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Summary

� Starch granule initiation is poorly understood at the molecular level. The glucosyltransferase,

STARCH SYNTHASE 4 (SS4), plays a central role in granule initiation in Arabidopsis leaves, but

its function in cereal endosperms is unknown. We investigated the role of SS4 in wheat, which

has a distinct spatiotemporal pattern of granule initiation during grain development.
� We generated TILLING mutants in tetraploid wheat (Triticum turgidum) that are defective

in both SS4 homoeologs. The morphology of endosperm starch was examined in developing

and mature grains.
� SS4 deficiency led to severe alterations in endosperm starch granule morphology. During

early grain development, while the wild-type initiated single ‘A-type’ granules per amyloplast,

most amyloplasts in the mutant formed compound granules due to multiple initiations. This

phenotype was similar to mutants deficient in B-GRANULE CONTENT 1 (BGC1). SS4 defi-

ciency also reduced starch content in leaves and pollen grains.
� We propose that SS4 and BGC1 are required for the proper control of granule initiation dur-

ing early grain development that leads to a single A-type granule per amyloplast. The absence

of either protein results in a variable number of initiations per amyloplast and compound gran-

ule formation.

Introduction

Starch is a major storage carbohydrate in leaves and nonphoto-
synthetic organs of many plants. The starch-rich endosperm of
cereal grains is an important source of calories in human diets.
Starch forms insoluble semi-crystalline granules that are com-
posed of the glucose polymers – amylopectin and amylose. The
biosynthesis of these polymers is relatively well understood and
conserved among different plants (Smith & Zeeman, 2020). By
contrast, we are only beginning to understand the mechanism of
starch granule initiation, and there is vast diversity in the number
and morphology of granules between different species and organs
(Seung & Smith, 2019).

There are five major classes of active starch synthases – SS1,
SS2, SS3, SS4 and granule-bound starch synthase (GBSS) –
which are glucosyltransferases that elongate a-1,4-linked glucan
chains of starch polymers using ADP-glucose. SS1, SS2 and SS3
are involved in amylopectin synthesis, and mutants of Arabidop-
sis and cereals defective in these isoforms have altered amy-
lopectin structure (Wang et al., 1993; Morell et al., 2003; Zhang
et al., 2005, 2008; Delvall�e et al., 2005; Fujita et al., 2006, 2007;
Szydlowski et al., 2011). Amylopectin synthesis also requires
branching enzymes (BEs) and debranching enzymes (isoamylases
– ISAs) (Delatte et al., 2005; Dumez et al., 2006; Sundberg et al.,
2013). GBSS is required for amylose synthesis (Seung, 2020). In

Arabidopsis leaves, SS4 is required for both normal granule initi-
ation and morphogenesis, but does not make a major contribu-
tion to amylopectin structure (Rold�an et al., 2007; Szydlowski
et al., 2009; Crumpton-Taylor et al., 2012, 2013; Seung et al.,
2017; Lu et al., 2018). While chloroplasts of wild-type leaves
contain multiple granules, those of the ss4 mutant typically con-
tain only one or no granule. The granules of ss4 have distinct
spherical morphology, rather than the flattened shape of wild-
type starch granules. The ss4 mutant also accumulates ADP-glu-
cose, suggesting that other SS isoforms cannot effectively utilize
this substrate in the absence of SS4 (Crumpton-Taylor et al.,
2013; Ragel et al., 2013).

Arabidopsis SS4 acts at least partially in complex with other
proteins that are required for normal granule initiation. These
include PROTEIN TARGETING TO STARCH family mem-
bers, PTST2 and PTST3 (Seung et al., 2017). PTST2 is pro-
posed to play a role in delivering maltooligosaccharide primers to
SS4 for further elongation (Seung et al., 2017). SS4 interacts with
a coiled-coil protein, MRC (also called PII1), but the exact role
of this interaction is unknown (Seung et al., 2018; Vandromme
et al., 2019).

The function of SS4 in nonphotosynthetic amyloplasts of stor-
age organs and seeds is unknown. Granule initiation patterns in
the endosperm of the Triticeae are radically different from those
in Arabidopsis leaves: large, flattened A-type granules initiate
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early during grain development, and small round B-type granules
initiate 10–15 d after the A-type granules (Bechtel et al., 1990;
Howard et al., 2011; Chia et al., 2020). Nonetheless, the loss of
PTST2 orthologs – FLOURY ENDOSPERM 6 (FLO6) in bar-
ley and B-GRANULE CONTENT 1 (BGC1) in wheat – has
major effects on granule initiation in the endosperm (Suh et al.,
2004; Saito et al., 2017; Chia et al., 2020). This discovery raises
the possibility that granule initiation in wheat endosperm is via
an SS4-containing complex, like in Arabidopsis leaves. Here we
aimed to generate and characterize wheat mutants deficient in
TaSS4, to determine its role in starch synthesis in the endosperm.
The mutants had highly abnormal endosperm starch morphol-
ogy, resulting from the formation of compound starch granules.
Interestingly, this phenotype resembled mutants defective in
TaBGC1 (Chia et al., 2020). Our work demonstrates that both
TaSS4 and TaBGC1 are required for the control of granule initi-
ation in endosperm amyloplasts.

Materials and Methods

Bioinformatics analysis

TaSS4 loci (Fig. 1) were identified using BLAST against the wheat
RefSeq 1.1 genome of cultivar Chinese Spring (Appels et al.,
2018) on Ensembl plants (Kersey et al., 2018). TaSS4 sequences
from cultivars Cadenza, Claire, Kronos, Paragon and Robigus
were obtained from the Grassroots database (Clavijo et al.,
2017).

TaSS4 and TaBGC1 transcript levels during tetraploid wheat
grain development were extracted from the datasets of Maccaferri
et al. (2019) and Xiang et al. (2019). Raw RNA-Seq reads
obtained from the GenBank Sequence Read Archive (SRA) were
processed using Trimmomatic (Bolger et al., 2014) to remove
adapter sequences. Processed reads were aligned to the Triticum
turgidum transcriptome (Maccaferri et al., 2019) using the Quasi
align mode in Salmon (Patro et al., 2017) outputting normalized
expression as transcripts per million (TPM). Transcript levels of
TaSS4 in different organs of hexaploid wheat were retrieved from
the wheat expression database (http://www.wheat-expression.c
om) (Borrill et al., 2016).

Mutants in T. turgidum (cultivar Kronos) were identified using
the wheat in silico TILLING resource (http://www.wheat-
tilling.com) (Krasileva et al., 2017): Kronos2166 (K2166) for
TaSS4-1A, Kronos2565 (K2565) and Kronos1450 (K1450) for
TaSS4-1B, and Kronos2275 (K2275) for TaBGC1-4B.
TaBGC1-4A mutants, Kronos2244 (K2244) and Kronos3145
(K3145) are from Chia et al. (2020). Plants were crossed to com-
bine A- and B- homoeolog mutant alleles. AA BB, aa BB, AA bb
and aa bb genotypes were selected in the F2 generation using
KASP V4.0 genotyping (LGC, Teddington, UK) with primers in
Supporting Information Table S1.

Wheat plants were grown in controlled environment rooms
(CERs) or glasshouses at 60% relative humidity with 16 h light
at 20°C and 8 h dark at 16°C. The CER light intensity was
300 lmol photons m�2 s�1. Experiments on leaves and develop-
ing grains were carried out on CER-grown material, whereas

experiments with mature grains were carried out on either CER
or glasshouse-grown material. Nicotiana benthamiana plants were
grown in glasshouses set to provide a minimum of 16 h light at
22°C, and a dark period of 20°C. Arabidopsis thaliana plants
were grown in CERs at 60% relative humidity, 12 h light
(150 lmol photons m�2 s�1) : 12 h dark cycles and constant
temperature of 20°C.

Starch purification, granule morphology and size
distribution

Endosperm starch purification: Mature grains were soaked
overnight in double-distilled water (ddH2O) at 4°C, then
homogenized in a mortar and pestle with excess ddH2O. Devel-
oping grains (stored at �80°C post-harvest) were thawed before
endosperm dissection and immediately homogenized in ddH2O
using a ball mill at 30 Hz for 1 min. The homogenates were fil-
tered (70 µm nylon mesh) then centrifuged, and the pellet was
resuspended into 90% (v/v) Percoll, 50 mM Tris-HCl, pH 8 and
centrifuged at 2500 g, 5 min. The pellet was washed twice in
50 mM Tris-HCl, pH 6.8, 10 mM ethylenediaminetetraacetic
acid (EDTA), 4% sodium dodecyl sulfate (SDS) (v/v), 10 mM
dithiothreitol (DTT) and resuspended in ddH2O.

Granule morphology was observed using a Nova NanoSEM
450 (FEI) scanning electron microscope. For cross-polarized light
microscopy, the granules were imaged with a DM6000 micro-
scope fitted with a DFC 320F camera (Leica, Wetzlar, Germany).
For analysis of granule size distributions, the starch was sus-
pended into Isoton II (Beckman Coulter, Brea, CA, USA), and
relative volume vs. diameter plots were generated using a Multi-
sizer 4e Coulter counter (Beckman Coulter) with a 70 µm aper-
ture tube. A minimum of 100 000 particles was measured per
sample. All measurements were conducted with logarithmic bin
spacing but are presented on a linear x-axis for clarity. The mean
diameters of A- and B-type granules, and relative volume fraction
of B-type granules, were calculated by fitting a mixture of two
log-normal distributions in R (script available at https://github.c
om/JIC-CSB/coulter_counter_fitting).

Starch quantification, composition and amylopectin
structure

Grain starch quantification Flour (milled in a ball mill; 5-
10 mg) was dispersed in 20 µl 80% ethanol, and then incubated
with 500 µl thermostable a-amylase in 100 mM sodium acetate
buffer, pH 5, at 99°C for 7 min. Amyloglucosidase was added
and incubated at 50°C for 35 min. All enzymes and reagents were
from the Total Starch Assay kit (K-TSTA; Megazyme). The
sample was centrifuged at 20 000 g for 10 min. Glucose was mea-
sured in the supernatant using the hexokinase/glucose-6-phos-
phate dehydrogenase assay (Roche, Basel, Switzerland), for
calculation of starch content in glucose equivalents.

Leaf starch quantification 10-d-old seedlings were harvested
at the base of the lowest leaf and flash frozen in liquid nitro-
gen (N2). The material was homogenized in 0.7M perchloric
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acid using a ball mill at 30 Hz. Insoluble material was pelleted
by centrifugation, washed three times in 80% ethanol, then
resuspended in water. Starch was digested using a-amylase/
amyloglucosidase (Roche), and glucose was assayed as for
grains.

Starch chain length distribution Purified starch was solubilized
and enzymatically debranched using methods adapted from Wu
et al. (2014), and analyzed using high-performance liquid chro-
matography size exclusion chromatography (HPLC-SEC) as
detailed in Tuncel et al. (2019). Calibration curves were gener-
ated using pullulan standards (PSS-pulkit; Polymer Standard Ser-
vice, Mainz, Germany) having peak molecular weights ranging
from 342 to 708 000 Da and with correlation coefficients of
R2 = 0.9997� 0.0002. The calibration curves were used to deter-
mine the relationship between elution volume and hydrodynamic
radius (Vh) for the linear glucans, as described by Cave et al.
(2009). The refractive index elution profiles were converted to
SEC weight distributions as described by Perez-Moral et al.
(2018). Amylose content was determined from chain length dis-
tributions as described by Vilaplana et al. (2012). Briefly, the cut-
off between amylose and amylopectin in the chain length distri-
bution was set at 100 degrees of polymerization (DP), and the
peak areas of the amylopectin (chains < 100 DP) and amylose
(chains > 100 DP) were integrated. Amylose content was esti-
mated as the ratio of the amylopectin and amylose peak areas
expressed as a percentage.

Light and transmission electron microscopy of sections

Mature grain sections After transverse grain bisection with a
razor blade, thin 1 µm sections were produced from the cut sur-
face using an Ultracut UC6 microtome (Leica) fitted with a glass
knife. Sections were stained with a 1 in 20 dilution of Lugol’s
iodine solution (Sigma-Aldrich, St Louis, MO, USA), and
mounted in Histomount (National Diagnostics, Atlanta, GA,
USA). Light microscopy was carried out on an AxioObserver Z1
microscope with an AxioCam camera (Zeiss, Jena, Germany); or
a DM6000 microscope with a DFC 320F camera (Leica).

Leaf/developing grain sections Leaf segments were excised from
approximately halfway along the length of a flag leaf (for wheat)
or a young rosette leaf (for Arabidopsis), and fixed in 2.5% (v/v)
glutaraldehyde in 0.05M sodium cacodylate, pH 7.3 at 4°C.
Developing grains (15 d post anthesis (dpa)) were cut in half
before immersion in fixative. Using an EM TP embedding
machine (Leica, Milton Keynes, UK), samples were post-fixed in
1% (w/v) osmium tetroxide (OsO4) in 0.05M sodium cacody-
late for 2 h at room temperature, dehydrated in ethanol and infil-
trated with LR White resin (Agar Scientific, Stansted, UK). LR
White blocks were polymerized at 60°C for 16 h. For light
microscopy, the semi-thin sections (0.5 µm) were prepared. Leaf
sections were stained with reagents from the Periodic Acid Schiff
kit (ab150680; Abcam), by incubating 30 min in the periodic
acid solution and 5 min in Schiff’s reagent, then staining with

Fig. 1 Schematic illustrations of wheat TaSS4
homoeologs. (a) Location of TaSS4
homoeologs on group 1 chromosomes. The
red boxes represent TaSS4 homoeologs,
while homoeologs of the adjacent genes are
shown in green (phosphodiesterase-like
protein), purple (glycoside hydrolase family
18 protein), blue (P loop-containing
nucleoside triphosphate hydrolase) and
orange (serine acetyltransferase-like protein).
Arrowheads on the boxes indicate direction
of transcription. Chromosome coordinates
are indicated below each region. (b) Gene
models of the TaSS4 homoeologs. Exons are
represented with blue boxes, while light blue
boxes represent the 50 and 30 untranslated
regions (UTRs). Mutations in the Tass4-1 and
Tass4-2mutant lines are depicted with red
arrows and the mutated codons/amino acids
are shown in red letters. The polymorphism
in TaSS4-1A between Kronos and Chinese
Spring (CS) is indicated.
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1% (w/v) toluidine blue for 30 s before mounting in Histo-
mount. Sections from developing grains were stained with 1%
(w/v) toluidine blue. Light microscopy was carried out as
described earlier. For transmission electron microscopy (TEM),
ultrathin sections (c. 80 nm) were cut with a diamond knife and
placed on formvar and carbon-coated copper grids (EM Resolu-
tions, Sheffield, UK). The sections were stained with 2% (w/v)
uranyl acetate for 1 h and 1% (w/v) lead citrate for 1 min, washed
in distilled water and air dried. Sections were viewed on a Talos
200C TEM (FEI) at 200 kV and imaged with a OneView 4K 9

4K camera (Gatan, Warrendale, PA, USA).

Visualization and scoring of starch in pollen

Mature anthers were harvested into 80% (v/v) ethanol and
stained with a 1 in 20 dilution of Lugol’s iodine solution (Sigma-
Aldrich) overnight. After destaining in ddH2O, pollen was
observed with light microscopy as described earlier. The percent-
age of starchless pollen (no visible iodine stain) was calculated by
scoring the first c. 100 pollen grains observed.

Cloning and transformation of plant material

TaSS4-1A, TaSS4-1B, TaBGC1-4A and TaBGC1-4B coding
sequences were codon optimized to ease sequence complexity and
synthesized as gBlocks gene fragments (IDT DNA), flanked with
attB1 and attB2 Gateway recombination sites. The optimized
sequences are provided in Table S2. The fragment was recombined
into the pDONR221 vector using BP Clonase II (ThermoFisher
Scientific, Waltham, MA, USA). The sequences were recombined
into pUBC-YFP (Ubiquitin10-driven expression and C-terminal
YFP-tag) (Grefen et al., 2010) or pJCV52 (CaMV 35S-driven
expression and C-terminal HA-tag) (Karimi et al., 2002).

For transient expression in N. benthamiana, Agrobacterium
tumefaciens (strain AGL-1 or GV3101) harboring the relevant
constructs were grown at 28°C for 48 h. Cultures were resus-
pended in ddH2O at an optical density at 600 nm
(OD600) = 1.0, and infiltrated into the abaxial leaf surface using a
syringe. Proteins were extracted 48–72 h after infiltration. The
TaSS4 1B-YFP:pUBC-YFP construct was transformed into Ara-
bidopsis by floral dipping (Zhang et al., 2006). Transformants
were selected in the T1 generation using the Basta resistance
marker. Basta-resistant individuals from the T2 or T3 generation
(heterozygous or homozygous for the transgene; single or multi-
ple insertions) with TaSS4 expression confirmed using
immunoblots were used for experiments.

Production of antibodies and immunoblotting

To produce TaSS4 and TaBGC1 antibodies, the coding sequence
of the proteins (minus transit peptide) were amplified using
primers in Table S1, and TaSS4-1B:pDONR221 or TaBGC1-
4B:pDONR221 as templates. The amplicons were cloned into the
pProExHTb vector (Invitrogen, Carlsbad, CA, USA) in frame
with the N-terminal His6-tag using the Gibson assembly master
mix (New England Biolabs, Ipswich, MA, USA) for TaSS4-1B, or

BamHI and XhoI sites for TaBGC1-4B. Proteins were expressed
in Escherichia coli strain BL21 as described in Seung et al. (2015).
Denaturing purification of the protein with urea was carried out
using the Ni-NTA Agarose (Qiagen, Hilden, Germany). Immu-
nization of rabbits was carried out at Eurogentec. Antibodies were
enriched from antiserum using protein A-agarose (Sigma-Aldrich).
Affinity purification of TaBGC1-specific antibodies from the
antiserum was performed with a HiTrap NHS-Activated HP
column (GE Healthcare, Chicago, IL, USA), conjugated to
TaBGC1 recombinant protein.

For immunoblotting: endosperms from developing grains were
dissected and homogenized in 40 mM Tris-HCl, pH 6.8, 5 mM
magnesium chloride (MgCl2), 2% (w/v) SDS, protease inhibitor
cocktail (Roche). The homogenate was heated at 95°C for
10 min, and insoluble material was removed by centrifugation at
20 000 g for 10 min. The concentration of proteins was deter-
mined using the BCA assay (ThermoFisher Scientific). The fol-
lowing dilutions of primary antibodies were used for
immunoblotting: anti-TaSS4, 1 : 200; anti-TaBGC1, 1 : 200;
anti-actin (A0480; Sigma-Aldrich), 1:10 000; anti-YFP (Torrey
pines; TP401), 1 : 5000; or anti-HA (ab9110; Abcam), 1 : 5000.
Bands were detected using the IRDye 800CW-donkey-anti-rab-
bit or 680RD-donkey-anti-mouse secondary antibodies
(1 : 10 000; Li-Cor) and the Odyssey Classic Imaging system (Li-
Cor).

Results

Mutants lacking TaSS4 produce aberrant endosperm starch

Hexaploid wheat has three homoeologs of TaSS4 on group 1
chromosomes (Irshad et al., 2019). The B- and D-genome
homoeologs were reported to have 16 exons and the A-genome
homoeolog has 13 exons. We established that in the most recent
wheat genome release (RefSeq v.1.1 cv Chinese Spring; Appels
et al. (2018)), these homoeologs correspond to TaSS4-1A
(TraesCS1A02G353300), TaSS4-1B (TraesCS1B02G368500)
and TaSS4-1D (TraesCS1D02G356900) (Fig. 1a). As reported
by Irshad et al. (2019), TaSS4-1B and TaSS4-1D loci contained
16 exons (Fig. 1b) but TaSS4-1A had a shorter coding sequence
generated from 13 exons. Nonetheless, the predicted transcript
length of TaSS4-1A was the same as the other homoeologs
because it had a longer 50 untranslated region (UTR). To investi-
gate the discrepancy in gene model between homoeologs, we
compared nucleotide and predicted amino acid sequences from
the Chinese Spring reference sequence with those of other
sequenced hexaploid wheat cultivars (Cadenza, Paragon, Robi-
gus, Claire) and the tetraploid cultivar Kronos on the Grassroots
database (Clavijo et al., 2017) (Supporting Information Fig. S1a).
For all cultivars except for Chinese Spring, TaSS4-1A was pre-
dicted to have all 16 coding exons. Chinese Spring had a unique
single nucleotide polymorphism (SNP) that results in a prema-
ture stop codon in a position occupied by exon 4 in the gene
model for the other cultivars (Figs 1b, S1a). This SNP most likely
led to the incorrect prediction of 13 coding exons and a long
50UTR for TaSS4-1A in the Chinese Spring sequence.
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To assess the importance of TaSS4 in endosperm starch for-
mation, we created mutants of tetraploid wheat defective in both
homoeologs of TaSS4. We used the collection of exome-capture
sequenced, EMS-mutagenized TILLING lines of the tetraploid
wheat Kronos (Krasileva et al., 2017; http://www.wheat-tilling.c
om) to identify mutants that are likely to have no TaSS4-1A or
TaSS4-1B protein. The predicted amino acid sequences of
TaSS4-1A and TaSS4-1B from Kronos shared 99–100% identity
with those from the Chinese Spring reference genome, and the
two Kronos homoeologs were 97% identical to each other
(Fig. S1a,b). For TaSS4-1A, we obtained the Kronos2166
(K2166) line, which carries a splice donor site mutation after
exon 5 (Fig. 1b). For TaSS4-1B, we obtained Kronos2565
(K2565) carrying a premature stop codon in place of Trp364,
and Kronos1450 (K1450) carrying a splice acceptor site mutation
before exon 15. The presence of each mutation was confirmed by
KASP genotyping using the primers in Table S1. The K2166 line
was crossed with K2565 to create the Tass4-1 lines, or with
K1450 to create the Tass4-2 lines. KASP genotyping was used to
identify F2 or F3 individuals homozygous for both A and B muta-
tions (aa bb), homozygous for only the TaSS4-1A mutation (aa
BB) or the TaSS4-1B mutation (AA bb), and ‘negative segregant’
controls that lacked both mutations (AA BB). Except where spec-
ified, observations below were on the Tass4-1 lines.

To observe TaSS4 protein levels during grain development and
the effect of the Tass4-1 mutations on TaSS4 protein abundance,
we generated an antiserum against a TaSS4-1B recombinant pro-
tein, expressed in and purified from E. coli. Immunoblots of
TaSS4-1A and TaSS4-1B proteins transiently expressed in N.
benthamiana leaves demonstrated that the antiserum recognized
both homoeologs (Fig. S2). Protein extracts from endosperms dis-
sected from wild-type developing grains (10, 15 and 20 dpa) were
immunoblotted with the antiserum. A band that corresponded to
the predicted size of the mature polypeptide (98 kDa) was
observed at all three timepoints, but was most prominent at the 10

dpa timepoint (Fig. 2a). Several other bands at different molecular
weights were detected, but comparison of immunoblots from the
wild-type and mutant extracts showed that the 98 kDa band was
missing in the latter while other bands were unaffected (Fig. 2b).
We conclude that the 98 kDa band represents TaSS4, and that the
other bands result from nonspecific binding.

Transcript data for whole caryopses (Maccaferri et al., 2019)
and dissected endosperm (Xiang et al., 2019) from developing
tetraploid wheat grains revealed that TaSS4 transcript levels were
higher at the early stages of grain development (8–11 dpa) than
later stages (16–22 dpa) (Fig. S3). These data are consistent with
the observed decrease in TaSS4 protein levels at later stages of
grain development (Fig. 2a).

To assess the impact of the Tass4-1 mutations on endosperm
starch, we purified starch granules from mature grains and
observed them using scanning electron microscopy. Granules
from control lines (AA BB) and single homoeolog mutants (aa
BB and AA bb) had flattened A-type granules and round B-type
granules typical of wheat starch (Fig. 3a). By contrast, most
starch granules from the double mutant (aa bb) had irregular,
polyhedral morphology. The irregular granules were highly vari-
able in size, but rarely exceeded that of a typical A-type granule.
A-type granules of normal appearance were also present in the
double mutant, but we rarely observed normal B-type granules.

We used cross-polarized light microscopy to examine the ori-
gins of the larger polyhedral granules in the Tass4-1 double
mutant endosperm. In the control line and single homoeolog
mutants, there was one ‘Maltese cross’ per A-type or B-type gran-
ule, indicating a single center of organization (Fig. 3b). The few
normal A-type granules in the double mutant also had single
crosses. However, a complex birefringence pattern with faint or
multiple crosses were observed in most polyhedral granules, indi-
cating multiple initiation points.

Using a Coulter counter, we examined the granule size distri-
bution in the endosperm starches. As expected, starch from the

(a) (b) (c)

Fig. 2 TaSS4 and TaBGC1 protein levels in developing wheat endosperm. (a) Total proteins were extracted from developing endosperms at 10, 15 and
20 d post anthesis (dpa), and immunoblotted using anti-TaSS4 (upper panel), anti-TaBGC1 (middle panel) or anti-actin (lower panel) antibodies. Lanes
were loaded on an equal protein basis. The migration of molecular weight markers are indicated in kilodaltons (kDa) to the left of each panel. Two replicate
extractions for each genotype (numbered 1 and 2) were prepared from grains harvested from two different plants. (b) Same as (a), but with Tass4-1 grains
harvested at 10 dpa. (c) Same as (a), but with Tabgc1 grains harvested at 20 dpa.

© 2021 The Authors

New Phytologist © 2021 New Phytologist Foundation

New Phytologist (2021) 230: 2371–2386
www.newphytologist.com

New
Phytologist Research 2375

 14698137, 2021, 6, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.17342 by U

niversity O
f E

ast A
nglia, W

iley O
nline L

ibrary on [18/02/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.wheat-tilling.com
http://www.wheat-tilling.com


control line and single mutants showed a bimodal size distribu-
tion, with peaks at c. 20 µm diameter for A-type and 7–8 µm
diameter for B-type granules (Fig. 3c). The size and relative pro-
portion (by volume) of A-type and B-type granules were quanti-
fied by fitting a mixed log-normal distribution (Table 1; Tanaka
et al., 2017). There were no significant differences between the
control and single mutants. The granule size distribution of the
double mutant had no distinct peaks, and neither a mixed nor a
single distribution could be fitted reliably to these data.

The normal granule morphology of control (AA BB) and sin-
gle mutant (aa BB and AA bb) lines indicates that the aberrant
morphology arises only when both Tass4 homoeologs are defec-
tive (aa bb). However, it remained possible that the aberrant
morphology arose from a combination of background mutations
in the single-mutant parents of the double mutant. To exclude
this, we first backcrossed the double mutant to the wild-type
twice, and re-isolated the AA BB and aa bb genotypes in the
BC2F2 and BC2F3 generations (Fig. S4). Aberrant granule mor-
phology was still observed after the backcrosses (Fig. S5). Granule
size distributions of backcrossed and nonbackcrossed Tass4-1 aa
bb lines were identical, indicating that this phenotype is unlikely
to arise from background mutations. Second, we examined gran-
ule morphology in a second set of mutant lines, Tass4-2,
obtained by crossing K2166 with an independent mutant for
TaSS4-1B, K1450 (see earlier, Fig. 1b). The Tass4-2 aa bb dou-
ble mutant had the same aberrant granule morphology as the
Tass4-1 lines (Fig. S5).

TaSS4mutations do not alter total starch content, composi-
tion or amylopectin structure

We investigated whether the aberrant granule morphology in the
Tass4-1 aa bb line was accompanied by changes in starch content,

composition or structure. The starch content of mature grains
was not significantly different on a dry weight basis between con-
trol, single and double mutant lines (Table 1). To examine amy-
lopectin/amylose structure and abundance, debranched starch
was subjected to HPLC-SEC with refractive index detection
(Cave et al., 2009; Tuncel et al., 2019). The chain length distri-
bution of amylopectin and amylose, and the estimated amylose
content, were identical in control and mutant starches (Fig. S6;
Table 1). Thus, the altered granule morphology in the Tass4-1
double mutant cannot be attributed to differences in starch con-
tent, composition, or polymer structure.

Fig. 3 Tass4-1 double mutants have severely
altered granule morphology. (a) Endosperm
starch granules from mature wheat grains
were observed using scanning electron
microscopy. Single (aa BB or AA bb) and
double mutants (aa bb) were compared with
control (AA BB) lines. Bars, 10 µm. (b) As (a),
but granules were observed using cross-
polarized light microscopy. The multiple hila
in the large polyhedral granule are indicated
with red arrows. Bars, 10 µm. (c) Size
distribution of endosperm starch granules.
The volume of granules at each diameter
relative to the total granule volume was
quantified using a Coulter counter. Values
represent mean (solid line) � SEM (shading)
of three replicate starch extractions from
grains of three different plants.

Table 1 Starch content, composition and granule size in Tass4-1mature
grains.

Geno
type

Starch
content
(% flour
weight)

Amylose
content
(%
starch)

A-type
granule
mean
diameter
(µm)

B-type
granule
mean
diameter
(µm)

B-type
granule
volume
(%)

AA
BB

50� 3 31� 2 19.1� 0.7 7.9� 0.9 38.1� 2.2

aa BB 59� 4 32� 2 18.9� 0.4 6.7� 0.1 39.8� 0.8
AA
bb

51� 5 32� 3 20.5� 0.3 7.4� 0.1 37.9� 0.8

aa bb 42� 2 30� 1 — — —

Starch content was determined as glucose equivalents and is expressed as
a percentage of the flour weight. Amylose content of starch was
determined by high-performance liquid chromatography size exclusion
chromatography (HPLC-SEC). The mean diameters of A-type and B-type
granules and the relative volume of B-type granules were determined
using a Coulter counter. All values are mean� SE from n = 3 biological
replicates, defined as grains harvested from three different plants. There
were no significant differences between any of the lines in any of these
parameters under a one-way analysis of variance (ANOVA) at P < 0.05.
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The Tass4mutant shows defective granule morphology
during early grain development

To investigate at which stage of grain development the aberrant
granules in the Tass4-1 double mutant form, we examined gran-
ule morphology and size distribution of starch extracted from
developing endosperms at three different time points: 8, 14 and
21 dpa. As expected, the wild-type endosperm contained only A-
type granules at 8 dpa, with a peak at c. 15 µm diameter (Fig. 4a,
b). B-type granules were present at 14 and 21 dpa, with a peak at
c. 5 µm diameter. Starch from the Tass4-1 double mutant already
contained aberrant, polyhedral granules at 8 dpa, and no distinct
A-type and B-type granule peaks were observed in the mutant at
any timepoint.

The Tass4mutant produces compound granules

We examined the spatial arrangement of the polyhedral gran-
ules within the endosperm of the Tass4-1 double mutant, ini-
tially in thin sections of mature grains stained with iodine
solution. Consistent with the observations made on purified
starch, the control and single mutant lines had normal A- and
B-type granules. The granules with polyhedral shapes in the
double mutant were almost always tessellated within larger
structures (Fig. 5).

Observing sections of developing endosperm at 15 dpa by light
microscopy and TEM revealed remarkable heterogeneity among
amyloplasts in the mutant (Fig. 6). Whereas the amyloplasts in
the wild-type contained single A-type granules and some periph-
eral stroma, most amyloplasts in the mutant contained com-
pound granules, while some contained A-type granules that were
indistinguishable from those of the wild-type – and in most
endosperm cells, both types of amyloplasts were present. The
number of individual ‘granulae’ visible within each compound
granule section varied, ranging from 4 to > 40. Notably, some
amyloplasts had formed granules that were tessellated in tubular
structures.

Tass4 starch granules resemble those of the Tabgc1mutant

The elimination of another component of the putative granule
initiation complex defined in Arabidopsis, PTST2/FLO6/BGC1,
results in strong granule morphology defects in endosperms of
barley and hexaploid wheat, including the occurrence of ‘semi-
compound’ granules (Suh et al., 2004; Chia et al., 2020). To dis-
cover the relationship between the roles of TaSS4 and TaBGC1
in wheat endosperm, we compared phenotypes of Tass4 and
Tabgc1 mutants in the same Kronos background. For two
Tabgc1 aa bb double mutants (Fig. 7a) that accumulate no
detectable TaBGC1 protein (Fig. 2c), we established that starch

Fig. 4 Aberrant granules in Tass4-1 double
mutants form early in wheat grain
development. (a) Endosperm starch from
developing grains (8, 14 and 21 d post
anthesis (dpa)) of the Tass4-1 double mutant
(aa bb) and control lines (AA BB) were
observed using scanning electron
microscopy. Bars, 25 µm. (b) Size distribution
of endosperm starch granules. The volume of
granules at each diameter relative to the total
granule volume was quantified using a
Coulter counter. Values represent mean
(solid line) � SEM (shading) of three replicate
starch extractions from grains of three
different plants, except for aa bb at 8 dpa
where one starch extraction was performed.
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granules had morphologies like those described for Tabgc1
mutants in hexaploid wheat and barley: mature grains contained
A-type granules of normal appearance and small polyhedral gran-
ules (Fig. 7b). As in the Tass4 mutant, these polyhedral granules
were already present during early grain development (8 dpa
onwards) (Fig. S7). However, normal A-type granules were more
frequent in the Tabgc1 mutant (Fig. 7b) than in the Tass4 mutant
(Fig. 3a). Coulter counter analysis also showed a prominent A-
type granule peak in the Tabgc1 mutant at a similar diameter to
that of the wild-type (Fig. 7c,d). Such a distinct peak was not
observed in the Tass4-1 mutant (Fig. 3c).

Fig. 5 Endosperm sections of Tass4-1 single and double mutants. (a) Thin
sections were prepared from mature wheat grains, stained with iodine and
observed using light microscopy. Single (aa BB or AA bb) and double
mutants (aa bb) were compared with control (AA BB) lines. Bars, 25 µm.
(b) Insets showing a close-up view of a large compound structure (left
panel) and a tubule-like structure (right panel) in the aa bb section – both
indicated with red arrows. Bars, 25 µm.

Fig. 6 Compound granules in the developing Tass4-1 endosperm. (a)
Toluidine blue-stained sections of developing wheat endosperm (15 d post
anthesis (dpa)) in the Tass4-1 double mutant (aa bb) or control (AA BB),
observed using light microscopy. Blue arrows indicate examples of normal
A-type granules, while red arrows indicate compound granules.
Bars, 20 µm. (b) Same as (a), but observed using transmission electron
microscopy. Amyloplast membranes and stromal space around granules
are indicated with yellow arrows. Bars, 5 µm.
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Loss of TaSS4 affects starch synthesis in pollen

The Tass4 double mutant was indistinguishable from control
lines in terms of plant growth (Fig. 8a). Most grains of the
mutant appeared normal and the average weight of individual
grains was not significantly altered compared to the wild-type,
although we observed rare examples of smaller, shrivelled grains
in the mutant (Figs 8b, S8). While the double mutant produced
comparable numbers of tillers to the control (Fig. 8c), the num-
ber of grains per spike was significantly reduced in the mutant
(Fig. 8d). This reduction in grain number was most severe in the
nonbackcrossed Tass4-1 double mutant but was partly recovered
after backcrossing, suggesting this phenotype was exacerbated by
background mutations in nonbackcrossed lines (Fig. 8d). Since
the fewer grains in the backcrossed mutant suggests defective fer-
tilization, we examined starch accumulation in pollen grains of
the mutant using iodine staining. Less than a third of pollen
grains from the double mutant contained starch, contrasting
those from control lines where almost all contained starch
(Figs 8e, S9a). Cross-pollination experiments with the back-
crossed Tass4-1 lines demonstrated that using aa bb pollen to fer-
tilize AA BB maternal plants resulted in significantly reduced
fertilization rates compared to the reciprocal cross (Fig. S9b). We

also observed fewer than expected aa bb mutants segregating
from aa Bb individuals of the BC2F2 generation (Table S3).
These data suggest that TaSS4 is important for normal pollen
starch synthesis and viability. Interestingly, grains from low-
yielding nonbackcrossed and high-yielding backcrossed Tass4-1
lines had identical starch granule morphology (Fig. S5), demon-
strating that this phenotype is independent from the fertility phe-
notype.

Loss of TaSS4 results in fewer starch granules per leaf
chloroplast

Since SS4 plays a critical role in granule initiation and morpho-
genesis in Arabidopsis leaves, we investigated whether these roles
are conserved in wheat leaves. Leaves of the Tass4-1 double
mutant accumulated less than half the starch content of the con-
trol over the light period (Fig. 9a). Light microscopy to visualize
granules in chloroplasts at the end of the day showed similar fre-
quency distributions of granule sections per chloroplast section in
the control and single mutant lines: 70 to 80% of chloroplasts
contained between one and eight granule sections and the
remainder contained no visible starch granule (Fig. 9b,c). By con-
trast, almost 80% of chloroplasts in the double mutant contained

Fig. 7 Similar defects in granule morphology
in wheat Tass4 and Tabgc1mutants. (a)
Gene models of the TaBGC1 homoeologs.
Exons are represented with blue boxes, while
light blue boxes represent the 50 and 30

untranslated regions (UTRs). The locations of
the mutations in the Tabgc1-3 and Tabgc1-4

lines are depicted with red arrows and the
mutated codons/amino acids are shown in
red letters. (b) Purified starch granules from
mature grains of the double mutants (aa bb)
and control lines (AA BB) observed using
scanning electron microscopy. Examples of
polyhedral granules are marked with red
arrows. Bars, 10 µm. (c) Size distribution of
endosperm starch granules in mature grains
of the Tabgc1-3 single (aa BB and AA bb)
and double mutants. The volume of granules
at each diameter relative to the total granule
volume was quantified using a Coulter
counter. Values represent mean (solid line) �
SEM (shading) of three replicate starch
extractions from grains of three different
plants. (d) Same as (c), but with Tabgc1-4.

© 2021 The Authors

New Phytologist © 2021 New Phytologist Foundation

New Phytologist (2021) 230: 2371–2386
www.newphytologist.com

New
Phytologist Research 2379

 14698137, 2021, 6, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.17342 by U

niversity O
f E

ast A
nglia, W

iley O
nline L

ibrary on [18/02/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



no visible starch granule. Examination with TEM showed that
granules in control leaves had the typical flattened shape of leaf
starch, whereas most granules in the double mutant were small
and rounded (Fig. 9d).

These results suggest that as in Arabidopsis, the loss of TaSS4
in wheat strongly affects the number of granules initiated per
chloroplast. We therefore attempted to complement the Ara-
bidopsis Atss4 mutant by expression of TaSS4-1B with a C-ter-
minal YFP tag and under the Arabidopsis Ubiquitin 10 promoter
(pUBQ). The Atss4-1 mutant had pale leaves, but the trans-
formed lines were not pale (Fig. 10a). The transformed lines had
multiple granules in most chloroplasts, whereas most chloroplasts
of the Atss4 mutant were either starchless or contained a single
large, round granule (Fig. 10b). TaSS4 can thus partially comple-
ment the granule number phenotype of the Atss4 mutant. Most

granules in the transgenic lines were irregularly shaped, and few
were flattened as in the wild-type, or round as in Atss4 (Fig. 10c)
– suggesting TaSS4 can also influence granule morphology when
expressed in Arabidopsis leaves.

Discussion

TaSS4 is necessary for normal granule initiation in the
endosperm

In wheat endosperm, granule initiation is spatially and tempo-
rally coordinated such that single A-type granules form in amylo-
plasts during early grain development and B-type granules
initiate later and at least partially in stroma-filled tubules (stro-
mules) that emanate from the amyloplast (Parker, 1985;

Fig. 8 Growth and fertility phenotypes of the wheat Tass4mutant. (a) Photograph of 8-wk-old plants of wild-type, Tass4-1 control (AA BB) and double
mutant (aa bb). (b) Photograph of mature grains. (c) The number of tillers on backcrossed (BC2F3) and nonbackcrossed Tass4-1mutants were counted on
n = 5–7 plants. Individual data points (black dots) and the mean (red dot) are shown over box plots. The bottom and top of the box represent the lower
and upper quartiles respectively, and the band inside the box represents the median. The ends of the whiskers represent the minimum and maximum
values that are within 1.59 of the interquartile range. There were no significant differences between the lines under a one-way analysis of variance
(ANOVA). (d) The average number of grains in the three primary spikes was calculated for n = 5–7 plants. Plots are as for (c). Different letters indicate
significant differences at P < 0.05 under a one-way ANOVA and Tukey’s post hoc test. Note that the statistical analysis includes data in Supporting
Information Fig. S9(c), which were obtained in the same experiment. (e) Iodine-stained pollen grains observed with light microscopy. Bars, 50 µm.
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Langeveld et al., 2000). This pattern is distinct from most other
grasses (e.g. rice), which form compound granules by initiating
multiple granules per amyloplast during early grain development
(Matsushima et al., 2013, 2015). Recent work in Arabidopsis
leaves has suggested a mechanism of granule initiation in leaf
chloroplasts involving at least six proteins – SS4, SS5, PTST2,
PTST3, MFP1 and MRC, each of which is individually necessary
for normal granule initiation (Seung & Smith, 2019; Abt & Zee-
man, 2020). Among these initiation proteins, only SS4 is known
to have enzymatic activity (Rold�an et al., 2007; Szydlowski et al.,
2009; Abt et al., 2020). However, the influence of SS4 on the dis-
tinct granule initiation patterns observed in cereal amyloplasts
was not known. Our study demonstrates that TaSS4 is required
for the control of granule initiation in wheat endosperm. Loss of

TaSS4 in wheat did not affect the content, composition or poly-
mer structure of endosperm starch (Table 1), but resulted in the
formation of compound granules in the endosperm in place of
most A-type granules (Figs 3–6). A similar phenotype was
observed in mutants fully deficient in TaBGC1 in tetraploid
wheat (Fig. 7), and in hexaploid wheat (Chia et al., 2020), sug-
gesting the two proteins act in a similar process. However, the
Tass4 phenotype was more severe than the Tabgc1 phenotype as
there were substantially more normal A-type granules in the latter
(Fig. 7). These observations parallel those in Arabidopsis leaves,
in which granule initiation is more compromised in the Atss4
mutant than in the Atptst2 mutant (Seung et al., 2017).

To our knowledge, our work provides the first demonstration
that SS4 plays a major role in granule initiation in amyloplasts of

Fig. 9 Loss of TaSS4 results in fewer starch granules in wheat leaf chloroplasts. (a) Leaf starch content at the end of day in the Kronos wild type (WT),
Tass4-1 control (AA BB) and double mutant (aa bb). Bars represent the mean� SEM from n = 10 plants. Different letters indicate significant differences at
P < 0.05 under a one-way analysis of variance (ANOVA) and Tukey’s post hoc test. (b) Starch granules in mesophyll chloroplasts observed with light
microscopy. Leaf samples were harvested at the end of day from the middle of the flag leaf of 5-wk-old plants. Thin sections were stained with toluidine
blue and periodic acid/Schiff’s reagent. Bars, 10 µm. (c) Quantification of starch granule number per chloroplast. Three replicate sections for each genotype
(each produced from separate plants, plotted as black, dark gray and light gray bars) were observed using light microscopy as in (b) (except for aa BB,
where two replicate sections were produced). Histograms represent the frequency of chloroplast sections containing a given number of granule sections,
relative to the total number of chloroplast sections. A total of 217 to 237 chloroplasts were analyzed for each replicate. (d) Leaf chloroplasts were imaged
using transmission electron microscopy. Bars, 2 µm.
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cereal grains. The severe defects in granule initiation in the Tass4
mutant contrasts with the minor defects in compound starch
granule morphology in the rice OsSS4b mutant (Toyosawa et al.,
2016). However, rice has two SS4 paralogs, and the extent to

which the other paralog (OsSS4a) can compensate for the loss of
OsSS4b in the endosperm is unknown. Interestingly, OsSS4a
knockout mutants created by gene-editing were observed to have
severe defects in plant growth (Jung et al., 2018). Examining
endosperm starch in these mutants, as well as in an osss4a osss4b
double mutant, will be informative of the role of SS4 in a species
that already produces compound granules.

How do TaSS4 and TaBGC1 control the number of granule
initiations?

The increase in initiations per amyloplast that leads to compound
granule formation following loss of SS4 in wheat endosperm con-
trasts with the reductions in granule number per chloroplast
observed in both Arabidopsis and wheat leaves (Rold�an et al.,
2007) (Fig. 9). Thus, in wheat endosperm, neither TaSS4 nor
TaBGC1 is strictly required for the initiation of granules per se,
but both are required to control the process – such that single A-
type granules initiate in amyloplasts during early grain develop-
ment. It remains to be determined how these proteins exert this
control. It is possible that TaSS4 and TaBGC1 together form a
single granule initiation per amyloplast, from which the other
enzymes of starch biosynthesis can build a single A-type granule
(Fig. 11). The formation of this single granule initiation may be
enough to suppress the formation of more granules – since the
activity of other starch biosynthesis enzymes can be directed
towards the growing granule. However, in the absence of this sin-
gle granule initiation, the other enzymes may start elongating any
available substrate, such as soluble maltooligosaccharides, leading

Fig. 10 TaSS4 can partially complement plant
growth and starch granule morphology
phenotypes of the Arabidopsis Atss4mutant.
(a) Rosette morphology of the wild-type
(Col-0), Atss4mutant, and two independent
transgenic lines expressing TaSS4 1B-YFP
under the Arabidopsis Ubiquitin10 promoter
in the Atss4mutant background (ss4/pUBQ:

TaSS4-YFP). (b) Starch granules in
chloroplasts observed using light microscopy
for the plants shown in (a). Thin sections of
young leaves of a 5- to 6-wk-old rosette
were stained using toluidine blue and
periodic acid/Schiff’s reagent. Bars, 10 µm.
(c) Same as (b), but viewed under
transmission electron microscopy. Bars, 2 µm.

Fig. 11 Model of TaSS4 action in wheat endosperm starch initiation.
TaSS4 and TaBGC1 are required for the control of normal A-type granule
initiation. We propose that they establish a single granule initial that serves
as the preferred substrate of other biosynthesis enzymes for building an A-
type granule. In the absence of the granule initial, the other biosynthesis
enzymes begin to elongate other available substrates such as soluble
maltooligosaccharides, which results in the initiation of an undefined
number of granules. This leads to heterogeneity among amyloplasts,
where most (thick arrows) have multiple initiations leading to a compound
granule, and some (thin arrows) have normal A-type granules. It is possible
that some amyloplasts do not initiate any starch granule, but the
prevalence of this is unknown (dashed arrows). SS, starch synthase; PHS,
starch phosphorylase; BE, branching enzyme; DBE, debranching enzyme.
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to an uncontrolled number of granules being initiated. These
enzymes may include starch synthases and starch phosphorylase,
which can all elongate maltooligosaccharides in vitro (Hwang
et al., 2010; Brust et al., 2013; Cuesta-Seijo et al., 2016). The
heterogeneity in granule number among amyloplasts in the
endosperm of Tass4 and Tabgc1 mutants may reflect stochasticity
in the number of initiations per amyloplast that occur in the
absence of SS4 or BGC1. It is also possible that some amyloplasts
fail to initiate starch granules, but it is difficult to distinguish
empty amyloplasts from other membranous structures in TEM
images of the endosperm.

It is unknown which features of TaSS4 allow it to initiate a
single granule per amyloplast. Notably, distinct patterns of pro-
tein localization have been observed for AtSS4 in Arabidopsis
leaves, and for OsSS4b in rice amyloplasts – where it locates to
the septum-like structures of compound granules (Toyosawa
et al., 2016). We are currently exploring the localization of
TaSS4 in amyloplasts of developing grains and whether that
could explain a single point of A-type granule initiation. Since
granule initiation proteins in Arabidopsis leaves act via protein–
protein interactions, searching for interacting proteins may also
provide insight on how TaSS4 and TaBGC1 act in wheat
endosperm. AtSS4 is proposed to interact with AtPTST2 in Ara-
bidopsis leaves (Seung et al., 2017). Although we attempted mul-
tiple co-immunoprecipitation and pulldown approaches, we
failed to find any evidence that TaSS4 and TaBGC1 interact in
the endosperm (data not shown). Further work is required to
determine if they interact only weakly or transiently. Possible
interactions of these proteins with ISOAMYLASE 1 (ISA1)
should also be investigated since ISA1 is reported to interact with
PTST2 (FLO6) in rice (Peng et al., 2014). Notably, isa1 mutants
of barley contain compound granules that resemble those of
Tass4 mutants (Burton et al., 2002), providing a strong indica-
tion for ISA1 involvement in granule initiation.

The specific role of TaSS4 in B-type granule initiation must
also be further explored. Very few normal round B-type granules
were observed in mature grains of the Tass4mutant (Fig. 3). Also,
at 15 dpa, we observed many compound granules in a linear
arrangement in the mutant, raising the possibility that they
formed in stromules that normally enclose B-type granules
(Fig. 6). Interestingly, Chia et al. (2020) reported that reducing
gene dosage of TaBGC1 in hexaploid wheat can almost eliminate
B-type granules while retaining normal A-type granule morphol-
ogy. By contrast, B-type granule volume was not affected in either
of the single homoeolog mutants in TaSS4, but it is possible that a
further reduction in gene dosage is required to see an effect. How-
ever, we noted that while TaSS4 protein levels are highest during
early grain development and decrease at the later developmental
stages, TaBGC1 transcript and protein levels increase and are
highest during the period of B-type granule initiation (Figs 2, S3).
Thus, it is possible that TaBGC1 has a specific role during B-type
granule initiation that is independent of TaSS4.

While other members of the Triticeae (e.g. barley and rye) also
have A- and B-type granules, most other grasses produce com-
pound granules in the endosperm (Matsushima et al., 2013,
2015). The fact that loss of SS4 or BGC1 gives rise to some

compound granules in wheat makes it tempting to speculate that
differences in the extent and timing of SS4 and/or BGC1 expres-
sion between species could determine whether a given species
possesses compound granules. However, the difference between
compound and other patterns of granule initiation is unlikely to
be so simple. Compound granules of rice have complex structural
features, including membranes and septum-like structures that
separate each constituent granula (Yun & Kawagoe, 2010; Kawa-
goe, 2013; Toyosawa et al., 2016). Thus, formation of com-
pound granules in rice is likely to involve multiple genes that
control starch synthesis and amyloplast morphogenesis.

TaSS4 is required for proper granule initiation in leaves and
pollen

In leaves of the Arabidopsis Atss4 mutant, over 75% of chloro-
plasts had no visible starch granule, and the majority of remain-
ing chloroplasts contained one large granule (Rold�an et al., 2007;
Seung et al., 2017). Leaves of the Tass4 mutant had a percentage
of starchless chloroplasts comparable to the Arabidopsis mutant,
but the remaining chloroplasts mostly contained multiple gran-
ules (Fig. 9). The reason for this difference between the Ara-
bidopsis and wheat phenotypes is unknown, but could reflect
differences in the compensation mechanism following loss of
SS4. The few granules present in the Arabidopsis Atss4 mutant
are likely initiated by SS3, since the Atss3 Atss4 double mutant is
almost starchless (Szydlowski et al., 2009; Seung et al., 2016).
Further work is required to determine whether SS3 initiates the
starch granules in leaves of the Tass4 mutant.

The expression of TaSS4, which shares 56% amino acid
sequence identity with AtSS4 (BLAST pairwise alignment), could
largely restore the initiation of multiple granules per chloroplast
when expressed in the Arabidopsis Atss4 mutant. However, the
exact role of TaSS4 in granule morphogenesis in leaves remains
unclear. Starch granules in the Tass4 mutant were small and
round (Fig. 9), but distinct from the large, rounded granules of
the Atss4 mutant (Fig. 10). TaSS4 expression in the Atss4 mutant
resulted in aberrant granule morphology, which was distinct from
both the round granules of Atss4 and the flattened granules of the
wild-type. These aberrant granule shapes may result from partial
complementation by TaSS4 that achieves an ‘intermediate’ mor-
phology between round and flattened, or abnormal function of
TaSS4 in Arabidopsis leaves (e.g. due to missing interaction part-
ners or other regulatory factors).

Despite a reduction in gene dosage to 50% in our single
homoeolog wheat mutants, we did not observe an effect on gran-
ule number in leaf chloroplasts. On first glance, this is in contrast
to a previous report that hexaploid wheat mutants deficient in
only TaSS4-1D have reduced numbers of granules per chloro-
plast (Guo et al., 2017). However, we showed that some
hexaploid cultivars, including the reference cultivar Chinese
Spring, have a natural polymorphism that leads to a premature
stop codon in TaSS4-1A (Fig. 1). It is possible that TaSS4-1B is
the only functional homoeolog in the TaSS4-1D mutants of Guo
et al. (2017) (in cultivar Jing411), and thus may have a functional
gene dosage of only 33%.
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TaSS4 also appears to be required for normal starch synthe-
sis in wheat pollen. Publicly available gene expression data for
hexaploid wheat suggests that TaSS4 is expressed in
microspores in addition to leaves, stems, roots and grains
(Fig. S3b); and most pollen grains from our Tass4 mutants
were starchless (Figs 8e, S9). In rice, starch synthesis in pollen
appears to be essential for viability, as rice pgm mutants lack-
ing pollen starch are sterile (Lee et al., 2016). Consistent with
this, the pollen from the Tass4 mutant had significantly
reduced fertilization success in cross-fertilization experiments
(Fig. S9b), and the mutants produced fewer grains per spike
(Figs 8d, S9c). These grains likely result from the small pro-
portion of mutant pollen that contains starch. Further work
should examine the effects on granule number and morphol-
ogy in these starch-containing pollen grains.
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