the plant journal

The Plant Journal (2021) 108, 378-393 doi: 10.1111/tpj.15444

Overexpression of a wheat a-amylase type 2 impact on starch
metabolism and abscisic acid sensitivity during grain
germination

Qin Zhang'?, Jenifer Pritchard’ , Jos Mieog"", Keren Byrne™* , Michelle L. Colgrave'® (), Ji-Rui Wang? and
Jean-Philippe F. Ral""

TAgriculture and food, CSIRO Agriculture and Food, Canberra, ACT 2601, Australia,

2Triticeae Research Institute, Sichuan Agricultural University, Chengdu, Sichuan 611130, China, and

3CSIRO Agriculture and Food, St. Lucia, QLD 4067, Australia

Received 16 June 2020; revised 16 July 2021; accepted 20 July 2021; published online 27 July 2021.
*For correspondence (e-mail Jean.ral@csiro.au).
"Present address: Plant Science, Southern Cross University, Lismore, ACT, Australia

SUMMARY

Despite being of vital importance for seed establishment and grain quality, starch degradation remains
poorly understood in organs such as cereal or legume seeds. In cereals, starch degradation requires the syn-
ergetic action of different isoforms of a-amylases. Ubiquitous overexpression of TaAmy2 resulted in a 2.0-
437.6-fold increase of total a-amylase activity in developing leaf and harvested grains. These increases led
to dramatic alterations of starch visco-properties and augmentation of soluble carbohydrate levels (mainly
sucrose and a-gluco-oligosaccharide) in grain. Interestingly, the overexpression of TaAMY2 led to an
absence of dormancy in ripened grain due to abscisic acid (ABA) insensitivity. Using an allosteric a-amylase
inhibitor (acarbose), we demonstrated that ABA insensitivity was due to the increased soluble carbohydrate
generated by the a-amylase excess. Independent from the TaAMY2 overexpression, inhibition of a-amylase
during germination led to the accumulation of soluble a-gluco-oligosaccharides without affecting the first
stage of germination. These findings support the hypotheses that (i) endosperm sugar may overcome ABA
signalling and promote sprouting, and (ii) a-amylase may not be required for the initial stage of grain germi-
nation, an observation that questions the function of the amylolytic enzyme in the starch degradation pro-

cess during germination.
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INTRODUCTION

a-Amylases (EC 3.2.1.1) have been omnipresent throughout
evolution, from archaebacteria to humans and of course,
the plant kingdom. The a-amylase family (GH13 family) rep-
resents the largest group of the glycoside hydrolase fami-
lies among the carbohydrate active enzymes (CAZy
database, http://www.cazy.org/index.html) (Regina et al.,
2004). o-Amylases are endo-hydrolases catalysing the
cleavage of a-1,4-glucan linkages of complex carbohydrate
structures such as starch, glycogen, or related oligo- and
polysaccharides (Majzlova et al.,, 2013). In plants, o-
amylases are produced for three primary purposes: (i) to
ensure the degradation of transitory starch in vegetative tis-
sue providing the energy required for plant metabolic func-
tion and growth at night (MacNeill et al., 2017), (ii) to
respond to biotic stress by removing any internal source of
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carbohydrate for the pathogen in a ‘scorched-earth’ strat-
egy (Andersen et al., 2018), and (iii) to provide the energy
required by the plant during grain development and germi-
nation processes to complete its reproductive life cycle
(Guzman-Ortiz et al., 2018). For example, Arabidopsis thali-
ana contains three isoforms: AtAMY1, AtAMY2, and
AtAMY3 (Yu et al., 2005). In barley, four a-amylase cate-
gories have been identified, HvYAMY1-HvAMY4 (Radchuk
et al., 2009; Rogers, 1985), whereas in rice, at least 10 a-
amylase genes are clustered into five hybridization groups
and three subfamilies (OsAMY1, AsAMY2, and OsAMY3)
(Damaris et al., 2019; Nanjo et al., 2004). All subfamilies in
both barley and rice have been demonstrated to be
expressed at different grain developmental stages and in
various tissues (Damaris et al., 2019; Karrer et al., 1991).

In wheat, four isoforms of a-amylase have been identi-
fied to date (Barrero et al., 2013; Mieog et al., 2017). The
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two major a-amylases, TaAMY1 and TaAMY2 have been
primarily identified and isolated based on their isoelectric
point (pl) (Ainsworth et al., 1985). TaAMY1 has a high pl a-
amylase encoded by multigene families located on the
long arm of chromosome 6. TaAMY1 has been described
as the germinating a-amylase due to its accumulation in
the aleurone layer both at late maturity and during the first
stage of germination (Mieog et al., 2017; Nishikawa et al.,
1981). The o-amylase 2 (TaAMY2) families have been
located on the long arm of the group 7 chromosomes. This
so-called ‘green’ a-amylase has been detected in the peri-
carp of the developing grain during the first 15 days after
anthesis and appears at a later stage of germination (Gale
et al., 1983; Kozo et al., 1988). The TaAmy3 and TaAmy4
loci have been mapped to chromosome 5 and 4 respec-
tively (Baulcombe et al., 1987; Mieog et al., 2017). The role
and function of TaAmy4 remains to be elucidated despite
some preliminary results suggested co-expression with
TaAmy1 (Mieog et al., 2017). While a recent study sug-
gested that both TaAMY3 and TaAMY4 were non-
functional during evolution (Ju et al., 2019), studies on the
impact of TaAmy3 overexpression in wheat grain have
demonstrated clear impact on starch and end-product
functionality (Ral et al., 2016, 2018; Whan et al., 2014).
Wheat is one of the world’s three major food crops in
food security with global wheat production in 2019 esti-
mated at 765 million tonnes, making it the second most-
produced cereal after maize (FAO Stat: http://www.fao.org/
worldfoodsituation/csdb/en/). Owing to its economic signif-
icance, wheat TaAMY1 and TaAMY2 have been heavily
characterized due to their involvement in two of the most
severe quality defects of the industry; late maturity o-
amylase and pre-harvest sprouting (PHS) (for review Mares
and Mrva, 2014). Both have altered a-amylase expression,
dormancy, germination, and/or grain functionality (Bid-
dulph et al., 2008; Kondhare et al., 2012, 2015). During ger-
mination, the synthesis of a-amylase mRNA and efficiency
of translation is accelerated by gibberellins (GA) (Higgins
et al., 1976) and strongly inhibited by abscisic acid (ABA)
(Ho and Varner, 1975; Jacobsen, 1973). ABA is the key hor-
mone regulating dormancy and preventing germination in
the seed and directly influences PHS (Gubler et al., 2005).
The effects of the GA-insensitivity alleles on late maturity
a-amylase expression suggest a role for the germination
hormone in the enzyme synthesis (Barrero et al., 2013).
Until recently, the physiological properties of the various
types of a-amylase on starch in the grain and the potential
impacts of a-amylase accumulation on grain development,
starch accumulation, functionality, and germination were
largely unknown (Mieog et al., 2017). One of the aims of
this study was to assess the functional properties of an
uncharacterized wheat o-amylase to date. This study
describes an approach where one of the main wheat o-
amylases (TaAmy2) was overexpressed ubiquitously in
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wheat, and its consequence on grain properties and starch
functionality was studied. The impact of elevated levels of
TaAMY2 on germination also highlights a new develop-
ment on the general mechanism through which a-amylase
acts on starch degradation during grain germination.

RESULTS
Generation of TaAmy2 overexpression line (UA20E)

To investigate the mode of action and the impact of
TaAMY2 on native starch in the grain we developed
TaAmy2 overexpressing transgenic wheat plants in the
variety Fielder (spring wheat cultivar). The TaAmy2 cDNA
cassette was placed under the control of the Zea mays
ubiquitin promoter to ensure TaAmy2 gene expression
throughout the entire plant lifespan and more specifically
during grain development and germination (Figure S1).

Twelve hygromycin resistant TaAmy2 overexpression
(UA20E) wheat TO plants were selected by polymerase
chain reaction (PCR) using construct-specific primers
(Table S1) following Agrobacterium tumefaciens-mediated
transformation of immature embryos. Quantitative real-
time PCR detected between one and 11 insertion events at
T1 generation. Three lines were selected for further charac-
terization including one independent event with potentially
one insertion number (FC 127-3), two events with multiple
insertion numbers (FC127-7 and FC127-12) and a negative
control (transformed with no insert) (NC) (Table S2.1-
S2.3). Copy number was monitored from generations T1 to
T4. The UA20E line FC127-3 has a stable copy number
with two copies detected across several generations
whereas FC127-7 and FC127-12 have various high copy
numbers (Table S2). Relative quantification on total
protein extracted from individual grains and comparison of
TaAMY2 peptides, using mass spectrometry analysis,
solely identified TaAMY2 peptides in the positive lines
(Figure S2 and S3). Relative quantitation and comparison
of TaAMY2 peptides on dry grain detected five TaAMY2
peptides in the UA20E compared with NC. No TaAMY1
and TaAMY3 target peptides were detected in either the
positive lines or NCs.

All three independent events showed strong elevated
levels of a-amylase activity (Table S3). In the T4 grains,
copy number, total a-amylase activity, and starch damage
were assessed. The copy number was significantly corre-
lated using lienar Spearman correlation with a-amylase
activity and damaged starch percentage at 0.772 and 0.764,
respectively (Figure S4 and Table S3). The soluble sugar
exhibited a low correlation (0.377) with the copy number. In
addition, all test lines showed a significant increase in the
percentage of damaged starch compared with their NCs.

All three lines FC127-3, FC127-7, and FC127-12 were
selected as the representative homozygous lines labelled
UA20E3.1, UA20E7.2, and UA20E12.1 for ubiquitin
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TaAmy2 overexpression, together with NC. The grains
from T4 and T5 generations were used for further charac-
terization. Compared with the [NC, 0.11 ceralpha unit
(CU) g~" wholemeal], all UA20E lines showed a significant
increase in total a-amylase activity of 114.3-437.6-fold (Fig-
ure 1a) ranging from 12.84 to 49.12 CU-g~" wholemeal and
a specific elevation in damaged starch percentage of 5.9-
7.9-fold compared with NC with 1.29% + 0.7 SE (Fig-
ure 1b).

Overexpressed TaAmy2 profile during grain development

The specific expression level of the ubiquitin TaAmy2 was
assessed during grain development using real-time PCR
relative to TaActin, Ta.14126.1.S1_at, and Ta.7894.3.A1_at
using the approach of Mieog et al. (2017) (Figure 1c). Rela-
tive expression of TaAmy2 in NC remained at a very low
level at all time points and despite a slight increment after
15 days post-anthesis (DPA) demonstrating the specificity
of our assay for TaAmy2. In the three UA20E lines, the ele-
vated TaAmy2 transgene expression increased from 5 days
DPA and throughout the grain development reaching its
maximum between 15 and 20 DPA (Figure 1c). The expres-
sion level of TaAmy1 and TaAmy3 showed no significant
difference between UA20E lines and NC (Figure S5).

The relative expression of exogenous TaAmy2 was ele-
vated during grain development in the UA20E lines and
translated into an elevated level of total a-amylase activity
throughout grain development. In NC, the activity was
highest at 5 DPA (14.26 CU g~ dry grain) before slowly
decreasing to a very low level at 30 DPA (1.36 CU g~ dry
grain) (Figure 1d). In the three UA20E lines, the total a-
amylase activity increased significantly compared with NC.
In UA20E3.1, total activity remained at a stable level rang-
ing from 12.30 to 21.48 CU g~' dry grain during grain
development. In UA20E7.2, the activity gradually increased
from 16.09 to 56.57 CU g~' dry grain throughout grain
development. In UA20E12.1, total a-amylase activity
peaked at 15 DPA (38.72 CU g dry grain) and thereafter,
slightly decreased to reach 30.3 CU g~' dry grain at 30
DPA. At the beginning of grain development, no significant
increase was observed in total soluble sugar, but from
20 DPA, the level of soluble sugar seemed to be slightly
but significantly higher in all three UA20E lines compared
with NC (Figure 1e).

No impact on transitory starch

While the TaAMY2 sequence did not contain a chloroplast
targeting peptide, the impact of TaAMY2 overexpression
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Figure 1. Total a-amylase, damaged starch percentage and engineered TaAMY2 profile of UA20E (blue) and negative control (NC) (red) in mature and develop-
ing grains. (a) Total a-amylase activity is expressed in ceralpha units (CU) of per gram wholemeal and (b) damaged starch is expressed in percentage dry
weight. (c) TaAMY2 of construct transcript level (relative to geometric mean of TaActin, Ta.14126.1.S1_at, and Ta.7894.3.A1_at) seed development in whole
grain; (d) total a-amylase activity and (e) total soluble sugar of three UA20E lines (blue) and NC (red) during grain development. One-way ANOVA was used for
statistical analysis. Asterisks indicate significant differences between the UA20E lines and NC (**P < 0.01). Values are the mean and standard error of (a,b) three

technical replicates and (c—e) three biological replicates.
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on leaf transitory starch metabolism was assessed to
ensure that transitory starch metabolism was not
impacted. Total a-amylase activity, leaf starch content and
total soluble sugars were measured on leaf tissue sampled
from plants in the vegetative stage (jointing stage) grown
in glasshouse under a 16 h light/8 h dark regime. The three
UA20E lines showed a significant elevated total a-amylase
activity with 5.23, 0.43, and 1.3 CU g~ dry leaf, respec-
tively, at sunrise and with 5.95, 0.44, and 2.59 CU g~ dry
leaf at sunset while the control line did not show any sig-
nificant a-amylase activity (Figure S6A). The three UA20E
lines and NC exhibited similar starch and soluble sugar
patterns at sunset and sunrise (Figure S6B and S6C).
Visual observation did not detect any changes in plant
morphology or development.

TaAMY2 overexpression impact on grain composition

Several differences highlighted the impact of TaAMY2
overexpression on mature grain composition. Overall, the
thousand grain weight was significantly reduced (6.1-
12.8% reduction to the NC) (Table S4). Compared with NC
(54.35 + 0.65%), all three UA20E lines showed a signifi-
cant reduction (by 5.27-7.90%) in total starch content (Fig-
ure 2a). All three UA20E lines had 3.3-4.3-fold increase of
total soluble sugar in mature grains compared with NC
(Figure 2b). Several types of soluble sugar were signifi-
cantly higher in all three UA20E lines. For instance, the
total a-gluco-oligosaccharides showed the highest increase
by 37.7-53.2-fold with 38.9, 53.5 and 54.8 mg g~' whole-
meal, respectively, compared with NC with 0.6 mg g™’
wholemeal (Figure 2c). Free glucose and sucrose levels
were elevated by 9.3-16.0-fold (P =3.1 x 10~°, Figure 2d)
and 2.8-3.2-fold (P <5.59 x 1078, Figure 2e) respectively.
Free fructose remained at a very low level but still showed
a significant increase (P = 0.0003) by 2.4-3.0-fold with an
average of 0.99 mg g~' wholemeal in three UA20E lines
compared with NC with 0.4 mg g~" wholemeal (Figure 2f).
Total fructan remained the main carbohydrate after starch
in the mature wheat grains and showed a significant
(P =10.0002) increase in all three UA20E lines by 2-3-fold
compared with NC (Figure 2g).

In addition, variation in B-glucan and total arabinoxylan
contents (Figure 2h,l) were detected, though not signifi-
cantly different from NC. Protein content in the three
UA20E lines showed a significant (P < 1.38 x 1079
decrease with 16.2-17.5% compared with NC with 18.7%
(Figure 2j).

Impact on starch granule morphology, structural, and
rheological properties

A range of measurements and observations including
microscopy techniques, granule size distribution, amylose
content, and chain length distribution were used to investi-
gate whether the elevated level of TaAMY2 impacted the

© 2021 Commonwealth of Australia.

morphology and/or starch structure (Figure 3 and Fig-
ure S7).

Light microscopy revealed clear morphological differ-
ences between the starch granules of UA20E and NC lines.
While most of the A granules in the NC showed a classical
lenticular shape and the B granules were spherical (Fig-
ure 3a), most starch granules from UA20E showed signs
of partial to almost total digestion (Figure 3b). Polarizing
and brightfield images revealed that most unbroken starch
granules in UA20OE and all starch granules in the NC dis-
played the typical ‘Maltese cross’ associated with starch
crystallinity (Figure 3c,d), whereas partially digested starch
granules from UA20E showed a very slight response to
polarized light (Figure 3d). The morphological characteris-
tics of starch granules were also examined by scanning
electron microscopy (SEM). Starch granules in these NC
lines displayed a smooth surface with no sign of damage
(Figure 3e). In the UA20E lines, while many starch gran-
ules seemed to remain unaffected, several starch granules
showed signs of damage including pores, loss of structural
integrity and altered shapes overall. The SEM of starch
granules from UA20E3.1 in mature grains showed many
pin holes on the surface of granules (Figure 3f-i) similar to
those observed following enzymatic hydrolysis of barley
starch during malting and in germinating wheat (Falter-
maier et al., 2014). SEM analysis of UA20E3.1 and NC from
15 to 30 DPA indicated that the presence of pin holes
appears from 20 to 25 DPA suggesting that degradation
only occurs toward the end of the starch filling process
(Figure S7). These results confirmed the significant
increase of soluble carbohydrates seen from 20 DPA.

The three UA20E lines and NC showed no significant
difference for their amylose content (P = 0.079) or for their
particle size distribution analysis (Figure S8a,b). The amy-
lopectin chain length distribution difference was performed
revealing no significant differences on chain length distri-
bution with or without p-amylase pre-treatment (Fig-
ure S8c,d).

The Rapid Visco Analyser was used to investigate the
pasting properties of wholemeal flour from UA20E lines in
the presence or absence of an enzyme inhibitor (AgNQO3)
(Figure S9 and Table 1). In the absence of silver nitrate, NC
had low peak and final viscosity values at 1277.7 and 684.3
centipoises (cP) on average respectively. The profiles of the
UA20E were very different compared with NC, with even
lower peaks (71.7 £ 0.3, 42 + 4, and 47.7 £+ 0.3, respec-
tively) and final viscosities (29.7 &+ 0.9, 22.56 + 0.5, and
26.3 + 1.2, respectively) near the limit of detection. When o-
amylase inhibitor was added, all the UA20E lines and NC
profiles increased significantly although the RVA profile of
UA20E lines was still slightly lower compared with NC.

Differential scanning calorimetry analysis performed on
purified starch revealed that the UA20E lines had no sig-
nificant difference on onset (To), peak (Tp), conclusion (Tc)
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temperatures, and enthalpy (AH) compared with NC
(Table 1).

Reduced dormancy in TaAMY2 overexpression line

Germination assays with grains harvested at physiological
maturity and 4 weeks after-physiological maturity from the
mother plant were performed to determine the influence of
TaAMY2 overexpression in dormancy retention and germina-
tion. NC at harvest-ripe showed dormancy with 73.3% + 3.3
SE of grains showing coleorhiza emergence (CE) at the end of

the 10-day experiment while the grains of all three UA20E
lines showed a low level of dormancy with CE at 100% after
6 days (Figure 4a). Four weeks after physiological maturity,
NC lost dormancy and showed a similar germination pattern
with 100% at 4 days post-imbibition (DPI) (Figure 4b).

TaAMY2 overexpression overcomes ABA-induced
dormancy in half grains

To determine whether the lack of dormancy in the three
UA20E lines was due to ABA insensitivity, different
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UA20E3.1
o ©

Figure 3. Impact of UA20E on starch granules in mature grains. Light micrographs of isolated starch stained with iodine (a, b), polarized light micrographs (c,
d), and scanning electron micrographs of isolated starch granules (e-i) from negative control (NC) (a, ¢, €) and UA20E3.1 (b, d, f, g-i). A-type granules (starch
granule diameter >10 um) and B-type granules (starch granule diameter <10 uwm) are indicated by black arrows and red arrows, respectively.

concentrations of ABA were applied to halved grains of
both UA20OE and NC. Cutting grains in half broke the dor-
mancy and caused rapid germination to 100% CE in all
three UA20E lines and NC within 3-4 days (Figure 4c).
ABA resistance was tested by the addition of ABA at incre-
mental concentrations (0, 20, 50, 100, and 150 pm). The
addition of >60 um of exogenous ABA was able to restore
partially some dormancy in NC. However, the addition of
50 um of exogenous ABA was unable to induce dormancy
in all three UA20E lines (Figure 4e). All three lines showed

© 2021 Commonwealth of Australia.

a similar germination rate response in the presence of
increased concentrations of ABA (100 and 150 um) com-
pared with NC (Figure S10a,b) suggesting that TaAMY2
overexpression led to ABA insensitivity.

Two clear phenotypes emerged from the dry grain char-
acterization that could be associated with grain dormancy
and ABA insensitivity, (i) the presence of elevated levels of
overexpressed TaAMY2, and (ii) the presence of elevated
levels of soluble sugars. To confirm whether the ABA
insensitivity was directly caused by the elevated presence
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Table 1 Rapid Visco Analyser profile and gelatinization properties of UA20E and NC

Gelatinization endotherm

Rapid Visco Analyser

Peak temp. Conclusion temp. AH (J-g7")

Onset temp.

Setback (cP)

Trough viscosity (cP)  Breakdown (cP)  Final viscosity (cP)

Peak viscosity (cP)

Samples

6.3+0.2

60.6 + 0.1 639 +03 70.3+05

392.7 £ 2.2
1598.3 + 46.3

684.3 + 4.9
3019.3 + 114.4

986 + 8.4
2525.7 + 77.3

2917 £ 2.9

1277.7 £ 55

NC

3946.7 + 141.3 1421 £ 70.2

NC + AgNO;
UA20E3.1

61.2 £ 0.5 642+ 05 69.5+ 0.6 6.0 £ 0.3

7+ 1.2
1128.7 + 1.3+

29.7 £ 0.9%"

49 + 0*"
1525.3 + 41.6*"

22.7 + 0.3*"

1016.3 + 16.2*"

71.7 £ 0.3*"
2541.7 + 57.3*"

2145 + 16.2*

UA20E3.1 + AgNOs
UA20E7.2

57 £ 0.1

61.5 +£ 0.4 646+ 03 71.3+05

11+ 1%

961.3 + 65.1*"

22.5 + 0.5%"
2128.7 + 94.6*"

30.5 + 3.5%"
1126.7 + 119.5+"

11.5 + 0.5*
1167.3 + 89.7*"

42 + 4%*
2294 + 113.2+"

UA20E7.2 + AgNO5

UA20E12.1

6.8 + 0.3

61.6 + 0.3 645+ 04 703 +04

7 + 0.6%"
966.3 + 55.8*"

26.3 + 1.2%"
1996.3 + 35.4*"

19.3 + 0.9*" 28.3 + 0.7*"

47.7 £ 0.3*
2190 + 7.2%"

1160 + 93.4*"

1030 + 86.2*"

UA20E12.1 + AgNOs

Rapid Visco Analyser profiles of UA20E and negative control (NC) in presence or absence of the Silver Nitrate (a-amylase inhibitor). Viscosity is expressed in Centipoise (cP). Temperatures

are expressed in °C in gelatinization endotherm. Enthalpy of gelatinization (AH) is expressed in joules per g (J g~"). Results displayed are the mean of three independent assays. Asterisks

indicate significant differences between UA20E and NC (*P < 0.05; **P < 0.01).

of an active a-amylase in dry grain, we performed in paral-
lel germination experiments using acarbose, an allosteric
inhibitor of a-amylase.

The presence of acarbose had no observed effect on the
germination of non-dormant UA20E lines and NC in both
whole (Figure S10c,d) or half grains (Figure 4d,f). The
UA20E half grains showed a high level of CE reaching
100% after 7 days of germination whereas NC still main-
tained considerable dormancy with CE at 66.6% =+ 4.4 SE
after 10 days in the presence of acarbose and ABA (Fig-
ure 4f). We could therefore conclude that a-amylase activ-
ity was not the direct cause of the ABA resistance.
Moreover, the presence of an exogenous a-amylase inhibi-
tor did not affect the germination in either the UAMY20E
lines or the NC, but it seemed that the combination of acar-
bose and ABA had a synergistic effect on increasing dor-
mancy in NC.

The only other remarkable phenotype was the presence
of elevated levels of soluble sugar. It was reasonable to
assume that this presence of elevated soluble sugar
could provide the energy required for the grain to trigger
germination.

Impact of TaAMY2 overexpression on soluble sugar profile
during germination

We decided to monitor different soluble carbohydrate pro-
files to see how the presence of elevated levels of TaAMY2
could affect sugar accumulation during germination. Acar-
bose was also added to investigate whether inhibition of
a-amylase activity in grains after imbibition affected the
soluble sugar accumulation. In the absence of acarbose,
NC showed a very low a-amylase activity at 2 DPI, rapidly
increasing to 78.7 CU g~ wholemeal at 6 DPI (Figure 5a).
However, all three UA20E lines showed an initial decrease
of total o-amylase activity to reach levels below 15 CU g~
wholemeal, until 3 DPA before subsequently increasing to
57.4, 84.3, and 62.8 CU g’1 wholemeal, respectively, at 6
or 7 DPI. The acarbose concentration of 1.5 mm inhibited
most of the a-amylase with activity reduced to levels below
1 CU g~ " in all three UA20E lines and NC (Figure 5a).
Total soluble sugars were measured throughout the ger-
mination experiment (Figure 5b—f). In NC, the total soluble
sugar dropped slightly prior to 2 DPI from 23.9 mg g~' DW
to 12.1 mg-g~' DW in the presence or absence of acarbose
(Figure 5b). From 4 DPI, the presence of acarbose reduced
the overall amount of soluble sugar by 15.4 mg g~' DW
but incrementally kept the same profile indirectly confirm-
ing the impact of acarbose on a-amylase activity in the ger-
minating grain. All three UA20E profiles were drastically
different to NC. Total soluble sugar was sharply reduced at
1 DPI by an average of 40.4 mg g~' DW but still remained
at a higher level than NC, then slowly increased to reach a
level similar to NC at 7 DPI. The soluble sugar level was
not affected by acarbose until 4 DPI, but then its
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Figure 4. Coleorhiza emergence (CE) in whole grains and effects of abscisic acid (ABA) and acarbose on half grain germination. CE for whole grains at physio-
logical maturity (a) and 4 weeks after-physiological maturity (b) in whole grains (grey background). CE on half grains at ripening (c), in presence of 1.5 mm acar-
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three replicate plates.

accumulation slowed down. Free glucose and fructose dis-
played a similar profile that incrementally increased during
germination (Figure 5¢,d). In the absence of acarbose, all
three UA20E lines maintained relatively higher glucose
and fructose contents compared with NC until 5 DPI. In the
presence of acarbose, all UA20OE lines and NC showed
similar and increasing accumulation profiles over time but
glucose and fructose levels were lower in the presence of
acarbose from 3 DPI.

The o-gluco-oligosaccharide content was quite intriguing.
In the absence of acarbose, the NC showed a slow building
of a-gluco-oligosaccharide across the 7 DPI (from 0.8 to
13.9 mg g~' DW) while all three UA20E lines displayed a con-
sistent decrease of a-gluco-oligosaccharides from 39.7 + 1.6,
522 + 1.3, and 527 +27 5mgg~' DW to 12.4 + 20,
17.0 + 0.3and 16.6 + 8.0 mg g~ ' DW (Figure 5e). In the pres-
ence of acarbose, the NC showed a strong increase of o-
gluco-oligosaccharides reaching 25.2 mg g~' DW at 7 DPI.
The three UA20E lines on the other hand, showed a decrease
from 39.7 + 1.6, 52.2 + 1.3 and 52.7 + 2.7 5 mg-g_' DW to
reach about 27 mg-g~" DW at 7 DPI reaching similar levels to

© 2021 Commonwealth of Australia.

those seen in the NC with acarbose. All three UA20E lines
and NC displayed higher levels of a-gluco-oligosaccharides in
general at 7 DPl when acarbose was added.

Finally, sucrose content showed a distinct pattern in the
NC and the three UA20E lines. In the absence of acarbose,
NC showed a slight decrease until 2 DPA before rising to
its highest level at 7 DPA (Figure 5f). The three UA20E
lines decreased from 30.4 + 0.6, 38.8 + 0.4, and 37.2 +
0.7 mg-g~" DW to about 28 mg-.g~' DW at 1DPI then
increased, reaching a peak of 42.1 + 1.5, 46.7 + 0.3, and
445 + 1.7 mg-g~' DW at 4 DPI. In the presence of acar-
bose, the level of sucrose is generally lower in all UA20E
lines and NC. The presence of acarbose reduced the overall
amount of sucrose in both NC and UA20E lines.

DISCUSSION

Impact of TaAMY2 overexpression on starch granule
properties

The overexpression of TaAAMY2 led to a 114.3-437.6-fold
increase in total a-amylase activity in dry grain. This
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resulted in the appearance of pin holes, pores, and an
overall alteration in starch granule morphology. This was
associated with a quantifiable reduction of grain weight,
increase in the proportion of damaged starch granules and
an elevated level of soluble carbohydrates, including o-
gluco-oligosaccharides, sucrose, fructan, and glucose.
However, it is interesting to note that while increase in
total a-amylase activity could be detected from early grain
development, the increase of soluble carbohydrate was
only significant after 20 DPA. Our first hypothesis argues

that this later occurrence of soluble carbohydrate is an
indication of starch degradation at a later stage of grain
development. This was confirmed by the presence of visi-
ble signs of degradation only from 25 DPA. The absence of
starch digestion, at least until the end of the starch filling
process, may be an indication of different localization
between the engineered TaAMY2 enzyme and its sub-
strate. During grain fill, starch in cereal grain is produced
in amyloplasts. TaAMY2 is named the ‘green’ a-amylase
and its role is to fuel grain cellularization in early
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development (Radchuk et al., 2009), but there has been no
indication in the literature to date of TaAMY2 being plastid
targeted. During maturation, the grain triggers a rapid net
water loss and the membrane of the desiccated amylo-
plasts degrades (Pepler et al., 2006). If the location of
TaAMY?2 is ectopic of the plastid, the degradation of the
granule could only occur when the lipid membrane sur-
rounding the amyloplast breaks down after 20 DPA giving
rise to an increase in soluble sugars and visible signs of
degradation from 20 to 25 DPA.

Consequently, rheological properties were significantly
altered with the total absence of viscosity peaks on the
RVA profile and a significant increase in gelatinization tem-
perature. While these phenotypes are consistent with those
observed when TaAMY3 was overexpressed (Ral et al.,
2016; Whan et al., 2014), some specificities would suggest
a different modus operandi between TaAMY2 and
TaAMY3. The UA20E grain displayed a wider distribution
of pores, pins, and degradation marks across the granules
while most of the pores in the case of TaAMY3 overexpres-
sion were located on the wheat starch granule groove
(Whan et al., 2014). Li etal. (2012) suggested that o-
amylases were able to aim towards specific weak points
on the surface of the crystalline structure such as amor-
phous or non-homogeneous regions. Descriptions of the
starch-binding domains among the cereal a-amylases high-
lighted marked differences regarding their carbohydrate-
binding domain (Janecek et al., 2013, 2014; Mieog et al.,
2017). Structural analysis of the high and low pl a-amylase
in barley demonstrated that the low pl a-amylase had an
additional sugar-binding domain or ‘sugar tong’ (Tranier
et al., 2005). It was speculated that this sugar tong enables
the a-amylase to bind and break the highly branched sug-
ars generated from preliminary degradation caused by the
high pl a-amylase. Thus, it is plausible that, in excess,
TaAMY2 has a stronger ability to bind to the surface of the
granule thereby creating more damage than previously
described for other isoforms.

The augmentation of pores led to a clear increase in the
proportion of damaged starch and consequently resulted
in an almost total absence of viscosity profile. The pres-
ence of damaged starch and pin holes would accelerate
water absorption and increase accessibility to additional
hydrolases during the process (Johnston et al., 2019). The
addition of silver nitrate, an enzyme inhibitor, however sig-
nificantly restored the viscosity profile. These results con-
firmed parallel findings from Bhattacharya and Corke
(1996) and Ral et al. (2016); while some of the starch dam-
age occurred before grain maturity, the low viscosity was
the result of a-amylase activity during the hydrated envi-
ronment of the test rather than starch damage existing
before analysis. The absence of changes in gelatinization
properties of the isolated starch determined by DSC tends
to confirm it.

© 2021 Commonwealth of Australia.

Overexpressing TaAMY2 does not participate in
degradation of starch in developing leaves

Higher levels of a-amylase activity were detected in the
leaves of young UA20E plants both at sunrise and sunset
but without any significant impact on transitory starch
degradation (Figure S6). The level of transitory starch and
soluble sugar during the circadian cycle remained
unchanged. While we cannot rule out that the overex-
pressed enzyme may accumulate outside of the chloroplast
due to the lack of a chloroplast targeting peptide, it is unli-
kely the excess of TaAMY2 had any significant detrimental
effect on carbon allocation and plant development in our
transgenic lines. These results are consistent with the
absence of a major role of a-amylase in transitory starch
degradation described in A. thaliana. Knock-out mutants of
AtAMY1 and AtAMY2 and tDNA insertion mutant of the
plastidial AtAMY3 did not show any impact on starch
breakdown (Lloyd et al., 2005; Yu et al., 2005). The role of
AtAMY3 in starch degradation was only discovered when
several mutations including inactivation of iso-amylase
(ISA3) and B-amylase (BAM1) and AtAMY3 were combined
(Streb et al., 2012).

TaAMY2 overexpression affects dormancy causing ABA
insensitivity

Seed dormancy is defined as a hibernation-like state where
seeds do not germinate even under optimum conditions
(Bewley, 1997). Dormancy is also a very important physio-
logical and economical trait for cereal. Strong dormancy
reduces plant emergence thus impacting vyield, while
absence of dormancy causes seed germination on the
mother plant due to environmental conditions such as
heavy rainfall and before ripening known as PHS (for review
Rodriguez et al., 2015). Overexpressing TaAMY2 resulted in
grains with almost total absence of dormancy before any
after-ripening. The presence of readily available a-amylase
in UA20OE mature grains would suggest a faster germina-
tion rate once dormancy is broken down rather than an
absence of dormancy. Historically, absence of dormancy is
caused by an alteration of the plant hormone antagonistic
interaction between ABA involved in the dormancy induc-
tion and GA promoting dormant grain germination (Zee-
vaart and Creelman, 1988). The experiments germinating
UA20E and NC half seeds in the presence of exogenous
ABA and/or acarbose were designed to identify the possible
mechanisms underlying the absence of dormancy. Damag-
ing the mature grain is known to break coat imposed dor-
mancy while addition of incremental levels of ABA would
demonstrate any potential ABA insensitivity (Bykova et al.,
2011; Chen et al., 2010). The ABA addition restored some
level of dormancy in NC but had very limited impact on
UA20E grain germination profile suggesting some form of
ABA insensitivity within our transgenic lines.
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The addition of acarbose, an allosteric inhibitor of gly-
coside hydrolases (specifically, a-glucosidase enzymes and
a-amylase) (Konishi et al., 1994; Oudjeriouat et al., 2003)
was designed to confirm whether the elevated level of a-
amylase was the direct cause of the ABA insensitivity. Acar-
bose almost completely inhibited the total a-amylase activ-
ity during the 7 DPI but failed to have any impact on grain
germination thus suggesting a limited impact of a-amylase
on the ABA resistance. The synergistic effect of acarbose
and ABA on increasing NC dormancy while having no effect
on UAMY20E lines could be another indication that the
cause of ABA insensitivity was not directly due to a-
amylase activity during germination but occurred before
imbibition with acarbose. This result was consistent with
Lin etal. (2008) who found no significant correlation
between germinating barley a-amylase activity and germi-
nation rate. While, a-amylase synthesis in the aleurone
layer is critical for seed germination in cereal grains and is
strongly regulated by ABA (negatively) and GA (positively),
a-amylase is not required for breaking dormancy (Nee
et al., 2017). When dormancy is broken down and germina-
tion occurs, GA is secreted from the embryo into the aleu-
rone layer (Smith and Hooley, 2002) promoting the
expression of o-amylases (Gubler et al.,, 1995). The o-
amylase production is completed during the first 24-48 h
following imbibition to mobilize the energy from starch
(Radchuk et al., 2009) and to ensure seedling development.
However, isolated embryos are able to germinate in tissue
culture conditions (Du et al., 2018). It was therefore reason-
able to assume that ABA resistance was caused by the sec-
ond marked phenotype: the excess of soluble carbohydrate.

However, high a-amylase levels in developing grain could
strongly increase starch degradation and indirectly affect
seed germination (Yang et al., 2014). The accumulation of o-
amylase at the end of grain development could promote the
degradation of starch into soluble sugars at levels that may
affect dormancy (De Laethauwer et al., 2013). Exogenous sug-
ars are able to overcome the germination inhibition of ABA in
whole seeds of A. thaliana (Finkelstein and Lynch, 2000; Gar-
ciarrubio et al., 1997) and sugar can overcome dormancy pro-
moted by osmotic stress in wheat (Hu et al., 2012). More
recently, Du et al. (2018) described a mutation in PHS8 in Rice
affecting Starch Debranching Enzyme ISA1. Inactivation of
ISA1 led to high concentrations of soluble sugars (mainly
sucrose and glucose) suppressing the expression of OsABI3
and OsABI5 (two transcription factors mediating the effect of
ABA) and reducing sensitivity to ABA. The elevated sugars
provided by the activity of TaAMY2 in UA20E endosperm
seems to have produced the same response.

What is the role of a-amylase in starch degradation during
germination?

The analysis of the soluble sugar accumulation profiles
during germination in the presence and absence of

acarbose aimed to understand whether the accumulation
of soluble sugar during development was sufficient to trig-
ger germination. The analysis of the acarbose effect on o-
amylase activity and total soluble sugar on both NC and
UA20E has yielded many results allowing us also to spec-
ulate on the o-amylase role during germination and
TaAMY2 modus operandi. TaAMY2 was shown to be
expressed after TaAMY1 at the later stage of grain germi-
nation (Mieog et al., 2017). As shown in the NC without
acarbose, total amylase activity increases significantly
from 3 DPI when the enzymatic arsenal required from
starch degradation has been released, including endoge-
nous a-amylase.

From imbibition to 4 DPI when overexpressed TaAMY2
is the only active a-amylase, the total sugar accumulation
profile was markedly different for the UA20E lines com-
pared with the NC. The elevated amount of soluble sugars
generated before grain maturation by the excess of
TaAMY2 were slowly metabolized. These differences were
driven mainly by the a-gluco-oligosaccharides and sucrose.
While not being the by-product of starch degradation, the
presence of elevated sucrose could be a by-product of the
increased glucose and fructose content (Whan et al., 2014).
Edelman et al. (1959) found that glucose in the scutellum
of barley grains is absorbed from the endosperm and con-
verted into sucrose, which is subsequently transported to
the seedling. Similar production could be at play in
response to the elevated concentration of sucrose raw
material.

Irrespective of the presence of an overexpressed
TaAMY?2, the effect of acarbose on the starch degradation
mechanism is noteworthy. When acarbose was added,
the entire set of analysed soluble sugars decreased in
both UA20E lines and NC apart from the o-gluco-
oligosaccharide content. The a-gluco-oligosaccharide in
UA20E lines maintain the same profile but with a higher
general level while in NC, the increase was markedly
higher, particularly from 5 DPI. This accumulation of o-
gluco-oligosaccharide coupled to a decrease in glucose,
fructose, and sucrose content when acarbose was added
suggests a strong involvement of a-amylase in general to
the conversion of a-gluco-oligosaccharides for subsequent
breakdown to disaccharides. It has been demonstrated that
TaAMY2 like the barley HYAMY1 presents an additional
sugar-binding domain (SBS) or sugar tong (Robert et al.,
2003). It has been hypothesized that this extra SBS makes
these a-amylases more prone to degrade highly branched
polysaccharides and particularly glucosyl residues near
branched points (Cockburn et al., 2015). As TaAMY2
expression follows TaAMY1 occurrence, it is plausible that
the role of TaAMY2 would be to complement the starch
degradation partially initiated by TaAMY1 and specifically
targeting highly branched oligosaccharides. Comparative
studies on the impact of overexpressing TaAMY1 or
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TaAMY2 on sugar accumulation profiles during germina-
tion would provide interesting information on the respec-
tive role of TaAMY1 and TaAMY2 during starch
degradation in cereals.

According to Lloyd and Kotting (2016), the starch degra-
dation pathway to glucose proceeds via concerted and
sequential actions of the following enzymes: a-amylase,
Limit dextrinase, p-amylase, and Maltase producing
branched glucans and linear a-gluco-oligosaccharides, lin-
ear glucans, maltose and glucose respectively. However,
the accumulation of a-gluco-oligosaccharides when acar-
bose is used would suggest a more complex role of a-
amylase in this degradation cascade. New perspectives
on the role of starch-degrading enzymes during grain ger-
mination are likely to emerge from more targeted investi-
gations.

EXPERIMENTAL PROCEDURES
Vector construction and wheat transformation

A wheat TaAmy2 was amplified from cDNA prepared from devel-
oping grain at 5 DPA from the variety Chara. The ORF of TaAmy2
(nt 1-1314) with strong similarity with GenBank accession no.
KY368736 (Figure S1a). Sequence comparison using the Wheat
EnsemblPlant search engine showed cDNA translated protein
sequence displayed a 99% identity with Chinese Spring TaAMY2
TraesCS7D02G380400 located on chromosome 7D. TaAmy2 cas-
sette was cloned into pUbilRcasNOT (Figure S1b) in sense orienta-
tion using a gateway system and under control of the Z mays
ubiquitin promoter (Christensen and Quail, 1996) according to the
methods described in Whan et al. (2014). Transformation was car-
ried out on immature embryos using the method of Richardson
et al. (2014).

Plant growth, rearing, and sampling

All plants were grown in glasshouses at CSIRO Agriculture and
Food, Canberra, Australia Capital Territory, Australia, under natu-
ral light with no additional artificial lighting on a diurnal tempera-
ture cycle of 14/20°C. Different generations of GM plants and their
NCs were grown in glasshouses at CSIRO Black Mountain science
and Innovation Park, Canberra, ACT, Australia as described in Ral
et al. (2012). Plants were watered automatically at a rate equiva-
lent of 10 mm of water every 3 days. For molecular analysis and
vegetative characterization, biological tissue samples were col-
lected from three individual plants for each event grown simulta-
neously in the same glasshouse.

Developing grains samples (dissected where appropriate) and
other tissue samples were snap-frozen in liquid nitrogen and
stored at —80°C until time of analysis.

For grain compositional analysis, grains from several T4 plants
for each independent event and NC were grown simultaneously in
the same glasshouse. Stability of the copy number were assessed
by PCR and grains were harvested, bulked, and processed for
analysis.

Grain milling and starch extraction

Wheat grain from the UA20E lines and their negative segregant
NCs, were milled into wholemeal flour using an UDY Cyclone
Sample Mill (UDY Corporation, Fort Collins, Co., USA) fitted with
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a 0.5-mm screen without any previous moisture conditioning. For
each line, the grains from two to three individuals were combined
and used as a biological replicate for deeper analysis.

Starch isolation followed the method of Regina et al. (2004)
with some modifications. Starch slurry was filtered through a 200-
um sieve first and a 100-um sieve. Tailings were removed with
90% Percoll (v/v) before the final water washes, centrifugation,
and freeze drying.

Thousand grain weights

One thousand grains were determined in triplicate for each line
using a Contador Seed Counter (Graintec Scientific, Queensland,
Australia) then weighed.

Construct copy number

For genomic DNA extraction, vegetative plant material was
obtained from multiple generations of plants and construct copy
numbers were determined as described in Mieog et al. (2013) with
some modifications. The NOS terminator was used as the PCR
selection marker and wheat Epsilon Cyclase (EC) from genome A
(EC A) was used as the reference gene (Table S1). The real-time
PCR reactions were run in PikoReal96 PCR (Thermo, Finland) and
included 10 pl Sensimix SYBR green with fluorescein, 5 pl primer
mix and 5 ul DNA template (5-10 ng/ul).

Real-time quantitative PCR

For gene transcript levels, developing grains were obtained from
T4 plants and put into liquid nitrogen rapidly then store at —80°C.
RNA was isolated using the NucleSpin RNA kit (Scientifix, Clayton,
Australia) and RNA was purified following the manufacturer’s pro-
tocol. Quantitative reverse transcription-PCR was performed fol-
lowing the protocol described in Mieog etal. (2017). For
normalization, three reference genes, TaActin, Ta.14126.1.S1_at,
and Ta.7894.3.A1_at, were used as internal control genes (Ji et al.,
2011; Long et al., 2010) and the level of target gene expression
was calculated using the E**®* method (Michael, 2001) against the
geometric mean of three internal reference genes. The primers of
quantitative reverse transcription-PCR were listed in Table S1. For
expression of TaAmy2, primers were designed to be specific for
the TaAmy2 sequence of the construct.

Protein extraction and digestion

Triplicate biological samples taken from wholemeal flour for o-
amylase TaAMY2 overexpression positive lines (UA20E; A1, A2,
A3) and negative segregant control lines (UA2NS; A4N, A5N, A6N)
were prepared and digested as described in Whan et al. (2014)
(Table Sb).

Liquid chromatography-tandem mass spectometry
analysis and development of multiple reaction monitoring
assay for a-amylase (TaAMY2)

The digested peptides (4 ul) from the positive overexpression
lines (UA20E; A1, A2, A3) were chromatographically separated
following the method described in Colgrave et al. (2014), Colgrave
et al. (2017), Whan et al. (2014), and MacLean et al. (2010). The
detailed method is described in Methods S1.

lodometric estimation of amylose content

Amylose content was measured following small-scale iodine adsorp-
tion method on flour as described in Regina et al. (2004) with a
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SPECTROstar Nano Microplate Reader (BMG LABTECH, Mornington,
Australia) at 620 nm. Standard samples containing amylose ranging
from 0% to 100% were used to generate a standard curve. The absor-
bance of the test samples was converted to percentage amylose
using a regression equation derived from the standard samples. All
positive and negative lines of UA20E were analysed in triplicate.

a-Amylase assay

a-Amylase activity was determined for 10 mg wholemeal or leaves
samples and/or two to eight ground developing grain samples.
The 96-well plate adapted cerealpha kit (Megazyme International
Ireland, Bray Business Park, Bray, Co. Wicklow, Ireland) was used
according to Newberry et al. (2018). Results displayed are the
mean of three independent assays of three biological replicates.

Carbohydrate measurement

Freeze-dried samples from either dried, developing grains, or leaf
tissues were ground using a hammer mill (ESPE GmbH & Co. KG,
Seefeld, Germany). Triplicate 10 mg aliquots were extracted three
times in 400 pl boiling 80% (v/v) ethanol each.

Total soluble sugar was measured using 2% anthrone in 70%
sulphuric acid (Whan et al., 2014) and compared with a standard
curve established using the anthrone solution with a glucose gra-
dient prepared with a 1 mg-ml~" glucose stock solution. For the
test samples, 10 pl of sugar extract was added to 1.5 ml screw-
capped tubes with 0.7 ml anthrone reagent and boiled for 10 min.
Then, 200-ul aliquots were transferred in triplicate to a flat-
bottomed 96-well plate and absorbance measured at 630 nm with
a SPECTROstar Nano Microplate Reader.

Sucrose was measured according to Birnberg and Brenner
(1984) and adapted to a microplate assay. Assay buffer (PH 7) con-
tained 0.01 m of KH,POy4, 0.01 m of K,HPO,4, 1 mm of MgSO,, and
0.5 mm NADP. To 180 pul of assay buffer, 1 U of glucose-6-
phosphate dehydrogenase (EC 1.1.1.49; Roche, Switzerland) and
0.2 U of phosphoglucomutase (EC 5.4.2.2; Roche) were added
together with 20 pul of sample extract. The reactions were initiated
with 0.25 U of sucrose phosphorylase (SucP, EC 2.4.1.7; Sigma
Aldrich) and incubated at 37°C to completion. Absorbance was
measured at 340 nm and the sucrose content was determined
with a sucrose standard curve.

Free fructose and glucose were determined in a two-step reac-
tion sequence with changes in absorbance monitored at 340 nm
as described by Campbell et al. (1999) with some modifications.
Assay buffer contained 0.1 m Tris-HCI, 5 mm MgSO, (pH 8.1),
1 mm ATP, and 0.5 mm NADP. To 180 pl of assay buffer, 1 U hex-
okinase (EC 2.7.1.1; Roche) and 2 U glucose-6-phosphate dehydro-
genase (Roche) were added together with 10 ul of sample extract.
The reactions were incubated at 37°C and free glucose determined
upon completion. Then 1.5 U phosphoglucose isomerase (EC
5.3.1.9; Roche) was added and free fructose determined as for free
glucose using standard curves.

Total starch and ethanol soluble a-gluco-oligosaccharides were
measured using the Total Starch assay kit from Megazyme accord-
ing to the manufacturer’s protocol. Before total starch measure-
ments, wholemeal samples were washed twice with 80% ethanol
(v/v) to remove soluble sugars. In addition, before measuring o-
gluco-oligosaccharides, 200 ul ethanol extract was dried and then
resuspended in the assay buffer.

Fructan was measured using the Megazyme Fructan HK Kit.
Total fructan was extracted from wholemeal using distilled water,
and was described by Verspreet et al. (2012) and in triplicate. The
total fructan was measured according to the Fructan HK Procedure
(Megazyme; AOAC method 999.03 and AACC Method 32.32.01).

B-Glucan was measured using the mixed-linkage B-glucan assay
kit (Megazyme International Ireland, Ltd.), which permits the anal-
ysis of small-scale samples (20 mg) by its procedure, with some
modification. Three technical replicates were performed on all
samples.

Total arabinoxylan was measured according to Sun et al. (2020).
Triplicate 20 mg wholemeal samples were extracted by incubating
at 100°C for 30 min in 1 ml 0.5 m H,SO,. The PGR reagent mixture
contained 0.3 g phloroglucinol, 1.2 ml absolute ethanol, 27.5 ml
acetic acid, 0.55 ml concentrated hydrochloric acid, and 0.3 ml glu-
cose (7 mg-ml~" in stock). Then, 100 pl of appropriately diluted
sample or standard was added to 0.5 ml of PGR and incubated at
100°C for 25 min. Absorbances were determined at 552 and
510 nm and used to calculate total arabinoxylan.

Starch granule size distribution

The starch granule size distribution was measured using UA20E
and NC by a Malvern Mastersizer 3000 with the Hydro MV wet
sample dispersion unit (Malvern Instruments, Ltd., Malvern,
Worcs, UK). The concentration of the measured particles was
0.05 mg-ml~" within the range of the instrument’s specifications.
The B granule content was taken as the proportion of granules
with a diameter of <10.1 um.

Amylopectin chain length distribution

Sample preparation was adapted from O’Shea et al. (1998). Amy-
lopectin chain-length distribution was analysed by capillary elec-
trophoresis using an Agilent 7100 CE with ZETALIF 488nm Laser
Induced Fluorescence Detector and Agilent OpenLAB CDS ChemS-
tation software (Agilent Technologies, Mulgrave, Australia Pty Ltd.).

Differential scanning calorimetry

The differential scanning calorimetry analysis of starch from the
UA20E positive and control lines was carried out using a Perkin DSC
8000 (PerkinElmer, Pty Ltd, Melbourne, Australia). Starch and water
were premixed at ratio of 1:2 and approximately 50 mg weighed into
a DSC pan, which was sealed and left to equilibrate overnight. This
analysis followed the protocol described in Ral et al. (2008). The dis-
played results are the mean of three independent assays.

Pasting properties

Starch pasting properties were analysed using RVA 4500 (Perten
Instruments Australia Pty Ltd, Sydney, NSW, Australia). A 9%
starch suspension was equilibrated at 50°C for 2 min, heated to
95°C for 6 min, maintained at temperature for 4 min, cooled to
50°C for 4 min, and finally maintained at 50°C for 5 min. A constant
rotating paddle speed (160 rpm) was used throughout the analysis.

Damaged starch

The damaged starch percentage was determined on 10-mg whole-
meal samples. The Starch Damage Assay Kit (Megazyme) was
used, which followed a 96-well plate format that adapted the man-
ufacturer’s protocol, and with appropriate dilutions. The displayed
results are the mean of three technical replicates for all UA20E
and negative lines.

Protein content

The total protein of the wholemeal flour was determined by the
Dumas combustion method using DuMaster Buchi D-480 (Switzer-
land). Two milligrams of wholemeal were used per assay and
three technical replicates were performed for three UA20E lines
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and NC. The factor of 5.8 was used to convert nitrogen amounts
into crude protein content.

Microscopy

Purified starch granules were stained with iodine and imaged
under bright field (BF) and polarized light using a Leica DM6B light
microscope (Leica Microsystems, Wetzlar, Germany) with Leica
DMC 4500 digital camera and LASX software.

The developing grains (15, 20, 25, and 30 DPA) were fixed in a
modified FAA solution (Liu et al., 1993) for 24 h. The FAA solution
contained 50% ethanol, 5% formaldehyde, 6% acetic acid, and 5%
glycerol. Fixed samples were washed in 70% (v/v) ethanol for 2 h.
The grains were cut into 1-mm slices using a razor blade and
freeze-dried. Purified starch granules and grain slices were sputter
coated with gold using an EMITECH 5500X and visualized in a
Zeiss EVO LS 15 extended pressure SEM at 20 kV. Images were
processed using Photoshop CS6.

Germination assay

Germination assays were performed as described by Jacobsen
et al. (2013). Grains (T5 generation) from T4 plants were harvested
at physiological maturity and 4 weeks after physiological maturity
from the mother plant. The protocol for harvest followed Gubler
et al. (2008) except for details outlined as follows. Harvested grain
was dried at 37°C for 24 h with low humidity and were then stored
at —20°C. Grains were imbibed on 9-cm plastic Petri dishes con-
taining 0.3% agarose (w/v) and MilliQ water. Plates were incu-
bated at 20°C in dark. CE was counted every 24 h over the time of
the experiment.

ABA (species ‘(+)’; Sigma-Aldrich; CAS. no. 14375-45-2) was pre-
pared by dissolving 7.93 mg of dry powder in 260 ul of absolute
ethanol followed by dilution with sterilized MilliQ water to a 2-mm
stock solution concentration. ABA resistance was tested by addi-
tion of ABA (0, 20, 50, 100, and 150 pm) from a 2-mm stock solution
to sterilized 0.3% agarose (w/v and adjusted at pH 6) according to
Kondhare et al. (2012). Acarbose (Sigma-Aldrich; CAS. no. 56180-
94-0) (Oudjeriouat et al., 2003) was added to sterilized 0.3% agar-
ose to give the final desired concentration of acarbose (0 pm,
200 pum, 500 pm, 1 mm, and 1.5 mm) from a 2 mmol-ml~" stock solu-
tion. The acarbose concentration of 1.5 mm was the minimum con-
centration to inhibit a-amylase completely in wheat grains. The
germination experiment included either three replicates of 20
whole grains of UA20E and NC per 9 cm Petri dishes and placed
crease down or 20 halved grains placed cut side down in 9 cm Petri
dishes with 0.3% agarose containing acarbose and/or of ABA.

Statistical analysis

Statistical analysis was carried out with IBM SPSS Statistics (IBM
Corp., Armonk, NY, USA). The ANOVA test was performed on all
data to indicate significant differences. Figures were drafted by
OriginPro 9.1 and GraphPad Prism 8.0.
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Figure S2. Relative quantitation and comparison of TaAMY2 pep-
tides using mass spectrometry.
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developing grains.

Figure S6. a-Amylase activity, total starch and total soluble carbo-
hydrate in vegetative stage leaf.

Figure S7. Effect of TaAMY2 overexpression on starch morphol-
ogy during grain development SEM of representative grain cross
sections from NC (a-d) and UA20E3.1 (e-h) during grain develop-
ment.

Figure S8. Amylose content and Amylopectin structure in three
UA20E lines and NC.

Figure S9. Rapid Visco Analyser comparison between three
UA20E lines and NC wholemeal.

Figure S10. Coleorhiza emergence (CE) comparisons of whole
grains in presence (a) or absence (b) of 1.5 mm acarbose.

Table S1. Primer pairs used for copy number (qPCR) or gene
expression (RT-qPCR).

Table S2. Analysis of copy number from three independent trans-
formation events in different generations.

Table S3. Spearman correlation coefficients between copy num-
ber, a-amylase activity, soluble sugar and damaged starch.

Table S4. Thousand Kernel Weight (TKW) of TaAMY2 overexpres-
sion lines and NC.

Table S5. The information of a-amylase protein extraction.

Table S6. Multiple reaction monitoring transitions of TaAMY2
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Methods S1. LC-MS/MS analysis and development of multiple
reaction monitoring (MRM) assay for a-amylase (taAMY2).
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