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Abstract 12 

Starch granule morphology is a major factor determining the functional and nutritional 13 

properties of starch. Here, we reveal amyloplast structure plays an important role in starch 14 

granule morphogenesis in wheat endosperm. Wheat amyloplasts contain large discoid A-15 

type granules and small spherical B-type granules. We isolated a mutant in durum wheat 16 

defective in the plastid division protein PARC6, which had increased plastid size in both 17 

leaves and endosperm. Endosperm amyloplasts of the mutant contained more A- and B-type 18 

granules than those of the wild type. In mature grains, the mutant had larger A- and B-type 19 

granules than the wild type, and its A-type granules had a highly aberrant, lobed surface. 20 

This defect in granule morphology was already evident at early stages of grain development, 21 

when granule size was identical between the mutant and the wild type, and occurred without 22 

obvious alterations in starch polymer structure and composition. Plant growth and 23 

photosynthetic efficiency, as well as the size, number and starch content of grains, were not 24 

affected in the Ttparc6 mutants despite the large changes in plastid size. Interestingly, 25 

mutation of the PARC6 paralog, ARC6, in durum wheat did not increase plastid or starch 26 

granule size. We suggest this is because TtPARC6 can complement disrupted TtARC6 27 

function by interacting with PDV2, the outer plastid envelope protein that typically interacts 28 

with ARC6 to promote plastid division. We propose that amyloplast compartment size and 29 

available stromal volume play important roles in determining starch granule size, shape and 30 

number per amyloplast.  31 
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Introduction 32 

 33 

Amyloplasts are specialised non-green plastids, mostly found in roots, tubers and seeds, 34 

which synthesize starch (Sakamoto et al., 2008; Yun and Kawagoe, 2009; Jarvis and López-35 

Juez, 2013; Sun et al., 2018). Starch is comprised of two glucose polymers, amylose and 36 

amylopectin, which together form semi-crystalline starch granules. In cereal grains, there is a 37 

large interspecies diversity in starch granule morphology and composition. This ranges from 38 

simple-type starch granules (e.g. in maize), stemming from a single initiation per amyloplast, 39 

to compound-type starch granules (e.g. in rice), where multiple starch granules are initiated 40 

simultaneously within one amyloplast (Matsushima et al., 2013; Chen et al., 2021). In wheat 41 

endosperm, there is a bimodal starch granule size distribution with large discoid A-type 42 

granules (18-20 µm diameter) and small spherical B-type granules (6-7 µm diameter) 43 

(Parker, 1985; Bechtel et al., 1990; Howard et al., 2011). Typically, one A-type granule is 44 

initiated in the amyloplast early during endosperm development. Smaller B-type granules are 45 

initiated later during endosperm development and at least partly within amyloplast stromules, 46 

thin tubular extensions of the plastid compartment, filled with stroma and surrounded by the 47 

plastid envelope (Parker, 1985; Bechtel et al., 1990; Langeveld et al., 2000; Howard et al., 48 

2011; Hanson and Conklin, 2020). The broad range of starch granule size distributions found 49 

in cereal grains strongly influences the end use quality of starch (Chen et al., 2021).  50 

 51 

Recently, advances in the understanding of starch granule initiation has enabled the 52 

identification of proteins that influence granule morphology in important staple crops like 53 

wheat and barley (Chia et al., 2020; Hawkins et al., 2021; Chen et al., 2022a). Given the 54 

occurrence of B-type granules in stromules, amyloplast morphology is also likely to play an 55 

important role in the spatial coordination of A- and B-type granule formation (Parker, 1985; 56 

Bechtel et al., 1990; Langeveld et al., 2000; Howard et al., 2011; Matsushima and Hisano, 57 

2019). However, the role of amyloplast structure in determining starch morphology has not 58 

been studied in detail. Investigating structural components of amyloplasts in wheat could 59 

reveal important new insights on the formation of the unique bimodal granule morphology, 60 

and potentially provide new genetic targets for starch modification. 61 

 62 

Plastid size and morphology are greatly influenced by plastid division. The division 63 

machinery consists of ring shaped protein complexes at the inner and outer envelope 64 

membranes [Filamenting temperature-sensitive mutant Z (FtsZ) and dynamin rings, 65 

respectively], which divide the plastids by binary fission (Miyagishima, 2011; Yoshida et al., 66 

2012; Osteryoung and Pyke, 2014; Chen et al., 2018; Yoshida and Mogi, 2019). These 67 

contractile rings are coordinated by two sets of paralogous proteins that are important for 68 
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transferring positional information from the FtsZ ring in the plastid stroma to the outside of 69 

the plastid, where the dynamin ring is formed (Chen et al., 2018; Yoshida and Mogi, 2019). 70 

Accumulation and Replication of Chloroplasts 6 (ARC6), a protein related to the 71 

cyanobacterial division protein Ftn2 (Vitha et al., 2003), spans the inner envelope membrane 72 

and tethers the FtsZ ring to the inner envelope membrane by interacting with its FtsZ2 73 

subunits (Johnson et al., 2013). In the inter membrane space, the C-terminal domains of two 74 

ARC6 molecules interact with those of two Plastid Division 2 (PDV2) proteins to form a 75 

heterotetramer (Koksharova and Wolk, 2002; Vitha et al., 2003; Mazouni et al., 2004; Glynn 76 

et al., 2008; Marbouty et al., 2009; Wang et al., 2017). Paralog of ARC6 (PARC6) arose from 77 

an early duplication of ARC6 in vascular plants (Miyagishima et al., 2006; Glynn et al., 78 

2009). It interacts with FtsZ2 in the chloroplast stroma and C-terminally with Plastid division 79 

1 (PDV1), a protein probably also specific to vascular plants and originating from a 80 

duplication of PDV2 (Miyagishima et al., 2006; Glynn et al., 2009; Sun et al., 2023). PDV1 81 

and PDV2 are responsible for recruitment of the Dnm2 (ARC5) subunits that form the outer 82 

dynamin ring at the plastid division site (Chen et al., 2018) 83 

 84 

This model of plastid division by binary fission is mainly based on studies of Arabidopsis 85 

mesophyll chloroplasts (Chen et al., 2018), but there is evidence to suggest that the 86 

mechanism of division could differ between cell types, organs and species (Mingo-Castel et 87 

al., 1991; Bechtel and Wilson, 2003; Ishikawa et al., 2020). For example, Arabidopsis parc6 88 

mutants have giant chloroplasts in mesophyll cells (Glynn et al., 2009), but the effects of the 89 

parc6 mutation on plastid morphology varies between different epidermal cell-types 90 

(Ishikawa et al., 2020): In pavement cells, the mutant has aberrant grape-like plastid 91 

morphology. In trichome cells, plastids exhibit extreme grape-like aggregations, without the 92 

production of giant plastids. Finally in guard cells, plastids are reduced in number, enlarged 93 

in size, and have activated stromules. Amyloplasts may also vary in their division 94 

mechanism. Dumbbell-shaped amyloplasts that appeared to undergo binary fission were 95 

observed in potato tubers (Mingo-Castel et al., 1991), but not in wheat endosperm, where it 96 

was proposed that amyloplasts rather divide through the formation of protrusions (Bechtel 97 

and Wilson, 2003). In rice endosperm, amyloplasts were shown to divide simultaneously at 98 

multiple sites, forming a beads-on-a-string like structure (Yun and Kawagoe, 2009).  99 

 100 

Some of the conserved components of the plastid division apparatus appear to affect starch 101 

granule formation and morphology in amyloplasts (Tetlow and Emes, 2017). Disruption of 102 

ARC6 in Arabidopsis greatly increased amyloplast size in root columella cells, and these 103 

appeared to contain larger starch granules (Robertson et al., 1995). Mutation of ARC5 in rice 104 

resulted in either fused amyloplasts with thick connections or pleomorphic plastids with 105 
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multiple division sites; and this was accompanied by an overall reduction in granulae size 106 

and irregular granule shape (Yun and Kawagoe, 2009). In potato, increased expression of 107 

FtsZ1 resulted in fewer but larger starch granules within the tuber (De Pater et al., 2006). 108 

Whether these tubers had larger amyloplasts was not examined, but it is a possibility since 109 

in Arabidopsis, overexpression of FtsZ results in larger amyloplasts (Stokes et al., 2000). 110 

Due to the differences between species in starch granule initiation patterns in amyloplasts, it 111 

is difficult to predict the effect of altered amyloplast size on the initiation and morphogenesis 112 

of A- and B-type granules in wheat. As part of the broader goal to understand the 113 

relationship between amyloplast structure and starch granule biogenesis, we aimed to 114 

examine the role of ARC6 and PARC6 on plastid division in wheat endosperm and their 115 

impacts on A- and B- type starch granule initiation and morphogenesis.  116 

 117 

 118 

Results 119 

 120 

Identification of ARC6 and PARC6 genes in wheat 121 

We first generated mutants in durum wheat (Triticum turgidum ssp. durum) defective in 122 

ARC6 and PARC6, to test whether they have increased amyloplast size in the endosperm. 123 

Using BLASTp against the bread wheat (Triticum aestivum) reference genome (Appels et 124 

al., 2018), we identified three putative homeologs of ARC6 encoded on group 6 125 

chromosomes: TaARC6-A1 (TraesCS6A02G066200.3), TaARC6-B1 126 

(TraesCS6B02G089500.2), TaARC6-D1 (TraesCSU02G117700.1) (Figs S1, S2a); as well 127 

as three putative homeologs of PARC6 encoded on group 2 chromosomes: TaPARC6-A1 128 

(TraesCS2A02G555400.1), TaPARC6-B1 (TraesCS2B02G588400.1) and TaPARC6-D1 129 

(TraesCS2D02G559100.1) (Figs. S1, 1a). We confirmed these genes as orthologs of 130 

Arabidopsis ARC6 and PARC6 respectively, using phylogenetic tree analysis (Fig. S1). In 131 

the durum wheat (Triticum turgidum ssp. durum) reference genome (Svevo.v1, Maccaferri et 132 

al., 2019) the homeologs of TaARC6 corresponded to TtARC6-A1 (TRITD6Av1G015630.3) 133 

and TtARC6-B1 (TRITD6Bv1G022070.1), and their predicted amino acid sequences were 134 

identical to the bread wheat sequences. PARC6 in durum wheat corresponded to TtPARC6-135 

A1 (TRITD2Av1G286550.2) and TtPARC6-B1 (TRITD2Bv1G255410.2). The predicted 136 

amino acid sequences from these primary gene models were 86.6% and 97.1% identical to 137 

their corresponding homeologs in bread wheat, respectively. Our analysis confirmed that 138 

both ARC6 and PARC6 genes are highly conserved in plants, and both durum and bread 139 

wheat have a single set of homeologs for each gene (Fig. S1).  140 
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 141 
Figure 1: Growth phenotype of Ttparc6 mutants  142 
(a) Schematic illustration of the gene models for the primary transcripts of TaPARC6-A1, -B1 and -D1 143 
in bread wheat. Exons are represented as teal boxes and UTRs are represented as white boxes. 144 
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Mutation sites in K1265 and K2369 are indicated by black lines and the resulting amino acid to stop 145 
codon (*) substitutions are annotated. Regions encoding domains are indicated by black horizontal 146 
lines (IMS: Inter Membrane Space). 147 
(b) Photograph of 8-week old Ttparc6 TILLING double mutant (Ttparc6-1 aabb), the corresponding 148 
wild-type segregant (Ttparc6-1 AABB), Ttparc6 backcrossed double mutant (Ttparc6 BC aabb), the 149 
corresponding wild-type segregant (Ttparc6 BC AABB) and WT wheat (cv. Kronos) plants. Bar = 10 150 
cm. 151 
(c) The number of tillers per plant (Tiller no.) of mature Ttparc6 mutant plants. The top and the bottom 152 
of the box represent the lower and upper quartiles respectively, and the band inside the box 153 
represents the median. The ends of the whiskers represent values within 1.5x of the interquartile 154 
range. Outliers are values outside 1.5x the interquartile range. There is no significant difference 155 
between the lines as determined by Kruskal-Wallis one-way ANOVA on ranks (p = 0.097). 156 
(d-h) Images of mesophyll-cell chloroplasts in the third leaf of Ttparc6 mutant seedlings. Images were 157 
acquired using confocal microscopy and are Z-projections of image stacks. Chlorophyll auto-158 
fluorescence of the chloroplasts is shown in cyan. Bar = 10 μm. 159 
 160 

 161 

Phenotypic analysis Ttparc6 and Ttarc6 mutants 162 

To isolate Ttparc6 and Ttarc6 mutants, we used the wheat TILLING mutant resource, 163 

featuring exome-capture sequenced, EMS-mutagenized mutants of durum cultivar Kronos 164 

(Krasileva et al., 2017). We obtained line Kronos1265 (K1265) that carries a premature stop 165 

codon in place of Gln503 in TtPARC6-A1, and Kronos2369 (K2369) carrying a premature 166 

stop codon in place of Gln456 in TtPARC6-B1 (Fig. 1a). The K1265 and K2369 lines were 167 

crossed to create the Ttparc6-1 and Ttparc6-2 lines, arising from two independent crossing 168 

events using separate plants. KASP genotyping was used to identify homozygous single and 169 

double mutants for A- and B-genome mutations (aaBB, AAbb, aabb) and the corresponding 170 

‘wild-type segregants’ (AABB) in the F2 and F3 generation. We also crossed the Ttparc6-2 171 

double mutant with a transgenic amyloplast reporter line in cultivar Kronos, to serve two 172 

purposes: first, this transgenic line was not exposed to EMS mutagenesis and was therefore 173 

a suitable genetic background for backcrossing to remove undesirable background 174 

mutations in Ttparc6-2. Second, the line carries a single transgene encoding an mCherry 175 

protein targeted to the plastid stroma, enabling visualisation of amyloplasts (Matsushima and 176 

Hisano, 2019). KASP and PCR-based genotyping were used to isolate backcrossed (BC) 177 

individuals for each PARC6 genotype (BC AABB, BC aaBB, BC AAbb, BC aabb); as well as 178 

double mutant and wild-type segregant lines carrying the reporter transgene (Ttparc6-2 + 179 

cTPmCherry aabb and Ttparc6-2 + cTPmCherry AABB). 180 

 181 

Under our growth conditions, the single or double mutant lines for Ttparc6 were identical to 182 

their wild-type controls with respect to growth, development and number of tillers (Fig. 1b, c 183 

Fig. S3a, b, l). To examine whether the mutations affected chloroplast size in leaves, we 184 

used confocal microscopy on mesophyll cells isolated from the youngest fully developed leaf 185 

of seedlings. Chloroplast size was drastically increased in both backcrossed and non-186 

backcrossed double mutant lines compared to their wild-type controls (Fig. 1d-h). In the  187 
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 188 
Figure 2: Seed phenotype of Ttparc6 mutants. 189 
(a&b) Photographs of ten representative mature grains per genotype. Note that the same WT grains 190 
were used in both panels. Bar = 1 cm. 191 
(c) Total grain weight harvested per plant (in g). Dots represent the total grain weight of individual 192 
plants (n = 6-19) per genotype. Significant differences under a one-way ANOVA and all pairwise 193 
multiple comparison procedures (Tukey’s test) are indicated with different letters (p ≤ 0.002). 194 
(d) Thousand grain weight (TGW) (in g). Dots represent calculated TGW of individual plants (n = 6-195 
19) per genotype. Significant differences under a one-way ANOVA and all pairwise multiple 196 
comparison procedures (Tukey’s test) are indicated with different letters (p ≤ 0.001). 197 
(e) Total starch content as % (w/w). Three technical replicates of two biological replicates per 198 
genotype. Significant difference between the genotypes under a Kruskal-Wallis one-way ANOVA on 199 
ranks and all pairwise multiple comparison procedures (Tukey’s test) are indicated with different 200 
letters (p ≤ 0.041). 201 
(f-h) Grain size parameters measured as seed area (f), width (g) and length (h). Dots represent the 202 
average for each parameter calculated from grains from individual plants (n = 6-19) per genotype. 203 
Significant differences under a one-way ANOVA (for f and g) or a Kruskal-Wallis one-way ANOVA on 204 
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ranks (for h), and all pairwise multiple comparison procedures (Tukey’s test) are indicated with 205 
different letters (p ≤ 0.001).  206 
For all boxplots, the bottom and top of the box represent the lower and upper quartiles respectively, 207 
and the band inside the box represents the median. The ends of the whiskers represent values within 208 
1.5x of the interquartile range, whereas values outside are outliers. 209 
 210 

single mutants (Ttparc6-1 AAbb, Ttparc6-1 aaBB, Ttparc6 BC AAbb and Ttparc6 BC aaBB), 211 

chloroplast size was visually indistinguishable from the wild-type controls (Fig. S3c-j). 212 

 213 

Since the Ttparc6 double mutants had increased chloroplast size but seemingly normal 214 

growth, we examined their photosynthetic efficiency using gas-exchange analysis (Fig. S4). 215 

In light response curves, both the backcrossed and non-backcrossed double mutants 216 

showed a slight tendency towards decreased photosynthesis rates (A) compared to the wild-217 

type controls (Fig S4a-e), but statistical analysis of extracted A values at ambient (280 µmol 218 

m-2 s-1) or high light (2000 µmol m-2 s-1) revealed no differences between the mutants and 219 

wild-type controls (Fig. S4f). There were also no significant differences between the mutants 220 

and wild-type controls in maximal carboxylation rate (Vcmax) (Fig S4g). Although the 221 

maximal electron transport (Jmax) was significantly decreased in the backcrossed double 222 

mutant (Ttparc6 BC aabb) compared to its backcrossed wild-type segregant (Ttparc6 BC 223 

AABB), it was not significant when compared to the wild type. The Jmax of the non-224 

backcrossed Ttparc6-1 aabb double mutant was also not different to its wild-type controls 225 

(Fig S4h). Therefore, we did not detect any consistent effect of the Ttparc6 mutations on the 226 

measured photosynthetic parameters. 227 

 228 

Using an approach similar to that for TtPARC6, we also isolated a mutant defective in both 229 

homeologs of TtARC6, crossing the lines Kronos3404 (K3404) and Kronos2205 (K2205) to 230 

introduce premature stop codons in place of Gln631 in TtARC6-A1 and in place of Trp647 in 231 

TtARC6-B1 (Fig. S2a). Unlike both wheat Ttparc6 mutants described above and Arabidopsis 232 

arc6 mutants (Vitha et al., 2003), chloroplast size was unaffected by the Ttarc6 mutations 233 

(Fig. S2b, c). Therefore, we focused our analyses of endosperm starch on the Ttparc6 234 

mutants. 235 

 236 

Ttparc6 mutants have normal grain size, number and yield 237 

We examined the grains harvested from the Ttparc6 mutants (Fig. 2a, b, Fig. S3k). The total 238 

grain yield per plant for the backcrossed and non-backcrossed double mutants, as well as 239 

for the single mutants, was not significantly different from their wild-type controls (Fig. 2c, 240 

S3m). There was also no consistent effect of Ttparc6 mutations on grain size, weight, and 241 

total starch content (Fig. 2d-, S3o, p). The average thousand grain weight (TGW) for the 242 

non-backcrossed Ttparc6 double and single mutants was not significantly different to the  243 
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 244 
Figure 3: Size distribution and morphology of purified starch granules from mature 245 
grains of Ttparc6 mutants 246 
(a-b) Size distribution plots from Coulter counter analysis. The volume of granules at each diameter 247 
relative to the total granule volume was quantified using a Coulter counter. Values represent mean 248 
(solid line) ± SEM (shading) of three replicates using grains harvested from separate plants. 249 
(c-e) Granule size parameters obtained from fitting a log-normal distribution to the B-type granule 250 
peak and a normal distribution to the A-type granule peak in the granule size distribution data 251 
presented in (a – b). Three biological replicates were analysed: (c) A-type granule diameter (in μm). 252 
Significant differences under a one-way ANOVA and all pairwise multiple comparison procedures 253 
(Tukey’s test) are indicated with different letters (p ≤ 0.05). (d) B-type granule diameter (in μm). 254 
Significant differences under a Kruskal-Wallis one-way ANOVA on the ranks are indicated with 255 
different letters (p ≤ 0.019). (e) B-type granule content by percentage volume. Significant differences 256 
under a one-way ANOVA and all pairwise multiple comparison procedures (Tukey’s test) are 257 
indicated with different letters (p ≤ 0.019). 258 
(f) Granule number per milligram (mg) starch quantified on the Coulter counter. There was no 259 
significant difference between genotypes under a one-way ANOVA. 260 
(g-k) Scanning Electron Microscopy of starch granules from mature grain. Bars = 10 μm. 261 
(l-p) Polarised light microscopy of starch granules from mature grain. Bars = 10 μm 262 
 263 

 264 

wild-type controls (Fig. 2d, S3n). However, the TGW of the backcrossed Ttparc6 BC aabb 265 

double mutant was significantly higher than in the wild-type controls (24% increase relative 266 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 4, 2023. ; https://doi.org/10.1101/2023.04.03.535339doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.03.535339
http://creativecommons.org/licenses/by-nc-nd/4.0/


10 
 

to the WT) (Fig. 2d). Grain size parameters were also significantly higher in this backcrossed 267 

double mutant than in the wild-type segregant and the WT (area, width and length increased 268 

by 15%, 10% and 6%, respectively) (Fig 2f-h). Since these increases in grain weight and 269 

size were only observed in the backcrossed double mutants and not in the non-backcrossed 270 

double mutant, they are unlikely to be directly caused by the Ttparc6 mutations.  271 

 272 

Ttparc6 mutants have increased starch granule sizes in the endosperm 273 

We purified starch granules from mature grains of the Ttparc6 mutants and examined starch 274 

granule size and morphology. Using a Coulter counter, we observed that all genotypes had a 275 

bimodal distribution of starch granule size (Fig. 3a, b). In the wild type, the A-type granule 276 

peak had its maximum at around 19 µm diameter and the B-type granule peak maximum 277 

was at about 6 µm diameter. The Ttparc6 double mutants had drastically altered granule 278 

size distributions compared to the WT and the corresponding wild-type segregants. The A-279 

type granule peak in the mutants was shifted towards larger granule diameters; the B-type 280 

granule peak was not only shifted to larger granule sizes but also had a larger peak area. 281 

We fitted a log-normal distribution to the B-type granule peak and a normal distribution to the 282 

A-type granule peak to derive the mean diameters of A- and B-type granules, as well as the 283 

B-type granule content (percentage of total starch volume that is present as B-type 284 

granules). The mean diameter of A-type granules of both double mutant (aabb) genotypes 285 

were significantly larger than those of their corresponding wild-type controls (15.1% increase 286 

in Ttparc6-1 aabb and 21.9% increase in Ttparc6 BC aabb) (Fig. 3c). While there was a shift 287 

towards larger B-type granule sizes in both the Ttparc6-1 aabb double mutants, only the 288 

backcrossed double mutant genotype had a significant increase in the mean diameter of B-289 

type granules (27.3% increase in Ttparc6-1 aabb and 43.5% increase in Ttparc6 BC aabb) 290 

(Fig. 3d). However, we detected a large, significant increase in B-type granule content in 291 

both Ttparc6-1 aabb and Ttparc6 BC aabb double mutants, that ranged from 67-73% in 292 

double mutant genotypes vs. 35-45% in WT and their wild-type segregants (Fig. 3e). There 293 

were no significant differences in the numbers of starch granules present (per mg of starch) 294 

between the Ttparc6 double mutants and the controls (Fig. 3f). 295 

 296 

Interestingly, we also observed a striking dosage effect of Ttparc6 mutations on the granule 297 

size distribution. The Ttparc6 single homeolog mutants had an intermediate change in 298 

granule size distribution, and the associated size parameters (A-type granule diameter, B-299 

type granule diameter, and B-type granule content) were in between those of the double 300 

mutants and the wild-type segregants (Fig. S5a-h).  301 

 302 
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 303 
Figure 4: Size distribution and morphology of purified starch granules from 304 
developing grains of Ttparc6-2 mutants  305 
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(a-d) Size distribution of purified starch granules from developing (12, 16, 21 DAF) and mature grain. 306 
The volume of granules at each diameter relative to the total granule volume was quantified using a 307 
Coulter counter. Values represent mean (solid line) ± SEM (shading) of three biological replicates 308 
using grains harvested from separate plants. 309 
(e-l) Scanning Electron Microscopy of purified starch granules. Bars = 10 μm.  310 
(m-t) Polarised light images of purified starch granules. Bars = 10 μm 311 
 312 

 313 

We then examined starch granule morphology of the purified starches using the Scanning 314 

Electron Microscope (SEM). Consistent with the results from the size quantification using the 315 

Coulter Counter, we observed extremely large A-type granules. Surprisingly, most of the A-316 

type granules in the double mutants had a distinct lobate, crumpled appearance (Fig. 3g-k). 317 

Using polarised light microscopy, most of the very large A-type granules had a disrupted 318 

Maltese cross, and some had no cross (Fig. 3l-p). A similar lobed surface structure and 319 

altered birefringence was observed in A-type granules of the single homeolog mutants (Fig 320 

S5i-r). 321 

 322 

 323 
Figure 5: Starch granule size parameters and B-type granule content of developing 324 
Ttparc6-2 grains. 325 
(a-c) Granule size parameters obtained from fitting a log-normal distribution to the B-type granule 326 
peak and a normal distribution to the A-type granule peak in the granule size distribution data 327 
presented in (Figure 4). Only A-type granule peaks could be fitted to the distributions at 12 DAF. 328 
Three biological replicates from grains harvested from separate plants were analysed, and significant 329 
differences (p < 0.05) under a pairwise t-test between genotypes at each timepoint are represented by 330 
an asterisk.  331 
(a) A-type granule diameter (in μm).  332 
(b) B-type granule diameter (in μm).  333 
(c) B-type granule content by percentage volume. 334 
 335 

 336 
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Granule morphology is altered throughout grain development in Ttparc6 mutants 337 

To determine how the alterations in granule size and morphology arise in the Ttparc6 338 

mutants, we examined granules of the Ttparc6-2 double mutant in developing grains at 12, 339 

16 and 21 days after flowering (DAF) (Figs. 4, 5). At 12 DAF, before the initiation of B-type 340 

starch granules, the A-type granules of the Ttparc6-2 aabb mutant were similar in size to 341 

those of the wild-type (mean diameter of 14.4 µm and 14.0 µm respectively) (Figs. 4a, 5a). 342 

However, even at this time point, the double mutant already had strong alterations in A-type 343 

granule morphology that were similar to those observed in the mature grain (Figs. 4e, f, m, 344 

n). The synthesis of B-type granules had initiated by 16 DAF. By this timepoint, the A-type 345 

granules were significantly larger in diameter than the wild-type (5% increase) and B-type 346 

granule content was also larger than that of the wild-type (98% increase) (Figs. 4b, 5c). A-347 

type granules in the double mutant remained distinctly lobate, while B-type granules were 348 

round and similar to the wild-type (Fig. 4g, h, o, p). The differences in A-type granule 349 

diameter, B-type granule diameter and B-type granule content in the Ttparc6-2 aabb mutant 350 

compared to the wild-type controls increased as grain development progressed (Figs. 4c, d, 351 

5). The mature grains of the double mutant had a similar granule size distribution to those 352 

observed in the experiments of Fig. 4 (Figs. 4d, k, l, s, t, 5).  353 

 354 

Ttparc6 double mutants have enlarged amyloplasts that contain multiple starch granules 355 

To assess the effects of the Ttparc6 mutation on endosperm amyloplasts, we examined 356 

sections of developing WT and Ttparc6-2 aabb grain at 16 DAF using Transmission Electron 357 

Microscopy (TEM). In the wild-type, the amyloplast envelope was tightly associated with the 358 

large A-type granules (Fig. 6a, b). We did not see protrusions containing additional granules 359 

(A- or B-type granules). However, we observed examples of multiple small B-type granules 360 

enclosed within a single amyloplast envelope, in vesicle-like compartments (Fig. 6c). We 361 

found amyloplast size in the Ttparc6-2 aabb mutant was increased compared to the WT. 362 

There were single amyloplast compartments containing multiple A- and B-type granules (Fig. 363 

6e). Even in amyloplasts where only a single A-type granule could be observed, the 364 

amyloplast envelope was less closely associated with the starch granules than in the wild-365 

type (Fig. 6d). As observed in the wild-type, some amyloplasts in the mutant appeared to 366 

contain multiple B-type granules (Fig. 6f).  367 

 368 

In addition, we used confocal microscopy to examine amyloplasts in segregants of the 369 

Ttparc6-2 aabb double mutant carrying a fluorescent amyloplast reporter transgene (see 370 

above). We imaged cross sections of the Ttparc6-2 + cTPmCherry aabb double mutants as 371 

well as the Ttparc6-2 + cTPmCherry AABB wild-type segregant at 16 DAF. Amyloplast size 372 

was drastically increased in the double mutant compared with the wild-type segregant, and  373 
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 374 
Figure 6: Amyloplast structure of developing grains (16 DAF) of the Ttparc6 mutant. 375 
(a-f) TEM images of endosperm sections of developing grain at 16 DAF. Arrows indicate amyloplast 376 
membrane. Bars = 1 μm.  377 
(g-j) Confocal laser-scanning imaging of endosperm sections of developing grain at 16 DAF, in lines 378 
stably overexpressing the amyloplast marker cTPmCherry shown in magenta. Arrows indicate 379 
amyloplasts containing A-type starch granules, whereas asterisks point to clusters of B-type starch 380 
granules. Bars = 1 μm. 381 
 382 

 383 
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many amyloplasts in the mutant contained more than one large A-type granule (Fig. 6). 384 

Within these amyloplasts the A-type granules appeared to be separated by stromal space 385 

(Fig. 6i, j). Amyloplasts in the wild-type segregant were not observed to contain more than 386 

one A-type granule (Fig. 6g, h). Consistent with the TEM images however, there were 387 

multiple B-type granules within one amyloplast compartment in both wild-type and mutant 388 

(Fig. 6g-j). We verified that the overexpression of cTPmCherry did not influence the Ttparc6 389 

aabb phenotype, by confirming that plant growth, grain size, starch content, and granule size 390 

distribution were comparable between the lines with and without the reporter (Fig. S6). 391 

 392 

Composition of starch of the Ttparc6 double mutants is similar to wild-type durum wheat 393 

starch 394 

We tested whether the highly altered starch granule morphology of the Ttparc6 mutants 395 

resulted from changes in the starch polymer structure and composition. Although increased 396 

amylose content relative to the wild type was observed in both the backcrossed and non-397 

backcrossed double mutants and some of the single mutants (Fig. S7a; S3q), the differences 398 

in the double mutants were not significant when compared to the wild-type segregant 399 

controls and are therefore unlikely to result from Ttparc6 mutations. The chain length 400 

distribution of amylopectin in the Ttparc6 double mutants was indistinguishable from that of 401 

the wild-type and the corresponding wild-type segregants (Fig. S7b). Further, Rapid Visco 402 

Analysis (RVA) revealed no consistent difference in viscosity or gelatinisation properties - 403 

suggesting that the crystalline structure of the starch granules was unlikely to be altered in 404 

the mutant, since changes in crystallinity are usually associated with altered gelatinisation 405 

temperature (Fig. S7c-d). In conclusion, the altered starch granule morphology is unlikely to 406 

arise from differences in starch composition or polymer structure.  407 

 408 

TaPARC6 interacts with both PDV1 and PDV2 paralogs 409 

In contrast to the Ttparc6 mutant, the Ttarc6 double mutant did not show increased 410 

chloroplast size in the leaves (Fig. S2). The endosperm starch granule size distribution of the 411 

Ttarc6 double mutant (Ttarc6 aabb) was also similar to the wild-type segregant (Ttarc6 412 

AABB) (Fig. S8a). This raised the possibility that the mechanism of plastid division is 413 

different in wheat from that in Arabidopsis, in that arc6 mutations do not have a strong effect. 414 

Alternatively, the position of premature-stop mutations in our wheat Ttarc6 mutants (in both 415 

A and B homeologs) (Fig. S2) might allow the production of a truncated protein with residual 416 

function. However, alignment of the amino acid sequences of TtARC6 and the Arabidopsis 417 

AtARC6, showed that any putative truncated protein in the Ttarc6 lines would be terminated 418 

at a position that is similar to a previously characterised truncated AtARC6 protein 419 

(Atarc6ΔIMS), missing the C-terminal inter-membrane space region (Glynn et al., 2008) (Fig.  420 
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 421 
Figure 7: Localisation and co-immunoprecipitation assays of TaPARC6, TaARC6 and 422 
TaPDV isoforms. 423 
(a-l) Images of transiently expressed ZmUbi:TaPARC6-YFP, CaMV35S:TaARC6-YFP, 424 
CaMV35S:GFP-TaPDV1-2 and CaMV35S:GFP-TaPDV2 in Nicotiana benthamiana epidermal cells. 425 
Images were acquired using confocal laser-scanning microscopy. The YFP and GFP fluorescence are 426 
shown in yellow and green, while chlorophyll autofluorescence is shown in cyan. Bars = 10 μm.  427 
(m) Immunoprecipitation (IP) assay using anti-RFP beads for interactions between TaPARC6-YFP 428 
and RFP-TaPDV1-1, RFP-TaPDV1-2 and RFP-TaPDV2, transiently co-expressed in Nicotiana 429 
leaves. Immunoblots RFP and GFP antibodies were used to detect the proteins. 430 
(n) Immunoprecipitation (IP) assay using anti-GFP beads for TaARC6-HA and GFP-TaPDV1-1, GFP-431 
TaPDV1-2 and GFP-TaPDV2, transiently co-expressed in Nicotiana leaves. Immunoblots HA and 432 
GFP antibodies were used to detect the proteins. 433 
 434 
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S9a). In Arabidopsis, this truncation greatly impairs ARC6 function as it removes the C-435 

terminal interaction site of AtARC6 with AtPDV2 and consequently disrupts plastid division 436 

(Glynn et al., 2008). We therefore analysed whether the wheat ARC6 and PARC6 proteins 437 

are capable of interacting with the wheat PDV2 and PDV1 orthologs respectively, as 438 

previously observed for the homologous proteins in Arabidopsis. We identified the 439 

corresponding wheat orthologs of PDV1 and PDV2 using BLAST and phylogenetic tree 440 

analysis (Fig. S9b). In vascular plants, an early duplication gave rise to both PDV1 and 441 

PDV2, proteins. Interestingly, within the Pooidae, there was an additional duplication of 442 

PDV1 (resulting in PDV1-1 and PDV1-2) also hinting possible differences in the plastid 443 

division mechanism in wheat compared to Arabidopsis (Fig. S9b). 444 

 445 

We cloned the A-genome homeologs of wheat ARC6, PARC6, PDV1-1, PDV1-2 and PDV2. 446 

TaPARC6 and TaARC6 were N-terminally tagged with a yellow fluorescent protein (YFP) 447 

and transiently expressed in Nicotiana benthamiana under control of an Arabidopsis 448 

Ubiquitin10 promoter and a Cauliflower Mosaic Virus (CaMV) 35S promoter, respectively. 449 

Using confocal microscopy, we observed that TaPARC6-A1-YFP localised to distinct puncta 450 

in the plastid in pavement cells (Fig. 7a-c). These puncta localised more towards the 451 

periphery of the chloroplast and did not colocalise with the chlorophyll autofluorescence, 452 

indicating they might be at the chloroplast envelope (Fig. 7a-c). TaARC6-A1-YFP was also 453 

observed at the chloroplast periphery, but did not form puncta (Fig. 7d-f). TaPDV1-1-A1, 454 

TaPDV1-2-A1 and TaPDV2-A1 are outer envelope proteins and are targeted towards the 455 

chloroplasts and anchored in the outer membrane by a C-terminal sequence rather than an 456 

N-terminal transit peptide. Thus, we tagged TaPDV1-1-A1, TaPDV1-2-A1 and TaPDV2-A1 457 

with an N-terminal green fluorescent protein (GFP). We were unable to localise GFP-458 

TaPDV1-1-A1 when transiently expressed in in Nicotiana benthamiana under control of a 459 

CaMV 35S promoter due to low signal intensity. However, GFP-TaPDV1-2-A1 clearly 460 

localised to the chloroplasts, although fluorescence intensity was weak (Fig. 7g-i). GFP-461 

TaPDV2-A1 localised around the chlorophyll fluorescence, indicating a possible localisation 462 

to the chloroplast envelope.  463 

 464 

In co-immunoprecipitation experiments, TaPARC6-GFP interacted with RFP-TaPDV1-1, and 465 

also weakly with RFP-TaPDV1-2 and RFP-TaPDV2 (Fig. 7m). However, TaARC6-HA only 466 

interacted with GFP-TaPDV2 (Fig. 7n), as was previously shown for Arabidopsis (Wang et 467 

al., 2017). Therefore, it is possible that in wheat, TaPARC6 might be able to compensate for 468 

the loss of TaARC6 function, by interacting with PDV2 in addition to PDV1-1 and PDV1-2.  469 

 470 

 471 
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Discussion 472 

 473 

Mutation of TtPARC6 increases amyloplast size and alters starch granule morphology in 474 

durum wheat endosperm 475 

Here, we demonstrated that amyloplast architecture, in addition to intrinsic starch polymer 476 

properties and granule initiation patterns, is an important factor that determines starch 477 

granule morphology. There are numerous examples of altered granule morphology in wheat 478 

arising as a consequence of mutations in genes that affect starch polymer biosynthesis and 479 

structure (e.g. SS3 and SBE2) or granule initiation patterns (SS4, BGC1, and MRC) (Carciofi 480 

et al., 2012; Chia et al., 2020; Hawkins et al., 2021; Chen et al., 2022a; Fahy et al., 2022). 481 

However, we achieved highly modified granule morphology after mutating a component of 482 

plastid division. Our durum wheat mutants defective in TtPARC6 not only had increased 483 

chloroplast size in leaves but also increased amyloplast size in developing endosperm (Figs. 484 

1d-h, 6). This was accompanied by increased size of both A- and B-type granules in 485 

amyloplasts. It is possible that the increases in amyloplast size and accessible stromal 486 

volume in the mutant relative to the wild type may facilitate the formation of larger starch 487 

granules. Increased granule size in the mutant relative to the wild-type was noticeable at 16 488 

DAF, shortly after the initiation of B-type granules, while at 12 DAF, starch granule size in 489 

the Ttparc6 double mutant was still similar to the wild-type (Figs. 4-5). It is plausible that in 490 

early endosperm development, granule size in the wild type is not yet limited by the available 491 

space in the amyloplast while at later stages, amyloplast size potentially becomes a limiting 492 

factor.  493 

 494 

In addition to the increased starch granule size, we observed that the A-type granules of the 495 

Ttparc6 double mutants had drastically altered, lobate granule morphology, compared to the 496 

smooth-surfaced disc shape in the wild-type (Fig. 3). This altered morphology manifested 497 

early during grain development (12 DAF), even when the granules of the mutant had the 498 

same diameter as those of the wild type (Fig. 4). The morphogenesis of wild-type A-type 499 

granules during endosperm development was studied in detail by Evers (1971), who 500 

reported that A-type granules are initially round, then a grooved annular concretion 501 

surrounds two thirds of the granule in an equatorial plane, eventually surrounding the 502 

spherical granule as a flange-like outgrowth to form the disc shaped A-type granule (Evers, 503 

1971). It is possible that in the Ttparc6 mutants, this organised morphogenesis of A-type 504 

granule formation is at least partially disrupted. Since amylose content and amylopectin 505 

structure were not altered in the Ttparc6 mutants however (Fig. S7a, b and Fig S3q), the 506 

aberrant size and shape of these granules cannot be caused by differences in starch 507 

polymer properties. The granules of the mutant also had similar gelatinisation properties 508 
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(Fig. S7c, d), indicating that crystalline structure is not likely to be altered. Therefore, the 509 

disrupted maltese crosses on the A-type starch granules in polarised light are likely caused 510 

by increased refraction on the lobate granule surface rather than changes in starch granule 511 

crystallinity (Figs. 3k-o, 4m-t). It seems plausible that the enlarged stromal volumes in the 512 

Ttparc6 mutant amyloplasts not only accommodate increased starch granule size, but also 513 

influence the usually organised formation of proper A-type granule shape (Fig. 8). Whether 514 

this might be due to altered spatial patterns of starch granule growth during granule 515 

formation in enlarged plastid compartments remains to be investigated. We recently 516 

demonstrated that disrupting the morphology of stromal pockets between the thylakoid 517 

membranes in which starch granules form leads to altered granule size and surface structure 518 

(Esch et al., 2022), and similar changes in the stromal compartments in Ttparc6 amyloplasts 519 

may explain the altered morphology of the A-type granules (Fig. 3g-p).  520 

 521 

Correct amyloplast size appears to also be important for establishing the proper ratio of A 522 

and B-type granule numbers. We observed that increased stromal volume in amyloplasts is 523 

associated with greater numbers of starch granules in each amyloplast (Fig. 8). In the 524 

mutant, we identified many examples of amyloplasts containing multiple A-type granules, 525 

which were not observed in the wild-type (Fig. 6). Also, although the size of both A- and B-526 

type granules was increased in the mutant, the total number of starch granules per milligram 527 

purified starch was the same as the wild type (Fig. 3f), which can only be explained by a 528 

large relative increase in the number of the smaller B-type granules. This increase in relative 529 

number, together with the larger size of individual B-type granules, likely contributed to the 530 

higher B-type granule content (as % volume) in Ttparc6 mutants compared to the wild-type 531 

controls (Fig. 3e).  532 

 533 

Previously, different models have been proposed regarding the compartmentalisation of B-534 

type granules. It was suggested that B-type granules were initiated and contained in 535 

amyloplast stromules (Parker, 1985; Langeveld et al., 2000), or in separate vesicle-like 536 

structures (Buttrose, 1960). Our analysis of amyloplast ultrastructure in addition to live-cell 537 

imaging of amyloplasts revealed B-type granules in both amyloplast stromules and in 538 

separate vesicle-like amyloplasts at 16DAF, in both wild-type and Ttparc6 double mutants 539 

(Fig. 6, 8). In addition, we saw B-type granules within the main compartment that contained 540 

the A-type granules in both genotypes (Fig. 6, 8). The occurrence of these different features 541 

in wheat supports the hypothesis that stromule formation is an intermediate state of 542 

amyloplasts containing B-type granules budding from existing amyloplasts that contain A-543 

type granules, which was recently proposed from similar observations in barley (Matsushima 544 
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and Hisano, 2019). This is also consistent with early observations that in wheat endosperm, 545 

plastid protrusions tended to be short lived (Bechtel and Wilson, 2003).  546 

 547 

 548 
Figure 8: Model of amyloplast and starch granule structures in wild-type and the 549 
Ttparc6 double mutant during endosperm development. 550 
 551 

 552 

Our results therefore advance the current models of starch granule formation in wheat by 553 

demonstrating that number and size of both A- and B-type starch granules is dependent on 554 

amyloplast size and accessible stromal volume (Fig. 8). While this is most pertinent to the 555 

bimodal type of starch granules that is unique to the Triticeae, it is also consistent with 556 

observations in other systems. In Arabidopsis plastid division mutants, the number of starch 557 

granules in the enlarged chloroplasts increases corresponding to the increase in stromal 558 
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volume such that the number of granules per stromal volume remains similar to the wild-559 

type, and granule size is unaffected (Crumpton-Taylor et al., 2012) (Esch et al., 2022). 560 

Moreover, in rice endosperm, various abnormal amyloplast and compound granule 561 

morphologies were observed in lines with mutations or silencing in plastid division genes 562 

(FtsZ1, FtsZ2-1, PDV1, MinD, MinE, ARC5), including large, elongated, fused, or 563 

pleiomorphic amyloplasts (Yun and Kawagoe, 2009; Yun and Kawagoe, 2010). Further, 564 

mutations in SSG4 and SSG6, two proteins suggested to be involved in regulation of 565 

amyloplast size and development, result in larger amyloplasts in the endosperm 566 

(Matsushima et al., 2014; Matsushima et al., 2016; Cai et al., 2022). In all cases examined, 567 

the size of the compound granule and the number of the individual granulae per amyloplast 568 

was increased. However the individual starch granulae were smaller, and the granulae were 569 

irregularly shaped (Yun and Kawagoe, 2009; Yun and Kawagoe, 2010; Matsushima et al., 570 

2014; Matsushima et al., 2016). Taken together with our work, the number of granules per 571 

plastid appears to increase with stromal volume, albeit to varying degrees depending on 572 

species.  573 

 574 

Another common feature of the examined species is that they retain their native granule 575 

initiation types (i.e., simple vs. compound) regardless of changes in plastid size. Amyloplast 576 

division mutants of rice always produced compound granules; and despite there being 577 

multiple A- and B- type starch granules per amyloplast in the wheat Ttparc6 double mutants, 578 

these granules did not fuse or form compound-type starch granules. The formation of 579 

compound or bimodal-type starch granules is thus independent from amyloplast size and 580 

starch granule number. It was proposed that the formation of compound-type starch 581 

granules in rice is potentially dependent on amyloplast sub-compartmentalisation (Yun and 582 

Kawagoe, 2010). While its nature is not fully understood, the presence of such 583 

compartmentalisation may be more important than amyloplast size for determining different 584 

granule types. 585 

 586 

PARC6 in wheat may complement ARC6 deficiency 587 

In Arabidopsis, lack of PARC6 causes diverse plastid morphology phenotypes among 588 

different epidermal cell types, which are different and more complex than the phenotype 589 

observed in mesophyll cells, where the plastids are consistently increased in size and fewer 590 

in number (Ishikawa et al., 2020). Since Ttparc6 mutants had increased plastid size in both 591 

leaves and endosperm, PARC6 appears to be a common element in plastid division in the 592 

organs in wheat. However, in strong contrast to the Ttparc6 double mutants, the Ttarc6 593 

double mutant had no discernible changes in the size of leaf mesophyll chloroplasts, and 594 

also had normal starch granule size distribution in the endosperm (Figs. S2b-c, S8a). This 595 
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was surprising since in Arabidopsis, the lack of ARC6 causes very strong increases in 596 

plastid size, both in leaves and root columella cells (Robertson et al., 1995; Glynn et al., 597 

2008). The mutations in the Ttarc6 double mutants led to premature stop codons in the 598 

coding sequence of both A and B- homeologs, just after the transmembrane domain (Figs. 599 

S2a, S9a). If these mutations do not fully knockout protein production, they would at least 600 

delete the C-terminal region necessary for interaction with PDV2 (Wang et al., 2017). In 601 

Arabidopsis, the deletion of this C-terminal region (like in AtARC6ΔIMS; Fig. S9a) greatly 602 

reduced ARC6 function, and could only partially rescue the plastid division phenotype of 603 

arc6 (Glynn et al., 2008). Localisation and co-immunoprecipitation experiments in Nicotiana 604 

benthamiana indicated that TaARC6 localises to the chloroplast envelope and can interact 605 

with TaPDV2, but not with either of the PDV1 paralogs in wheat (TaPDV1-1 and TaPDV1-2) 606 

(Fig. 7). In contrast, TaPARC6 could interact with TaPDV1-1, as well as weakly with 607 

TaPDV1-2 and TaPDV2. It is possible that in wheat, the ability of PARC6 to interact with 608 

TaPDV2 as well as TaPDV1-1 and TaPDV1-2 allows it to compensate for a loss of ARC6 609 

function, which could explain the lack of plastid-division phenotype in Ttarc6 mutants.  610 

 611 

Despite the potential overlap in interactions, it is likely that TaPARC6 and TaARC6 retain 612 

distinct functions, as reported in Arabidopsis (Zhang et al., 2009; Zhang et al., 2016; Sun et 613 

al., 2023). The two proteins showed different subcellular localisations: TaPARC6 formed 614 

distinct puncta at the chloroplast envelope, similar to those reported previously for the 615 

Arabidopsis ortholog (Glynn et al., 2009; Ishikawa et al., 2020) (Fig. 7a-c). TaARC6, in 616 

contrast, appeared to be homogenously distributed in the chloroplast envelope (Fig. 7d-f). 617 

Separate functions of PARC6 and ARC6 in the wheat endosperm is supported by their 618 

different temporal patterns of gene expression: TtPARC6 expression is highest during early 619 

endosperm development (6 DPA) and lowest during late developmental stages (20 and 30 620 

DPA) (Fig. S8d-e). For TtARC6 however, expression in the endosperm is not only about 621 

tenfold higher than that of TtPARC6, but also peaks at about 15 DPA, which coincides with 622 

B-type granule initiation (Fig. S8b-c). Diverse temporal expression patterns were also 623 

observed for TtPDV paralogs. Interestingly, while expression of TtPDV1-2-A1 and TtPDV1-624 

2-B1 in the developing endosperm mimics the patterns of TtPARC6, expression patterns of 625 

TtPDV1-1-A1 and TtPDV1-1-B1 differed from each other and from TtPARC6. TtPDV1-1-A1 626 

and TtPDV2-A1 had similar expression patterns to TtARC6 (Fig. S8f-j). The apparently 627 

diverse functions of these PDV paralogs in grasses may be an interesting line of future 628 

investigation. Further work is also required to determine if there are mechanistic differences 629 

in the function of PARC6 and other plastid division components between the leaves and 630 

endosperm, as well as in their regulation. For example, it was recently shown that the 631 

interaction between AtPARC6 and AtPDV1 is regulated by light, through redox and 632 
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magnesium (Sun et al., 2023). However, in endosperm amyloplasts of wheat, light is unlikely 633 

to be one of the factors promoting interaction of PARC6 and PDV1.  634 

 635 

PARC6 is a novel gene target for modifying wheat starch  636 

Mutation of PARC6 enabled for the first time, to our knowledge, production of larger starch 637 

granules in wheat endosperm. Several benefits of wheat starch with large granule size can 638 

be predicted: They include e.g. better milling efficiency, novel functional starch properties 639 

and enhanced nutritional properties (Lindeboom et al., 2004; Dhital et al., 2010; Li et al., 640 

2019; Chen et al., 2021). In addition, high B-type granule content is associated with better 641 

pasta quality (Soh et al., 2006). Therefore, PARC6 can be a novel genetic target for 642 

modifying starch granule size in wheat. While the feasibility of this will require further field 643 

testing, it is promising that under our growth conditions, the Ttparc6 mutant was not different 644 

to the wild type in terms of plant growth and development, photosynthetic efficiency, grain 645 

size and yield, and starch content (Figs. 1, 2, S3, S4). This contrasts with the rice parc6 646 

mutant which had slight reductions in plant growth and grain weight (Kamau et al., 2015). 647 

Interestingly, all changes in starch granule morphology in the Ttparc6 double mutants were 648 

less severe in the single mutants, and this dosage effect can be exploited to achieve a range 649 

of different starch granule sizes.  650 

 651 

 652 

Methods 653 

Plant material and growth conditions 654 

Mutants in Triticum turgidum (cv. Kronos) from the wheat TILLING mutant resource 655 

(Krasileva et al., 2017) were: Kronos1265 (K1265; C/T at chromosome 2A coordinate 656 

759829502) for TtPARC6-A1, Kronos2369 (K2369; G/A at chromosome 2B coordinate 657 

775170338) for TtPARC6-B1, Kronos3404 (K3404; C/T at chromosome 6A coordinate 658 

35481841) for TtARC6-A1 and Kronos2205 (K2205; G/A at chromosome 6B coordinate 659 

64929650) for TtARC6-B1. The mutations were genotyped using KASP v4 master mix (LGC) 660 

using the primers in Table S1.  661 

 662 

Wheat plants were grown in controlled environment rooms or glasshouses. Controlled 663 

environments were set to 16 h light/8 h dark cycles with light intensity set to 300-400 µmol 664 

photons m-2 s-1. Glasshouses were set to provide a minimum of 16 h light at 300-400 µmol 665 

photons m-2 s-1. In both cases, temperature was set to 20°C in light and 16°C in dark, and 666 

relative humidity was set to 60%. Nicotiana benthamiana plants were grown in the 667 

glasshouse set to a minimum of 16 h light at 22°C. 668 

 669 
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Cloning and construct assembly 670 

To generate the transgenic wheat amyloplast reporter lines, we modified a construct design 671 

from Matsushima and Hirano (2019), to use a codon-optimised mCherry coding sequence 672 

(rather than GFP in the original citation) downstream of the OsWaxy transit peptide 673 

sequence (sequence in Table S2). This fusion sequence, flanked by attB1 and attB2 674 

recombination sites, was synthesised as a gBlocks fragment (IDT) and recombined into the 675 

Gateway entry vector pDONR221 using Gateway BP clonase II (Invitrogen, Thermo Fisher 676 

Scientific). The cTPmCherry coding sequence was then recombined using Gateway LR 677 

clonase II (Invitrogen, Thermo Fisher Scientific) into a modified pGGG vector (Hayta et al., 678 

2021), pGGG_AH_Ubi_GW_NosT, encoding for a Hygromycin resistance gene driven by an 679 

actin promoter (AH), a gateway cassette for gateway recombination (GW) downstream of the 680 

ZmUbiquitin promoter (Ubi) and upstream of a Nos terminator (NosT). 681 

 682 

TaPARC6-A1, TaARC6-A1, TaPDV1-1-A1, TaPDV1-2-A1 and TaPDV2-A1 sequences were 683 

obtained from the RefSeq 1.1 genome from Ensembl Plants (Yates et al., 2022). Codon-684 

optimised coding sequences of TaARC6-A1, TaPDV1-1-A1. TaPDV1-2-A1 and TaPDV2-A1, 685 

flanked by attB1 and attB2 recombination sites, were ordered as a gBlocks fragments (IDT) 686 

(Table S2). These coding sequences were recombined into pDONR221 as above. A codon-687 

optimised sequence of TaPARC6-A1, flanked by attL recombination sites and MluI restriction 688 

sites (Table S2), was ordered from Genewiz in a pUC-GW-Kan vector. TaPARC6-A1 and 689 

TaARC6-A1 were recombined into Gateway expression vectors pUBC-YFP, pB7YWG2 and 690 

pJCV52; and TaPDV1-1_A1, TaPDV1-2_A1 and TaPDV2_A1 were recombined into 691 

Gateway destination vectors pK7WGF7 and pGWB555 using Gateway LR clonase II. All 692 

constructs were confirmed by Sanger sequencing. 693 

 694 

Plant transformation 695 

The cTPmCherry construct was transformed into T. turgidum cv. Kronos using 696 

Agrobacterium-mediated transformation of embryonic calli, as described in Hayta et al., 697 

(2021). Lines with single insertions were selected using RT-PCR against the Hygromycin 698 

marker gene (performed by iDNA Genetics, Norwich, UK). Nicotiana benthamiana plants 699 

were transiently transformed as described in SEP S3.  700 

 701 

Grain and plant morphometrics  702 

The number of grains harvested per plant, as well as grain size traits (area, length, width, 703 

total grain weight per plant and thousand grain weight) were quantified using the MARViN 704 

seed analyser (Marvitech GmbH, Wittenburg). Grains of 3 plants per genotype (–0 - 259 705 
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individual grains per plant) were analysed. The number of tillers were counted in mature 706 

plants before grain harvesting. 707 

 708 

Starch purification, granule morphology and size distribution 709 

Starch purification, scanning electron microscopy and polarised light microscopy was 710 

performed as described in Hawkins et al. (2021) and SEP S4. Granule size distribution was 711 

analysed and plotted in relative volume/diameter using the Multisizer 4e Coulter counter 712 

(Beckman Coulter) (SEP S4).  713 

 714 

Total starch content, starch composition, amylopectin structure and Rapid Visco Analysis 715 

Grain starch quantification was performed as described in Hawkins et al. (2021) and SEP 716 

S5. Amylopectin structure and amylose content was analysed using purified starch as 717 

described in Chen et al. (2022a) and SEP S4. Rapid Visco Analysis (RVA) was carried out 718 

on an RVA Tecmaster instrument (Perten) running the pre-installed general pasting method 719 

(AACC Method 76-21). Analyses were performed with 1.5 g purified starch or 5 g flour (SEP 720 

S4) in 25 mL of water. 721 

 722 

Microscopic analysis of plastid morphology  723 

For the analysis of mesophyll chloroplast morphology: separation of mesophyll cells was 724 

performed according to Pyke and Leech (1991) with adjustments described in SEP S6. 725 

Mesophyll chloroplasts were imaged using the LSM800 (Zeiss) or the TCS SP8X (Leica) 726 

using a 40.0x or 63.0x water immersion objective. Chlorophyll autofluorescence was excited 727 

using a white light laser set to 555 nm, 576 nm or 630 nm and emission was detected at 651 728 

nm to 750 nm using a hybrid detector or Airyscan. 729 

 730 

For the analysis of endosperm amyloplast morphology using confocal microscopy: 731 

Developing grain of amyloplast reporter lines (see above) were harvested at 16 DAF, 732 

embedded in 4% low melting agarose and sectioned into 150 µm cross sections using the 733 

vibratome VT1000s (Leica). Images were acquired immediately after sectioning on the 734 

LSM800 using a 63.0 x oil immersion objective (Zeiss). mCherry signal was excited at 561 735 

nm and emission was detected at 562 nm to 623 nm (605 nm).  736 

 737 

For analysis of endosperm amyloplast morphology using transmission electron microscopy 738 

(TEM), samples were prepared and imaged as described in Chen et al. (2022a) and SEP 739 

S7. All images in this manuscript were processed using the ImageJ software 740 

(http://rsbweb.nih.gov/ij/) and Adobe Photoshop 2020. Chloroplast images were additionally 741 

processed using the Zeiss ZEN software. 742 
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 743 

Protein localisation in Nicotiana benthamiana 744 

TaPARC6-YFP, TaARC6-YFP, GFP-TaPDV1-2 and GFP-TaPDV2 were localised in 745 

Nicotiana benthamiana using confocal microscopy as described in SEP S8. 746 

 747 

Protein extraction and Immunoblotting 748 

For the pairwise immunoprecipitation assays, two 1 cm diameter leaf discs from two 749 

Nicotiana benthamiana leaves transiently expressing the tagged proteins were homogenised 750 

in extraction buffer (50mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% v/v Triton X-100, 1x protease 751 

inhibitor cocktail, 1 mM DTT). Homogenates were spun at 20,000g, 10 mins and proteins 752 

were collected in the supernatant (Input sample). Immunoprecipitation was performed on the 753 

input sample using the µMACS GFP Isolation Kit (Miltenyi Biotec) or the RFP-Trap Magnetic 754 

Particles (Chromotek) and µMACS Columns (Miltenyi Biotec). For immunoblotting antibodies 755 

were used in the following concentrations: 1:5000 anti-GFP (TP401, Torrey pines), 1:2000 756 

anti-RFP (ab34771, Abcam), and 1:5000 anti-HA (ab9110; Abcam). Bands were detected 757 

using the anti-rabbit IgG (whole molecule)-Peroxidase (A0545, Sigma) at 1:20000 dilution 758 

and the SuperSignal West Femto Trial Kit (Thermo Scientific). 759 

 760 

Gene expression analysis 761 

Normalised values for gene expression (in transcripts per million) in the developing 762 

endosperm of T. turgidum cv. Kronos were retrieved from Chen et al. (2022b).  763 
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