glucose, PPi inorganic diphosphate, F-6-P fructose-6-phos-
phate, ATP adenosine triphosphate, ADP adenosine diphosphate,
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without altering agronomic traits (reviewed by Bortesi et al.
2016; Zhu et al. 2017).

Several previous studies have targeted GBSSI in rice using
the CRISPR/Cas9 system (Ma et al. 2015; Zhang et al. 2018).
However, these studies did not consider the broader impact on
starch metabolism, reflecting feedback mechanisms that may
be activated to restore homeostasis in the developing seed. In
one report (Ma et al. 2015), wild-type Cas9 (Cas9WT) was
used to target three different sites simultaneously of GBSSI
gene, although only plants with one or two target site muta-
tions were recovered. The amylose content in the T1 seeds was
reduced from 14.6 to 2.6% (Ma et al. 2015). More recently,
four Wx frameshift mutants were generated using CRISPR/
Cas9 and the proportion of amylose in the seeds was reduced
without affecting the overall starch content or agronomic
properties such as seed number, yield and size (Zhang et al.
2018). The starch pathway is tightly regulated by the ratio of
triose-phosphate to inorganic phosphate, and the disruption
of this balance may lead to further changes in the expression
of other genes involved in starch metabolism (Preiss 1982).
In a Wx mutant generated by irradiation (GM077), the loss of
GBSSI activity and lower starch and amylose levels induced
the expression of GBSSII, AGPases, starch synthases and
isoamylases (Zhang et al. 2012). Given that the mutation
of endosperm-specific GBSSI is viewed as a good strategy
to modulate amylose production in the endosperm without
affecting amylose metabolism in vegetative tissues, impact on
GBSSII expression (affecting starch biosynthesis in the leaves)
and on enzymes related to amylopectin biosynthesis and starch
degradation needs to be investigated in detail.

We hypothesized that at the protein level GBSSI enzyme
activity might be lost in part or entirely depending on the
nature of the mutation. In the former case we anticipated
endosperm amylose levels to be reduced with no further
impact on starch metabolism, as reported in other studies
(Ma et al. 2015; Zhang et al. 2018). We, therefore, used the
CRISPR/Cas9 system to generate truncated (nonfunctional)
or partially active GBSSI mutants in rice endosperm and
carried out a comprehensive analysis of starch and soluble
sugar levels, grain morphology and analyzed the expres-
sion of a number of genes involved in starch metabolism.
Our overarching objective was to establish a mechanistic
basis to support further targeted interventions to generate
rice grains with varying starch content and composition for
various applications.

Materials and methods

Target sites and sgRNA design

Target sites for Cas9WT (single sgRNA) and Cas9 nick-
ase (Cas9D10A, two sgRNAs targeting adjacent sites) were

selected within the rice Wx coding sequence (GenBank
EU735072.1) using E-CRISP (Heigwer et al. 2014) with
the following parameters: only NGG PAM, only G as the
5' base, off-target tolerates many mismatches, non-seed
region ignored, introns ignored. These parameters were
selected to minimize off-target cleavage. The catalytic effi-
ciency of each sgRNAs was predicted using gRNA scorer
(Chari et al. 2015). The following three targets sites were
selected: TS1=5"-GTCGGCGATGCCGAAGC|CGGTGG
-3’ (D10A CRISPR/Cas9, targeted nucleotides 1337-1359),
TS2=5-GCTGCTCCGCCACGGGT|TCCAGG-3' (D10A
CRISPR/Cas9, targeted nucleotides 1377-1399) and
TS3=5"-CCGGCTTCGGCATCGCC|GACAGG-3' (WT
CRISPR/Cas9, targeted nucleotides 5082—-5104), where the
arrows indicate the expected site of the DSB.

Vector construction

The CasOWT vector pJIT163-2NSCas9 and the sgRNA
vector pU3-gRNA were obtained from Dr. C. Gao, Chinese
Academy of Sciences, Beijing, China (Shan et al. 2014).
The nickase vector pJIT163-2NSCas9D10A was constructed
in-house by mutating the cas9 gene in vector pJIT163-
2NSCas9 to produce Cas9D10A and combining it with the
maize ubiquitin-1 promoter and Cauliflower mosaic virus
358 terminator. The three sgRNAs described above were
prepared as synthetic double-stranded oligonucleotides and
introduced separately into pU3-gRNA at the Aarl restriction
site allowing all genomic sites with the form 5'-(20)-NGG-3'
to be targeted. The Apt selectable marker gene was provided
on a separate vector as previously described (Christou et al.
1991).

Rice transformation and recovery of transgenic
plants

Seven-day-old mature zygotic embryos (Oryza sativa ssp.
Japonica cv. EYI) were transferred to osmotic medium
(MS medium supplemented with 0.3 g/L casein hydro-
lysate, 0.5 g/L proline, 72.8 g/L mannitol and 30 g/L
sucrose) 4 h before bombardment with 10 mg gold par-
ticles coated with the transformation vectors. The Cas9
vector (wild type or nickase), the corresponding sgRNA
vector(s) and the selectable marker hpt were introduced at a
3:3:1 molar ratio (Cas9WT:sgRNA:Aprf) or a 3:3:3:1 molar
(Cas9D10A:sgRNA1:sgRNA2:hpf) as previously described
(Sudhakar et al. 1998; Valdez et al. 1998). The embryos
were returned to osmotic medium for 12 h before selection
on MS medium supplemented with 0.3 g/L casein, 0.5 g/L.
proline, 30 g/L sucrose, 50 mg/L hygromycin and 2.5 mg/L
2,4-dichlorophenoxyacetic acid in the dark for 2-3 weeks.
Callus was maintained on selective medium for 6 weeks
with sub-culturing every 2 weeks as described (Farré et al.
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2012). Transgenic plantlets were regenerated and hardened
off in soil. For negative controls, we regenerated negative
transformants (also bombarded with Cas9WT/Cas9D10A,
hpt and the appropriate sgRNAs but which did not undergo
mutation) at the same time as the mutated lines. We com-
pared two Wx Oryza sativa ssp. Japonica mutants [KUR and
Mushashimochi (Musa)] with our mutant lines.

Confirmation of the presence of cas9 and gRNA
in regenerated rice plants

Genomic DNA was isolated from leaves of regenerated
plants by phenol extraction and ethanol precipitation (Bas-
sie et al. 2008; Kang and Yang 2004). The presence of the
Cas9WT sequence was confirmed by PCR using primers
5'-GTC CGA TAA TGT GCC CAG CGA-3' and 5'-GAA
ATC CCT CCC CTT GTC CCA-3'. The presence of the
Cas9D10A sequence was determined using primers 5-GCA
AAG AAC TTT CGA TAA CGG CAG CAT CCC TCA
CC-3'" and 5'-CCT TCA CTT CCC GGA TCA GCT TGT
CAT TCT CAT CGT-3". The presence of the pU3-gRNA
vectors was confirmed using the conserved primers 5-TTG
GGT AAC GCC AGG GTT TT-3' and 5'-TGT GGA TAG
CCG AGG TGG TA-3'.

Analysis of induced mutations

The Wx mutations induced by CasOWT and Cas9D10A
were detected by PCR using primers 5'-GGG TGC AAC
GGC CAG GAT ATT-3' and 5-TGA AGA CGA CGA CGG
TCA GC-3'. The PCR products were sequenced using an
ABI 3730x1 DNA analyzer by Stabvida (http://www.stabv
ida.com/es/). To confirm the mutations, PCR products gen-
erated using the primers listed above were purified using
the Geneclean II Kit (MP Biomedicals), transferred to the
pGEM-T Easy vector (Promega) and introduced into compe-
tent Escherichia coli cells. PCR fragments of ~760 bp were
selected, purified and sequenced using an ABI 3730x] DNA
analyzer by Stabvida. At least five clones per PCR product
were sequenced using primer M13Fwd.

Protein structural modeling and phylogenetic
analysis

The GBSSI sequences were translated into polypeptides
(http://web.expasy.org/translate/) and automated homology
modeling was carried out using Phyre2 (Kelley et al. 2015)
with rice GBSSI catalytic domain (Protein Databank: 3vuf)
as the template. The model of the mutant protein was super-
imposed on the wild-type version using DS Visualizer (http:/
accelrys.com/products/collaborative-science/biovia-discov-
ery-studio/visualization.html). The structure with the ADP
and malto-oligosaccharide was docked to the protein using
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swissdock (http://www.swissdock.ch/docking). Sequence
alignment and phylogenetic tree construction was carried out
using the phylogeny.fr (Dereeper et al. 2008) server (http://
www.phylogeny.fr/index.cgi) with default parameters.

Enzymatic activity assays

Leaves were cut into discs and immersed in 2% paraform-
aldehyde, 2% polyvinylpyrrolidone 40 (pH 7) for 2.5 h at
4 °C before washing three times in distilled water. AGPase
and SuSy activity was then measured using a proprietary Kkit,
according to the supplier’s instructions (CSIC 2016).

The GBSS activity in 10 pooled frozen seeds was deter-
mined according to Nakamura et al. (1989) and Jiang et al.
(2004). The seeds were weighed and homogenized in 10 mL
ice-cold 50 mM HEPES-NaOH (pH 7.5) containing 10 mM
MgCl,, 2 mM EDTA, 50 mM 2-mercaptoethanol, 12.5%
(v/v) glycerol and 5% (w/v) polyvinylpyrrolidone 40. Thirty
(30) uL of the homogenate were added to 1.8 mL of the
same buffer and centrifuged at 2000xg for 20 min at 4 °C.
The pellet was resuspended in 2 mL of GBSS assay buffer
(100 uL 14 mM ADP-glucose and 700 pL 50 mg/mL amylo-
pectin). After incubation at 30 °C for 5 min, the reaction was
initiated by adding 50 pL of 40 mM phosphoenolpyruvate,
50 mM MgCl,, and 1 IU pyruvate kinase, incubated at 30 °C
for 30 min, and was stopped after 20 min by heating in a
boiling water bath. A control sample was prepared by boil-
ing the enzyme extract before starting the reaction, to deter-
mine the background signal. The ADP produced by GBSS
was converted to ATP by the action of pyruvate kinase. The
ATP was measured by adding 5 mL of luciferin reagent to
50 pL of the enzymatic reaction after the production of ATP
and measuring the emission at 370-630 nm in a Berthold
FB 12 luminometer.

Starch and soluble sugars

Flag leaf samples harvested at 7 pm were homogenized
under liquid nitrogen and extracted in perchloric acid to
measure the starch content, or in ethanol to measure the con-
tent of soluble sugars. The quantity of each carbohydrate
was determined by spectrophotometry at 620 nm (Juliano
1971; Yoshida et al. 1976). To measure the amylose content,
milled-rice grains were powdered with a faience pestle and
mortar and the powder was transferred to a paper envelope
and dried for 1 h at 135 °C. We discarded transparent seeds
of the mutated lines in the T1 generation as they represented
the wild-type phenotype. All remaining seeds were opaque.
We pooled 20 such seeds and processed them to powder for
all subsequent analyses. We transferred 100+0.01 mg of
dried powder to a conical flask and added 1 mL 95% ethanol
and 9 mL 1 M NaOH. The suspension was boiled in a water
bath for 10 min, cooled at room temperature for 10 min and
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then topped up to 100 mL with distilled water. A 5-mL ali-
quot of the solution was transferred to a 100-mL volumetric
flask and mixed with 1 mL 1 M acetic acid, 2 mL 0.2%
potassium iodide and 92 mL distilled water. Three amylose
solutions (3%, 11.5% and 14%) were prepared for compari-
son. The starch content was determined by measuring the
absorbance at 630 nm in a Unicam UV4-100 UV-Vis spec-
trophotometer after 30 min.

RNA extraction and real-time quantitative RT-PCR
analysis

Total leaf/seed RNA was isolated using the RNeasy Plant
Mini Kit (Qiagen) and DNA was digested with DNase
I from the RNase-free DNase Set (Qiagen). Total RNA
was quantified using a Nanodrop 1000 spectrophotometer
(Thermo Fisher Scientific) and 2 pg total RNA was used as
template for first strand cDNA synthesis with Quantitech
reverse transcriptase (Qiagen) in a 20-pL total reaction vol-
ume, following the manufacturer’s recommendations. Real-
time qRT-PCR was performed on a BioRad CFX96 system
using 20-pL mixtures containing 5 ng cDNA, 1x iQ SYBR
green supermix and 0.5 uM forward and reverse primers.
The OsAPLI, OsAPL3, OsAPL4, OsAPS1, OsAPS2alb,
OsAPL2, OsSSI, OsSSIla, OsSSIIb, OsSSIIc, OsSSIlla,
OsSSIIb, OsSSIVa, OsSSIVb, OsGBSSI, OsGBSSII, OsBEl,
OsBElla, OsBEIIb, OsISAI, OsISA2, OsISA3, OsPUL,
OsDPEI, OsDPE2, OsPHOH and OsPHOL cDNAs were
amplified using appropriate primers (Ohdan et al. 2005) as
described by Tang et al. (2016). Serial dilutions of cDNA
(80-0.0256 ng) were used to generate standard curves for
each gene. PCR was performed in triplicate using 96-well
optical reaction plates. Values represent the mean of three
biological replicates + SE. Amplification efficiencies were
compared by plotting the AC, values of different primer
combinations of serial dilutions against the log of starting
template concentrations using the CFX96 software. The rice
housekeeping OsUBQS5 (LOC_0Os01g22490) gene was used
as an internal control.

Seed phenotype and microscopy

The seed hull was removed to observe the external appearance
of the grain in mutant lines using a magnifying lens. Thin sec-
tions (2 um) of rice endosperm and leaves were prepared with a
diamond knife using a Reichert Jung Ultramicrotome Ultracut
E and were mounted on glass slides for analysis under a Zeiss
Axioplan light microscope coupled to a Leica DC 200 digital
camera. Tissue for sectioning was prepared by embedding in
glycol methacrylate using the Technovit 7100 kit according to
the manufacturer’s protocol (Kulzer, Hanau, Germany). Grains
were cut through the center to expose the endosperm. Two
drops of 1.0% Richardson Blue were placed on the endosperm

surface and images were captured after 3—5 min. Rice seeds
were fractured in half and mounted in stubs with carbon tape
to keep them vertical. They were then processed for scanning
electron microscopy (SEM) by dehydration at 60 °C for 24 h
followed by carbon coating using an Edwards Auto 306 and
gold sputtering using a Balzers SCD050 Sputter Coater. The
samples were stored at 60 °C or in a vacuum chamber before
analysis on a Jeol JSM-6300. Seed length, width and thick-
ness were measure using Digimatic Caliper CD-6"CX. Seed
volume was calculated multiplying length, width and thickness
of seeds.

Statistical analysis

A general linear model was used to determine statistically
significant differences in normalized expression of starch
pathway genes. All the analyses were performed using the
JMP Pro (JMP, SAS Institute Inc., Cary, NC, 2013). Five-
factorial analysis of variance (ANOVA) with tissue, gene,
genotype, gene_type and isoform as random factors was
applied per normalized expression on log-transformed data.
Other statistical analysis were determine by Student’s test.

Accession numbers

GenBank EU735072.1 (OsWaxy gene sequence)

UniProtKB/Swiss-Prot: P04713.1 (Waxy protein Oryza
sativa subsp. indica)

UniProtKB/Swiss-Prot: QODEV5 (Waxy protein Oryza
sativa subsp. japonica)

UniProtKB/Swiss-Prot: P09842 (Waxy protein Hordeum
vulgare (barley))

UniProtKB/Swiss-Prot: P27736 (Waxy protein Triticum
aestivum (wheat))

UniProtKB/Swiss-Prot: QOMAQO (Waxy protein Arabi-
dopsis thaliana)

UniProtKB/Swiss-Prot: A1 YZEO (Waxy protein Glycine
max (soybean))

UniProtKB/Swiss-Prot: M9Q2A3 (Waxy protein Nico-
tiana tabacum (tobacco))

UniProtKB/Swiss-Prot: D2D315 (Waxy protein Gos-
sypium hirsutum (cotton))

UniProtKB/Swiss-Prot: K4ACPX6 (Waxy protein Solanum
lycopersicum (tomato)).

Results
Recovery and characterization of GBSSI mutants
We analyzed six induced mutant lines in detail firstly in

T1 seeds (Table 1). PCR analysis revealed that line 1 fea-
tured the substitution of a single nucleotide at site TS1
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(Supplementary Figure S1a). The remaining five lines all
featured mutations at sites TS2/TS3. Lines 2, 4 and 5 fea-
tured deletions of 55, 56 and 246 nucleotides, respectively,
line 3 featured an insertion of 28 nucleotides, and line 6
featured a 2-nucleotide substitution (Supplementary Fig-
ure S1b—f). In TO plants, all the lines contained heterozygous
mutations. In T1 plants, all the lines contained heterozy-
gous mutations except line 2, in which the mutation was
homozygous. In T2 plants, all the lines contained homozy-
gous mutations. As well as testing for on-target mutations,
E-CRISP identified potential off-target cleavage sites at three
loci based on the number of mismatches allowed in the tar-
get sequence and 2 bp upstream of the double-strand break
(DSB). The three potential off-target sites were identified for
TS1 in chromosomes 1, 5 and 7, but sequencing of these loci
revealed no evidence of off-target mutations. No off-target
sites were predicted for TS2 and TS3.

Structural comparisons and phylogenetic analysis
of protein sequence

To investigate potential changes at the protein level, we
translated the mutant sequences (Supplementary Figure S2)
and generated 3D models using the SWISS-MODEL pro-
gram (Supplementary Figure S3). The line 1 missense muta-
tion resulted in the amino acid substitution Q33H, lines 2—4
featured indels and concurrent frameshifts that generated a
severely truncated and nonfunctional protein, the indel in
line 5 removed the N-terminal portion of the protein without
affecting the catalytic site, and line 6 was a synonymous
substitution with no effect on protein structure.

The wild-type protein structure contains binding clefts
for ADP and malto-oligosaccharides. Although there was
little overall structural change in the line 1 mutant, super-
imposing the mutant sequence over that of the wild-type
protein revealed surface changes that constricted the malto-
oligosaccharide pocket (indicated with black arrows) and
prevented these substrates accessing the catalytic center

Table 1 Characteristics of the six mutated lines generated in this
study and the irradiation mutants KUR and Musa, showing the DNA-
level changes and the effect on the GBSSI protein

Line Mutation Changes at genetic level

Line 1 1 bp changed Missense mutation

Line 2 55 bp deletion Frameshift

Line 3 28 bp insertion Frameshift

Line 4 56 bp deletion Frameshift

Line 5 246 bp deletion Deletion

Line 6 2 bp changed Synonymous mutation
KUR Loss of the gene No protein

Musa 23 bp duplication Frameshift

@ Springer

(Fig. 2). Furthermore, amino acids 1-77 are essential for
the import of GBSSI into starch granules so we compared
the sequence of GBSSI enzymes from other plants to deter-
mine whether the Q33H substitution removed a functionally
critical residue. We constructed a phylogenetic tree from
the GBSSI sequences of the japonica and indica rice sub-
species, as well as barley, wheat, tomato, tobacco, cotton,
soybean and Arabidopsis thaliana, which revealed that Q33
is highly conserved among cereals but not in dicots (Fig. 3).
These data suggest that Q33 may be required for the efficient
import of GBSSI into starch granules in cereals and that
the line 1 mutant may, therefore, suffer from the inefficient
import of the enzyme into starch granules.

Changes in enzymatic activity of GBSS by the loss
of GBSSI activity

GBSS activity was measured in the T2 seeds of the six
mutant lines and compared to wild-type seeds as well as
two Wx Oryza sativa ssp. Japonica mutants, namely KUR
generated by exposure to neutrons (Yatou and Amano 1991)
and Musashimochi generated by exposure to gamma rays
(Itoh et al. 1997). Consistent with the observation that line
6 did not exhibit any changes at the protein level, there was
no significant difference between line 6 and wild-type seeds,
given that the mutation had no effect on the protein sequence
or structure. In the other five mutant lines, the GBSS activity
fell by 61-71% compared to wild-type activity, which was
similar to the GBSS activity in Musa and slightly lower than
the activity in KUR (Fig. 4a).

We also investigated whether the loss of GBSS activity
in the mutants affected the activity of AGPase and sucrose
synthase in T2 seeds. Most of the remaining lines, as well
as the KUR and Musa mutants, showed a 10-30% drop in
AGPase activity, but in lines 1 and 3 the activity of AGPase
increased by 30-40%; line 6 showed similar AGPase/Susy
activity compared to the wild-type. Although the trends were
clear, these differences were not statistically significant.
Conversely, almost all mutant lines, as well as KUR and
Musa, showed a > 50% increase in soluble sucrose synthase
activity, with a statistically significant > 100% increase in
line 3. Line 5 showed a modest increase of 28%, and line 1
showed a 50% decrease compared to wild-type plants, but
these differences were only statistically significant in line 3
(Fig. 4b, c).

As reported earlier there is a correlation between AGPase
and SuSy activities, where Susy provides an alternative route
for the synthesis of ADP-glucose which might be induced
by GBSSI mutations (Pérez et al. 2018). The ratio of SuSy/
AGPase activities indicated a correlation between the two.
In the wild-type both enzymes had an activity of ca: 1 mmol
NADPH or sucrose/min/mg FW. Higher levels of AGPase
activity reduced levels of SuSy activity such as in line 1 and
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Fig.2 Structure of GBSSI (a)
in wild-type rice and mutant
line 1. a Superimposition of
wild-type GBSSI (pink) and

the line 1 mutant (green). The
principal structural differences
are encircled by dashed lines. b
Wild-type surface model with
ADP and malto-oligosaccharide
in the catalytic site indicated
with a black arrow. ¢ Line 1
mutant surface model with ADP
and malto-oligosaccharide in
the catalytic site indicated with
a black arrow. d Superimposi-
tion of wild-type GBSSI (pink)
and the line 1 mutant (green)
with ADP (yellow) and malto-
oligosaccharide (orange) in (b)
the catalytic site. (Color figure
online)

Active site

lower levels of AGPase activity resulted in higher levels of
SuSy activity (Supplementary Figure S4).

Deregulation of starch-related family gene
expression induced by GBSSI mutations

Next, we measured the expression of the rice Wx gene in
TO flag leaves (Supplementary Figure S5) and T1 (Sup-
plementary Figure S5) and T2 (Fig. 5) endosperm and
compared the expression of other genes involved in starch

biosynthesis (OsAPLI, OsAPL3, OsAPL4, OsAPSI,
OsAPS2alb, OsAPL2, OsSSI, OsSSIla, OsSSIIb, OsSSIic,
OsSSlIlla, OsSSIIIb, OsSSIVa, OsSSIVb, OsGBSSII, OsBEI,
OsBElla, OsBEIIb, OsISAI, OsISA2, OsISA3, OsPUL,
OsDPEI, OsDPE2, OsPHOH and OsPHOL). We created
a heat map of the expression profiles based on percentiles
to visualize the most significant changes. The intense red
color represents extreme (> 10-fold) downregulation com-
pared to wild-type and the red gradient represents moder-
ate (< 10-fold but > 1.12-fold) downregulation compared

@ Springer



424 Plant Cell Reports (2019) 38:417-433
@) .. : : N
ice 5. ja M=ALTT-5QLatsAtgFg--iADrSapSSL1rhGOR--------- LkPrsPAGGDats1
Rice s._in MsALTT-SQLatsAtgFg--iADrSapSSL1rhGROR--------- LkPrsPAGGDats1
Barley MAALAT-5QLatsgtvlg------- vtdrfrrpGlOg--------- LRPrNPA--Daalg
WHEAT MBALVT-SQLatsgtvls------- vtdrfrrpGRQR--------- LRPrNPA--Daalg
SOYBEAN MAtLTaSSnLVSRNShvhhGpttaSyeSkavamG)rglkQ@tnTHNGLRi1NPy --Delln
Arabidopsi MAtvTasSsnfUSRTS1Fn--nhgaSScSDvaQit Jk- -QsLTHCGLR s fNmy - -Dnlqr
COTTON MAtLTT-ShfVStSShEs - -shgadTkaNLaQyuaqrh- -QANTHNGLR s 1Nky - -DrLrm
TOBACCO MAsiTa-Shf¥SRSSnvesGadsvdTraNLsQiG)rh- -hALTHNGLRavNky - -DmLgs
TOMATO MAsiTa-ShfUSRSSnvg---ts1dTkStLsQiG)rh- -htLTHNGLRavNk] - -Dglgs
(b) 1 Rice_s._japonica
1 Rice_s._indica
1 Barley
WHEAT
SOYBEAN
1 001 Arabidopsis_thaliana
s 4 TOBACCO
TOMATO
COTTON
0.1

Fig.3 Sequence analysis of the GBSSI protein. a Sequence align-
ment of GBSSI proteins from various monocot and dicots plants.
Highly conserved residues are shaded in blue and moderately con-
served residues in gray. The red box highlights residue 33, which
is mutated in line 1. b Phylogenetic tree generated from the aligned
sequences using the Phylogeny.fr server with default parameters. The
UniProt accession numbers of the sequences are: Oryza sativa subsp.

to wild-type. The intense green color represents extreme
(> tenfold) upregulation compared to wild-type and the
green gradient represents moderate (< tenfold but > twofold)
upregulation compared to the wild-type. All other values
close to onefold (no change) are colored yellow. In TO leaves
(Supplementary Figure S5), the relative expression levels of
OsSSI, OsSSllla, OsBEI, OsPUL, OsPHOL, OsDPE] and
OsDPE? increased significantly except in line 6 where all
genes responded in a similar manner to wild-type plants as
expected. OsAPS1, OsAPL3, OsSSIVb, OsPHOH and OsG-
BSSI were strongly downregulated. In contrast, OsAPS2a/b,
OsBEI, OsAPL4, OsSSllla, OsPUL, OsGBSSIl, OsPHOH
and OsPHOL were strongly upregulated and OsAPLI,
OsSS1IIb, OsSSIVb, OsBEIlla and OsGBSSI were strongly
downregulated in the T1 seeds (Supplementary Figure S5).
Genes with no changes in levels of expression in T2 with
respect to wild-type were not included in the heat map. T2
seeds exhibited a similar expression profile with the, KUR
and Musa mutants and also with T1 seeds (Fig. 5).

An analysis of variance for normalized expression on log-
transformed data of TO leaves and T1 seeds was carried out
using Tissue (leave/seed); Genotype (Wild-type and separate
mutant lines); Gene (Family of genes); Gene_Type (Func-
tion of genes) and isoform (different isoforms of the same
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Jjaponica (rice) QODEVS; Oryza sativa subsp. indica (rice) P04713;
Hordeum vulgare (barley) P09842; Triticum aestivum (wheat)
P27736; Arabidopsis thaliana QOMAQO, Glycine max (soybean)
A1YZEQ; Nicotiana tabacum (tobacco) M9Q2A3; Gossypium hirsu-
tum (cotton) D2D315; and Solanum lycopersicum (tomato) K4CPX6.
(Color figure online)

gene) as independent factors. Gene_Type, Gene (Gene_
Type) and Isoform (Gene_Type, Gene) were the most sig-
nificant factors, although their interactions with tissue were
also highly significant (Table 2). For the highest order inter-
action, Tissue*Isoform (Gene_Type, Gene) is the most sig-
nificant interaction and the data was graphically represented,
where Tissue and OsAPL1, OsAPL3, OsAPL4, OsAPS2a,
OsDPE1, OsGBSSII, OsSSI, OsSSIIIa, OsSSIIIb and OsS-
SIVb isoforms were highly significant. Factor Gene (family)
was statistically significant except on ISA and Gene_Type
was statistically significant (Fig. 6).

Changes in starch, amylose and soluble sugar levels
in GBSSI mutants

The starch content of the T2 seeds was similar to wild-type
levels in all six mutant lines and in the KUR and Musa
mutants (Fig. 7a). In contrast, the soluble sugar content in
T2 seeds was significantly (23—-57%) higher than wild-type
levels in all the mutant lines except lines 1 and 6, the latter
being effectively wild-type due to the synonymous nature
of the mutation (Fig. 7b). Ignoring line 6, the amylose
content of the T1 seeds in most mutant lines was 40-50%
below wild-type levels, but >75% lower in line 2, probably
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Fig.4 Enzyme activity in wild-type and mutant rice plants. a GBSS1
activity in T2 seeds of wild-type (WT) plants, the Wx mutant lines
and the two Wx irradiation mutants, KUR and Musa. b AGPase activ-
ity in the TO flag leaves of WT and mutant lines. ¢ Sucrose synthase
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cant difference between WT and mutant, as determined by Student’s ¢
test (¥*P <0.05, **P <0.001)
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Fig.5 Heat map showing fold-changes in the expression of starch
biosynthesis and degradation pathway genes in T2 seeds in wild-type
and mutant rice plants. The red gradient shows increasing degrees of
downregulation and the green gradient shows increasing degrees of
upregulation, with yellow indicating no change in expression. The red

1-fold

gradient is expanded in the lower ranges because this is where most
of the values lie while the green gradient is linear. The data for TO
leaves and T1 seeds are shown in Supplementary Figure S5. (Color
figure online)
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Table 2 Analysis of variance

for normalized expression of Source DF Sum of semi'- Mean square ~ Fratio  Prob>F
: squares partial

Q1ﬁerent gene types, genes, R% (%)

isoforms and genotypes

in different tissues on log- C. total 391 779.27

transformed data Model 145 55856 717  3.85 429 <0.0001%
Tissue 1 3.90 0.7 3.90 4.35 0.0381*
Genotype 6 14.92 2.7 2.49 2.77 0.0126*
Tissue*Genotype 6 3.46 0.6 0.58 0.64 0.6963
Gene_Type 5 42.07 7.5 8.41 9.38 <0.0001*
Tissue*Gene_Type 5 16.65 3.0 333 3.71 0.0029*
Genotype*Gene_Type 30 30.94 5.5 1.03 1.15 0.2778
Tissue*Genotype*Gene_Type 30 13.31 24 0.44 0.49 0.9885
Gene[Gene_Type] 61.05 109 2035 22.68 <0.0001*
Gene*Tissue[Gene_Type] 11.47 2.1 3.82 4.26 0.0059%*
Gene*Genotype[Gene_Type] 18 30.38 54 1.69 1.88 0.0180*
Isoform[Gene_Type,Gene] 19 251.65 45.1 13.24 14.76 <0.0001*
Isoform*Tissue[Gene_Type,Gene] 19 113.05 20.2 5.95 6.63 <0.0001*

Error 246 220.71 28.3 0.90

Asterisks indicate a statistically significant difference, as determined by ¢ test (*P < 0.05) on log-trans-

formed data
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Fig.6 Mean normalized expression correlating different plant tissues
with the different starch pathway gene isoforms depending on gene
family (Gene) and the enzymatic function (Gene_Type). Asterisks

reflecting the homozygous nature of the mutation (Fig. 7c).
Like the Musa mutant, the T1 seeds of line 2 contained
less than 5% amylose which can be considered as a Wx
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phenotype, whereas the other lines (except line 6) contained
8-12% amylose. In T2 seeds, the mutations in lines 1-5 were
homozygous and the amylose content was, therefore, lower
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Fig.7 Seed carbohydrate content in wild-type and mutant rice plants.
a Total starch content of T2 seeds from wild-type (WT) plants, the
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b Soluble sugar content of T2 seeds. ¢ Amylose content of T1 seeds.
d Amylose content of T2 seeds. Values are expressed as means +SD
(n=3 biological replicates, 2 technical replicates for each biological
replicate). Asterisks indicate a statistically significant difference, as

than in T1 seeds. Lines 1, 2 and 4 (like Musa) can thus be
considered as Wx lines because they contained less than 5%
of amylose, whereas lines 3 and 5 (like KUR) can be con-
sidered as very-low-amylose lines because they contained
6-11.5% amylose (Fig. 7d).

We measured no statistically significant changes in starch
and soluble sugar levels. The ratio of soluble sugars/starch
indicated a direct relationship as expected (Supplementary
Figure S4).

Phenotype and microscopy changes produced
by GBSSI mutations

The KUR and Musa Wx lines have opaque seeds, character-
istic of the Wx phenotype (Fig. 8). The T1 seeds of lines 1, 2
and 5 were completely opaque, whereas those of lines 3 and
4 were semi-opaque and those of line 6 were indistinguish-
able from wild-type seeds. Statistical analysis was done by
measuring length, width and thickness of 20 seeds. Musashi-
mochi and line 6 showed similar size as wild-type; line 5
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determined by Student’s ¢ test (*P <0.05; **P <0.01). Asterisks in
black indicate a statistically significant difference between wild-type
and mutant lines. Asterisks in blue indicate a statistically difference
between KUR and the other lines. Asterisks in red indicate a statisti-
cally significant difference between Musa and the other lines. (Color
figure online)

only differed in seed volume; line 4 had differences in width,
thickness and volume; while line 1, line 2 and line 3 showed
significant changes in all parameters (Supplementary Fig-
ure S6). Richardson blue staining of fixed T1 mutant seeds
showed changes with unstructured cells and disorganization
in the aleurone layer in mutant lines (Supplementary Fig-
ure S7). More detailed morphological analysis by SEM in
T1 seeds revealed that wild-type starch granules are angular
with sharply defined edges whereas KUR/Musa seeds fea-
ture more rounded granules with softer, less-defined edges.
In the T1 seeds of our mutant lines, the homozygous line 2
was similar to the KUR/Musa morphology whereas the other
lines were more reminiscent of the wild-type morphology
(Supplementary Figure S8).
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Fig.8 Seed phenotypes of wild-type (WT) plants, the Wx mutant
lines and the two Wx irradiation mutants KUR and Musa. Scale bar,
5 mm. a Wild-type vs KUR. b Wild-type vs Musa. ¢ Wild-type vs

Discussion

Starch accounts for ~90% of the dry weight of rice grains. It
has two components: linear amylose with a small number of
long branches, and amylopectin with a large number of short
branches. Starch synthesis begins when AGPases catalyze
the formation of short chains of ADP-glucose monomers (Li
et al. 2017) and continues with the elongation of amylose
and amylopectin by granule-bound starch synthase (GBSS)
and soluble starch synthase (SS), respectively (Ohdan et al.
2005). In rice, there are two GBSS isoforms: GBSSI is
mainly expressed in the endosperm and uses malto-oligo-
saccharides or short amylopectin chains as primers to syn-
thesize amylose (Jeon et al. 2010; Momma and Fujimoto
2012) whereas GBSSII is mainly expressed in leaves and
other vegetative tissues that accumulate transient starch
(Tetlow 2011). GBSSI, encoded by the Waxy (Wx) locus,
is therefore, the primary determinant of amylose levels in
rice endosperm.

Waxy mutants have been generated by conventional
mutagenesis using chemical mutagens, irradiation or
T-DNA/transposons, including the lines KUR and Musashi-
mochi (Musa) induced by neutron irradiation and gamma
irradiation, respectively (Yatou and Amano 1991; Itoh et al.
1997). KUR has an amylose content of 7.5% and Musa has
an amylose content of 1.3% compared to 20.8%, with no
changes in the overall amount of starch compared to wild-
type plants in either case. Similar phenotypes have been
generated by the targeted mutation or knockdown of Wx in
rice, confirming that GBSSI is the key determinant of amyl-
ose levels in the endosperm (Terada et al. 2000; Itoh et al.
2003; Fujita et al. 2006; Tran et al. 2011). More recently,
CRISPR/Cas9 has been used to target Wx. For example, Ma
et al. (2015) targeted three different Wx sites simultaneously.
However, these studies have looked solely at the impact on
starch and agronomic properties such as seed number and
length (Li et al. 2017; Zhang et al. 2018) overlooking impact
on other enzymes in the starch biosynthesis pathway.
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line 1. d Wild-type vs line 2. e Wild-type vs line 3. f Wild-type vs
line 4. g Wild-type vs line 5. h Wild-type vs line 6

Mutations in the Waxy gene at the DNA level
and impact on mutant Waxy protein

We had previously used CRISPR/Cas9 to target starch bio-
synthetic genes active in the endosperm and have observed
a profound impact on the wider starch biosynthetic pathway
in vegetative tissues (Baysal et al. 2016; Pérez et al. 2018).
To investigate whether similar effects would occur when
we targeted Wx, we designed sgRNAs targeting three sites
in exon 1 and obtained three different types of mutation: a
missense mutation caused by the substitution Q33H result-
ing in a moderate structural change compared to the wild-
type enzyme (line 1), a synonymous substitution caused by
two nucleotide exchanges that did not change the sense of
the corresponding codon (line 6), and larger indels caus-
ing frameshifts and complete loss of function due to early
truncation (lines 2—4) or the abolition of protein import to
the starch granules (line 5). All lines except line 2 were het-
erozygous in the T1 generation (line 2 was a homozygous
mutant) and all six lines were homozygous mutants in the
T2 generation.

Reduced levels of amylose are associated with Waxy
gene mutations

The major consequence of mutating the Wx gene described
earlier was the modification of the relative abundance of
amylose and amylopectin without changing the overall starch
content (Zhang et al. 2012, 2018). We compared the amylose
content of our mutants with wild-type plants and the KUR
and Musa irradiation mutants. Line 6 showed no difference
to wild-type plants as expected because the GBSSI enzyme
retained its normal activity. In the T1 generation, the het-
erozygous seeds of lines 1 and 3-5 had a lower amylose
content than wild-type seeds but higher than both irradia-
tion mutants, whereas the amylose content of the homozy-
gous seeds of line 2 was between that of KUR and Musa.
Consistently with the homozygous GBSSI mutation in the
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T2 generation, seeds of lines 1-5 all lay between the KUR
and Musa mutants, with amylose levels of 4-9%. The muta-
tion of other starch pathway genes increases the abundance
of soluble sugars, e.g., as shown for AGPases (Rosti et al.
2007; Tang et al. 2016). The analysis of our T2 mutant lines
likewise showed an increase in soluble sugars in lines 1, 2,
4, and 5 but not 3, which may reflect a metabolic bottleneck
caused by the mutation or an increase in starch degrada-
tion due to feedback regulation, as discussed in more detail
below. The KUR and Musa lines also showed higher levels
of soluble sugars. Our data agree with earlier studies which
reported a direct correlation between starch and soluble
sugars (Preiss 1982). The phenotypes described above were
concordant with the GBSS activity of the seeds. Our mutants
and the two irradiation mutants showed only 42.4-69.16% of
the GBSS activity compared to the wild-type lines.

Impact of mutation on grain phenotype

Mutations in starch biosynthesis genes are often recognized
by their characteristic grain phenotype. APL2 and APS2
mutants have shrunken seeds (Kawagoe et al. 2005; Tang
et al. 2016), mutations in SS or SBEI result in grains with
a chalky appearance (Ryoo et al. 2007; Zhang et al. 2011),
mutations in SBEIIb generate opaque grains (Sun et al.
2017), and mutations in ISA] give rise to sugary grains
(Wong et al. 2003) in contrast to ISA2 mutations with no
phenotype because the enzyme has negligible activity (Li
et al. 2017). The waxy phenotype that underlies the name of
the GBSSI gene reflects the accumulation of amylopectin at
the expense of amylose, and is characterized by grains that
are white and opaque rather than translucent like wild-type
grains (Zhang et al. 2012, 2018). In KUR and Musa, the
grains are completely opaque due to the substantial loss of
GBSS activity, and the T1 seeds of our lines 1, 2 and 5 were
comparable, suggesting a similar degree of GBSS impair-
ment. Wild-type and seeds from line 6 were fully translu-
cent, whereas the remaining lines (3 and 4) were character-
ized by semi-opaque seeds indicating the wild-type GBSSI
allele was more active in these lines or some compensatory
mechanism was activated. Changes in the length, width,
thickness and volume of grains in starch pathway gene
mutants were reported earlier (Wang et al. 2013; Tang et al.
2016). Statistical analysis for these parameters in grains of
lines 1, 2 and 3 showed significant changes with respect to
wild-type; lines 4 and 5 showed moderate changes which
were still significant.

The grain phenotypes we observed visually were also
reflected by changes in cellular and subcellular organiza-
tion. The neatly arranged cells of the aleurone layer in the
wild-type seeds were disrupted in the mutants, suggesting
that cell structure is at least partly dependent on normal

starch synthesis. The reason for this became apparent at the
subcellular level, where major differences in the shape and
structure of starch granules were observed. The wild-type
phenotype featured polygonal granules with sharp edges
whereas our mutant lines and the Musa mutant showed
rounded and amorphous granules, with greater deviation in
the seeds with the lower amylose content. Similar granule
structures have been reported in other Wx mutants (Liu et al.
2009; Zhang et al. 2018).

Association between mutations and tertiary protein
structure

The mutations described above have a dramatic effect on
the phenotype of rice grains by perturbing the structure of
GBSSI and thus reducing its activity. Amino acids 1-77 of
GBSSI correspond to the coiled coil region that interacts
with a similar region of the protein PTST and allows both
proteins to be imported into starch granules, whereupon the
coiled coil region is proteolytically cleaved off (Seung et al.
2015). This means that mutations affecting the PTST protein
can phenocopy the loss of GBSSI activity by preventing
the import of the enzyme into starch granules (Seung et al.
2015). We targeted the first exon of Wx which corresponds to
the coiled coil region. In lines 2—4, the resulting frameshift
mutation caused the introduction of a nonsense codon and
the heavily truncated product was nonfunctional. In contrast,
the mutation in line 5 caused part of the coiled coil to be
deleted without affecting the remainder of the protein, but
still we observed the loss-of-function phenotype because the
import of the enzyme was blocked. In line 1, the mutation
was a more subtle amino acid exchange, replacing the polar
and uncharged glutamine residue at position 33 with the
positively charged histidine. Phylogenetic analysis revealed
that the glutamine is highly conserved in cereals, but not in
dicots, suggesting that it may play a role in the import of
GBSSI into cereal starch granules and the mutation may,
therefore, reduce the efficiency of import. This may be one
explanation for the partial loss of activity we observed.
However, we also found that the tertiary structure of the
enzyme was affected. We modeled the tertiary structure of
GBSSI in line 1 using the crystal structure of the wild-type
enzyme as a template (Momma and Fujimoto 2012). The
wild-type structure features a-helices and -sheets that form
two substrate-binding clefts, one for ADP-glucose and other
for malto-oligosaccharide precursors. In line 1, the tertiary
structure was modified at the N-terminus and C-terminus
resulting in a surface change that constricted the malto-oli-
gosaccharide pocket and changed the position of a hydrogen
bond, indicating that the mutation may reduce the affinity of
the enzyme for its substrate.
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Deregulation of starch pathway genes generated
by Waxy gene mutations

One of the key aspects of starch biosynthesis which is rarely
investigated in mutational studies is the tight feedback regu-
lation in the pathway, which manifests in the modulation of
gene expression among other starch genes when one member
is mutated. We, therefore, analyzed a panel of relevant genes
in TO leaves and T1/T2 seeds relative to wild-type plants
and (for seeds only) the two irradiation mutants. Line 6 was
essentially identical to wild-type plants in all respects and this
line was used as a second control. In wild-type TO leaves, the
major AGPases are APL1, APL3 and APS2a and the major
SEB is SBEI (Ohdan et al. 2005). In our mutant lines, APLI
and APL3 were strongly downregulated in the leaves, per-
haps due to negative feedback caused by the accumulation of
ADP-glucose, whereas SBEI was induced, perhaps because
the surplus ADP-glucose is used to synthesize amylopectin.
In terms of starch degradation the expression of ISA/ and
ISA3 was downregulated whereas PUL was induced, and the
DPEI1/2 and PHOL genes were upregulated whereas PHOH,
the major isoform expressed in leaves (Ohdan et al. 2005),
was suppressed. The three debranching enzymes are normally
expressed in the leaves but whereas ISA/ has a known role in
the maintenance of amylopectin, ISA2 has no intrinsic activ-
ity unless associated with another ISA isoform and the role of
PUL is unclear (Li et al. 2017), although it may compensate
the loss of ISA activity (Jeon et al. 2010). We hypothesized
that these changes reflect the capacity of PUL to substitute
partially for the loss of ISA activity when the absence of
GBSSI generates abnormal starch structures that are atypi-
cal ISA1 substrates. Similarly, PHOL is more important than
PHOH for the maintenance of starch structure. Finally we
considered the expression of soluble starch synthases in the
TO leaves. Although GBSSI is low expressed in leaves and
loss of enzymatic activity in the endosperm should not have
any effect, we nevertheless observed an increase in SSI and
SSIlla expression and a decrease in SSIVb expression com-
pared to wild-type plants. SSI is strongly expressed in leaves
and it forms a complex with SSI/la and other proteins to
synthesize short-chain glucans for amylopectin biosynthesis
(Crofts et al. 2015). SS1V regulates the number of starch gran-
ules, and its modulation may reflect a response to the effect of
abnormal starch on granule structures (Li et al. 2017).

A different set of starch-related genes was modulated in
T1/T2 seeds compared to TO leaves. In T1/T2 seeds, APS2a/b
and APL4 were upregulated and APLI was downregulated
in our mutants and in the KUR and Musa lines. The rice
apll mutant showed no change in AGPase activity in the
endosperm or in the leaves, and the leaves were reported to
contained < 5% of normal starch levels but normal levels of
soluble sugars (Rosti et al. 2007). These data suggest that the
APLI1 subunit is necessary for starch synthesis in leaves but
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not in non-photosynthetic organs. The increase in APL4 and
APS2a expression allows these proteins to form a functional
heterotetrameric structure that is not normally found at signif-
icant levels in seeds. APS2b is the major AGPase small subu-
nit in endosperm and its activity is needed to form ADP-glu-
cose (Ohdan et al. 2005). We also observed the upregulation
of SBEI and SBEIIB, whose products form a complex to facil-
itate endosperm starch synthesis (Tetlow et al. 2004), but the
downregulation of SBEIla needed to maintain the short-chain
content of leaf starch, which does not appear to play a role in
endosperm starch synthesis (Nakamura 2002). Concerning
starch degradation PHO and PUL were upregulated in our
mutants; PUL debranches pullulan and amylopectin thus its
upregulation may help to deal with unusual starch structures
by debranch these wear structures (Nakamura 2002). Finally,
we found that the loss of GBSSI expression induced a com-
pensatory increase in GBSSII expression, which is normally
restricted to non-storage tissues. However, given the overall
decrease in GBSS enzyme activity we observed in the mutant
seeds, this compensation is clearly not enough to restore the
normal phenotype. The loss of amylose in the mutant seeds
also strongly induced the expression of SSIIla, but inhibited
SSIIb and SSIVb. In wild-type plants SSIIIa is more strongly
expressed in seeds whereas SSIIIb is expressed at the onset of
grain formation and declines rapidly thereafter, and SSIVb
regulates the number of starch granules (Ohdan et al. 2005).
The expression profile in the mutant, therefore, mirrors but
exaggerates the normal situation, with SSIVb expression
not required because the granule number is already limited
in the mutants. The model of variance analysis of normal-
ized expression showed statistically significant differences.
Gene_Type, Gene (Gene_Type) and Isoform (Gene_Type,
Gene) were the most significant factors, but Genotype was
also highly significant. Our statistical analysis further sup-
ported our conclusion that the nature of the induced muta-
tions influenced changes in gene expression of other starch
biosynthetic genes in a tissue dependent manner.

Impact of the loss of GBSSI enzyme activity
on overall GBSS activity and other related enzymes

Given the differences between mutant and wild-type plants
in terms of AGPase gene expression, we also measured the
overall AGPase activity and the activity of sucrose synthase
(SuSy) in T2 seeds, which provides an alternative pathway
for starch synthesis in the absence of AGPase (Li et al.
2013). We found that the opposing changes in the expres-
sion levels of different AGPase subunits did not result in
any statistically significant differences in overall AGPase
activity between wild-type and mutant lines. However, there
was an increase in SuSy activity in the mutants which was
statistically significant at least in line 3. This may reflect the
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accumulation of precursors that cannot be converted into
amylose by AGPase and the ability of SuSy to use ADP as
substrate for the synthesis of ADP-glucose (Baroja-Fernan-
dez et al. 2012). The ratio of SuSy/AGPase exhibited an
inverse relationship with activity levels of the two enzymes
as was hypothesized earlier (Li et al. 2013).

Our collective results provide a basis to suggest that the
GBSS activity levels in the mutant lines result from over-
expression of GBSSII to compensate for the loss of GBSSI
activity. GBSS activity in lines 2, 3 and 5 was lower than
in lines 1 and 4 because there was a smaller compensatory
increase in GBSSII expression to address the loss of GBSSI
in the former lines. The increase in AGPase activity in lines
1 and 3 reflected the more profound increase in APL4 and
APS2alb expression and the less severe suppression of APL]
compared to the other mutants. AGPase activity in line 2
was particularly low due to the severe suppression of APLI
and relatively weak induction of APL4. In lines 4 and 5,
the small subunit genes (APS2a/b) were upregulated, but
without a corresponding increase in APL4 expression the
quantity of the heterotetrameric enzyme could not increase.
In lines 2-5, the accumulation of soluble sugars due to the
loss of GBSSI activity resulted in an increase in sucrose
synthase activity, but in line 1 the weak AGPase activity
does not produce enough soluble sugars to induce sucrose
synthase, hence the low activity in that line.

In summary, mutating the first exon of the rice Wx gene
encoding GBSSI resulted in the expected partial loss of
GBSS activity and the corresponding loss of amylose in
the endosperm, but also caused the unexpected expression
of other downstream starch pathway genes, partly to deal
with abundant intermediates and unusual starch structures
(amylopectin has more branches and takes up more space
than amylose, so the replacement of amylose with amylo-
pectin results in hyperbranched starch that occupies a greater
volume than normal). The increase in GBSSII expression
did not compensate for the loss of GBSSI, reflected in the
amylose content of the mutant lines. Modifying the peptide
signal needed for import into starch granules is sufficient to
block GBSSI activity without affecting the catalytic center
in any other way. Our results provide critical mechanistic
insight into the complex feedback relationships among
genes, enzymes, intermediates and end products in the starch
biosynthesis and degradation pathways. This mechanistic
understanding provides a basis for more targeted interven-
tions to modulate starch biosynthesis in plants in a more
precise manner to generate plants with altered starch content
and composition for various applications.
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