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Abiotic environmental stresses have a negative impact on
the yield and quality of crops. Understanding these stresses
is an essential enabler for mitigating breeding strategies and
it becomes more important as the frequency of extreme
weather conditions increases due to climate change. This
study analyses the response of barley (Hordeum vulgare L.)
to a heat wave during grain filling in three distinct stages: the
heat wave itself, the return to a normal temperature regime,
and the process of maturation and desiccation. The proper-
ties and structure of the starch produced were followed
throughout the maturational stages. Furthermore, the key
enzymes involved in the carbohydrate supply to the grain
were monitored. We observed differences in starch structure
with well-separated effects because of heat stress and during
senescence. Heat stress produced marked effects on sucro-
lytic enzymes in source and sink tissues. Early cessation of
plant development as an indirect consequence of the heat
wave was identified as the major contributor to final yield
loss from the stress, highlighting the importance for func-
tional stay-green traits for the development of heat-resistant
cereals.

Keywords: Amylopectin � Barley � Cell wall invertase
� Grain filling � Heat stress � Starch.

Introduction

Crop plants as sessile organisms are strongly influenced by their
immediate environment. Adverse environmental conditions,
such as salinity, drought, cold or heat, can have a negative

impact on crop performance and harvestable yield (Bita and
Gerats 2013). Consequently, breeding novel crop varieties de-
signed to provide stable yields under challenging environmen-
tal conditions is a central target in current plant breeding
efforts (Tester and Langridge 2010). However, yield is a complex
trait determined by several complementing elements of plant
development (Sreenivasulu and Schnurbusch 2012). Therefore,
abiotic stress impacts plants differently depending on the de-
velopmental stage it occurs. This study is concerned with en-
vironmental stress—specifically heat—during cereal grain
development, which has a negative effect on the accumulation
of starch (Thitisaksakul et al. 2012). Starch is the polysaccharide
most commonly found in plants to store photosynthetic
carbon-assimilates for later consumption—either as transitory
starch in photosynthetic tissues or as energy reserve for the
succeeding generation in specialized non-photosynthetic
organs, such as cereal grains (Streb and Zeeman 2012). The
major cereal crops contain up to 70% (w/w) of starch in their
grains (Thitisaksakul et al. 2012), which illustrates that efficient
starch accumulation is a key contributor to cereal crop yield.

Recently, several studies investigating the impact of abiotic
stress during cereal grain development, the phase of starch
accumulation, focus on transcriptomics (Yamakawa et al.
2007, Luo et al. 2010, Szücs et al. 2010, Mangelsen et al. 2011,
Goswami et al. 2016) or proteomics (Jiang et al. 2012, Shi et al.
2013, Liao et al. 2014, Kaneko et al. 2016, Timabud et al. 2016,
Zhang et al. 2017), while the effect on the major metabolic
product of the cereal grain, starch, is not addressed. However,
elevated temperatures during grain filling can limit starch ac-
cumulation and impact the molecular properties of starch
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resulting in reduced grain quality, e.g. increased starch gelatin-
ization temperature (GT; Asaoka et al. 1985, Tester et al. 1991,
Myllärinen et al. 1998, Umemoto et al. 1999, Lu et al. 2013, Lu et
al. 2014, Chun et al. 2015, Zhang et al. 2016). The GT is the
temperature at which the internal structure of starch is dis-
rupted (Ratnayake and Jackson 2008). Gelatinization makes
the starch accessible for human consumption through cooking
or for other applications such as mashing during the brewing
process.

Starch biosynthesis is complex process that requires mul-
tiple enzymes. Enzymes are either directly involved in amylose
and amylopectin biosynthesis or in the metabolism of carbo-
hydrates imported into grains from photosynthetic tissues,
which provide the starting material for starch formation
(Fig. 1). Briefly, carbohydrates from source tissues are supplied
in the form of sucrose (Suc). Upon delivery to sink tissues, such
as the cereal endosperm, the part of the cereal grain, where
starch is stored, Suc is metabolized either by invertase (INV) or
sucrose synthase (SuS). INVs hydrolyze Suc into glucose (Glc)
and fructose (Fru) and depending on their cellular location they
are classified as cell wall invertase (CWIN), vacuolar invertase
(VIN) or cytoplasmic invertase (CIN) (Roitsch and González
2004). By contrast, SuS converts Suc to Fru and UDP-glucose
(UDP-glc) in the presence of UDP (Ruan 2014). In addition to
starch biosynthesis, Suc is further the base for other essential
biochemical processes in sink tissues such as respiration and cell
wall biosynthesis (Sturm and Tang 1999).

The first committed step in starch biosynthesis, however, is
the formation of ADP-glucose, which serves as the glucosyl
donor for elongating a-1,4-glucosidic chains by starch synthases
(SSs) (Ballicora et al. 2004). Starch is composed of two discrete
a-D-glucose homopolymers: amylose and amylopectin.
Amylose has a linear structure, as its Glc units are almost ex-
clusively linked by a-1,4 glycosidic bonds. By contrast, amylo-
pectin molecules contain frequent a-1,6 glycosidic linkages.
These introduce branch points resulting in clusters of parallel
chains appearing in regular intervals along the molecule’s axis
(Zeeman et al. 2010). Together, amylose and amylopectin form
insoluble starch granules, of which amylopectin in barley, the
model organism investigated in the current study, constitutes
about 70%, while the remaining 30% is amylose (Zeeman et al.
2010). Notably, barley displays a characteristic bimodal starch
granule distribution, with larger A-granules (ø ca. 25mm) and
smaller B-granules (ø ca. 5 mm; Bathgate and Palmer 1973).

Higher plants possess five different classes of SSs—granule
bound starch synthase (GBSS), which synthesizes amylose and
soluble SSs, named SSI to SSIV, involved in amylopectin biosyn-
thesis (Zeeman et al. 2010). The a-1-6-linkages are introduced
through starch branching enzymes (SBEs) (Tetlow and Emes
2014), of which three isoforms, SBEI, SBEIIa and SBEIIb, are
found in the cereal endosperm. Notably, it is technically chal-
lenging to access the activity of the individual enzymes in plant
extracts because enzymes of the same class, SSs or SBEs, share
substrates and each enzyme catalyze the formation of a
complex mixture of products. Thus, studies have focused on
assessing the combined SS and SBE activity during grain devel-
opment under physiological (Zheng et al. 2017) or heat stress

(Wallwork et al. 1998, Ahmed et al. 2015) conditions. An alter-
native is a detailed analysis of the starch itself. Recent publica-
tions in barley (Källman et al. 2015) and wheat (Kalinga et al.
2014) have shown that analyzing the size of the linear Glc
chains obtained after debranching amylopectin offers sufficient
resolution to distinguish starch produced at distinct time points
during grain filling. Furthermore, several studies succeeded in as-
signing preferential functions to individual SS and SBE isoforms
for different chain subclasses of amylopectin (Jeon et al. 2010).
Therefore, this study utilizes a detailed characterization of chain
length distribution of debranched amylopectin in an attempt to
infer the state of the starch biosynthetic machinery during the
delicate phase of grain filling in plants suffering from a heat wave.
These are predicted to increase in occurrence due to climate
change (Russo et al. 2014, Forzieri et al. 2016).

The current study follows the synthesis of starch in barley
directly and in detail and describes heat-induced changes in
starch quality and quantity. These findings are complemented
with an assessment of the carbohydrate supply to the grain
through direct measurements of the relevant sugars and
through determining the activity signature of those enzymes
involved in mediating Suc influx into the grain. This highlights
physiological traits that could be addressed in breeding pro-
grams to optimize grain filling under heat stress conditions.
Evidently, the major factor contributing to decreased grain
starch content observed was precocious senescence induced
by the heat wave. The heat stress further directly induced
changes in the amylopectin chain length distribution pattern,
which finally translated into a higher starch GT. Notably, pro-
nounced changes in amylopectin structure occurred after the
termination of starch accumulation independent of the re-
spective growing conditions.

Results

The current study concerns the effect of a heat wave during
grain filling on sink-related metabolic processes, in particular
starch biosynthesis and Suc import, in barley (Hordeum vulgare
L.) grains. Two cohorts of barley plants were grown, one sub-
jected to a heat wave starting at 16 days after flowering (DAF)
and lasting for five consecutive days (heat treated, HT), and one
constantly grown under control conditions mimicking a
summer in temperate Northern European climate (control).
Samples were taken throughout the grain filling period and
from completely yellowed and desiccated mature plants. As
increased ambient temperature can accelerate development,
the observations in this study are plotted on the basis of ther-
mal time in degree-days after anthesis [�Cd] instead of DAF as
described in Wallwork et al. (1998).

A heat wave during grain filling decreases starch
content in barley grains

The effect the HT had on grain weight and starch accumulation
is shown in Fig. 2. The heat wave caused a decrease in grain
weight (Fig. 2A) by approximately 25%. Notably, HT plant grain
weight is lower during and just after the treatment, but equal to
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control plants between 500 and 550�Cd, while it deviates again
later during development.

Starch accumulation commences after 176�Cd and acceler-
ates after 240�Cd (Fig. 2B, C). Grain starch content is consist-
ently lower in HT samples when referring to thermal time.
However, when DAFs are considered, the starch content in
HT plants is barely different from that of control plants after
the heat wave and until after starch accumulation stalls in HT
plants (Supplementary Fig. S1A). A similar observation has been
made by Wallwork et al. (1998). It indicates that starch accu-
mulation rate in HT plants at this time point is not decreased.

As starch is the largest fraction of cereal grain weight
(Thitisaksakul et al. 2012), starch weight per grain (Fig. 2B)
follows total grain weight closely (Fig. 2A). Notably, while
starch weight per grain in control samples increases until
624�Cd, starch accumulation ceases 10 d earlier, at 521�Cd, in
HT plants.

Amylose content in HT and control samples does not vary in
mature samples, but is increased in HT grains at the end of heat
treatment as well as after 521�Cd, just before the onset of sen-
escence (Supplementary Fig. S1B). However, GBSSI is neither
more abundant during the heat wave nor at the end of the

Suc

UDP-glc Glc Fru

F6PG6PG1PADP-glc

G6PG1PADP-glc
SSI,SSII,

SSIII, SSIV
GBSSI

amylopectin
amylose

SBEI,SBEIIa,
SBEIIb

Suc

Fru
+

Glc

Suc

source
sink

amyloplast

starch granule

cell w
all

phloem
phloem

cell wall

FBP

GAP DHAP

Glycolysis
TCA

Respiration

CIN
SuS

UGPase HX FK
AGPase

AGPase

PGM PGI

PGM

PFK

Ald

CW
IN

cytoplasm

Fru
+

Glc

CW
IN

Triose-P ADP-glc

Starch

Suc-6P

Suc

Ald

SPP

SPS

CIN
Fru+Glc

Fru+Glc

Suc
VIN

vacuole

C
BB

C
yc

le

CO2

Light
Fru+Glc

Suc
VINvacuole FT

s

fructans

FBP
FBPase

F6P
PGI

G6P
PGM

G1P
AGPase

Triose-P UDP-glc
Ald

FBP
FBPase

F6P
(+F6P)

PGI
G6P

PGM
G1P

UGPase

Suc

Suc

cytoplasm

cell w
all

cell wall

chloroplast

UDP-glc
interconversion

UDP-glc
interconversion
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assimilate carbohydrates. These are exported in the form of Suc, which is transported into sink tissue like the cereal endosperm. There, Suc
is channeled into starch and cell wall biosynthesis as well as glycolysis. CBB cycle, Calvin–Benson–Bassham cycle; TCA, tricarboxylic acid cycle;
concerning a comprehensive listing of abbreviations used for enzymes and metabolites, the reader is referred to the abbreviations listed below.
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granule bound starch synthase; Glc, glucose; G1P, glucose-1-phosphate; G6P, glucose-6-phosphate; HK, hexokinase; HT, heat-treated; INV,
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grain filling period in HT samples (Supplementary Fig. S2). In
the absence of direct activity measurements, we can only con-
clude that the differences, if any, are not dramatic.

As plants suffering from the heat wave yellowed and
matured early, the chlorophyll content of the flag leaves was
determined (Supplementary Fig. S1C). After 521�Cd, almost no
chlorophyll was detected in leaves from HT plants, while
chlorophyll levels in control plants remained well above detec-
tion limit. These measurements confirm early senescence in HT

plants, which coincides with the stalling of grain size increase
and starch accumulation.

The heat wave itself does not change the bimodal
starch granule size distribution

While A-granules are formed between DAFs 5–10 in barley, B-
granules are initiated about 10 d later (Burton et al. 2002),
which coincides with HT in the current study. To understand
if HT had an effect on the bimodal distribution of starch
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granules, A- and B-granules were counted starting from DAF21,
which depicts the last sampling during HT, until maturity using
flow cytometry (Fig. 2D–F; Supplementary Fig. S3). During and
directly after HT, no significant differences in A- and B-granule
count could be detected. However, at 521 and 601�Cd a shift in
the proportion of B-granules was observed—the fraction of
smaller B-granules (<1 mm) was decreased in HT samples
(Fig. 2D) while the fraction of larger B-granules (3–6 mm) was
increased (Fig. 2E). The content of A-granules remained un-
changed during development (Fig. 2F) and in mature samples
no differences in A-granule percentage could be observed.

The biosynthesis of amylopectin is affected by
heat stress

The heat wave significantly increased the GT in starch ob-
tained from mature grains while the melting enthalpy was
reduced (Table 1), indicating heat-induced structural changes
within the starch are not due to varying proportions of amyl-
ose. To investigate starch structure in detail, the chain length
distribution of debranched amylopectin was analyzed
(Supplementary Table S1). In the following, degree of poly-
merization (DP) refers to the number of linearly linked a-1,4-
linked Glc units in each chain after debranching amylopectin
at its a-1,6-linkages.

Amylopectin from mature HT samples showed a decrease in
the abundance of DP 7–11 and an increase of DP 20–37
(Fig. 3E), which is known to correlate with an increase in GT
(Nakamura et al. 2002, Vamadevan et al. 2013), as well as an
increase in DP 12–15. A schematic representation of those
changes is presented in Supplementary Fig. S4. Direct compari-
sons between corresponding samples with the most similar
thermal times (Fig. 3A–D) further show reduced abundance
of short chains already at the end of heat treatment and beyond
that in HT plants. Notably, differences in amylopectin structure
are maximal 3 d after the termination of the heat wave at
approximately 450�Cd, with reduced DP 9–13 chains and in-
creased amount of chains larger than DP 14.

Changes in chain length distribution are particularly visible
when the dynamics of specific DP ranges are followed
throughout grain filling. To this end, DP ranges comprising
DP 8–11, DP 13–24 and DP 31–60 were chosen (Fig. 4), as SSI,
SSIIa and SSIII are predominantly involved in the synthesis of
chains of the respective lengths (Morell et al. 2003, Fujita et al.
2006, Jeon et al. 2010). Similarly, decrease in SBEI, HvSBEIIa and
HvSBEIIb activities cause deficits in DP 12–22, DP 10–12 and
DP 12–18, respectively (Satoh et al. 2003, Regina et al. 2006,
Regina et al. 2010, Sun et al. 2017), and were thus included

(Supplementary Fig. S5). However, a clear separation of the
individual enzyme activities cannot be achieved by analyzing
specific DP ranges, as starch biosynthetic enzymes work in
concert to produce starch. Still, these ranges allow compari-
son of our results to the published data. A statistical assess-
ment of the dynamics in amylopectin structure is shown in
Supplementary Table S2.

Although representing a small molar fraction, chains in the
range of DP 31–60 contribute to a large extent to the mass of
amylopectin due to the high number of Glcs per chain. These
chains are slightly increased during and after the period of ther-
mal stress before starch accumulation stalls in HT plants.

Chains in the range of DP 13–24 increase in proportion after
240�Cd in both treatments, corresponding to an increase of
SSIIa abundance in Western blots after that time point
(Supplementary Fig. S2). During the further course of grain
filling, the content of chains of DP 13–24, however, does not
deviate considerably from each other between treatments,
while Western blot analyses revealed a lower abundance of
SSIIa directly after the heat treatment and at the end of the
grain filling period (Supplementary Fig. S2).

Fig. 4 shows that HT plants had reduced DP 8–11 content
compared with control plants. This reduction is significant in
mature samples and at 301 and 441�Cd compared to the cor-
responding controls, when the DP 8–11 content is lowest. At
441�Cd the overlapping HvSBEIIa range of DP 10–12 shows a
significant decrease in abundance in samples from HT plants as
well (Supplementary Fig. S5). Western blots show SSI to be
decreased early during the heat wave at 301�Cd, but not at
393�Cd, and again after the heat wave at 441 and 521�Cd
(Supplementary Fig. S2).

Notably, chains of DP 8–11 significantly increase in abun-
dance during transition to maturity (P< 0.05) both in control
and HT plants (Fig. 4), but they are significantly increased al-
ready at 681�Cd in HT plants, probably due to the earlier onset
of senescence. Fig. 5 shows in detail how the earlier termination
of grain filling influences the dynamics of amylopectin chain
length distribution. In control plants, the amylopectin structure
remains largely the same between 384 and 624�Cd (Fig. 5A–D),
even though the total starch content per grain is more than
double during that period. However, while no additional starch
is deposited in the grains between 624�Cd and maturity (Fig. 2),
the starch structure changes. Chains of DP 2–14 increase in
abundance by a cumulative 3.57% with a maximum of 0.52%
for DP 10, while longer chains decrease in abundance corres-
pondingly. In HT plants, however, the changes within amylo-
pectin between the last sampling time point (681�Cd) and

Table 1 Peak GT, melting enthalpies and amylose contents of starch from mature barley grains grown under control and heat treatment
conditions determined by differential scanning calorimetry

Average peak
GT (n = 5) (�C)

Standard
deviation

Melting
enthalpy (J/g)

Standard
deviation

Amylose content
(% of starch)

Standard
deviation

Control 62.0a 0.2 4.8c 0.5 22.8 1.2

Heat treatment 64.6b 0.1 3.4d 1.1 22.5 1.0
a/bDifferent letters indicate that values differ significantly (P< 0.0001).
c/dDifferent letters indicate that values differ significantly (P< 0.05).
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maturity are less pronounced (Fig. 5E). Notably, the compari-
son of DP profiles in mature HT samples with samples har-
vested at 521�Cd (Fig. 5G and insert) is almost identical to
that of control plants between maturity and 624�Cd, both in
magnitude and DP profile. In HT plants, 521�Cd is the time
point when starch accumulation stalls (Fig. 2).

The heat wave only had minor effects on the
composition of the cell wall

A comprehensive microarray polymer profiling (CoMPP) was
used to detect specific cell wall components (Supplementary
Fig. S6). Mainly b-glucan, mannan and arabinoxylan could be
detected. A relatively increased arabinoxylan content was
observed in mature HT grains, while neither b-glucan nor
mannan levels were affected. During development, however,
the b-glucan content increased relatively faster in the HT
plants between 400 and 650�Cd while mannans were decreased
from 400 to 650�Cd (Supplementary Fig. S6).

Effect of a heat wave on Suc levels in developing
barley grains

Ultimately, all starch and cell wall components produced in the
grain originating from photo-assimilates is transported there as
Suc. To understand how Suc supply is affected by HT, Suc content
was quantified starting at 240�Cd (Fig. 6). It decreases between
240 and 464�Cd in control plants by almost 70% and then re-
mains at constant levels (Fig. 6). By contrast, Suc concentrations
in HT plants decreased directly after the onset of HT and remain
decreased after 5 d of thermal stress (393�Cd). After that, how-
ever, Suc content is elevated in grain samples from HT plants.

Notably, the relative accumulation of Suc in grains of HT
plants after 393�Cd parallels with reduced activities of the main
sucrolytic enzymes SuS, and all three INV isoenzymes CWIN,
CIN and VIN (Fig. 6A–D). This observation was confirmed by
additional experiments (Supplementary Fig. S7), as the original
activity signatures were obtained from pooled samples. The HT
induced repression of INV activity preceded their developmen-
tally regulated repression. Still, while SuS activity in HT plants
appeared to remain decreased compared with control plants,
CWIN and VIN resumed the activity levels of the control plants.

Interestingly, activity levels of ADP-glucose pyrophosphory-
lase (AGPase), the first committed step of starch biosynthesis
dropped only initially during HT, but this was followed by stable
levels towards the end of the HT and a recovery immediately
after, thus that activities in grains from control and HT plants
were similar after 400�Cd (Supplementary Table S3).

Effect of a heat wave on carbon metabolism of
barley flag leaf

Physiological and metabolic profiling of grains was comple-
mented with the analysis of flag leaves from the same plants
(Supplementary Table S3) as flag leaves are the main source of
Suc transported to sink tissues in cereals (Gordon et al. 1980).
Flag leaf Suc content was found to be reduced in HT plants
from the onset of the heat wave and remained constantly
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Fig. 3 Heat-induced changes in amylopectin structure. Comparison of
chain length distributions of debranched amylopectin between grains
from plants grown under control and heat wave conditions at time
points comparable in terms of �Cd. Positive bars reflect an excess of
those chains in heat wave grains. (A) Heat wave at 393�Cd minus
control at 384�Cd; (B) heat wave at 441�Cd minus control at 464�Cd;
(C) heat wave at 521�Cd minus control at 544�Cd; (D) heat wave at
601�Cd minus control at 624�Cd; (E) heat wave at maturity minus
control at maturity.
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below control levels throughout the course of the experiment
(Fig. 7D) contrary to the findings in grains where levels were
decreased during the heat wave but elevated directly thereafter.
Further, Glc and Fru levels were monitored (Fig. 7E, F). After a
temporary depletion during HT (240–393�Cd), hexose levels
increased compared with control plants immediately after-
wards and reached control levels by 521�Cd.

Parallel to the analysis in grains, the activity signatures of the
different INVs were determined in flag leaves as well. Both CIN
and VIN showed a very strong, transient increase in activity
during the heat wave between 240 and 393�Cd (Fig. 7B, C).
The activity of CWIN in HT plants, on the contrary, is not
changed during HT when compared with control. However,
later during grain development, between 384 and 464�Cd,
CWIN activity more than doubled in control plants and re-
mained elevated in comparison to earlier time points, while
no such increase was observed in HT plants, where it declined
to non-detectable levels after 521�Cd.

The measurements of INV activity were part of an analysis
that determined activity signatures for 13 key enzymes involved

in carbohydrate metabolism. The complete analysis is shown in
Supplementary Table S3.

Discussion

The current study suggests to separate grain development in
response to a heat wave into three distinct stages: (i) the heat
wave itself, when grain weight increases more slowly and starch
accumulation decelerates, (ii) a period of increase in grain
weight following the return to a normal temperature regime
and (iii) the process of maturation and desiccation.

The first stage, during the heat wave itself, is characterized by
HT plants gaining less grain weight and starch than control
plants. Notably, the proportion of A- and B-granules does not
change during this period arguing against an effect of the heat
wave on B-granule initiation happening at this stage (Burton
et al. 2002). Possibly, heat sensitivity of starch biosynthetic en-
zymes contributes to the observed decrease in starch accumu-
lation. During the heat wave, a reduction in amylopectin chains
of DP 8–11 was observed, which is compatible with a reduction
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Fig. 4 Dynamics of the amylopectin chain length distribution shown as the cumulative molar fractions of DP ranges DP 8–11, DP 13–24 and DP
31–60 during grain filling in barley grown under control and heat wave conditions. Molar fractions depicted are the sum of the molar fractions of
individual DPs within the DP range of DP 8–11 (A), DP 13–24 (B) and DP 31–60 (C) after normalization. The duration of the heat wave is
indicated by a black bar on the abscissae of each graph. Squared symbols represent data points from plants grown under control conditions,
while triangles represent plants that suffered from a heat wave between days 16 and 21 after anthesis. Error bars represent ± the standard
deviation.
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in the activities of SSI and SBEIIa alone or combined; although in
the absence of direct measurements of the activities of the
individual isozymes, any such conclusions must remain specu-
lative. Wallwork et al. (1998) have shown that the combined

soluble SS activity in barley is reduced during and directly after
HT, while the combined starch branching activity is decreased
directly after HT. Reductions in the relative activity of HvSSI
(Cuesta-Seijo et al. 2016) and of SBEIIa and SBEIIb from rice and

A E

B F

C G

D H

Fig. 5 Changes in amylopectin structure during grain filling in comparison to maturity. Comparison of chain length distributions of debranched
amylopectin between mature grains and developing grains from plants grown under control and heat wave conditions. Positive bars reflect an
excess of those chains in mature grains. (A–D) The comparison between samples taken from mature plants and at 624, 544, 464 and 384�Cd for
control conditions (filled bars). (E–H) The comparison between mature samples and those taken at 681, 601, 521 and 441�Cd from heat HT
(striped bars). Inserts in (E–H) show a direct comparison between the respective chain length distribution to that in (A), where the solid line is
the profile as in (A) and the dotted line is the profile as in the respective panel.
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Fig. 6 Time course analyses of the activity of sucrolytic enzymes and the content of their substrate and reaction products in the barley grain.
Depicted is the phase of starch accumulation (starting with DAF 15, 240�Cd). The duration of the heat wave is indicated by a black bar on the
abscissae of each graph. Squared symbols represent data points from plants grown under control conditions, while triangles represent plants that
suffered from a heat wave between days 16 and 21 after anthesis. Time is shown as thermal time [�Cd] to facilitate comparison between the two
curves shown. Enzyme activities are shown in nkat per mg protein on the left hand side for (A) SuS, (B) CWIN, (C) CIN and (D) VIN. For analysis,
material from three biological replicates was pooled. Error bars represent ± the standard deviation of three measurements of the combined
sample. On the right hand side, the grain content of (E) Suc, (F) Fru, (G) Glc and (H) UDP-glc are shown in micrograms per milligram dry weight.
The same samples as in (A–D) were used for analyses, but measurements were done on individual samples. Error bars represent ± standard
deviations between biological replicates, n = 3. The bars above the respective curves indicate ANCOVA analysis showing *P< 0.05 or **P< 0.01
significance. DEV, difference in sugar content over time of combined treatments; HT, difference in sugar content between treatments; INT,
interaction between changes over the indicated thermal time period and the applied treatment.
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maize (Ohdan et al. 2010) at elevated temperatures have been
documented in vitro. Proteomics studies in wheat have further
shown a decrease in the abundance of SBE enzymes in HT
plants (Zhang et al. 2017). The SSs from barley (Cuesta-Seijo
et al. 2016) and the BEs from rice and maize (Ohdan et al. 2010)
have been shown to retain activity in vitro in spite of incubation
at 40 or 35�C respectively, although those incubations lasted for
minutes, not days. Thus, we cannot discard the possibility of
protein denaturation in the present study, which could not be
ascertained using Western blots. Still, even though the structure
of amylopectin is changed during the heat wave, larger changes
occurred in the second stage after the heat wave had termi-
nated, around 450�Cd. Thus, the effect of heat wave on starch is

extended in time beyond the period of increased temperature.
These long lasting changes would be consistent with changes in
the abundance of SSs as shown in Supplementary Fig. S2. Yet, a
conclusive proof of the causes would require direct measurement
of the individual protein activities and their substrate selectivity at
the temperatures of the control and treated plants.

Further, the reduced grain weight increase is paralleled by
decreased activities of sucrolytic enzymes (INVs and SuS) as
well as Suc, Glc and Fru levels in the grains. These obviously
reduced Suc supplies to the grain are hence a very plausible
explanation for reduced starch content during HT.

Notably, the stage between the termination of the thermal
stress and stalling of starch accumulation, is in contrast to the

A D

B E

C F

Fig. 7 Effect of the heat wave on the sucrolytic enzymes and the content of their substrate and reaction products in the in flag leaves. Depicted is
the phase of starch accumulation (starting with DAF 15, 240�Cd). The duration of the heat wave is indicated by a black bar on the abscissae of
each graph. Squared symbols represent data points from plants grown under control conditions, while triangles represent plants that suffered
from a heat wave between days 16 and 21 after anthesis. Time is shown as thermal time (�Cd) to facilitate comparison between the two curves
shown. Enzyme activities are shown in nkat per mg protein for (A) CWIN, (B) CIN, (C) VIN and (D) Suc, (E) Fru, (F) Glc. For analysis, material from
three biological replicates was pooled. Error bars represent ± the standard deviation of three measurements of the combined sample.
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heat wave, characterized by increased Suc levels in HT grains. A
comparable observation was made by Wallwork et al. (1998),
which the authors interpreted as decreased Suc consumption
in developing grains, a theory reinforced by a parallel strong
reduction in AGPase activity. The authors therefore concluded
that starch accumulation is sink limited during this period. The
decreased activities of the sucrolytic enzymes, CWIN, CIN and
VIN, observed in the current study are consistent with this
assumption. Sucrolytic activity is a prerequisite for sink effi-
ciency and especially CWIN has been identified as a major
determining factor of sink strength. During grain filling, CWIN
activity is crucial for establishing high grain weight, as shown for
the CWINs GIF1 in rice (Wang et al. 2008) and Miniature1 in
maize (Chourey et al. 2012, Li et al. 2013).

However, despite the apparent tailback of Suc after ter-
mination of the heat wave, starch accumulation is acceler-
ated again during this second stage in HT plants, which
argues against a decrease in sink efficiency. Further, in con-
trast to the findings of Wallwork et al. (1998), no meaningful
reduction in AGPase activity was observed after termination
of the heat wave, which is consistent with a normal starch
synthesis capacity in grains at the time. Also, studies in rice
found only a moderate reduction in AGPase gene expression
under heat stress (Yamakawa et al. 2007, Tanamachi et al.
2016), while other studies looking at the activity itself found
no reduction, just an offset in time, in heat stressed rice
(Ahmed et al. 2015) and a moderate reduction in wheat
(Bansal et al. 2013).

An alternative explanation for the accumulation of Suc in
grains could be increased mobilization of Suc from source
tissue. Notably, in flag leaves of HT plants, CWIN activity re-
mained unaltered after HT while in control plants it increased
by >100% at the respective developmental stage. The increase
of CWIN activity in mature leaves has been described before
(Kingston-Smith et al. 1999) and appears to be both sufficient
and necessary for delaying leaf senescence (Balibrea Lara et al.
2004, Jin et al. 2009).

Still, an increase of CWIN activity in mature leaves appears
counterintuitive given the anabolic function of photosynthetic
tissue to produce and export Suc (Schnyder 1993). Zwack and
Rashotte (2013) suggested that increased CWIN activity could
provide a less productive leaf with an artificially strong source
identity. Elevated CWIN activity induces a futile cycle of Suc
export to the apoplast, followed by its hydrolysis and the reim-
port of hexoses. Accordingly, the absence of increased CWIN
activity in flag leaves could result in extra supply of Suc to the
grain.

Regarding the fine structure of amylopectin, the differences
between HT and control plants are maximal at approximately
450�Cd, despite unchanged starch granule proportions at this
time point. In particular, decreases in the relative frequency of
DP <12 and increases in DP 13–24, observed at approximately
450�Cd, as well as in mature grains, are expected to result in
increased GT (Fujita 2015). The fact that changes are maxi-
mized days after the HT can be explained either by regulatory
effects on either the abundance or activity of starch biosyn-
thetic enzymes or by the continued effects of an altered

amylopectin structure, which provides a different template
for further elongation of amylopectin.

The third stage in grain development in response to the HT,
corresponding to the grain desiccation process, is characterized
by a cessation of grain weight increase. In fact, a slight decrease
in dry grain mass was found. The phase of desiccation was
captured in a single data point in control plants, but spread
over three time points for HT plants. This was also illustrated by
a change in starch granule proportions. HT samples show a
significantly decreased content of very small B-granule as well
as an increased content of B-granules of 3–6 mm, which can be
interpreted as a lack of B-granule initiation in HT samples due
to the precocious senescence.

Notably and unexpectedly, the most profound changes in
amylopectin chain length distribution were observed in this
period. In control plants, a relatively large increase of short
chains in the range of DP 2–14 and a decrease of chains
larger than DP 14 occurred between 624�Cd and harvest ma-
turity i.e. after grain growth had ceased. In HT plants, very
similar structural changes occurred between 521�Cd and ma-
turity i.e. after starch accumulation had terminated. This sug-
gests that the processes involved are identical but just displaced
forward in time for HT plants. Finding such large changes in a
period where growth had ceased was unexpected. Previous
studies focused on the period up to cessation of grain growth
in wheat (Kalinga et al. 2014) or prior to it in barley (Källman
et al. 2015) and hence did not provide data on starch modifi-
cation during desiccation. As the amount of starch per grain
slightly declined between 521�Cd (or 624�Cd, respectively) and
maturity, it is possible that amylolytic or debranching enzymes
induced structural change. Another plausible cause for the
changes observed between the cessation of grain growth and
harvest maturity are the branching enzymes. During this period,
no new sugars are supplied to the grains and hence no Glc units
are added to the starch molecule. However, branching enzymes
can retain activity as their substrate, amylopectin, remains
available (Tetlow and Emes 2014). SBE activity always results
in the disruption of a long chain of Glcs to produce two shorter
ones (Nakamura et al. 2010), thus leading to a reduction in the
amount of longer chains and an increase in the frequency of
shorter chains, which is observed in this study. This effect is also
present during starch growth but it is masked by the elongation
activities of SSs. A schematic representation of the competing
effects is presented in Supplementary Fig. S4. In particular, SBEI
activity might be causative for most of the changes to amylo-
pectin during maturation. SBEI has a relatively late expression
peak in barley (Radchuk et al. 2009), thus its relative abundance
and relevance could be maximized during the desiccation pro-
cess. Rice SBEI preferentially catalyzes the formation of DP 10–
12 chains when supplied with amylose or modified amylopectin
as a substrate in in vitro experiments (Nakamura et al. 2010). In
our current study, these chains increased most in abundance
during desiccation. SBEIIa has been observed to have a similar
effect in barley (Regina et al. 2010), but that effect was while
including the simultaneous action of SSs. In rice, SBEIIa and
SBEIIb preferentially produce chains of DP 6–7 in the absence
of elongation activities (Nakamura et al. 2010). These chains are
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less abundant, thus arguing against a dominant role of these
enzymes during desiccation. Overall, the starch in mature grains
from HT plants is characterized by a decrease in the relative
frequency of DP< 12 and an increase in DP 13–24 when com-
pared with control plants, which is expected to result in
increased GT (Fujita 2015). The observed differences between
HT and control plants are potentially a carryover effect from
early grain development, as similar changes were observed at
approximately 450�Cd.

In summary, the comparable responses in grain weight,
starch content and starch structure during the desiccation
phase suggest that the processes are very similar in HT and
control plants. Thus, this stage does not add to yield or quality
losses other than through its 10 d early onset in stressed plants.
Consequently, the most promising strategy to improve the per-
formance of cereal crop plants under thermal stress appears to
be source related, namely the introduction of functional stay-
green traits that prevent precocious senescence. In sorghum,
stay green has for instance been associated with the formation
and presence of the cyanogenic glucoside dhurrin (Hayes et al.
2015, Emendack et al. 2017). Barley leaves also contain hydroxy
nitrile glucosides including the cyanogenic glucoside epiheter-
oendrin (Knoch et al. 2016).

Material and Methods

Plant material and experimental growth
conditions

Hordeum vulgare L. cultivar Quench was grown (density: 8 plants/11 L pot)

at the RERAF (Risoe Environmental Risk Assessment Facility) phytotron in

Roskilde, Denmark (Frenck et al. 2011, Ingvordsen et al. 2015) under 16 h/8 h

long-day conditions with temperature and relative humidity set to 18�C/

70% (day) and 12�C/55% (night). Heat treatment (HT) was applied from 16

to 21 DAF, at 33�C (day) and 26�C (night), while the other parameters were

kept constant. Water supply was not limited during HT and water was given

until the spike on the first developing tiller had fully yellowed. Spikes

were left on the culm to desiccate before harvest then further dried at

25�C for 3 d.

Sampling of plant material

Pre-experiments established a correlation between the visible length of awns

emerging from the flag leaf sheath and the DAF. The DAF of the first developing

tiller was determined for every plant and the mean was used as ‘day 0’ for all

plants (Wallwork et al. 1998). Sampling of complete ears and flag leaves of the

first tiller was done at DAFs 4, 11, 15, 18, 21, 24, 29, 34 and 39. HT DAF 21

samples were collected under HT conditions. Samples were flash frozen in liquid

nitrogen and stored at �80�C. Material from DAF 18 control plants was lost.

Further samples were taken from fully matured and dried plants and kept at

room temperature.

Conversion of DAF into degree days [�Cd] was done according to Equation

(1), where L represents the number of days, TL the average temperature during the

day and TB the base temperature, the temperature below which plant develop-

ment stops. TB for barley grown in temperate regions can be considered 0�C.

�Cd ¼
X

LðTL� TBÞ ð1Þ

Measurement of starch GT and melting enthalpy

GT was determined as peak temperature by differential scanning calorimetry on a

Mettler Toledo DSC1 instrument (Mettler Toledo, Greifensee, Switzerland) in three

technical replicates on five biological replicates per treatment. Melting enthalpies

was determined with the same software. A two-sided t-test for two independent

populations with equal variance assumption was done using Microsoft Excel.

Determination of grain starch content and
quantification of amylose and b-glucan content

For frozen samples, all filled grains from one side of the rachis were pooled while

kept frozen. Grains were lyophilized at�15�C for 5 d followed by 24 h at room

temperature. All grains from matured, dried samples were lyophilized at room

temperature (24 h). Dried grains were crushed, cooled in liquid nitrogen and

ground to flour in a SPEX SamplePrep2010 Geno/Grinder� (Metuchen, New

Jersey, USA).

Determination of total starch was done using the AA/AMG kit from

Megazyme (Bray, Ireland). D-Glucose (1 mg/ml) and Regular Maize Starch

from Megazyme (Bray, Ireland) served as controls. Amylose content and

amylose: amylopectin ratio was determined using the K-AMYL kit

(Megazyme, Ireland). b-glucans were quantified using the K-BGLU kit

(Megazyme, Ireland). Five milligram aliquots of flour were used, otherwise

manufacturer’s recommendations were followed. Grubbs test for outliers,

ANOVA and ANCOVA were made using XLSTAT add-on for Microsoft

Excel (Addinsoft, New York, NY, USA). ANOVA was applied to mature sam-

ples and ANCOVA to distinct stages during development (HT: 240–393�Cd;

recovery: 384–601�Cd; desiccation: 464–681�Cd). For samples taken during

development n = 3, for samples taken at maturity n = 5 plants were used for

measurements.

Determination of relative A-granule content in
barley starch

Starch granules size distribution was measured using flow cytometry on a

NovoCyte� instrument (ACEA Biosciences, Inc., San Diego, CA, USA) set to

�= 480nm (Forward scatter threshold: 6,000). Per sample 50,000 events were

counted similar as in Bull et al. (2018) in three technical replicates. ANOVA (for

mature samples) and ANCOVA (direct HT effect: 336–441�Cd; period until

desiccation: 464–681�Cd) were made using XLSTAT add-on for Microsoft

Excel (Addinsoft). Three biological replicates were used for samples taken

during development and five for mature samples.

Chlorophyll determination

Flag leaves were ground using a SPEX SamplePrep2010 Geno/Grinder�

(Metuchen, New Jersey, USA). Powder was dissolved in methanol, centrifuged

and supernatants were analyzed at 665.2 and 652.4 nm using a Biochrom WPA

Biowave II UV/Visible Spectrophotometer (Cambourne, UK). Results were nor-

malized to fresh weight (n = 3 for samples taken during development; n = 5 for

mature samples).

Analysis of chain length distributions in
debranched amylopectin

Chain length distribution of debranched amylopectin was determined from

the same samples used to determine grain starch, amylose and b-glucan

content. Starch was isolated from flour (2 mg) following Shaik et al. (2014).

Starch was debranched with Pseudomonas spearoides isoamylase and Bacillus

licheniformis pullulanase (Megazyme, Ireland) and analyzed in an ICS-3000

chromatography system (Dionex) using CarboPac PA100 analytical columns

following Blennow et al. (1998). Peak areas were converted to molar ratios

based on comparison with a debranched oyster glycogen standard (type II,

Sigma, Denmark). All molar fractions reported are after normalization to

100% based on the accumulated molar amounts from DP (degree of poly-

merization) 6 to DP 35. Standard deviations for the differences between molar

fractions were calculated as the square root of the sum of the squares of the

standard deviations of each group of samples, weighted when the number of

samples was uneven between groups. ANOVA including Tukey’s range test on

specific DP ranges in amylopectin molecules (Supplementary Table S2) was

performed using XLSTAT add-on for Microsoft Excel (Addinsoft). (Biological

replicates: n = 3 for samples taken during development; n = 5 for mature

samples.)
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Comprehensive microarray polymer profiling

Samples (10 mg) were de-starched with Termamyl� (Novozymes, Denmark)

and washed twice with 70% (v/v) ethanol and with acetone. Samples were

extracted as described in Moller et al. (2007) and processed as described in

Pedersen et al. (2012) in four technical replicates and four dilutions, biological

replicates were n = 3 for samples taken during development; n = 5 for mature

samples.

Enzymatic assays

Pooled grains from one side of the rachis and the corresponding flag leaf of the

same plant were ground to powder (n = 3). Aliquots of biological replicates

(100 mg) were pooled prior to enzymatic assays, which were performed as

described in Jammer et al. (2015). For selected enzymes, additional measure-

ments on individual plants (n = 3) were added. ANCOVA tests were made using

XLSTAT add-on for Microsoft Excel (Addinsoft) on distinct stages during de-

velopment (HT: 240–393�Cd; recovery: 384–544�Cd; desiccation: 464–681�Cd).

Different plant individuals were used for enzymatic analysis and the character-

ization of starch.

Metabolite extraction

Metabolite extraction was performed on the same material (ca. 100 mg) as used

for the enzymatic assays following Lunn et al. (2006) (n = 3) with few modifi-

cations. Specifically viscous, high molecular-mass components were removed

from the samples with SEP-Pack Cartridges (Waters, Milford, Massachusetts,

USA) and a 0.2 mm Supor� membrane filter (PALL, New York, NY, USA).

Lactose was added to the frozen tissue slurry immediately after the addition

of cold CHCl3/CH3OH.

Assay of metabolites

Aliquots (10 ml) of grain extracts (n = 3) were analyzed in an ICS-3000 Dionex

chromatography system as for the chain length distributions. For Suc, Glc and

Fru, the mobile phases were (A) water and (B) 0.5 M NaOH. Compounds were

eluted with a multi-step gradient: 100% A (0–10 min), 30% B (10–20 min), 30–

70% B (20–25 min), 70–100% B (25–31 min). For the analysis of UDP-glc the

solutions used were: (A) 75 mM NaOH and (B) 75 mM NaOH + 500 mM

NaOAc. Multi-step gradient was as follows: 100% A (0–10 min), 100–70% A

(10–20 min), 100–62% A (20–40 min), 62–59% A (40–70 min), 100% B (70–

75 min), 0–100% A (75–77 min), 100% A (77–85 min). Peak areas were

integrated with Chromeleon 6.8 (Dionex), and processed in Microsoft Excel.

Quantification of Suc, Fru and Glc from leaf samples was performed similarly

with CarboPac SA10-4 mm analytical columns in a Dionex ICS-5000+ Reagent-

Free HPLC System (Dionex, Thermo Fisher Scientific, Waltham, MA, USA)

with PAD detection. Monosaccharides were separated with a 5 mM KOH

isocratic condition for 30 min, quantified by comparison with authentic

standards and normalized to dry weight.
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Supplementary data are available at PCP online.
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