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Abstract

Durum wheat (Triticum turgidum subsp. durum) is widely grown for pasta production, and
more recently, is gaining additional interest due to its resilience to warm, dry climates and
its use as an experimental model for wheat research. Like in bread wheat, the starch and
protein accumulated in the endosperm during grain development are the primary
contributors to the calorific value of durum grains. To enable further research into
endosperm development and storage reserve synthesis, we generated a high-quality
transcriptomics dataset from developing endosperms of variety Kronos, to complement the
extensive mutant resources available for this variety. Endosperms were dissected from
grains harvested at eight timepoints during grain development (6 to 30 days post anthesis
(dpa)), then RNA sequencing was used to profile the transcriptome at each stage. The
largest changes in gene expression profile were observed between the earlier timepoints,
prior to 15 dpa. We detected a total of 29,925 genes that were significantly differentially
expressed between at least two timepoints, and clustering analysis revealed nine distinct
expression patterns. We demonstrate the potential of our dataset to provide new insights
into key processes that occur during endosperm development, using starch metabolism as
an example. Overall, we provide a valuable resource for studying endosperm development

in this increasingly important crop species.
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Background

The endosperm constitutes about 80% of a wheat grain by weight, and is rich in storage
reserves that are mobilised during seed germination to nourish the developing embryo [1].
Starch is the main storage carbohydrate in the endosperm, providing much of the calories in
wheat-based foods; and storage protein (particularly gluten) is not only important for
nutrition, but also for the functional properties of flour for bread and pasta-making [2, 3]. It
is therefore important to understand the gene regulation that orchestrates the

development of the endosperm and the synthesis of storage reserves.

The endosperm originates from double fertilisation, where a pollen nucleus fuses with the
two polar nuclei of the central cell [2, 4]. The triploid nucleus then undergoes numerous
mitotic divisions without cell wall formation, forming a multinucleate syncytium, which then
becomes cellularised into alveoli by approx. 4 days post anthesis (dpa) [2]. The alveoli cells
then differentiate into both aleurone and starchy endosperm cells, and starch synthesis
subsequently begins in the latter [5]. The basic structure of the starchy endosperm is
formed via further cell divisions and expansion by approx. 10 dpa [2]. It is only after this
stage that most of the starch and protein is synthesised: for example, in bread wheat grown
in the United Kingdom, grain filling is most active between 14 and 28 dpa [2]. Grain filling is

followed by grain maturation and desiccation.

Starch is synthesised in amyloplasts of starchy endosperm cells from sucrose imported into
the developing grain from source tissue. It exists as semi-crystalline, insoluble starch
granules that are composed of two distinct glucose polymers - amylopectin and amylose.
However, wheat (and other species of the Triticeae) is unique among cereals in that it has a
“bimodal” distribution of starch granules, where two types of starch granules arise from a
distinct temporal pattern of granule initiation [6]. A-type granules are large (18-20 um in
diameter), are flattened in shape, and they start to initiate at approx. 4 dpa and reach their
final number by approx. 8 days post anthesis (dpa). B-type granules are small (<10 pm in
diameter) and near spherical, and appear at approx. 15-20 dpa [5-7]. The size distribution of
A- and B-type granules in wheat has implications on both pasta and breadmaking quality [8-
10], and on milling and processing [11-13]. However, we are only beginning to understand

the temporal control that coordinates the formation of these two granule types.
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While many studies have focused on grain development in hexaploid bread wheat (Triticum
aestivum), relatively fewer resources exist for tetraploid durum wheat (Triticum turgidum
ssp. durum). Durum wheat is widely grown in semi-arid climates, primarily for pasta
production. Worldwide, it represents ~5% of wheat grown, but it is still the 10t most widely
cultivated cereal crop [14]. It is also gaining interest due to its potential for yield and quality
improvement [15, 16], its adaptability to warm and dry climates [16-18], and the effects of
climate change creating new suitable regions for growing the crop [17]. Further, its
tetraploid genome and shorter life cycle compared to bread wheat makes it an ideal
experimental model for wheat research. The wheat in silico TILLING mutant collection in
variety Kronos allows easy isolation of mutants for functional genomics, and mutations in
only two homeologs need to be combined for most genes [19, 20]. Durum wheat has now
been fully sequenced with a high-quality reference genome [21]. To enable further research
into important processes occurring during endosperm development in durum wheat, we
generated a high-quality transcriptomics dataset using RNA sequencing of the developing
endosperm of variety Kronos, comparable to similar resources available for bread wheat
[22]. We demonstrate the potential of our dataset to reveal new insights into grain

development, using the process of starch biosynthesis as an example.

Results and Discussion

Distinct patterns of gene expression observed during grain development

To explore gene expression patterns that underpin key processes of endosperm
development in durum wheat (Triticum turgidum ssp. durum), we generated a
transcriptomics dataset from endosperm tissue extracted throughout grain development, in
variety Kronos. Developing grains were harvested from plants grown in controlled
environment chambers - starting from the earliest timepoint in which the starchy
endosperm could be reliably dissected from the pericarp (6 dpa) and until the grain turned
yellow, indicating maturation (30 dpa)(Figure 1A). RNA was extracted from endosperm
tissue dissected from the grains (n=3), with each replicate using multiple grains (3-6
depending on the timepoint) harvested from an independent plant. RNA sequencing (RNA-

Seq) using Illumina technology yielded between 78,762,223 and 169,888,168 reads per
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96 sample. These data were pseudoaligned using kallisto [23] to the annotated transcripts from

97  the Svevo v1 durum wheat transcriptome (using Ensembl canonical transcripts only) [21]. A

98 range of 66.356-77.040% of reads per sample were successfully pseudoaligned. We then

99 calculated transcripts per million (TPM) values for each detected transcript (Supplemental
100  File 1). Out of a total of 66,559 annotated canonical transcripts, we detected an average

101  expression over one TPM (for at least one timepoint) for 31,879 transcripts.

Figure 1: Distinct transcriptome
profiles in the endosperm through
grain development. A) Morphology
of grains harvested at each
timepoint. Bar = 1 cm, dpa = days
post anthesis. B) Principal

e component analysis (PCA) of

- & calculated TPM values. Genes

§ y 6dpa included had a TPM over one for all

3 _ : -+8dpa replicates within our study (15,826

é ’ / " 1g gpz genes included in the analysis).

<>1§ 15 dza Principal components 1 and 2 (PC1

§ -+—18dpa and PC2) could represent 55.3% and

=00y _._gg SSZ 20.8% of the variation, respectively.

Q Ellipses enclose the three replicates
for each timepoint for visualising
the spread.

-200 4 . . .
-100 0 100

PC1 (55.3% explained var.)
104
105 We also calculated TPM values for all annotated transcripts in the Svevo v1 transcriptome,
106 rather than using the Ensembl canonical transcripts only, as a resource for future analysis
107  (Supplemental File 2). These data were not used in the analysis described in the remainder
108  of this paper.
109
110  We used a principal component analysis (PCA) to visualise and identify samples that had
111  similar gene expression patterns (Figure 1B). Replicates for each of the early timepoints (6,
112 8,10 and 13 dpa) formed distinct clusters that were well separated from each other.
113  However, the later timepoints (15, 18, 20 dpa) appeared to largely cluster together with

114  some overlap between replicates being apparent. This suggests additional factors may
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contribute to the variation over these timepoints, whereas temporal variation is limited. The
latest timepoint (30 dpa) again separated out into a distinct cluster. It is plausible that the
largest changes in gene expression are observed during early grain development when the
basic endosperm structure is forming [2], and that the expression pattern stabilises as the
grain as undergoes filling. The distinct shift in expression pattern at 30 dpa is likely due to

processes such as maturation and senescence being initiated.
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Figure 2: Identification of distinct expression profiles during endosperm development. Out
of 29,925 significantly differentially expressed genes (FDR < 0.05 and log; fold change > 1.5),
14,102 clustered into nine distinct expression patterns over endosperm development using
Clust (tightness value of 5). TPM values were normalised using inbuilt normalisation
methods within Clust. The number of genes corresponds to the number of genes identified
within that cluster. Clustering was performed over endosperm development (days post
anthesis (dpa)).

Significantly differentially expressed (DE) genes (DEGs) were calculated using DESeq2 (FDR <
0.05 and log,fold change > 1.5) for all pairwise comparisons of the sampled timepoints
(Supplemental File 3). This resulted in a total of 29,925 DEGs. When comparing early
timepoints (6, 8, 10 and 13 dpa) sequentially, a large number of DEGs were identified
(between 2,185 and 6,407 per comparison). However, when comparing within the middle
timepoints (15 and 18 dpa) only 34 DEGs were identified. Comparing the last two timepoints

(20 and 30 dpa) again showed high numbers of DEGs (5,250). These numbers are consistent
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138  with the PCA (Figure 1A) in suggesting that most changes in the endosperm transcriptome
139  happen during the formation of the endosperm rather than during grain filling, with an

140  additional spike as maturation and senescence initiates. All DEGs (genes which were

141  identified as DE in at least one comparison) were then clustered by their TPM values over
142  endosperm development using Clust [24], and 14,102 of the DEGs were found to cluster into
143  nine distinct gene expression patterns (Figure 2; Supplemental File 4). Those DEGs that did
144  not cluster did not meet the cut-off criteria of Clust, either due to not meeting the minimum
145  TPM, minimum cluster size, or due to having an expression pattern that was perceived by
146  Clust as being too flat over time. These nine clusters (cluster CO-C8) will be referred to as the
147  ‘global clusters’ hereafter. Several global clusters represented general up- or down-

148 regulation over endosperm development (CO, C1 and C6). However, the remaining global
149  clusters were more dynamic and may be associated with processes that act during a specific
150 period of development.

151

152 Analysis of gene expression patterns related to starch metabolism

153  We analysed the expression patterns of known genes related to starch metabolism, as an
154  example of how a specific process can be studied using our dataset. These genes were

155  subcategorised by their role in starch metabolism: ADP-glucose metabolism, amylopectin
156  synthesis, amylose synthesis, starch phosphorylation, starch degradation,

157  maltooligosaccharide (MOS) metabolism, plastidial sugar transporters and starch granule
158 initiation (Supplemental File 5). Starting from all detected genes (including those that were
159 removed for the DEG/clustering analysis above), we applied a minimum expression filter to
160 remove genes that had very low expression, keeping only those that had an average

161  expression (among the three replicates) of 21 TPM for at least one timepoint (Supplemental
162  File 5). Expression patterns for genes within each category were visualised through

163  heatmaps, and hierarchal clustering (HC) was performed to identify genes with similar

164  expression levels and patterns (Figure 3). Almost all starch-related genes that remained

165  after the minimum expression filter had been applied also met the criteria of being a DEG,
166 indicating that they have (to some degree) dynamic expression patterns over development.
167 The implications of this dataset on each category is discussed below.

168

169
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171  Figure 3: Expression patterns of genes involved in starch metabolism. Average expression

172  over endosperm development and hierarchal clustering of genes within seven categories
173  related to starch metabolism. A total of 91 genes were visualised after filtering out genes
174  with low expression (keeping only genes with average expression of 21 TPM for at least one
175 timepoint). Average log, TPM expression values (n=3) were used to illustrate expression,

176  with the same scale used for all categories. Genes in bold were identified as DEGs, and those
177  that were grouped into a global cluster in Figure 2 are annotated with their cluster number
178  (CO-C8). Details of all starch metabolism genes, including average TPM values, can be found
179  in Supplemental File 5. TPM = transcripts per million, dpa = days post anthesis.
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180  ADP-glucose metabolism: ADP-glucose is the substrate for starch synthesis as it serves as

181  the glucosyl donor for starch synthase-mediated polymer extension. In cereal endosperm,
182  the final step in the conversion of imported sucrose to ADP-glucose takes place in the

183  cytosol and is catalysed by ADP-Glucose Pyrophosphorylase (AGPase)[25, 26]. The ADP-

184  glucose is subsequently imported into the amyloplast by the Brittlel (BT1) transporter [27].
185  AGPase is a multimeric enzyme consisting of small (AGPS) and large (AGPL) subunits. AGPS1,
186  which gives rise to the cytosolic small subunit [25, 28], and cAGPL encoding the cytosolic
187  large subunit, are the major subunits expressed in the endosperm —and their expression
188  patterns clustered together with BT1.1. The co-expression of these genes is consistent with
189  these components working together to synthesise and import ADP-glucose into the plastid.
190 The genes encoding plastidial AGPase subunits (AGPS2 and pAGPL) were only lowly

191  expressed (relative to AGPS1 and cAGPL) — suggesting that they do not play a major role in
192  the endosperm. Similarly, other BT1 homologs (BT1.2 and BT1.3), as well as nucleoside

193  triphosphate transporters (NTTs), had low expression compared to BT1.1. The import of ATP
194  into plastids through the NTTs is important for plastidial ADP-glucose synthesis in potato
195  tubers [29] and Arabidopsis guard cells [30], and their low expression in the durum wheat
196  endosperm may reflect the cytosolic synthesis of ADP-glucose in this tissue.

197

198 We also made the unexpected observation that wheat has only one set of homeologous
199  phosphoglucomutase (PGM) genes. Both homeologs were expressed in the endosperm,

200  most strongly during early grain development. We ran a phylogenetic tree analysis to better
201  understand the origin of wheat PGM. Closely related barley also had a single PGM gene,

202  which together with the wheat PGMs grouped into the same clade as the cytosolic PGMs of
203  Arabidopsis (PGM2 and PGM3), rather than the clade with the plastidial PGM1

204  (Supplemental Figure 1). However, both wheat PGM homeologs and most cereal PGM

205 sequences within the PGM2/PGM3 clade were predicted to be plastid localised by TargetP
206  [31]. In the developing bread wheat endosperm, there is measurable PGM activity in both
207  the cytosol and amyloplasts [32], and it remains to be determined how a single PGM paralog
208 can give rise to both activities.

209

210 Amylopectin synthesis: Amylopectin is the primary constituent of starch and is a highly

211 branched polymer with a-1,4-linked glucose chains and frequent a-1,6-linked branches. Its
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212 synthesis requires coordinated action of Starch Synthases (SS) that elongate the polymer
213 chains, Starch Branching Enzymes (SBE) that introduce the branch points, and Debranching
214  enzymes (primarily Isoamylases - ISA) that ensure correct branch pattern formation [33].
215  Most DEGs within this category that were assigned to a global cluster appeared in CO. Under
216  HC, genes with relatively high expression clustered together — where one branch contained
217  homeologs of SS2a and of the two SBE2 paralogs (SBE2a and SBE2b), which peak at 10 dpa
218 and remain highly expressed until 20 dpa. Their co-expression is interesting because in

219 wheat and maize, these two proteins form a multienzyme complex [34, 35]. The other

220  branch was formed by SS1, SBE1.1 and ISA1 homeologs. SBE1.1 expression levels peaked
221  later than SBE2 (at 20-30 dpa). This is consistent with previous observations in bread wheat
222 endosperm, where SBE2 protein was already visible at 13 dpa and remained present at a
223 similar abundance until 34 dpa, whereas SBE1 was only detectable from 18 dpa and

224  increased in relative abundance towards later grain development [36]. Interestingly, ISA1
225  and ISA2 did not cluster together under global clustering or HC. In Arabidopsis leaves, ISA1
226  and ISA2 act exclusively in a heteromeric form [37], but in rice and maize endosperm, the
227  major ISA activity is contributed by ISA1 homomers [38, 39]. The distinct expression

228  patterns between ISA1 and ISA2 may reflect a similar mechanism in durum wheat

229  endosperm. The paralogs of SS2 (SS2b and SS2c) and BE1 (BE1.2 and BE1.3) were detectable
230  but were not as highly expressed as SS2a and BE1.1 in the endosperm. SS3a had higher

231  expression levels than SS3b, but they both had relatively low expression levels compared
232 with SS1 and SS2a.

233

234  Homeologs of Early Starvation1 (ESV1) and Like Early Starvation (LESV), ESV1-B and LESV-A,
235  were unique within this category in that they clustered in C2, peaking in expression during
236  mid-grain development (13-15 dpa). ESV1 and LESV were discovered in Arabidopsis and are
237  hypothesised to organise amylopectin within the starch granule [40]. Their expression levels
238 in the durum wheat endosperm were relatively weak compared to the core amylopectin
239  biosynthesis enzymes. However, the recent implication of ESV1 in starch synthesis in the
240  rice endosperm warrants further investigation of these genes in wheat [41].

241

242  Amylose synthesis: Amylose is the minor polymer of starch and consists of a-1,4-linked

243  linear chains with very few branches, and is synthesised by a specialised SS isoform, the
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244  Granule Bound Starch Synthase (GBSS)[42]. Wheat starch contains approx. 25-29% amylose
245  [43]. All cereals have two isoforms of GBSS — GBSS1 which is mainly expressed in the

246  endosperm and pollen grains, and GBSS2 which is expressed in vegetative organs and the
247  pericarp [44]. In our dataset, we only observed strong expression for GBSS1, which clustered
248  into CO, plateauing in expression towards 18-20 dpa. The very low levels of GBSS2

249  expression demonstrate that our RNA samples were not substantially contaminated with
250 the surrounding pericarp tissue. Interestingly, we also detected relatively low levels of

251  Protein Targeting to Starch 1 (PTST1) expression. PTST1 in Arabidopsis leaves acts together
252  with GBSS in amylose biosynthesis by facilitating GBSS localisation on starch granules, and
253  ptstl mutants produce amylose-free starch [45]. However, in rice endosperm, eliminating
254  PTST1 has only minor reductions on amylose content [46]. The low expression levels of

255  PTST1 in durum wheat makes it unlikely to play a major role in amylose synthesis in the
256  durum wheat endosperm.

257

258  Reversible starch phosphorylation: Cereal starch is almost devoid of covalently bound

259  phosphate [47]. Consistent with this, we observed very low expression levels of the

260 dikinases that phosphorylate starch (GWD and PWD), and the glucan phosphatases that
261 remove phosphates (SEX4 and LSF2). The non-active phosphatase homolog, LSF1, that
262  targets B-amylases to starch granules in Arabidopsis [48], also had very low expression.
263

264  MOS metabolism: Two plastidial enzymes involved in processing MOS were expressed in the

265 endosperm: a-glucan phosphorylase (PHS1) and disproportioning enzyme (DPE1) - with

266  PHS1 peaking at around 10 dpa (and appearing in C1) while DPE1 peaked later (18-20 dpa;
267  appearing in CO). PHS1 activity has been observed in the developing wheat endosperm,

268  where it was proposed to participate in starch synthesis either by trimming glucan chains at
269  the granule surface, or by degrading MOS released by ISA during starch synthesis [49]. It is
270  also possible that PHS1 participates in granule initiation. In Arabidopsis, PHS1 is not required
271  for normal starch synthesis or degradation [50], but phs1 mutations can affect starch

272 granule numbers per chloroplast if other components of MOS metabolism are

273  simultaneously abolished [51]. In rice, the grains of phs1 knockout mutants are severely

274  shrivelled, particularly when grown at low temperature [52]. The enzyme’s role in granule

275 initiation remains unclear due to the conditional nature of these phenotypes (upon

10


https://doi.org/10.1101/2022.10.21.513215
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.21.513215; this version posted October 21, 2022. The copyright holder for this
preprint (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 made available under a CC-BY 4.0 International license.

276  additional mutations and temperature) and should be further investigated in wheat. DPE1 in
277  Arabidopsis leaves participates in starch degradation, where it processes MOS to allow

278 complete degradation to maltose [53]. Since there is very little starch degradation occurring
279  in the developing endosperm, it is not clear what this enzyme does in this tissue. However,
280 thereis evidence in vitro that the rice PHS1 and DPE1 can physically interact and elongate
281  MOS simultaneously [54].

282

283 By contrast to the plastidial PHS1 and DPE1, their cytosolic counterparts, DPE2 and PHS2,
284  showed very low expression. It is plausible that the activity of these enzymes is not

285 important in the developing endosperm, given that cytosolic MOS processing is typically
286  associated with the further metabolism of maltose generated during starch degradation in
287  leaves [55, 56].

288

289  Plastidial sugar transporters: We observed very low expression of the plastidial maltose

290 exporter, MEX1, consistent with there being low starch degradation to generate maltose for
291  cytosolic processing. Interestingly, we observed substantial expression of the glucose

292  transporter pGIcT. In Arabidopsis leaves, pGlcT works together with MEX1 to export

293  products of starch degradation [57]. Its role beyond Arabidopsis leaves remains to be

294  determined. Also, we observed generally low expression for all glucose-6-phosphate

295  (Glc6P)/phosphate translocators (GPT), which are important in heterotrophic or part-

296 heterotrophic tissues such as the embryo and guard cells of Arabidopsis [58, 59] and rice
297  pollen [60], where they import glucose-6-phosphate (Glc-6P) into the plastid to support
298  metabolism, including ADP-glucose synthesis. Their low expression levels are aligned with
299  the cytosolic synthesis of ADP-Glucose in wheat endosperm.

300

301  Starch degradation: The low expression of most starch-degrading enzymes is consistent with

302 the endosperm being primarily a site of starch synthesis. The major plastidial a-amylase and
303 isoamylase activities, AMY3 and ISA3, were filtered out due to very low expression at all
304 timepoints (Supplemental File 5). Expression of most B-amylase isoforms was generally low,
305 except the two homeologs of BAMS5.3 (encoded on chromosomes 5A and 4B), which had
306 extremely high levels of expression during grain development from 10 dpa onwards (and

307 appeared in C1). Interestingly, BAM5.3 is an ortholog of Arabidopsis BAMS5 and BAMS6, and is
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308 localised to the cytosol [61]. The role of B-amylases is not understood in cereal grains as
309 even during grain germination, starch degradation is primarily carried out by the AMY1
310 family of a-amylases [62, 63]. It has even been postulated that the B-amylase accumulated
311  during grain filling may act as a storage protein [64]. BAM5.3 appears to be the primary
312  isoform accumulated during grain development in durum wheat, and its function in the
313  cytosol deserves further investigation. Notably, we also observed substantial expression of
314  limit dextrinase (LDA), which in barley has been proposed to be involved starch granule
315 initiation, since a mutant in LDA has altered distribution of A- and B-type granules [65]. It is
316 possible that it may have a similar role in starch biosynthesis in wheat.

317

2.04

AMY1 gene IDs

-4 TRITDOUVIG114540.1
154 -4 TRITD5AV1G148910.2
-4~ TRITD5Bv1G138280.1
1504 -4~ TRITD6AV1G194540.1
4~ TRITD6AVIG199690.1
-4~ TRITD6BV1G187180.1
4~ TRITD6BV1G187350.2
- TRITD6BV1G195150.1
4~ TRITD7Av1G206090.2

AMY1 gene IDs
g 4 TRITD5AV1G228350.1 § 1.01
1004 TRITD5Bv1G227200.1

TRITD7Av1G206750.4
0.5
50 TRITD7Bv1G160590.1
TRITD7Bv1G160600.2

TRITD7Bv1G160880.1

5 5 2 5 5
3 18 dpa dpa

319  Figure 4: Expression patterns of AMY1 genes in developing wheat endosperm. Transcript
320 accession numbers are the canonical transcripts from Ensembl Plants. A) Average TPM

321  values of the two homeologs with high expression in the endosperm. Values are the mean
322  SEM of the n = 3 replicates. B) As for A, but for AMY1 genes with low expression in the

323  endosperm.

324

325  Although the AMY1 family of a-amylases are widely known to be involved in starch

326  degradation during germination, we examined the expression patterns of AMY1 homologs
327  inthe developing durum wheat endosperm. This family is characterised by having an N-
328 terminal signal peptide, which allows enzymes synthesised de novo to be secreted into the
329 endosperm from the aleurone during germination [63]. We identified 15 AMY1 genes in
330  durum wheat. Surprisingly, one homolog of AMY1 (encoded by homeologs

331 TRITD5Av1G228350 and TRITD5Bv1G227200) was strongly expressed in the endosperm

332  during early grain development, peaking at 8 dpa, before decreasing to almost undetectable
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333  levels after 15 dpa (Figure 4A). The role of this secreted a-amylase in the endosperm during
334  grain development is yet to be investigated. The other AMY1 homologs, as expected, had
335 very low or almost no expression in the developing endosperm (Figure 4B).

336

337  Granule initiation: A distinct set of proteins involved in starch granule initiation in

338  Arabidopsis has recently been discovered. However, research investigating their roles in
339  mediating the distinct spatiotemporal pattern of A- and B-type granule initiation in wheat is
340 still on-going [66, 67]. The genes encoding these proteins showed distinct expression

341  patterns that are consistent with their proposed roles in A- and B-type granule initiation
342  (Figure 5A). Starch Synthase 4 (SS4) was primarily expressed during early grain

343  development, consistent with a role in establishing correct granule number per amyloplast
344  in early grain development [68]. B-Granule Contentl (BGC1) not only limits granule

345 initiations to a single A-type granule per amyloplast during early grain development, but it
346  also has a critical role in promoting B-type granule initiation during later grain development
347  [6]. Consistent with this, BGC1 expression increases during grain development, and is highly
348  expressed at 15-20 dpa when B-type granules initiate. For both SS4 and BGC1, the patterns
349  of transcript accumulation are consistent with patterns of protein accumulation observed
350 through immunoblotting [68]. Myosin Resembling Chloroplast Protein (MRC) was expressed
351  primarily during early grain development, showing essentially an inverse expression pattern
352  to BGCL. This distinct expression pattern appeared in C6, one of the few starch-related

353 genes to do so (alongside BAMS5.1). In an accompanying paper, we demonstrate that MRC is
354  arepressor of B-type granule initiation specifically during early grain development, as

355  mutants of durum wheat defective in MRC show the early initiation of B-type granules [69].
356

357  Sofar, the Marl Filament-like Protein (MFP1) is the only known granule initiation protein
358 identified in Arabidopsis that has not been explored in wheat. Interestingly, all cereals have
359  two paralogs of MFP1 (MFP1.1 and MFP1.2)[70], which were both expressed in the durum
360 endosperm (Figure 5A). Given that MFP1 is a thylakoid-associated protein in Arabidopsis
361 leaves [70], the expression of this protein in the endosperm (where amyloplasts lack true
362 thylakoid membranes) is noteworthy, and its localisation and role in the endosperm should
363  beinvestigated.

364
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To assess how specific these expression patterns are to species that have A- and B-type
granules, we examined the expression patterns of these genes in the endosperm of rice and
maize using publicly available data. Rice produces compound granules, where granules are
initiated during early grain development and there is no second wave of granule initiation in
later grain development that leads to B-type granules; and maize produces simple granules
without distinct populations of different granule sizes [67]. Among the granule initiation
genes, BGC1 had the most different expression patterns when comparing durum wheat with
rice and maize. Rather than peaking during mid-late grain development, BGC1/Floury
Endosperm 6 (FLO6) expression in rice was highest at the beginning of endosperm
development and then decreased, increasing again only slightly in late grain development
(after 20 dpa)(Figure 5B). PTST2b (PTST2 is the ortholog of BGC1) in maize was also high
during early grain development, dipping and then plateauing in later grain development
(Figure 5C). It is therefore tempting to speculate that change in the BGC1 expression pattern

is one of the key factors that facilitates the formation of A- and B-type granules.

Durum wheat (bimodal) Rice (compound) Maize (simple)
10000
15 gene cluster 0
4 BGC1-A1 co gene gene
BGC1-B1 co 7500
I MFP1.1-A1 B E 4 FLOBIBGCT 3 -* PTST2a
£ 4 MFP1.1 - PTST2b
=10 4 MFP1.1-81 - € s
& K 4 MFP12 x - MFP1a
= 4 MFP1.2-A1 - 2 5000 &
5 4 MRC 20 & NFP1b
4 MFP1.2-81 - a o Mo
MRC1-A1 c6 3 a \ Vs o
SS54-A1 . 2500 SS4b 10 ‘\V/\
$54-81 E \
0 0 - g{e—eo—0—— o

0 10 20 30 0 10 20 30 40 5 10 15 20
dpa daf daf

Figure 5: Expression patterns of starch granule initiation genes in three species with
different endosperm starch granule morphology. A) Average TPM values (n = 3) of starch
granule initiation genes in durum wheat endosperm. Genes in bold were identified as DEGs,
and numbered cluster annotations (beneath ‘cluster’) refer to the corresponding global
cluster from Figure 2 if the gene was included. B) Average expression values (n=3) from
microarray analysis of starch granule initiation genes from rice developing endosperm,
extracted from a public database (https://ricexpro.dna.affrc.go.jp/) [71]. FLO6/BGC1 =
LOC_0s03g48170, MFP1.1 = LOC_0Os05g08790, MFP1.2 = LOC_0s01g08510, MRC =
LOC_0s02g09340, SS4a = LOC_0s01g52260, SS4b = LOC_0s05g45720 C) Expression values
(n=3) from RNA sequencing analysis of starch granule initiation genes from maize
developing endosperm, using data from Qu et al. 2016 [72]. PTST2a = GRMZM2G104501,
PTST2b = GRMZM2G122274, MFP1a = GRMZM2G106233, MFP1b = GRMZM2G142413, MRC
= GRMZM2G104357, SS4 = GRMZM2G044744. For A and B, error bars represent the
standard error of the mean. For C, no data was available on the error values. dpa = days
post anthesis. daf = days after flowering.
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397  Future outlook

398 We have generated a high-quality transcriptomics dataset for endosperm development in
399  durum wheat, and we demonstrated its potential to provide new insights and hypotheses
400 into key processes during grain development, using starch metabolism as an example. Other
401 processes to be investigated may include protein and lipid biosynthesis, cell wall

402  biosynthesis, micronutrient transport, as well as development of endosperm structure and
403  subsequent maturation in general.

404

405

406  Materials and Methods

407  Plant growth and harvest

408 Wheat plants were grown in controlled environment rooms (CERs) at 60% relative humidity
409  with 16 h light at 20°C and 8 h dark at 16°C. The CER light intensity was 400 umol photons
410 m™2s7L Plants were marked for anthesis when an anther was visible from the spike, and this
411  was taken as day 0. Checking for anthesis and harvesting were performed at 1 — 2 hours
412  after midday. Four spikes from each individual plant were used, each for a different

413  developmental time point. Three biological replicates per time point were collected from
414  independent plants. Therefore, some of the biological replicates for separate time points
415  were spread over several of the same plants. For sample collection, the whole spike was cut
416  at the base, frozen in liquid nitrogen and stored at -80°C. Then, grains were threshed from
417  the spikes on dry ice, avoiding the middle grain of each spikelet, and stored at -80°C again.
418 Endosperms were subsequently dissected on dry ice, frozen in liquid nitrogen and stored at
419  -80°C until RNA extraction.

420

421  RNA extraction and sequencing

422  Total RNA was extracted (n=3) from the frozen endosperm tissue using the RNeasy

423  PowerPlant kit (Qiagen). An on-column DNase digest was incorporated during the

424  extraction. Either 6 (for 6, 8 and 10 dpa), 4 (for 13, 15, and 18 dpa) or 3 (for 20 and 30 dpa)
425 endosperms were pooled from each spike for each RNA extraction. Quality control, poly-A
426  selection library preparation and RNA sequencing (RNA-Seq) using a NovaSeq 6000 machine
427  (lllumina) was carried out at Novogene (Cambridge, UK). Each sample returned between

428 78,762,223 and 169,888,168 million clean 150 base pair paired end reads. These clean RNA-
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429  Seqreads can be downloaded from the NCBI Gene Expression Omnibus repository

430  (Accession: GSE216253).

431

432  TPM value calculation and differential expression

433  Clean reads from above were pseudoaligned to the Svevo v1 Durum wheat transcriptome
434  downloaded from Ensembl Plants, either using canonical transcripts only (Supplemental File
435 1) or all transcripts (Supplemental File 2), using kallisto [23]. The default settings were used
436  for mapping. A range of 66.356-77.040% of reads per sample aligned to the transcriptome.
437  Both estimated count values and normalised expression as transcript per million (TPM) for
438 each gene were retrieved from the pseudoalignment. DESeq2 [73], run though the DEapp
439  shiny [74], was then used to identify significantly differentially expressed genes (DEGs;

440  significance cut-offs used - FDR £ 0.05, log> fold change > 1.5 and a minimum count cut-off
441  of 10 counts in at least three replicates).

442

443  Global clustering analysis

444  Clustering analyses were performed using Clust [24], on all of the DEGs identified. The DEGs
445  were first filtered by setting a minimum threshold of 10 TPM for the sum of the TPM values
446  of the three biological replicates, in at least one time point. The DEG TPM values (as

447  separate biological replicates) were then used as the input for the analysis, which

448 implemented the suggested in-built normalisation methods of Clust (log,, Z-score and

449  quartile normalisation) [24]. Parameters used included a tightness value of 5, a minimum
450  cluster size >10, and the removal of clusters with flat expression profiles over time. Several
451  tightness values were tested, and the number of clusters identified plateaued at a tightness
452  value of 5.

453

454 Principal component analysis and data visualisation

455  Principal component analysis (PCA) was carried out in R first using the ‘prcomp’ function
456  from the ‘stats’ package to generate the components of the PCA, then plotted using the
457  ‘ggbiplot’ function from the ‘ggbiplot’ package. TPM values were used as the input for the
458  PCA, with genes with a TPM over one for all replicates being included. For heatmap

459  visualisation and hierarchal clustering, the R function ‘pheatmap’ from the ‘pheatmap’

460 package was used. Only the rows (genes) were clustered and not the columns (timepoints),
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461 otherwise default settings were used. Average log, TPM values for the three replicates at
462  each time point were used as the input for heatmap and hierarchal clustering analyses.
463  Analyses were carried out in version 1.0.12 of the pheatmap package, running on R version

464 4 (https://cran.rstudio.com/web/packages/pheatmap/index.html).

465

466  Identification of durum wheat starch genes

467  Genes related to starch synthesis in wheat were manually curated: Orthologs in durum
468 wheat were identified using BLASTp against the Svevo vl Durum wheat proteome on

469  Ensembl Plants [75], as well as using the “Orthologues” tool Ensembl Plants. In both cases, a
470  known homolog from Arabidopsis, bread wheat, rice, or other species was used as a query
471  sequence. The full list of genes analysed can be found in Supplemental File 5.

472
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