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Editorial on the Research Topic

Regulatory Mechanisms for Improving Cereal Seed Quality

In past years, enormous progress has been made in increasing the cereals yield to cope with the
increase in the world population. More recently, with rising of living standard, consumers and
industry have also paid great attention to quality improvement. Cereal quality is mainly determined
by cereal grain and includes its processing and end-use quality, as well as the health-associated and
nutritional value. Cereal quality is a complex trait affected by both genetics and environmental
factors. This Research Topic aims to illustrate advances of seed quality improvement in cereals.

Maize and wheat are the most widely grown cereals (FAO, 2021) and two reviews in this
Research Topic are focused on their seed quality improvement. Wu et al. wrote a comprehensive
review describing the maize endosperm developmental patterns in different tissues and cell types
and underlaying molecular regulatory mechanisms. The authors illustrated prospects for how
knowledge of endosperm development regulation could be utilized to improve grain quality
through the alteration of metabolic pathways and alteration of cellular development. Sweet corn
represents one of the more familiar examples of metabolic pathways alteration, as it arises from
mutations in enzymes of the starch biosynthetic pathway that impede the incorporation of glucose
subunits into starch, resulting in the accumulation of free sugars in the endosperm (Lertrat and
Pulam, 2007). Manipulation of basal endosperm transfer layer (BETL) development or function
represents an example of cellular developmental manipulation for altering quality. Cells forming
BETL are responsible for transporting metabolites from maternal tissues into the endosperm and
the modulation of the relative expression levels of various classes of transporters could enhance
grain filling or shift grain composition (Dai et al., 2021). This review highlighted the relevance of
the gene network analyses as powerful tools to predict central regulators of gene expressionmodules
that can be the targets of modern genetic approaches for modifying endosperm development and
improving seed quality. Peng et al. provided a summary about the role of seed storage proteins
(SSPs) for conferring wheat dough unique rheological properties required for the production of
specific food for human nutrition. They also discussed about the efforts done for reducing specific
gliadins epitopes associated with coeliac disease, while maintaining desirable end-use quality. In
particular, the authors focused on the relevance of specific agricultural practices, including nitrogen
and sulfur fertilization, as well as irrigation strategies, for manipulating yield and seed quality.

Due to climate change, the average global temperature is increasing continuously and is
predicted to rise by 2◦Cuntil 2100, thus severely affecting crop yield and quality (Porter et al., 2014).
In this Research Topic, three articles focused on the association between temperature variation
and cereals quality. A slight increase in temperature induces rice chalkiness, which affects not
only appearance but also milling and cooking quality (Peng et al., 2018). Wang et al. showed that
application of nitrogen fertilizer during agronomical practices increased prolamin accumulation
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in seed, resulting in chalkiness reduction. Fan et al. grew
wheat plants under field conditions to show that night-
warning treatment applied at the plant vegetative stage
during winter or spring significantly reduced the flag leaf
senescence induced by increased warming during the post-
anthesis period. Liu W. et al. used proteomics to investigate
the regulatory effects of high temperature on rice grain
metabolic pathways under field conditions. The results supported
previous findings about the negative effects of temperature
on starch and protein accumulation and composition (Tang
et al., 2018). In addition, the authors identified specific
molecular chaperone heat shock proteins as potential novel
targets for alleviating the impact of increased warming on
seed quality.

Products derived from cereals grain are relevant for human
food and animal feeding, but the concentration of essential
amino acids and micronutrients must reach the thresholds
required for providing sufficient nutritional value. Lysine is
an essential amino acid and it must be supplied through diet
(Hou and Wu, 2018). The high concentration of lysine-poor
prolamin storage proteins in cereals is associated with the sub-
optimal nutritional quality of cereal grains. For example, barley
lys3 mutants have an increased lysine content but a reduced
seed size and yield (Orman-Ligeza et al., 2020). Proteomics
approaches were employed by Bose et al. to predict the
impact of barley lys3 mutations to other signaling pathways.
In this study the authors provided preliminary indications to
understand the nature of the pleiotropic effects associated with
ly3s mutations, which is an essential step forward to improve
lysine content without affecting yield. Even micronutrients, like

Zn and Fe, are present in suboptimal levels within cereals
grain and their deficiency in human diet has become one
of the most common health problems (Vasconcelos et al.,
2017). Tong et al. used genome-wide association studies to
identify novel quantitative trait loci associated with Zn and
Fe concentrations in wheat grain, thus providing essential
knowledge required for improving Zn and Fe level though
targeted breeding programs.

The Research Topic ends with two articles that investigate
the end-use quality of cereals grain by specifically focusing on
biscuits derived from the wheat flour. Liu L. et al. tested starch
addition to flour of wheat cultivars with different protein content
to provide information about how starch affect biscuits quality
and showed that this approach can be particularly useful for
improving biscuits quality using flour fromwheat with low gluten
content. Ma et al. focused on wheat SSPs to show that a knock-out
mutation in one of the gene of the highmolecular weight glutenin
subunits family decreased glutenin macropolymers content, thus
weakening gluten strength and improving sugar snap cookie
processing quality without yield penalty.
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Nitrogen Fertilizer Regulated Grain
Storage Protein Synthesis and
Reduced Chalkiness of Rice Under
Actual Field Warming

Xueqin Wang 1, Kailu Wang 1, Tongyang Yin 1, Yufei Zhao 1, Wenzhe Liu 1, Yingying Shen 1,

Yanfeng Ding 1,2 and She Tang 1,2*

1College of Agronomy, Nanjing Agricultural University, Nanjing, China, 2 Jiangsu Collaborative Innovation Center for Modern

Crop Production, Nanjing, China

Our previous study has shown that nitrogen plays an important role in dealing with

significantly increased chalkiness caused by elevated temperature. However, the role

of nitrogen metabolites has not been given sufficient attention, and its regulatory

mechanism is not clear. This study investigated the effects of high temperature and

nitrogen fertilizer on the synthesis of grain storage protein and further explored the

quality mechanism under the actual scenario of field warming. Results showed that

increased temperature and nitrogen fertilizer could affect the activities of nitrogen

metabolism enzymes, namely, glutamate synthetase, glutamine synthetase, glutamic

pyruvic transaminase, and glutamic oxaloacetic transaminase, and the expressions

of storage protein synthesis factor genes, namely, GluA and GluB, and subfamily

genes, namely, pro14, BiP1, and PDIL1, which co-induced the changes of storage

protein synthesis in rice grains. Furthermore, the increased temperature changed the

balance of grain storage substances which may lead to the significantly increased

chalky rate (197.67%) and chalkiness (532.92%). Moreover, there was a significant

negative correlation between prolamin content and chalkiness, indicating that nitrogen

fertilizer might regulate the formation of chalkiness by affecting the synthesis of prolamin.

Results suggested that nitrogen application could regulate the related core factors

involved in nitrogen metabolism pathways, which, in turn, affects the changes in the

storage protein components in the grain and further affects quality. Therefore, as a

conventional cultivationmeasure, nitrogen application would have a certain value in future

rice production in response to climate warming.

Keywords: rice, actual field warming, nitrogen fertilizer, grain storage protein, quality, chalkiness

INTRODUCTION

With the improvement of living standards of people, the demand for high-quality rice is
increasing. However, rice quality is extremely sensitive to temperature. With the intensification
of global warming, the increase of chalkiness in rice quality traits has become a key issue that
needs to be focused on. Studies conducted by artificial climate room (Xu et al., 2020) and
actual field warming experiments (Rehmani et al., 2014) illustrated that high temperature was
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conducive to the occurrence of chalkiness (Mitsui et al., 2013).
Increased grain chalkiness affects not only appearance quality
but also milling and cooking quality (Cheng et al., 2005; Guo
et al., 2011). Based on our previous field trials, a small scale
of temperature increase during the rice grain-filling stage can
lead to a significant increase in chalkiness, which will bring
new challenges to the production of high-quality rice in the
future and reasonable cultivation measures that are urgently
needed. Nitrogen application is a simple agronomic measure,
which has been proved that it can alleviate high-temperature
damage through decelerating the early grain-filling rate of rice
and could further reduce the occurrence of chalkiness (Dou
et al., 2017; Tang et al., 2019). Although the regulatory effect
of nitrogen on the physicochemical properties of rice starch
had been preliminarily clarified in our previous study, the
characteristics of its effects on grain nitrogen metabolism have
not yet been investigated.

The formation of grain chalkiness is closely related to
carbon and nitrogen metabolism. Previous studies have shown
that genes contributed to the formation of chalkiness are all
related to the carbon and nitrogen metabolism key enzymes
(Kang et al., 2005; Fujita et al., 2007; Wang et al., 2008).
Our previous studies showed that nitrogen fertilizer effectively
influenced the accumulation and structural characteristics of
starch, which further alleviated the rice quality under increased
temperature (Tang et al., 2019). The application of nitrogen
fertilizer affected the structure of rice starch, which further
changed its functional properties and eventually led to the
changes in the grain quality (Zhou et al., 2020). Being the
second largest storage components in rice grain, rice seed
storage protein (SSP) accounts for about 8–10% of grain weight
(Kawakatsu and Takaiwa, 2010). The grain protein content
has been proved to be significantly negatively correlated with
appearance, and increased temperature could regulate the grain
protein synthesis, resulting in the changes in balance of storage
substance, which could further regulate the formation of grain
chalkiness (Tang et al., 2018; Liu et al., 2020). Studies also
showed that reasonable nitrogen application could alleviate
chalkiness caused by elevated temperature (Wada et al., 2019).
Therefore, understanding the mechanisms of nitrogen fertilizer
on grain storage protein synthesis and appearance quality under
open-field warming condition would be contributed to the
establishment of reasonable cultivation measures.

Our previous studies on temperature increase and nitrogen
application have clarified the effect of carbon metabolism on
quality and chalkiness, but the effect of nitrogen metabolism
on the formation of chalkiness is still unclear. As a simple
measure suitable for actual field operations, nitrogen fertilizer
can alleviate the deterioration of quality caused by climate
warming, including reducing chalkiness, but its mechanism has
not been fully revealed. Therefore, the purpose of this study
was to explore the contribution of nitrogen metabolism to the
formation of chalkiness through the application of nitrogen
fertilizer under the increased open-air temperature experiment.
By clarifying the regulatory effects of nitrogen application on
nitrogen metabolism-related enzymes and regulatory factors
under increased temperature, the results would help supplement

its effect on grain nitrogen metabolites. Based on this, the
mechanism of nitrogen fertilizer measures in alleviating the
deterioration of rice quality could be further revealed, and
this may help systematically assess the potential role of
nitrogen in combating the deterioration of rice quality under
climate warming.

MATERIALS AND METHODS

Experimental Conditions
The actual field warming scene is located in the middle and lower
reaches of the Yangtze River Basin, and the experiments were
conducted at the Rice Research Station of Nanjing Agricultural

University (31◦56
′
39

′′
N, 118◦59

′
13

′′
E, 80m altitude). Rice was

sowed onMay 27, transplanted on June 15, and headed onAugust
26 in 2019. The experimental site soil type is clay loam, with
a pH value of 6.41. The total nitrogen, available nitrogen, total
phosphorus, available phosphorus, and available potassium from
0 to 20 cm soil were 1.4 g kg−1, 7.8mg kg−1, 0.6 g kg−1, 20mg
kg−1, and 91.7mg kg−1, respectively.

Plant Materials and Treatment
The test material was the conventional japonica rice variety
Wuyujing 3 (W3), which belongs to the high-quality japonica
rice variety widely planted in the local area, and its chalkiness
is sensitive to external temperature. The cultivation process
including artificial transplanting was carried out after the
nursery, and field management besides pest control was
conducted on the basis of local high-yield and high-quality
cultivating measures. The experimental treatments of elevated
temperature and nitrogen fertilizer application are as follows:
ambient temperature (CK), elevated temperature (ET),
application of nitrogen fertilizer under normal temperature
(CKN), and application of nitrogen fertilizer under elevated
temperature (ETN). Field warming treatment was conducted
through the free-air temperature enhancement (FATE) facility
(Supplementary Figures 1, 2). The infrared ceramic heaters
of the FATE system were used to warm the rice plants during
day and night after anthesis. The detailed parameters of the
system can be retrieved in our previous studies (Rehmani
et al., 2014; Tang et al., 2019). A temperature and hygrometer
HOBO U23-001 was placed in the rice canopy to record the
temperature during grain filling, and HOBOwarePro software
(Onset Computer Co., Bourne, MA, USA) was used for data
processing. The total nitrogen application of CK and ET was
300 kg·hm−2, and the ratio of basal fertilizer, tiller fertilizer,
and panicle fertilizer was 4:2:4. Compared with CK and ET,
CKN and ETN with increased nitrogen fertilizer were applied
with 60 kg N·hm−2 nitrogen at the beginning of temperature
increasing treatment.

Determination of Yield and Quality
The effective panicles of dozens of holes were randomly
investigated in the no sampling area at the maturity stage, and the
spikelets per panicle and seed setting rate were calculated, with
three replicates in each group. Panicle samples were threshed at
70◦C and dried to constant weight, and the grain weight was
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weighed to calculate the theoretical yield of rice. Determinations
of grain quality traits were conducted (refer to our previous
test procedures) (Dou et al., 2017; Tang et al., 2019), and the
brief protocols are as follows: the ratio of grain length to width
was measured by using a vernier caliper. The chalkiness degree
was calculated by the multiplication of the chalkiness rate and
chalkiness area. JLGJ 4.5 shelling machine of Taizhou Grain
Industry Instrument Company was used for shelling, and the
brown rice rate was calculated. Brown rice was weighed and
milled by JNMJ3 rice mill for 90 s to determine the milled rice
rate. Samples with integrity >80% were picked from the milled
rice and weighed to calculate the head rice rate. Rapid-visco-
analyzer (RVA) characteristics of rice were determined by RVA-
4500, a rapid viscosity analyzer developed by Newport Scientific
Instrument Company in Australia. A total of 3.00 g of rice
flour with a moisture content of about 14.0% was added to the
aluminum box, with 25ml of distilled water, and quickly stir
it up and down with a stirrer for 10 times to make the rice
flour disperse evenly according to the AACC standard (2012).
The prepared samples were tested on RVA-4500 according to the
set procedure.

Transmission Electron Microscope
Observation
The spikelets were obtained from the first branch in the middle
of the panicle at 6, 9, 12, 15, and 20 days after anthesis (DAA).
Transverse segments (1–2mm thick) from the same middle of
the kernels were obtained to observe the morphological and
structural changes and the shape and spatial arrangement of
amyloplasts and protein bodies (PBs) according to the JEM-
1200EX transmission electron microscope (Tang et al., 2018).

Determination of Grain Storage Material
Contents
The polarimetric method was employed to determine the total
starch content of rice flour samples after 100 mesh screening. The
amylose content was measured according to the standard of the
People’s Republic of China GB/17891-1999 high-quality rice. The
grain storage proteins, namely, albumin, globulin, prolamin, and
glutelin, were extracted from distilled water, dilute hydrochloric
acid, ethanol, and dilute alkali. Among them, albumin, globulin,
and prolamin were determined by Coomassie brilliant blue
colorimetry, and glutelin was determined by biuret colorimetry.
The content of 17 amino acids in the protein was detected by
using the Hitachi L-8900 amino acid analyzer (Hitachi Corp,
Japan) according to the hydrochloric acid hydrolysis method.

Analysis of Enzyme Activities Related to
Protein Synthesis
The spikelets collected from 6, 9, 12, 15, 20, 25, and 35 DAA
were grounded into powder in liquid nitrogen. The glutamine
synthetase (GS) and glutamate synthetase (GOGAT) activities
were determined by using the protocols described in our previous
study by Tang et al. (2018), and the glutamic oxaloacetic
transaminase (GOT) and glutamic pyruvic transaminase (GPT)
activities were analyzed according to the protocols described by
Wu et al. (1998).

RNA Extraction and RT-PCR
Total RNAs of test samples were extracted and purified from
shelled grains of 6, 9, 12, 15, and 20 DAA according to the
instructions of the RNAprep Pure Plant Kit (TIANGEN, Beijing,
https://www.tiangen.com/). After extraction, the concentration
and purity of total RNA were analyzed using the NanoDrop One
C Ultra-micro spectrophotometer (Thermo Fisher Scientific,
USA). Reverse transcription was performed using the Takara’s
PrimeScriptTM RT Kit (Takara Biotechnology, Tokyo, Japan).
The real-time quantitative analysis was conducted based on the
Biosystems 7300 and StepOnePlusTM real-time PCR system. The
cycling parameters were as follows: 30 s at 95◦C, 40 cycles of 5 s
at 95◦C, and 31 s at 65◦C. Actin was used to calculate the relative
expression level of target genes. Primers used in this study are
listed in Supplementary Table 1.

Data Analysis
Data sorting and analysis were performed using Microsoft
Excel 2019 (Microsoft Corporation, WA, USA) and SPSS20.0
statistical software (IBM SPSS R© Statistics, NY, USA) statistical
software. Origin 8.1 (OriginLab Corporation, MA, USA) was
employed for figure preparation. ANOVA was used to analyze
data according to a completely random design, and the averages
were compared by using the Duncan’s multiple range test
(DMRT) based on the least significant difference test at the 5%
probability level.

RESULTS AND ANALYSIS

Effects of Nitrogen Fertilizer on Yield and
Quality of Rice Under Elevated
Temperature
The results of actual paddy field warming on rice yield are
basically consistent with previous studies on the impact of
climate warming on rice yield. Compared with CK, ET had a
negative impact on yield with a decrease of 23.72%. In particular,
the increase in temperature has led to a significant decrease
in the grain weight and the seed setting rate, which is also
the main reason for the decrease in yield. Furthermore, in this
study, the most prominent results of the effect of increasing
temperature on the rice quality were the significantly increased
chalky rice rate (197.67%), chalky area (104.62%), and chalkiness
(532.92%). This result is also consistent with the results of our
warming field trials carried out since 2012. Compared with the
ET treatment, the application of nitrogen under ETN alleviated
the loss of the grain weight and the seed setting rate to a
certain extent and thus reduced the adverse effect of warming
on yield (16.09%). Nitrogen fertilizer also had a significant effect
on alleviating chalkiness with a decrease of 22.27%. However,
nitrogen fertilizer had no significant effect on the chalky rate and
chalk area (Tables 1, 2 and Figure 1). The milled rice rate and
head rice rate were decreased by 3.93 and 8.33%, respectively,
under elevated temperature, while nitrogen application increased
the head rice rate by 4.34% at the significance level. The hot paste
viscosity, peak viscosity, breakdown viscosity, and gelatinization
temperature were increased by 14.43, 5.56, 23.72, and 5.39%,
respectively, and the cool paste viscosity and setback viscosity
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TABLE 1 | Effects of warming and nitrogen fertilizer on yield and yield components in rice.

Treatment Spikelets per panicle (× 104 hm−2) Panicles per panicle 1,000 grain weight (g) Seed setting rate (%) Yield (t hm−2)

CK 401.71a 96.10a 26.80a 95.35a 9.78a

ET 410.26a 86.02a 23.56d 89.70b 7.46c

CKN 418.80a 96.64a 26.03b 92.84a 9.77a

ETN 418.80a 90.77a 24.45c 93.24a 8.66b

T ns ns ** * **

N ns ns ns ns ns

T*N ns ns ** ** ns

*, **, significant at 0.05 and 0.01 probability levels, respectively, ns means there is no significant difference. Values with different letters in each row represent for the significantly different

with p < 0.05. T represents temperature, N represents nitrogen fertilizer, CK represents ambient temperature, ET represents elevated temperature, CKN represents application of

nitrogen fertilizer under normal temperature, and ETN represents application of nitrogen fertilizer under elevated temperature.

were decreased by 8.01 and 175.45%, respectively, under elevated
temperature. Nitrogen application could alleviate the changes of
peak viscosity and breakdown viscosity but had no significant
effect on other parameters (Table 2). Overall, the increase in
temperature during the rice grain-filling stage has a certain
negative effect on the yield components and quality indicators,
while from the perspective of years of field trials, the application
of nitrogen fertilizer has a positive regulatory role on the adverse
effects of temperature increase and could be considered as a
potential effective cultivation measure to cope with high-quality
rice production under climate warming.

Effects of Nitrogen Fertilizer on Endosperm
Development and Grain Storage Proteins
Under Elevated Temperature
Endosperm Development
The effects of elevated temperature and nitrogen on the
development of grain (superior pikelets) endosperm were
investigated, and the results showed that there was no amyloplast
found in CK and CKN treatments, while a small amount of
amyloplasts and PB I and PB II were observed in ETN at 6
DAA. The PBs and amyloplasts in rice endosperm were increased
rapidly, and the volume and quantity of PBII were increased
significantly at 9 DAA. Results indicated that PBs were closely
packed around amyloplasts under elevated temperature, while
this phenomenon was not observed under normal temperature
treatment in CK and CKN at 15DAA. At 20DAA, the endosperm
of grain was basically mature, and the PBs of each treatment
were closely packed among the amyloplasts. The PBs in ET
were increased continuously and were tightly arranged in the
endosperm and further connected and squeezed with the starch
granules to fill the entire endosperm tissue. Compared with the
ET treatment, the compression degree of amyloplasts and PBs
under nitrogen treatment was relatively lower, indicating that the
development of endosperms was slower than ET (Figure 2).

Dynamic Changes of the Protein Content
Results of grain storage protein components showed that
when compared with CK, the albumin content of grains was
increased at 6, 9, and 12 DAA under elevated temperature,
and nitrogen application also had the same regulatory effect,

while the difference in the albumin content of ET and ETN was
not significant. Compared with CK, ET and ETN treatments
increased the globulin content by 11.63 and 7.34%, respectively,
at 25 DAA. Compared with CK, the prolamin content under
the ET treatment increased after the initial stage of filling and
then decreased, resulting in a relatively low prolamin content
in the ET treatments. ETN significantly increased the prolamin
content by 6.25% compared with ET during the whole grain-
filling stage. Changes in the glutelin content indicated that at
15 DAA, elevated temperature obviously increased the glutelin
content, while nitrogen application further increased its content.
The glutelin content was increased by 10.61%, and the content
of prolamin was decreased by 5.73% under elevated temperature
at 35 DAA (Figure 3). Correlation results showed that the
prolamin content was significantly and negatively correlated
with chalkiness, hot paste viscosity, peak viscosity, breakdown
viscosity, and gelatinization temperature, while it was positively
related to head rice rate, amylose content, cool paste viscosity,
and setback viscosity. The glutelin content was negatively
associated with cool paste viscosity and was positively correlated
with gelatinization temperature (Table 3).

Effect of Nitrogen Fertilizer on the Protein
Activities Related to Synthetase Under
Warming Condition
The activity of GOGAT was relatively increased under elevated
temperature before 20 DAA and was significantly increased by
39.48% at 15 DAA Compared with ET, the activity of GOGAT
was increased in ETN during the whole grain-filling period. GS
activity under the ET treatment was lower than that of the CK and
was significantly decreased by 43.94 and 12.14% at 9 DAA and 15
DAA, respectively. Compared with the ET treatment, GS activity
was significantly increased in the ETN treatment at 6 DAA, 9
DAA, and 12 DAA. However, the difference was not significant in
the later stages in both ET and ETN treatments. During the whole
grain-filling stage, increased temperature significantly increased
the GOT activity, while nitrogen application under elevated
temperature could further improve GOT activity until 12 DAA.
Compared with CK, GPT was maintained higher activity in
elevated temperature treatment, and nitrogen application under
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elevated temperature had similar regulatory effects on the activity
of GPT (Figure 4).

Regulatory Effects of Nitrogen Fertilizer on
Main Regulatory Factors Related to Grain
Protein Under Warming Conditions
The regulatory effect of elevated temperature and nitrogen
application on the currently known regulatory factors related
to storage protein synthesis showed that increased temperature
had a significant upregulating effect on both GluA1 and
GluA2. For example, compared with CK, the expressions
of GluA1 and GluA2 were increased by 86.01 and 38.32%,
respectively, at 15 DAA. The nitrogen application under elevated
temperature decreased the relative expression of GluA1 (except
12 DAA) but significantly increased the relative expression
of GluA2 (except 20 DAA). Under elevated temperature, the
expression of GluB1 at 6 DAA and 9 DAA was decreased and
subsequently increased, while nitrogen increased the expression
of GluB1 under both ambient and elevated temperatures.
The expression of GluB5/GluB4 was significantly increased by
50.83% at 15 DAA under elevated temperature. Compared
with CK, the relative expression of pro14 was first increased
and then decreased in ET. The application of nitrogen
fertilizer effectively increased the relative expression of pro14
in ETN treatment. The relative expression of BiP1 was
decreased by 30.63% at 9 DAA under elevated temperature.
There was no significant difference in the relative expression
of BiP1 between ET and ETN treatments. The relative
expression of PDIL1 was decreased by 39.14% at 9 DAA
and increased later by 30.29% at 15 DAA under elevated
temperature (Figure 5).

DISCUSSION

Free-air Temperature Enhancement (FATE)
Facility
With the intensification of climate warming in recent years, the
production of high-quality rice is facing new challenges. It is
imperative to carry out studies on rice quality and cultivation
strategies under this background. Since 2009, the FATE facilities
have been introduced and continuously optimized to achieve the
stable warming treatment in the actual paddy field with a limited
influence on other environmental factors (Rehmani et al., 2014;
Tang et al., 2019; Dou et al. 2017). Results of the warming effect
of the FATE system indicated that when compared with CK, the
average daytime temperature was increased by 2.78◦C and the
average night temperature was increased by 4.96◦C in the ET
treatment (Supplementary Figure 2). The warming effect of the
FATE system was consistent with the IPCC prediction (global
surface temperature was estimated to increase by 1.4–5.8◦C
by 2,100). Furthermore, the results indicated that the increase
of night temperature was greater than daytime temperature,
which is in line with the current global warming trend (IPCC,
AR5, 2014). Therefore, based on the years of actual field test
results, the FATE facility could be used to simulate the trend
and characteristics of climate warming and that enables us to
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FIGURE 1 | Effects of nitrogen fertilizer on grain chalkiness under elevated temperature. The rice plants were subjected to ambient temperature (CK), elevated

temperature (ET), application of nitrogen fertilizer under ambient temperature (CKN), and application of nitrogen fertilizer under elevated temperature (ETN). Vertical

bars represent mean ± SE (n = 3).

better assess the impact of temperature increase on rice quality
and simultaneously evaluate the effects of nitrogen cultivation
measures in coping with climate warming.

Nitrogen Fertilizer Regulates Endosperm
Development Under Elevated Temperature
When the temperature exceeds a certain limitation in the grain-
filling stage, the grain transparency would be adversely affected
(Dhatt et al., 2019). Decreased grain length or width could reduce
the grain weight (Counce et al., 2005), and chalky grains generally
exhibited inferior weight when compared with the CK (Wu
et al., 2016; Nakata et al., 2017). Nitrogen application under
increased temperature significantly reduced chalkiness, and it
also decreased the grain length and weight caused by warming in
this study, which is consistent with the abovementioned studies.

Studies had shown that the formation of chalkiness was
closely associated with the grain-filling process. The increased
temperature led to the obvious acceleration of early grain-filling
rate and rapid decline in the mid-late period, resulting in poor
filling of starch granules and PBs in the endosperm, which
could further induce a large number of gaps, and thus forming
chalkiness (Ito et al., 2009; Kobata et al., 2011). Both this study
and our previous studies have shown that elevated temperature
increased the rate of grain filling and significantly accelerated
the development of endosperm (Figure 2). Previous studies on
heat stress of rice showed that heat would induce a significant
increase in protein storage vacuoles and less accumulation of
storage protein, which eventually led to more gaps in protein
storage vacuoles, thus resulting in chalkiness (Wada et al.,
2019). Our results indicated that nitrogen application could

effectively increase the protein accumulation in endosperm and
that could further fill the gaps in protein storage vacuoles, thereby
reducing chalkiness. Furthermore, the results also showed that
the application of nitrogen fertilizer under elevated temperature
could alleviate grain development, prolong the grain-filling
period, and coordinate the development of amyloplasts and PBs
(Figure 2), and it may be one of the main reasons for the decrease
in chalkiness. However, Xi et al. (2021) showed that nitrogen
application at the panicle differentiation stage promoted the
formation of chalky grains. Thismay indicate that themechanism
of the formation of chalkiness is relatively complicated, and
physiological factors, genetic factors, and ecological factors
could co-modulate its formation. Therefore, conduct more in-
depth studies, such as the use of transcriptome analysis and
the construction of mutants, would be contributed to further
revealing its mechanism.

Nitrogen Fertilizer Affected the Grain
Storage Protein Accumulation and
Reduced the Formation of Grain
Chalkiness Under Warming Condition
As the secondmajor component, rice storage proteins are divided
into albumin, globulin, prolamin, and glutelin according to the
solubility (Shewry and Halford, 2002). Glutelin is the main
component of grain storage protein, accounting for about 80%
of seed storage proteins. The synthesis of glutelin begins with
glutelin precursor subunits, which are then folded by a molecular
chaperone, such as lumenal chaperon binding protein (BiP)
and protein disulfide isomerase (PDI), transported into protein
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FIGURE 2 | Effects of nitrogen fertilizer on dynamic changes of starch granules and protein bodies under elevated temperature during the grain-filling stage. The order

of horizontal arrangement was CK, ET, application of CKN, and application of ETN, and the order of vertical column is 6, 9, 12, 15, and 20 days after anthesis (DAA).

Scale bar = 4µm at 6, 9, 12, and 15 DAA; scale bar = 6µm at 20 DAA.

storage vacuoles, and formed mature acidic and basic subunits
by splicing. Similar to the glutelin synthesis, prolamin consists
of 10, 13, and 16 kDa protein subunits (Yamagata et al., 1982).
The contents of albumin and globulin are relatively low and
mainly distributed in the aleurone layer, pericarp, and embryo
(Shewry and Halford, 2002). Storage protein plays an important
role in the rice quality and is closely related to the formation
of chalkiness (Liu et al., 2020). This study showed that the
storage protein accumulated rapidly at 15–20 DAA (Figure 3),
which was consistent with the study by Ashida et al. (2013),
indicating that the storage protein is mainly accumulated in
the middle grain-filling stage. Studies had shown that the high
temperature decreased the starch content but this is conducive
to the amino acids and the protein content accumulate in grains
(Wang and Frei, 2011; Beckles and Thitisaksakul, 2014; Chun
et al., 2015; Wang et al., 2019), and this feature was also obtained
in the results of this study (Supplementary Tables 2–4). It is
speculated that the increased temperature during the grain-filing
stage promoted the activities of related enzymes, and the key
regulators encoded the gene expressions, which jointly promoted
the protein synthesis, and gradually accumulated the organic
matter from source to sink organs, thus promoting the protein
contents in rice grains (Lancien et al., 2000; Cao et al., 2017).

Results of the changes of protein components indicated
that the total protein and glutelin contents were all increased,
but prolamin was decreased under the condition of increased
temperature (Supplementary Table 2). The influence of
temperature on the glutelin content was significant, especially
during 11–20 days after heading, which was consistent with the
study conducted by Ashida et al. (2013).

The content of prolamin was significantly decreased under
the warming condition, indicating that the decrease of the
prolamin content may be related to the increase of chalkiness
(Lin et al., 2010). This study showed that there was a significantly
negative correlation between prolamin content and chalkiness,
and Ishimaru et al. (2020) showed that the content of 13 kDa
prolamin subunits in grains with more chalkiness was lower
than that in transparent grains under field conditions. The
transparency of grain was closely related to the physiological
process of 13 kDa prolamin subunit synthesis under the high
temperature. Previous studies have shown that transgenic lines
with reduced 13 kDa gliadin exhibit a relatively transparent
phenotype. Kawakatsu et al. (2010) constructed transgenic rice
(SSP-less mutant), and the results showed that not only in
the Glu-less mutant but also in the Pro-less mutant obtained
no opaque phenotype. This may suggest that the formation of
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FIGURE 3 | Effects of nitrogen fertilizer on grain dynamic content changes of protein components under elevated temperature during the grain-filling stage in rice. (A)

Albumin, (B) globulin, (C) prolamin, and (D) glutelin. The rice plants were subjected to CK, ET, application of CKN, and application of ETN. Vertical bars represent

mean ± SE (n = 3).

TABLE 3 | Correlation coefficients among grain quality and protein components in rice.

Index Albumin Globulin Prolamin Glutelin Amylose Amylopectin

Head rice rate −0.11 0.09 0.94** −0.25 0.94** 0.09

Chalkinesss 0.21 0.09 −0.92** 0.41 −0.94** 0.06

Amylose −0.21 −0.01 0.90** −0.40 1 0.20

Amylopectin −0.40 0.27 −0.03 −0.16 0.20 1

Peak viscosity 0.18 0.11 −0.93** 0.37 −0.89** 0.04

Hot paste viscosity 0.06 0.07 −0.75** 0.17 −0.58* 0.00

Breakdown viscosity 0.20 0.16 −0.93** 0.41 −0.93** 0.05

Cool paste viscosity −0.50 0.46 0.70* −0.75** 0.86** 0.06

Setback viscosity −0.31 0.24 0.90** −0.53 0.93** −0.01

Gelatinization temperature 0.40 0.34 −0.82** 0.65* −0.86** −0.01

*, **, significant at 0.05 and 0.01 probability levels, respectively.
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FIGURE 4 | Effects of nitrogen fertilizer on grain nitrogen metabolism key enzyme activities under elevated temperature during the grain-filling stage in rice. (A)

Glutamine synthetase, (B) glutamate synthetase, (C) glutamic oxaloacetic transaminase, and (D) glutamic pyruvic transaminase. The rice plants were subjected to

CK, ET, application of CKN, and application of ETN. Vertical bars represent mean ± SE (n = 3).

chalkiness is a complex process, which contains a multi-level of
physiological and biochemical reactions. In our previous study,
we stated that the balance changes of starch, protein, and other
grain storage substances could be the possible reason for inducing
the increased grain chalkiness. Therefore, it is, in fact, difficult to
fully reveal the mechanism of the formation of grain chalk from
only one aspect. Conducting more in-depth studies, such as the
use of transcriptome analysis and the construction of mutants,
would be contributed in further revealing its mechanism. Studies
have shown that the protein and starch components of rice
grain have a great influence on RVA characteristics (Champagne
et al., 2009; Gu et al., 2015). Our results showed that the
RVA parameters were changed under elevated temperature, and
were also closely related to the changes of starch and protein
contents of rice grains. Results showed that the protein content
was significantly related to RVA characteristic parameters, and
there was a significant correlation between amylose and RVA
parameters. The amylose content was significantly positively

associated with cool paste viscosity and setback viscosity and
was negatively correlated with hot paste viscosity, peak viscosity,
breakdown viscosity, and gelatinization temperature. This result
was consistent with studies conducted by Yang et al. (2013),
suggesting that the changes in the amylose content caused by
warming would obviously change the cooking and eating quality
of rice, which is also an important topic worthy of research under
the background of climate warming.

Regulatory Effects of Nitrogen Fertilizer on
Main Regulatory Factors and Enzyme
Activities Related to Nitrogen Metabolism
Under Elevated Temperature
Carbon and nitrogen metabolism and its products are important
factors that determine the rice quality (Hakata et al., 2012; Tang
et al., 2018). Studies have identified the possible key metabolic
steps related to starch in rice grains, as well as the role of
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FIGURE 5 | Effects of nitrogen fertilizer on grain nitrogen metabolism main regulatory factor genes under elevated temperature during the grain-filling stage in rice. (A)

BiP1, (B) PDIL1, (C) GluA1, (D) GluA2, (E) GluB1, (F) GluB5/GluB4, and (G) pro14. The rice plants were subjected to CK, ET, application of CKN, and application of

ETN. The small picture in the frame showed that the relative expression of each gene at 6 DAA. At the same grain-filling stage, different letters indicate significant

differences among different treatments according to the Duncan’s multiple range test (P < 0.05). Vertical bars represent mean ± SE (n = 3).

Frontiers in Plant Science | www.frontiersin.org 10 August 2021 | Volume 12 | Article 71543615

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Wang et al. Nitrogen Fertilizer Reduced Chalkiness

key enzymes and regulatory factors in starch synthesis, such as
granule bound starch synthase and starch branching enzyme
(Yamakawa andHakata, 2010; Yu andWang, 2016). However, the
relationship between nitrogen metabolites and the grain quality
has not been given sufficient attention, and the role of activities
of main nitrogen metabolism enzymes and regulatory factors
is still unclear. More than 95% of inorganic nitrogen in plants
is assimilated through the GS/GOGAT cycle (Hirel et al., 2001;
Martin et al., 2006). Conversion of glutamic acid to other amino
acids was achieved according to the catalysis of GOT and GPT,
which provided substrates for protein synthesis. The elevated
temperature was conducive to increase the key period activity of
GOGAT (Liang et al., 2011). Studies had shown that the increase
of GS and GOGAT enzyme activity can promote nitrogen
metabolism, protein synthesis, and amino acid transformation
(Lancien et al., 2000; Miflin and Habash, 2002). During the grain-
filling process, the ammonia transfer process plays an important
role in grain nitrogen metabolism. It was generally believed that
GOT and GPT activities positively stimulated the protein content
(Liang et al., 2011). In this study, the activities of GPT and
GOT were increased significantly under increased temperature.
Nitrogen application under elevated temperature could improve
enzyme activities related to nitrogen metabolism, and the
regulation of nitrogen fertilizer on enzyme activity was mainly
during the early stage of grain filling (before 15DAA) (Figure 4).
This may indicate that nitrogen and inorganic nitrogen, which
provide substrates for protein synthesis, are assimilated into
organic substances, such as proteins and nucleic acids, and
participate in the GS/GOGAT cycle, thereby promoting protein
synthesis (Yu et al., 2018; Huang et al., 2020).

Rice glutelin encoded by GluA and GluB subfamily is the
important gene family for glutelin synthesis. Our results showed
that the glutelin precursor was synthesized and accumulated
after 6 DAA, and elevated temperature significantly increased
the expression of GluA1 and GluA2, while it decreased the
expression of GluB1 at the early grain-filling stage and increased
its expression at the middle grain-filling stage, which was
consistent with the changes of the glutelin content. The relative
expression of GluB1 and GluB5/GluB4 (except 20 DAA) was
evidently increased by the nitrogen application under the
elevated temperature. The results showed that the expression of
prolamin family genepro14 is more sensitive to the application
of nitrogen during the whole filling stage under the elevated
temperature. However, the changes in the expression of pro14
induced by elevated temperature are not significant compared
with normal temperature, which is somewhat different from the
results of previous studies (Yamakawa et al., 2007; Cao et al.,
2017). Furthermore, the tendency of pro14 relative expression
was consistent with the prolamin content changes under the
elevated temperature and nitrogen fertilizer application, and it
is speculated that pro14 can be considered as the main factor in
regulating the synthesis of prolamin under the background of
warming and nitrogen, and more in-depth mechanism studies
could be conducted.

In addition to family coding genes, molecular chaperones,
namely, BiP and PDI, are also a kind of key regulators that
regulate protein synthesis in rice grains. For example, after

the precursor of gluten is transported to the cavity of the
endoplasmic reticulum, it folds and assembles with the help
of molecular chaperones in the cavity and generates disulfide
bonds in the peptide chain (Takemoto et al., 2002; Kawakatsu
and Takaiwa, 2010). However, conclusions on the expression
pattern of molecular chaperones under the background of
increased temperature or heat stress are still not consistent.
In this study, elevated temperature significantly increased the
relative expression of PDIL1 in the middle grain-filling period,
while PDIL1 expression was decreased during the early grain-
filling stage, and that may be the main reason for the decreased
prolamin content detected in the early stage of grain filling.
Expression of endoplasmic reticulum chaperone protein, BiP1,
has been reported to be downregulated in chalky endosperm
induced by high temperature (Ishimaru et al., 2009). Although,
in this study, it was found that its expression was reduced in
the early stage of grain filling, it is still not possible to fully
infer the role of BiP1 in the accumulation of storage proteins
under the disposal of this study. Grain protein accumulation is
a complex process involving multiple levels of the interaction
among gene transcription, translation, protein folding, and
degradation. Therefore, it is difficult to fully clarify the influence
of temperature increase on protein synthesis and metabolism
in rice grain, and more in-depth study, such as the use of
transcriptome analysis, would be contributed to further reveal
the mechanism.

CONCLUSION

Our previous field study has shown that the application of
nitrogen fertilizer can effectively regulate starch synthesis
and reduce the appearance of grain chalkiness. In this study,
the effects of elevated temperature and nitrogen fertilizer on
grain metabolism were further elucidated. Results showed
that nitrogen fertilizer could slow down the early grain
development, prolong the grain-filling duration, and coordinate
the development of PBs and starch bodies under the elevated
temperature. Furthermore, nitrogen fertilizer affected the
nitrogen metabolism enzyme and the key regulatory factors,
which further regulated grain storage protein synthesis under
elevated temperature, and this could induce the balance changes
of grain storage substances and further regulate the grain quality.
These findings would help us to better understand the impacts of
global warming on rice quality and provide a theoretical basis for
the establishment of high-quality rice cultivation approaches.
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Lysine is the most limiting essential amino acid in cereals, and efforts have been
made over the decades to improve the nutritional quality of these grains by limiting
storage protein accumulation and increasing lysine content, while maintaining desired
agronomic traits. The single lys3 mutation in barley has been shown to significantly
increase lysine content but also reduces grain size. Herein, the regulatory effect of
the lys3 mutation that controls storage protein accumulation as well as a plethora
of critically important processes in cereal seeds was investigated in double mutant
barley lines. This was enabled through the generation of three hordein double-mutants
by inter-crossing three single hordein mutants, that had all been backcrossed three
times to the malting barley cultivar Sloop. Proteome abundance measurements were
integrated with their phenotype measurements; proteins were mapped to chromosomal
locations and to their corresponding functional classes. These models enabled the
prediction of previously unknown points of crosstalk that connect the impact of
lys3 mutations to other signalling pathways. In combination, these results provide
an improved understanding of how the mutation at the lys3 locus remodels cellular
functions and impact phenotype that can be used in selective breeding to generate
favourable agronomic traits.

Keywords: barley, Hordeum vulgare, lys3 mutant, omics, hordein, coeliac disease, proteomics, SWATH-MS

INTRODUCTION

Barley is an important cereal grown mainly for feed and malting. The major seed storage proteins
in barley, the hordeins, are elicitors of coeliac disease (CD) – a condition that adversely affects
∼1% of the world population (∼70 million people). There is no current treatment other than
strict adherence to a life-long gluten-free (GF) diet. In the diploid barley genome, there are four
types of hordeins present: B-, C-, D- and γ-hordeins. The B- and C-hordeins are the primary
classes representing >90% of the hordeins in barley (Kreis et al., 1983; Shewry et al., 1985).
The B- and C-hordeins are encoded by the Hor-2 and Hor-1 loci, respectively, and both loci are
located on the short arm of chromosome 1. The high molecular weight glutenin orthologous
D-hordein genes are located at Hor-3 (1H long arm) and the S-rich γ-hordeins present at Hor-5
(1H short arm) (Shewry, 1993). The B- and C-hordeins comprise two multigene families consisting
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of 13 B-hordein genes (Kreis et al., 1983) and 20–30 C-hordein
genes, respectively (Shewry et al., 1985). Attempts have been
made to reduce the hordein abundance in barley through
mutagenesis, gene technology (antisense or RNAi), or by
applying selective breeding techniques. The potential pleiotropic
consequences of these mutations on the grain proteome are not
well understood.

The high concentration of lysine-poor prolamin storage
proteins in cereals are associated with the sub-optimal nutritional
quality of cereal grains. Attempts have been made over the
decades to increase the lysine content in cereal seeds by using
chemical and physical mutagenesis. Early success was reported
for two high lysine maize cultivars opaque-2 (Mertz et al.,
1964) and floury-2 (Nelson et al., 1965). These two mutants had
increased lysine and tryptophan content in the grain resulting
from suppression of the lysine-deficient zein fraction without
altering the contribution of other protein fractions. Screening
efforts to identify similar lys mutants in other cereal grains led
to the identification of a high-lysine gene in barley cultivars
Hiproly (Munck et al., 1970) and Risø (Doll, 1973). Within the
series of Risø mutants, Risø 1508 contained 45% more lysine and
was shown to improve pig (Batterham, 1992) and rat (Gabert
et al., 1995) growth in feeding trials without protein or amino
acid supplementation. Although there was a significant down-
regulation of hordeins (lysine-poor proteins) and an increase
of free lysine, an increase in embryo size (as a proportion of
grain size) compared to wild-types was significant (Tallberg,
1981); almost all Risø lys mutants had low starch content and
shrunken grain size. The shrunken grain size was shown to
relate to a set of genes involved in starch biosynthesis pathways
(Cook et al., 2018; Moehs et al., 2019), but there is a lack of
understanding of how the corresponding genes in the endosperm
control starch content and composition. The abnormally large
embryos in lys3 mutants contain increased starch levels, increased
starch granule size in the scutellum (Deggerdal et al., 1986)
and have reduced dormancy (Howard et al., 2012). Although
these mutants offer promise in terms of nutritional quality
improvement, the concomitant reduction in seed size leading to
lower agronomic yield negatively impacted their suitability for
use as commercial crops.

Conventional breeding strategies were used to combine three
recessive alleles to further reduce the hordein content in barley
lines (Tanner et al., 2015). The high-lysine mutant Risø 56
barley line consists of a large gamma-ray-radiation-induced
genomic deletion of at least 85 kb chromosome segment that
accommodates the entire B-hordein loci (Kreis et al., 1983) on
the short arm of chromosome 1H and does not accumulate the
majority of the B-hordeins (Shewry et al., 1979). Another cultivar
Risø 1508 contains an ethyl methanesulfonate (EMS)-induced
mutation in the Lys3 locus on chromosome 5H (Karlsson,
1977). Risø 1508 has near zero C-hordein levels and significantly
decreased B-hordein levels (Doll, 1973; Deggerdal et al., 1986;
Hansen et al., 2007), confirmed by the transcription of the B-
and C-hordein genes which are significantly down-regulated
(Sørensen, 1992). An Ethiopian-derived landrace, R118 contains
a single spontaneous mutation that encodes a premature stop
codon that prevents expression of the full-length D-hordein

(Tanner et al., 2015). Although several approaches have been
used over the past decades to reduce hordein abundance in
cereal crops, including antisense or RNAi, or selective breeding
approaches (Hansen et al., 2007; Lange et al., 2007; Tanner et al.,
2015; Moehs et al., 2019), the potential pleiotropic effects on the
proteome upon mutation are not well understood.

The mechanisms activated in the grains of these
double-mutant lines to compensate for the loss of these
major storage proteins and decrease in starch content remain
unknown. In the current study, phenotypic characterisation
was performed in parallel with data-independent acquisition
(DIA) mass spectrometry analyses (Venable et al., 2004),
specifically sequential window acquisition of all theoretical
spectra (SWATH)-mass spectrometry (Gillet et al., 2012). The
aim was to study the large-scale quantitative changes in grain
proteins within the hordein DM lines in comparison to their
parent lines. Functional annotation and bioinformatic analyses
were carried out to uncover the protein classes related to the
hordein reduction in the DM lines. Balanced changes in the
induced and suppressed protein abundances indicate differences
both in the hordein levels and composition as well as in the
lysine content of the DMs. This study serves as a framework
for future proteomics-assisted crop development to study the
pleotropic effects of genetic modification on safety and nutrition
quality-related improvements.

MATERIALS AND METHODS

Plant Materials
The hordein null lines used in this study were developed in
a previous study (Colgrave et al., 2016). Briefly, the barley
varieties Risø 56 (B-hordein null), Risø 1508 (C-hordein null),
and Ethiopian R118 (D-hordein null) were each crossed with the
standard malting grain cv Sloop four times followed by selfing
generations to create hordein single-nulls at backcross 3 (BC3),
which theoretically share 93.75% genetic identity with Sloop. One
homozygous hordein single-null for each of the three loci was
selected and those three lines were intercrossed to create all three
possible combinations of the Sloop hordein double-nulls.

The lines have also been assessed by MS to confirm the absence
of the hordeins confirming that these mutations have not arisen
spontaneously during the crossing programme. A limitation of
this experiment is that only one line of each SM was selected
for further study, and mutant segregants from each inter-cross
of the SM were not examined. Pools of seeds from SM and DM
lines were milled separately for obtaining the flour samples for
analysis. Milling the individual seed was avoided as this was
expected to introduce losses from already limited sample during
the milling process.

Embryo Size Measurement
The size of the whole barley caryopsis was observed under
stereomicroscopy (MZFIII, Leica Microsystems). The image was
then processed by the image processing package Fiji in ImageJ
(Supplementary File 1) (Schindelin et al., 2012).
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Barley β-Glucan Analysis
Barley β-glucan was measured according to AOAC Method
995.16 (McCleary and Draga, 2016). Samples representing
20 mg of barley flour underwent sequential enzymatic digestion
with lichenase and β-glucosidase and the glucose released was
quantified through the standard glucose oxidase/peroxidase
(GOPOD) system (Supplementary File 1).

Total Starch Content Analysis
The total starch content was measured using the AOAC Method
996.11 (AOAC, 1995), according to McCleary et al. (1997).
The commercial K-TSTA kit (Megazyme) was used under
manufacturer’s procedures (McCleary et al., 1997). Briefly, starch
was hydrolysed by thermostable α-amylase and amyloglucosidase
to D-glucose. Glucose was then determined and quantified with
glucose oxidase-peroxidise reagent (Supplementary File 1).

Total Fatty Acid and Total Triacyl Glycerol
(TAG) Content Analysis
The extraction of total lipid, fractionation of neutral lipid
(mainly TAG), free fatty acid, and polar lipid (mainly
phosphocholine), and the subsequent lipid quantification were
conducted according to the methods described by Liu et al.
(2017). The quantitation of total lipid content and fatty acid
composition were conducted based on the methods described
by Vanhercke and co-authors in 2014 (Vanhercke et al., 2014).
Detailed protocols have been described in Supplementary File 1.

Protein Extraction and Digestion
Proteins were extracted from three biological replicates of
wholemeal flour (100 mg) in 1 mL of 8 M urea, 2% (w/v)
dithiothreitol (DTT). The solution was thoroughly vortexed and
sonicated for 5 min until completely mixed. Protein reduction
continued on a thermomixer block, shaking at 1,000 rpm at
22◦C for 45 min. The solutions were centrifuged for 15 min
at 20,800 × g and the supernatants were used for subsequent
analysis. Protein estimations were performed using the Bio-
Rad microtiter Bradford protein assay (California, United States)
following the manufacturer’s protocol. The protein extracts were
diluted in water over two dilutions (1:20, 1:40) in duplicate
and measurements were made at 595 nm using a SpectraMax
Plus (Molecular Devices). Bovine serum albumin (BSA) standard
was used in the linear range from 0.05 to 0.5 mg/mL. The
BSA standard concentration was determined by high sensitivity
amino acid analysis at the Australian Proteomics Analysis Facility
(Sydney, Australia). Blank-corrected standard curves were run in
duplicate. Linear regression was used to fit the standard curve.
Protein sample wash and digestion steps were performed as
precisely described in Colgrave et al. (2016).

LC-MS/MS Data Acquisition
Protein extracts were reconstituted in 100 µL of aqueous 0.1%
formic acid/10.0% acetonitrile. The peptide fractions (5.0 µL)
with iRT peptides (0.5 µL; Biognosys, Zurich, Switzerland)
were chromatographically separated with an Ekspert nanoLC425
(Eksigent, Dublin, CA, United States) directly coupled to a

TripleTOF 6600 MS (SCIEX, Redwood City, CA, United States).
The peptides were desalted on an YMC Triart C18 (12 nm,
5.0 mm × 0.5 mm) trap column at a flow rate of 15 µL/min in
solvent A and separated on an YMC Triart C18 (3 µm, 120 Å,
5.0 × 0.5 mm) column at a flow rate of 5 µL/min. The injection
volume was 5.5 µL for the information-dependant acquisition
(IDA). The analysis method and LC-MS/MS parameters were
precisely described in Colgrave et al. (2016).

SWATH-MS Data Acquisition and Library
Generation
The digested protein extracts (2.5 µL; 2.0 µL of sample
plus 0.5 µL of iRT peptide standard, Biognosys) were
chromatographically separated as described for IDA. The MS
source conditions were also identical. The TOF-MS survey scan
was collected over the mass range of m/z 360-2000 with a
150 ms accumulation time and the product ion mass spectra
were acquired over the mass range m/z 110-2000 with 30 ms
accumulation time. Variable window SWATH ranges were
determined using the SWATH variable window calculator 1.0
(SCIEX) to identify 30 optimal ranges (including 1 Da overlap)
spanning m/z 360-2000 and resulting in a 1.1 s cycle time.
Collision energy (CE) was determined using each window centre
as the input m/z for CE equations and a CE spread of 5 eV used
to allow for m/z variance across each SWATH window.

SWATH-MS Data Processing for Peptide
Quantitation
Targeted data extraction of SWATH files was performed using
the MS/MSALL with SWATH Acquisition MicroApp v2.0 plug-in
for PeakView v2.2 software (SCIEX). Retention time alignment
was achieved using the iRT peptides. The peptide ion library was
generated by searching IDA data against the Poaceae subset of the
UniProt-KB database (2017/05; appended with a custom gluten
database and the iRT peptides; 1,437,912 sequences). Protein
and peptide identifications were filtered at a 1% false discovery
rate (FDR) during input of the search result to PeakView. The
processing settings were a maximum of 100 peptides per protein
with 6 transitions per peptide. The peptide confidence was set to
91% (corresponding to <1% FDR by database search), and the
SWATH peak group FDR threshold was set to 1%. Subsequently,
peptides were selected manually to ensure that all peptides
were fully tryptic (no missed cleavages) and contained no
unusual modifications (oxidation of Met and pyroglutamination
of N-terminal Gln were allowed). The fragment ions used
for peak area extraction were manually curated to eliminate
potential interferences and ensure the correct peak was selected.
A retention time width of 5 min was used with a 75 ppm extracted
ion chromatogram (XIC) width. The peak areas were exported to
MarkerView software (version 1.3.1) for preliminary data quality
checks and exported as a data frame for further statistical analysis.

Statistical Analyses
Total fatty acids, starch, β-glucan, and triacylglycerol (TAG)
content were examined to test the hypothesis that the nutrient
content of BC-, CD-, and BD-mutant lines was different from
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wild-type (WT) with the null hypothesis as no difference. This
was tested using ANOVA followed by Tukey’s test using the
R statistical computing environment with differences with a
corresponding p < 0.05 reported as significant.

Proteome analytics were performed with SIMCA (Sartorius
Stedim Biotech; version 15.0), MetaboAnalyst (Xia et al., 2009),
using the set of Poaceae proteins downloaded from the UniProt
database (2018/03; 1,605,728 sequences). Data were pre-treated
by log10 transformation and mean centring prior to analysis.
Unsupervised analysis using Principal Component Analysis
(PCA) was initially performed on SIMCA software to reveal any
outliers and to assess any groupings or trends in the dataset. The
pathway enrichment analysis was calculated using the Benjamini-
Hochberg false discovery rate-adjusted p-value < 0.05 and fold
change >2. Mean log2 ratios of biological triplicates and the
corresponding p-values (p ≤ 0.05) were visualised using volcano
plots. One-way ANOVA with multiple comparisons correction
was used to compare the median of five experimental groups
depicted as violin plots using Biovinci v 1.1.4) (BioTutoring
Inc., San Diego, California, United States). Gene Ontology (GO)
analysis was performed in BLAST2GO (OmicsBox, Biobam)
(Conesa et al., 2005).

Amino Acid Composition Change
Estimation
The overall bound amino acid composition in DM lines
were estimated by using the Biopython collection of tools.
In this regard, sets of proteins with significantly higher or
lower abundance in the mutant lines (cf WT lines) were
provided to the ProtParam (Gasteiger et al., 2005) tool to
determine percent amino acid composition for each protein
within a set. The mean percent of each amino acid was then
determined, and the composition of higher abundance proteins
divided by the composition of lower abundance proteins. This
measure is intended to provide an indication of the amino acid
compositional change induced by gene knockout but does not
account for protein abundance.

To investigate changes in the protein-bound amino acid
composition at a protein level the individual amino acid contents
were normalised against the Viridiplantae protein dataset using
the Protein Report tool in CLC Genomics Workbench v12.1
(Qiagen, Aarhus, Denmark). Proteins with a lysine content of at
least 1.5 times higher than the plant background data set were
considered as lysine-rich proteins.

Chromosome Mapping of the Identified
Proteins to the Barley Reference
Genome
UniProtKB annotation of proteins with significant fold
change values in any of the wild type – DM or DM – DM
comparisons were reference against the barley reference genome
protein IDs retrieved from EnsemblPlants (International
Barley Genome Sequencing Consortium, Mayer et al., 2012).
Proteins without a barley reference genome protein ID
were mapped to the translated and annotated barley gene
models (Hordeum_vulgare_IBSC_v2_pepall) using BLASTp

(International Barley Genome Sequencing Consortium, Mayer
et al., 2012). Chromosomal location and exact position of the
mapped hits were collected and used to annotate the Circos
plots (Yiming et al., 2018). Detailed methods for chromosomal
mapping and protein-protein interaction maps were given in
Supplementary File 1.

Ternary Plot Analysis
Protein abundance patterns in the three DMs compared to
the parent lines (single-SMs and wild-type) were plotted using
Ternary plot.1 Normalised peak abundance values were used
to calculate the plot parameters. Rdist was used to calculate
Euclidean distances of proteins from protein abundance bias
categories as described by Ramírez-González et al. (2018).

Protein-Protein Co-abundance Network
Analysis
The combined set of proteins showing significant changes in
any of the WT-DM or DM-DM comparisons were used to
build a protein-protein interaction network in Cytoscape v
3.7.2 (Shannon et al., 2003). The network was built using the
ExpressionCorrelation plugin with a 0.95 correlation value cut
off. The cluster ID for proteins showing similar abundance values
as defined in the hierarchical clustering was used to annotate
the network and to reveal relationships between the different
protein groups. NetworkAnalyzer was used to define the network
measures (Assenov et al., 2008).

Promoter Motif Analysis
Non-coding sequences (1,000 base pairs long 5’-end) were
extracted from the barley reference genome assembly and used
for a promoter motif search analysis of BPBF transcription
factor binding sites (International Barley Genome Sequencing
Consortium, Mayer et al., 2012). Prolamin box (TGTAAAG and
TGTAAAGT), Pyrimidine box (CTTTT), GA-MYB (AACA), GA
(TAACAAA) motifs have been annotated with 100% sequence
identity using CLC Genomics Workbench v12.1. The obtained
annotation pattern was visualised using UpsetR in R/Shiny
package Intervene (Khan and Mathelier, 2017).

RESULTS

Phenotype Measurements Across
Hordein-Mutant Lines
Previous studies have shown that lines containing the Lys3 locus
have larger embryos (Tallberg, 1977; Deggerdal et al., 1986; Cook
et al., 2018). The embryo in the CD-mutant was the largest (65.6%
increase), followed by BC-mutant (53.6% increase), while the
BD-mutant was not significantly different from WT (Figure 1).

To measure the nutritional changes across the mutants, total
fatty acid, TAG, starch content, and β-glucan were studied in
detail. The CD-mutant line showed the substantial increase in
total fatty acid, with an 82.2% increase as compared to the

1https://www.ternaryplot.com
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FIGURE 1 | Plant phenotypes and embryo size measurement across the WT, single- and double-mutant lines. (A) Grain morphologies of WT, B-, C-, D-hordein
single-mutant lines and BC-, CD-, and BD-hordein double-mutant lines. The region on the grain outlined with a white line represents the embryo. Scale bar = 1 mm.
(B) Embryo size comparison presented as mean ± standard deviation. Different letters indicate that the mean in each bar is significantly different (p < 0.05) using
ANOVA, Tukey’s HSD. (C) Plant morphologies of WT, BC-, CD-, and BD-hordein double-mutant lines. Scale bar = 10 cm.

WT, followed by the BC-mutant with 67.6% increase and no
significant change in the BD-mutant (Table 1). Triacylglycerol
is one of the major components in the total lipid of barley
caryopsis. To investigate how the change in total fatty acid
content can affect the lipid composition in the DM lines, the

total TAG level was measured across all lines. The highest
increase in total TAG content was observed in the CD-
mutant (127.3% increase), followed by the BC-mutant (110.1%
increase); however, no significant change was observed in the
BD-mutant (Table 1).
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TABLE 1 | Total content of fatty acid, TAG, starch and β-glucan of WT- and double-mutant lines.

Sample Total fatty acid Total TAG Total starch content Total β-glucan

WT 3.15(± 0.07) 1.39(± 0.20) 51.65(± 0.96) 3.29(± 0.04)

B-mutant 3.12(± 0.04) 1.47(± 0.27) 45.02(± 2.20)** 2.54(± 0.05)**

C-mutant 5.76(± 0.38)** 3.22(± 0.32)** 38.82(± 0.83)** 1.20(± 0.04)**

D-mutant 2.76(± 0.07) 1.26(± 0.18) 49.16(± 2.84) 3.36(± 0.07)

BC-mutant 5.28(± 0.04)** 2.92(± 0.35)** 38.42(± 2.60)** 1.40(± 0.10)**

CD-mutant 5.74(± 0.53)** 3.16(± 0.15)** 35.64(± 0.90)** 1.24(± 0.11)**

BD-mutant 3.47(± 0.23) 1.57(± 0.12) 42.95(± 0.90)** 2.09(± 0.07)**

All the measurement unit for fatty acid, TAG, total starch and beta-glucan is in g/100g (Dry Weight). Mean value (n = 3); ** double asterisks represent significant difference
(p < 0.05) with wild-type by one-way ANOVA and Tukey’s HSD test. Tukey’s HSD (honestly significant difference) test was used to test the hypothesis that the nutrient
content of null barley line was different from wild-type with the null hypothesis as no difference (Kirk, 1969; Tukey, unpublished). Statistical analyses were conducted using
R and all the results reported as significant were those with significance level of p < 0.05 (R Core Team, 2013).

All three DM lines showed significant decreases in total starch
content. The CD-mutant had a 31.0% reduction in total starch
content, which was the highest among the three DM lines,
followed by BC-mutant with a 25.6% reduction and a 16.9%
reduction of total starch content in the BD-mutant (Table 1). The
β-glucan content analysis was reduced in all three double-mutant
lines. The highest reduction in β-glucan content was observed
in the CD-mutant with a 61.3% reduction, followed by the BC-
mutant with a 56.3% reduction and the BD-mutant with a 34.7%
reduction (Table 1).

Establishing a Proteomic Map of the
Hordein Double-Mutant Lines
To investigate the extent to which the combination of two single
hordein mutants altered the proteome of the three barley DM
lines, DIA-based proteome measurement was used to detect
and quantify proteins across the barley lines. To this end,
information-dependent acquisition enabled the identification
of 2,446 proteins, which were used in the construction of a
peptide ion library. The ion library was manually curated at
the peptide level to remove sequences with missed cleavages
and/or variable modifications such as deamidation to improve
quantitative accuracy in the resultant data frame. A total of
6,138 unique peptide sequences were quantified (representing
1,907 unique proteoforms). Subsequently, the resultant data (ion,
peptide and protein) were exported to MarkerView software
(SCIEX) to perform an initial quality check. No unexpected
outliers or stratification was observed between samples at ion,
peptide and protein resolutions. As a result, the protein level data
matrix was selected for further statistical and functional analyses.

A high-level assessment of proteomic similarities and
differences across the barley lines was accomplished using
principal component analysis (Figure 2A). The WT replicates
clustered together in principal component 1 (PC1) and explain
the largest variation of the x-dimension. Overall, the three-
component PCA model explains ∼72% of the total variance
within the dataset where 54% and 13% of the variance were
modelled to PC1 and PC2, respectively.

Violin plots were generated using the protein measurements
for the three biological replicates originating from individual
experimental groups to evaluate the overall variation (Figure 2B).

No significant differences were observed between WT and
the BD-mutant line. However, significant protein abundance
variation was observed between WT and the BC-mutant
(p < 0.009) and the CD-mutant (p < 0.02) lines. Protein
quantitation using the Bradford protein assay supports the
variations observed in the SWATH-MS data across the
experimental groups. The Bradford protein estimates the wild-
type as 4.2 mg/mL of protein in extracts from a 100 mg flour
equivalent (per mL of solvent). In the DM samples, the total
amount of proteins presents 3.7, 2.5 and 2.7 mg/mL of proteins
in the BC-, CD-, and BD-mutant lines, respectively. Notably,
the protein content in the DM lines were >1.5 fold increased in
comparison to SM lines (Supplementary Table 1). For instance,
the protein content in the B- and C-mutants were 2.1 and
1.4 mg/mL, respectively; whilst upon combining the two recessive
lines the protein content was 3.7 mg/mL.

Altered Proteome in DMs With
lys3-Mutant Background Reveals
Repression and Compensation
Mechanisms
To further explore the proteome measurements, a volcano plot
was generated to compare the protein abundance differences
between WT and BC-mutant lines. The results indicate that
there was alteration in 296 (15.5%) proteins wherein 151 (7.9%)
proteins were more abundant in the BC-mutant line whilst
145 (7.6%) proteins were less abundant within the BC-mutant
line (Figure 3A).

To obtain functional insights into the BC-mutant line
proteome changes, the protein accessions that yielded
identifications to non-barley Poaceae proteins, due to the
incomplete nature of the public barley protein databases,
were subjected to homology searching using BLASTp to find
H. vulgare orthologs. The GO-based analysis revealed that
molecular functions including metal ion binding, oxidoreductase
activity, and enzymatic activities were increased in the BC-
mutant lines (Figure 3B). The molecular functions associated
with the down regulated proteins from the BC-mutant lines
included oxidoreductase activities, enzyme activities and nutrient
reservoir activity (Figure 3B).
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FIGURE 2 | Data structure and variance within the proteome measurement of WT and double-mutant lines. (A) PCA scores plot shows separation due to protein
abundance variation for WT and double-mutant lines. Each symbol represents one replicate from a barley line. (B) Violin plot depicting protein variance from
wild-type (WT) and three double mutant lines (n = 3).

The comparison between the BD-mutant line with the WT
identified the perturbation of 200 (10.5%) proteins. Within these
proteins, 113 (5.9%) were significantly more abundant in the
BD-mutant lines whilst 87 (4.6%) proteins were less abundant
(Figure 3C). Proteins involved in catalytic activities such as
transferase, hydrolase and oxidoreductase molecular functions
were more abundant (Figure 3D). As expected, proteins involved
in nutrient reservoir activities were less abundant along with the
serine-endopeptidase inhibitor activity (Figure 3D).

The comparison between WT and CD-mutant lines reveals the
alteration of 274 (14.4%) proteins; wherein 138 (7.2%) proteins
were more abundant and 136 (7.1%) proteins were less abundant
(Figure 3E). In accordance with the other DM lines, enzymatic
activities such as oxidoreductase, hydrolase, transferase, lyase and
peptidase activities were more abundant along with metal ion and
nucleic acid-binding (Figure 3F). On the other hand, proteins
involved in nutrient reservoir function and serine endopeptidase
inhibitors, primary metabolic pathways and enzymatic activities
were less abundant (Figure 3F).

Pairwise Comparison Between WT and
DM Lines Reveals the Link Between
Parent and DM Lines
A heatmap was generated from the differentially abundant
proteins identified from pairwise comparisons between WT and
DM lines to visualise the link between single and DM lines.
The SM proteome abundance profiles were also included in
the heatmap to allow contrast to the parent lines (Figure 4)
(Bose et al., 2020). Hierarchical clustering shows the grouping
of the biological replicates and that the D-hordein mutant line is
closely linked to the WT, as D-hordein proportionately represents
just 1–2% of total hordein content resulting in a minimal
perturbation to the proteome.

To further explore proteome, co-regulation and phenotype
perturbation, the differentially abundant proteins were
functionally annotated and plotted as heatmaps (Figure 4
and Supplementary Table 3). The comparison between the WT
and BC-mutant line was used as an example as B- and C-hordeins

represent >95% of total hordein content in barley grain and
thus the BC-mutant is expected to have substantial impact on
the proteome compared to the remaining DM lines. Figure 4
highlights the abundance of hordeins, fatty acid metabolism
and starch metabolism-associated proteins along with lysine,
methionine and tryptophan-rich proteins. The abundance of
lysine-rich proteins was increased in the BC-mutant line whilst
the proteins associated with nutrient reservoir functions were
decreased. Proteins associated with fatty acid synthesis were
more abundant (Figure 4). The final column illustrates the
relative changes in protein abundance between the WT and
BC-mutant lines, thereby revealing that the nutrient reservoir
activity-related proteins were less abundant in the BC-mutant
line (Figure 4). Proteins sharing similar abundance profiles
among the DMs and their parents clustered into 12 modules
(Supplementary File 1). Module 1 is composed of 13 proteins
and is enriched in C- and γ-hordeins and avenin-like proteins
(ALPs). Additionally, B-hordeins are clustered in module 4 along
with 12S seed storage globulin while D-hordein are in module 12.
Module 4 includes 24 proteins that are either BD-dominant or
balanced when comparing the three DMs. Proteins involved in
starch and carbohydrate metabolism are clustered in module 4,
5, and 6 encompassing 24, 24, and 51 proteins, respectively. The
largest module, module 9 is composed of 161 proteins that are
enriched under energy and carbohydrate metabolism functions.
Module 11 is enriched in proteins related to protein processing in
the endoplasmic reticulum with the abundance of these proteins
mostly balanced between the DM and WT.

A supervised Orthogonal Projections to Latent Structures
Discriminant Analysis (OPLS-DA) model was built to identify
how the SM parent lines contribute to the alteration of DM lines.
Therein, the WT, B-, and C-mutant lines stratified in class 1
space while the BC-mutant line stratified in the class 2 space.
Next, the analysis of VIP (Variable Importance in Projection)
plot allowed the identification of the top 100 most influential
proteins (VIP > 1.2), which were altered in their abundance in
the BC-mutant line when compared to WT, B-, and C-mutant
lines (Supplementary Figure 1 and Supplementary Table 3). To
determine the magnitude of proteome perturbation, the mutant
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FIGURE 3 | The comparison between WT and double-mutant lines illustrates the alteration of protein abundances and their associated functional classes.
(A) Volcano plot of fold-change vs. p-value for comparison of BC-mutant and WT lines. (B) GO analyses (molecular function) performed on perturbed proteins:
increased (green) or decreased (grey) in the BC-mutant line relative to WT. (C) Volcano plot of fold-change vs. p-value for comparison of BD-mutant and WT lines.
(D) GO analyses (molecular function) performed on perturbed proteins: increased (purple) or decreased (grey) in the BD-mutant line relative to WT. (E) Volcano plot of
fold-change vs. p-value for comparison of CD-mutant and WT lines. (F) GO analyses (molecular function) performed on perturbed proteins: increased (orange) or
decreased (grey) in the CD-mutant line relative to WT. The pink points in the volcano plots represent proteins with significant perturbation (p < 0.05; FC < 0.5 or
FC > 2.0).

lines were compared with the WT (Supplementary Figure 1).
The proteins with perturbed abundance in the BC-mutant
line was highly concordant with the changes observed in the
parent B- and C-hordein mutant lines (Bose et al., 2020).
Additionally, the lys3 mutant, i.e., removal of C-hordein, had
a dominant influence on the proteome in the BC-mutant line
(Supplementary Figure 1).

Alteration of Amino Acid Compositions
in Barley DM Lines
To measure the amino acid composition changes between WT
and DM lines, the lists of differentially abundant proteins
were collected from the pairwise comparative analysis
(Supplementary Table 3). One essential (His) and three

non-essential amino acids (Ala, Gly, and Tyr) were significantly
increased in the DM lines. As expected, glutamine and proline
were significantly decreased by up to 47% and 15% in the
prolamin-depleted BC- and CD-mutant lines, respectively, but
not in the BD-mutant line. Interestingly, essential amino acids
such as lysine were found to be most abundant in the BC-mutant
line, while proline was significantly decreased (Supplementary
Figure 2). In accordance with the current finding, previous
study has also shown that the incorporation of mutant lines
significantly increased the free amino acids (Tanner et al., 2015).

Ternary plots were used to explore the abundance patterns of
proteins in the DMs and their relationship with each other or
their parent mutant lines across the three double-mutant lines
(Figure 5 and Supplementary Figure 3). Two of the B-hordeins
(I6TMW0 and A0A0K2GRQ1) have a balanced abundance when
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FIGURE 4 | Abundance profile of the chromosome mapped and differentially abundant proteins across the WT, single- and double-mutant lines. Heatmap showing
the relative abundance levels (Z-scored) of proteins across the single and double-mutant barley lines in comparison to WT. Colour bars represent the abundance of
hordeins, starch and fatty acid metabolism, lysine, methionine, and tryptophan-rich proteins. The individual amino acid contents were calculated using the Protein
Report tool in CLC Genomics Workbench. The bar chart (last column) illustrates the log2 abundance of differentially abundant proteins in the WT and BC-mutant
lines.

the three DMs are compared (Supplementary Figure 3A),
while other B-hordeins as well as gamma- and C-hordeins
show a relative enrichment in the BD-mutant compared to

the BC- and CD-mutant lines. However, these proteins show a
balanced abundance when BD- is compared to D- and WT
indicating that B-hordeins with a higher abundance value in the
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FIGURE 5 | Changes in relative abundance patterns in the double-mutant and parent lines. Ternary plots were constructed to highlight relative abundance differences
between DMs, SMs, and WT. For each DM three plots are presented representing DM and SM relationships followed by DM, WT relationships combined with the
presence of one of the SM parents. The colours highlight the different hordeins, starch metabolism, fatty acid metabolism and degradation associated proteins.

BD-mutant line might be inherited from the D-hordein mutant
parent (Figure 5). Comparing the relative distribution of the fatty
acid metabolism-related proteins in the three DMs compared to
their parents, most of the fatty acid metabolism-related proteins
show a balanced abundance in the DMs with a D-hordein
mutant in the background. However, these proteins are relatively
enriched in the BC-mutant when compared to the WT or any of
the single mutant parents. Comparing the relative abundance of
starch metabolism related proteins, they are depleted in the DMs
with the C-hordein mutant parent in the background; however,

they show a balanced abundance if B- or D-hordein mutant
lines are present.

Altered Proteins From the
Double-Mutant Lines Indicate
Orchestrated Changes in Nutrient,
Starch, and Fatty Acid Metabolism
To elucidate the effect of protein alteration at the chromosome
level, hordeins and proteins showing significant changes in
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abundance were mapped to the Morex barley reference genome
(International Barley Genome Sequencing Consortium, Mayer
et al., 2012). Gamma-, B-, and C-hordein sequences were mapped
to the short arm of chromosome 1H and clustered in five
loci, representing two B-hordein, two C-hordein and a gamma-
hordein loci (Supplementary Figures 3B,C). Detailed annotation
of mapped protein sequences including their chromosomal
position is presented in Supplementary Table 2.

B-hordeins located in the B hordein locus 1 (Supplementary
Figures 3B,C and Supplementary Table 2) share similar
abundance patterns with starch branching enzyme I mapped to
the unassigned chromosome (Chr Un), protein folding-related
heat-shock proteins and chaperones from chromosomes 1H,
5H, 4H, and 6H (Figure 6). Two of the B-hordeins, R9XWE6
and C7FB16 were found in higher amounts in the D-hordein
mutant compared to the B- and C-hordein mutant lines, and
were enriched in the BD-mutant compared to the BC- and
CD-mutants, sharing opposite abundance patterns to energy
metabolism proteins (e.g., M0WGK7, M8C3P1, M0Y565). The
C-hordein I6TEV8 shared highly similar abundance patterns to
ALPs from chromosome 7H and the gamma-hordein in 1H. The
C-hordein was higher in abundance in the BD-mutant line when
compared to the other DMs and was a dominant protein in the
WT (Figure 6).

Proteins with functions in fatty acid degradation shared
similar abundance trends with many of the lysine-rich proteins
such as LEA proteins (C9ELM9, B5TWD1, F2DZK3) from
chromosomes 7H, 1H and 6H. Proteins linked to fatty acid
metabolism (F2CWX3 and W5BXE7) were associated with
proteins enriched in lysine, methionine or threonine, such as
disease defence proteins and seed maturation-related proteins
mainly located at chromosomes 1H, 3H and 5H.

Starch metabolism associated links have been identified
between chromosomes 3H, 4H, 6H and 7H. Among the
proteins with highly similar abundance patterns there were 25
lysine-rich proteins. Some of these, like a seed maturation-
related dehydrin (Q40043), an energy metabolism related
glyceraldehyde-3-phosphate dehydrogenase (M0Y565) and a
protein with unknown function (M0YTG0) show a strong
negative correlation with the B-hordeins enriched in DMs with
a D-hordein mutant origin, while a calreticulin (M0V198), a
HSP90 protein (M0 × 173), a chaperone and a calcium-binding
protein were positively correlated.

To further investigate the co-abundance relationships between
lysine-rich proteins and hordeins and other cysteine-rich
prolamin superfamily members, 1,000 bp non-coding promoter
regions of the coding genes of mapped proteins were searched
for transcription factor binding sites characteristic of BPBF
(Prolamin-box with a DOF core motif, Pyrimidine-box and
GAMyb motif). Twenty-three of the mapped lysine-rich protein
coding genes contain both the pyrimidine box and a DOF core
motif in their sequence within the first 1,000 nucleotide upstream
of the start codon (Supplementary Figure 4 and Supplementary
Table 2). Comparing the promoter motif composition of proteins
from the various modules shows potential negative interactions
between proteins with Pyr-GAMyb and Pyr-Pbox or Pyr-Pbox
and Pyr-Pbox-GAMyb TFBS containing promoter regions. While

interacting partners from the energy, fatty acid and carbohydrate
metabolism module 6, 9 and 10 that show similar positive
abundance trends mostly have Pyr-GAMyb and Pyr-GAMyb or
Pyr-Pbox-GAMyb TFBSs. Modules enriched in storage proteins
(module 1, 3, and 4) and ER-acting, folding and ripening-related
proteins are characterised with the presence of Pbox motifs either
in a combination with Pyr-box or with Pyr-box and GAMyb
motifs (Supplementary Table 2).

DISCUSSION

The temporal and spatial regulation of cereal storage protein
synthesis is orchestrated by precise mechanisms primarily at
the transcription level. High resolution genome sequences and
gene model annotations help to understand, utilise and process
the genomic information characteristic of seed development
and maturation programmes. The suppression of three hordein
subclasses B, C, and D within the barley SM lines led to multiple
repression and compensation events. These events are further
evident in the double-recessive lines where the compensation
events more clearly depend on their parent lines (Figures 5, 6
and Supplementary Figure 1). Additionally, the incorporation
of mutant lines significantly affects the free amino acids (Tanner
et al., 2015) and bound amino acids analysed in the present study
(Supplementary Figure 2).

The positions of the hordein coding genes in chromosome 1H
were determined using the available barley hordein sequences.
In the Morex reference genome both the B-hordeins and the
C-hordeins are clustered into two separate loci (Supplementary
Figure 3B). Most of the B-hordein coding proteins are located
in the B-hordein locus 1 (2.43 – 3.30 Mb), while some additional
B-hordein coding genes were mapped to the 11.86 – 11.96 Mb
region. In the B-hordein mutant line the γ-ray induced mutation
deleted ∼85 kb of the storage protein enriched distal 1H end
and eventually caused the depression in hordein accumulation
(∼75%) in the grain endosperm (Shewry et al., 1980; Kreis
et al., 1983). The B-hordeins from both B-hordein loci are
significantly less abundant in the BC-mutant line compared
to the WT while a slight compensation can be seen in some
of the B-hordein abundance values both in the BC- and BD-
mutant lines (Supplementary Figures 3A,B). This provides
evidence that the proteins I6TMW0 and Q40022 might be
inherited from the C and D single mutant parent in the BC-
and BD-double mutant lines. Due to incomplete deletion of
B-hordein locus, and the existence of a variety of hordein
gene models mapped to the chromosome 1H (Supplementary
Figure 3B), it is possible that the B-mutant line, Risø 56, carries
additional hordein coding regions of which gene products were
not detected herein. The remaining B-hordein-type proteins are
evident in the B-mutant parent line where a hordein closely
related to B-hordein subclasses was increased up to∼8 fold (Bose
et al., 2020) as well as two low molecular weight B-hordeins
(C7FB16, R9XWE6) from the B-hordein locus 2 in the BD-
double mutant line (Figure 5 and Supplementary Figure 3B).
Notably, the deletion of the major B-hordein locus did not affect
the C-hordein locus. As a result of B-hordein removal, the total
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FIGURE 6 | Protein-protein interaction patterns of highlighted hordeins, fatty acid metabolism and degradation and starch metabolism associated proteins.
Chromosomes are visualised in the outer circle as grey bands. Mapped proteins showing significant fold-changes compared to the WT are labelled with accession
numbers. Log2 protein abundance values are presented in the heat map section. The direction of samples indicated from the inner to the outer circle as WT, single
mutants B-, C-, and D-, double-mutants BC-, CD-, and BD-, respectively. The position of hordeins and the highly related avenin-like proteins are shown as blue dots
in the grey annotation band, fatty acid metabolism and fatty acid degradation associated proteins are highlighted in red and deep red colours, while orange dots
represent proteins related to starch metabolism. Links between chromosome regions represent potential interactions. Only correlations above 0.95 (strong positive)
and below -0.95 (strong negative) are highlighted. Interactions are coloured to indicate the interactor types.

abundance of C-hordein and γ-hordein were shown to increase,
possibly to compensate for the loss of B-hordeins. Interestingly
a clear positive interaction was detected between the abundance
patterns of C-hordeins, γ-hordeins and some ALPs encoded

on the short arm end of chromosome 7H (Supplementary
Figure 3C). ALPs represent a protein subgroup within the
prolamin superfamily that, similarly to gliadins, possess gliadin
Pfam domains (PF13016) (Juhász et al., 2018). These proteins
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were reported to have both storage protein functions and are also
involved in stress defence mechanisms (Zhang et al., 2018a,b).

In cereals, lys3 encodes a transcription factor known as
prolamin binding factor (PBF), located on the long arm of
chromosome group 5 in wheat and 5H in barley, which express
in the starchy endosperm, embryo and the aleurone during seed
development and germination (Marzábal et al., 2008; Moehs
et al., 2019). PBF acts as an activator or repressor through
some known transcription factor binding site domains like
the TGTAAG (Prolamin box and Pyrimidine-box (CCTTTT)
(Shewry et al., 1995; Marzábal et al., 2008). In the developing
seed PBF negatively regulates the GA-responsive production
of thiol proteases, α-amylases, proteases, hydrolases and acts
as an activator for the prolamin genes as well as genes
involved in starch accumulation. PBF triggers storage protein
and starch accumulation primarily by activating genes through
the Prolamin-box, while in embryo-related genes and especially
during germination it relates to gibberellic acid (GA) signalling
and acts through the Pyrimidine box. The Pyrimidine box is
usually part of the GARC triad (GA responsive complex of
GAMyb + PBF + GA response factors) and is enriched in
aleurone- and endosperm-related genes (Mena et al., 2002).
The lys3 mutant Risø 1508 has regulatory impact on a wider
range of biochemical processes in addition to hordein synthesis
(Orman-Ligeza et al., 2020). Indeed, the decrease in lysine-poor
storage protein accumulation and starch content in the grains
of lys3 mutant plants lead to more lysine-rich proteins and free
lysine (Ingversen et al., 1973). Generally, this loss of PBF TF
activity is concomitant with an above average embryo size (Cook
et al., 2018). Herein, stereomicroscope measurements show a
significantly higher embryo size in the BC- and CD-double
mutants providing evidence for the presence of an active PBF
gene in the BD-mutant line that show similar embryo size to the
WT (Figure 1).

Notably, an impact on embryo size was previously observed
for the parental hordein SM lines used in this study (Bose
et al., 2020). Herein, the double-mutant lines display repression
of B- and C-hordeins resulting in a shift to an increased
proportion of lysine-rich proteins such as seed folding and
maturation related proteins, including 60S ribosomal proteins,
LEA proteins, chymotrypsin inhibitors and serpins (Figure 3
and Supplementary Figure 1). In maize, the overexpression
of elongation factor 1α (EF 1α) in the endosperm regulates
the higher production of lysine-rich proteins (Habben et al.,
1995). Similarly, here, a 60S acidic ribosomal protein with a
translation elongation activity (M0XWV5) was measured to be
>5-fold higher in the BC-mutant line in comparison to WT
(Supplementary Table 3). This protein co-clustered with the
energy metabolism and fatty acid metabolism associated proteins
in module 9. In the endosperm, EF 1α can be found in the protein
bodies where they have been associated with the cytoskeleton,
bind to the endoplasmic reticulum, couple with the mitotic
apparatus and several microtubules (Durso and Cyr, 1994). The
cytoskeleton plays a key role in storage protein synthesis in cereal
grains through their association with the rough endoplasmic
reticulum membrane surrounding the protein bodies (Shewry
et al., 1995; Bose et al., 2020). Thus, it is possible that the

EF 1α concentration provides an index of a complex group of
proteins making up the cytoskeleton that helps to redistribute
nitrogen away from the normal sink in order to increase non-
storage proteins.

Previous morphological and phenological studies have shown
that the lys3 mutation influences aleurone cell size, starch
granule formations, β-glucan content, seed germination rate and
fatty acid content (Arruda et al., 1978; Deggerdal et al., 1986;
Christensen and Scheller, 2012; Moehs et al., 2019; Orman-Ligeza
et al., 2020). In this study, all DM lines displayed a reduced total
starch content. In the BC- and CD-mutant lines, the large embryo
phenotype results in a corresponding reduction of starchy
endosperm. As this is the major storage tissue for starch in seed
(Duffus and Cochrane, 1993; Radchuk et al., 2009), the reduction
in this compartment likely corresponds to the reduced total
starch content of the seed. However, the embryo size of the BD-
mutant line is unchanged, therefore, the total starch content may
be affected by factors other than the embryo starchy endosperm
proportion. Therefore, it is highly likely that the combination
of D-hordein mutant with the B- and C-hordein mutant lines
activates the starch and storage protein accumulation or regulates
the starch and B- and C-hordein contents.

In barley lys5 mutants, the starch synthesis was reduced due
to the lesions of Hv.Nst1 genes located on chromosome 6, which
encodes a plastidial ADP-Glc transporter (Patron et al., 2004).
Herein, an ADP-Glc transporter protein (Q6E5A5) located in
chromosome 7H was shown to have no significant changes in
the single- and double-mutant lines (Supplementary Table 2).
Although lys5 mutants have decreased starch content, the major
component of cell wall (1,3;1,4)-β-D-glucan was increased due
to higher concentration of cytosolic UDP-Glc (Rudi et al.,
2006; Christensen and Scheller, 2012). Yet, in the lys3 mutants
the (1,3;1,4)-β-D-glucan content was reduced 1,000-fold due to
the repression of Cellulose Synthase-Like (CSL) F6 transcript
throughout the endosperm development period (Christensen
and Scheller, 2012). In this study, the β-glucan [(1,3;1,4)-β-D-
glucan] content in BC- and CD-mutant lines was reduced. This
indicates that lys3 transcriptional regulation from C-hordein
mutant lines can regulate CSLF6 expression in double mutant
lines to reduce the β-glucan content. Although CSLF6 was not
detected herein, other genes related to β-glucan metabolism
were perturbed. Q8S3U1 is a β-1,3-glucanase II and Q9XEI3
a β-D-glucan exohydrolase isoenzyme, both functioning in
β-glucan degradation, were significantly increased in all three
double-mutants. These β-glucan-related proteins show negative
concordance with a range of fatty acid metabolism and lysine-
rich proteins in the DMs with a lys3 mutant parent. Of interest,
the abundance pattern of these β-glucan metabolism-associated
proteins is similar in all three double-mutants with the highest
abundance in the BD-mutant line, which cannot be explained by
the mutation in the PBF gene. Quantitative trait loci linked to
β-glucan content in wheat were found on chromosomes 1A, 2A,
2B, 5B, and 7A (Marcotuli et al., 2016). Among these, a glycosyl
transferase is located in the short arm end of chromosome 1H
in a relatively close proximity to the hordein loci. It is therefore
possible that this protein is inactive or suppressed in the mutant
lines with B-mutant in the background resulting in a decrease
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of β-glucan content. Additionally, it may also possible that
the CSLF6 repression results from the hypermethylation of the
upstream promoter region of the lys3 mutants, as this promoter
is shared among these genes.

Unlike starch, the total fatty acid (FA) and TAG content was
increased in the BC- and CD-mutant lines and their abundance
can be directly linked to the lys3 mutant, i.e., C-hordein-mutant
line (Figure 1). In this barley lys3 mutant, three intermediates
of lipid metabolism, including 2-hydroxyheptanoate, 9,10-
dihydroxy-octadecanoic acid methyl ester and dimethyl ester
of threo-9,10-dihydroxy-octadecanedioic acid, were found to be
more abundant (Khakimov et al., 2017). This mutant may use
excess lysine to convert to acetyl-CoA and thus provide more
precursors for fatty acid synthesis leading to increased abundance
of FA and TAG. Additionally, seeds may use these excess reserves
as an energy supply to exit dormancy and initiate germination.
The Lys mutation also influences the accumulation of Lys-rich
proteins in the BC and CD DMs; abundant protein functions
were associated with protein translation, folding and seed
maturation. The abundance of the Lys-rich late embryogenesis
abundant (LEA) protein in the Lys mutants are known to provide
desiccation tolerance and co-regulated with abscisic acid to
extend the dormancy period (Tan and Irish, 2006; Angelovici
et al., 2009). The higher abundance of lysine-rich LEA proteins
and dehydrins combined with reduced TCA cycle metabolism
offers some explanation regarding the low germination success
and reduced growth vigour for lys3 mutants.

CONCLUSION

Cereals are lower in grain protein content and essential
amino acids such as lysine compared to legumes and oilseeds.
Selectively breeding cultivars with more desirable amino acid
composition has been attempted in cereal grains to improve the
nutritional quality for human and livestock consumption. Yet,
the low agronomic yield, germination defects and technological
challenges for cereals have presented barriers for the commercial
uptake of these crops. Within the DM lines measured herein,
the BC-mutant lines are more suitable for those suffering with
celiac disease. The D-hordeins, homologs of the wheat high
molecular weight glutenins, have only shown a mild immune
response for the patients with HLA-DQ8 (Molberg et al., 2003)
and even less immune-reactivity for patients with HLA-DQ2
alleles. The accumulation of HMW glutenins are not affected
in wheat PBF mutant lines (Moehs et al., 2019), and similar
results were obtained in the present study for D-hordeins.
Therefore, the reduction in hordein content, improvement
in amino acid composition, while concomitantly maintaining
desirable agronomic and functional characteristics through this
DM line, offers a promising step toward production of a grain
with desirable health and commercial traits.
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Supplementary Figure 1 | Abundance profile of the 100 differentially abundant
proteins across the WT, B-, C-, and BC-mutant lines. Heatmap showing the
relative abundance levels (Z-scored) of significant altered proteins across the lines.
Colour bars represent the abundance of proteins associated with GO functions
such as fatty acid synthesis, nutrient reservoir and inhibitory activity. The bar
charts (last three column) shows the log2 abundance of differentially abundant
proteins in the WT and B-, C-, and BC-mutant lines.

Supplementary Figure 2 | Protein bound amino acid composition changes
between double-mutant and WT lines. Amino acid composition was determined
for proteins significantly perturbed by hordein deletion and expressed as a
fold-change for the composition of proteins that are more abundant in mutant
lines divided by the composition of proteins that are more abundant in the WT.
These fold change values were log2 transformed for symmetry in the heat map
where darker red indicates higher abundance in the mutant line and darker blue
indicates higher abundance in the WT. Essential amino acids are indicated by
black row side colouring.

Supplementary Figure 3 | (A) Ternary plot representing relative abundance
comparison of the three DMs. Abundance bias categories highlighting DM
dominant, DM suppressed and balanced abundance are presented. (B) Ternary
plot highlighting relative abundance values of the analysed hordeins. Mapped
hordein locus positions are also labelled. (C) Genomic location of barley hordeins
indicate the presence of multiple B- and C- hordein loci on the short arm of
chromosome 1H as identified using publicly available hordein sequences mapped
to the barley reference genome. The position of identified genes is labeled by
circles and is differentiated for each hordein type using the colours presented in
the colour legend. The first C-hordein locus is located at 1.45 Mb and is
composed of at two C-hordein genes. This locus is followed by the
gamma-hordein locus at 1.75 Mb and is composed of at least of three
gamma-hordein genes. The B hordein locus 1 spans between 2.52 and 3.25 Mb
and includes 11 gene models. The second C-hordein locus covers a 200 kb
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region between 11 and 11.2 Mb and includes nine C-hordein gene models. This
gene cluster is followed by further two B-hordein genes at 11.95 Mb. In the
proteomic analyses of the double-mutants we have identified two hordein
sequences from the gamma hordein locus, six hordein sequences in B-hordein
locus 1, two sequences in the C-hordein locus 2 and two sequences in the
B-hordein locus 2. The position of identified proteins were labelled in
coloured dots.

Supplementary Figure 4 | Enrichment of Prolamin box variants (TGTAAAGT,

TGTAAAGG, TGAAAAGT, TGAAAAGG, TGTAAAG), DOF-core motif (A/TAAG) and
Pyrimidine-box (CCTTTT) motifs.

Supplementary Table 1 | Hordein content of WT and hordein-single and
DM lines.

Supplementary Table 2 | Detailed annotation of mapped protein sequences
including their chromosomal position.

Supplementary Table 3 | Differentially abundant proteins were functionally
annotated and plotted as heatmaps.

Supplementary File 1 | Detailed materials and methods for embryo size
measurement, barley β-glucan analysis, total starch content analysis, total fatty
acid, and total TAG content analysis and circus plot.
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Hefei, China, 3 Key Laboratory of Crop Physiology, Ecology and Production Management, Nanjing Agricultural University,
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The asymmetric warming in diurnal and seasonal temperature patterns plays an

important role in crop distribution and productivity. Asymmetric warming during the early

growth periods of winter wheat profoundly affects its vegetative growth and post-anthesis

grain productivity. Field experiments were conducted on winter wheat to explore the

impact of night warming treatment in winter (Winter warming treatment, WT) or spring

(Spring warming treatment, ST) on the senescence of flag leaves and yield of wheat

plants later treated with night warming during grain filling (Warming treatment during

grain filling, FT). The results showed that FT decreased wheat yield by reducing the

number of grains per panicle and per 1,000-grain weight and that the yield of wheat

plants treated with FT declined to a greater extent than that of wheat plants treated with

WT + FT or ST + FT. The net photosynthetic rate, chlorophyll content, and chlorophyll

fluorescence parameters of the flag leaves of wheat plants treated with WT + FT or

ST + FT were higher than those under the control treatment from 0 to 7 days after

anthesis (DAA) but were lower than those under the control treatment and higher than

those of wheat plants treated with FT alone from 14 to 28 DAA. The soluble protein and

Rubisco contents in the flag leaves of wheat plants treated with WT + FT or ST + FT

were high in the early grain-filling period and then gradually decreased to below those of

the control treatment. These contents were greater in wheat plants treated with WT +

FT than in wheat plants treated with ST + FT from 0 to 14 DAA, whereas the opposite

was true from 21 to 28 DAA. Furthermore, WT + FT and ST + FT inhibited membrane

lipid peroxidation by increasing superoxide dismutase and peroxidase activities and

lowering phospholipase D (PLD), phosphatidic acid (PA), lipoxygenase (LOX), and free

fatty acid levels in the early grain-filling period, but their inhibitory effects on membrane

lipid peroxidation gradually weakened during the late grain-filling period. Night-warming

priming alleviated the adverse effect of post-anthesis warming on yield by delaying the

post-anthesis senescence of flag leaves.
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INTRODUCTION

In the twentieth century, the annual mean temperature in China
increased from 0.4 to 0.8◦C, and the mean temperature increases
in spring, summer, fall, and winter were 0.33, 0.40, 0.73, and
1.37◦C, respectively. China experienced 17 consecutive warm
winters beginning in 1990, and the mean temperature increase
in winter was more than two times the average annual increase
in global temperature (0.6◦C) (Qin et al., 2010; Gao et al.,
2011; Hatfield et al., 2011). According to the prediction by the
Intergovernmental Panel on Climate Change (Haines, 2003),
climate warming in China will continue in the twenty-first
century, especially in the winter half-year in northern China.
Increasingly drastic climate change will greatly affect atmospheric
circulation and cause more extreme weather events (Zhao et al.,
2010; You et al., 2011). It is expected that these extreme weather
events will occur to a greater extent and at higher frequencies in
East China because the warming rate in this region is higher than
the global average (Ren et al., 2008).

Wheat is one of the three major crops in the world and
the leading food crop in China, and its yield plays a key role
in the food security and socioeconomic development of China
(Slafer, 2003). High temperature in the post-anthesis period
often accelerates wheat maturation and, thus, severely reduces
wheat yield and quality (Riaz et al., 2021). Grain number is
mainly determined during the period immediately preceding
anthesis, and individual grain weight is defined during the
grain-filling period (Karim et al., 2020). Temperature is an
important environmental factor affecting grain filling during
grain formation (Hütsch et al., 2018; Osman et al., 2020).
Shirdelmoghanloo et al. (2016) found that warming in the early
post-anthesis period significantly reduces photosynthesis and
the antioxidant capacity of flag leaves in wheat, resulting in
smaller grain size and weight but barely affecting grain yield. Bian
et al. (2012) found that a temperature increase of approximately
1.8◦C after anthesis, with an average daily temperature of
approximately 20.8◦C and an average daytime temperature of
approximately 23.1◦C, was conducive to protein accumulation,
with the highest increase coming in grain albumins, while
a temperature increase of <1.8◦C barely affected the starch
content. Huebner and Bietz (1988) reported that, during wheat
grain filling, the most suitable ambient temperature is 20–24◦C.
An ambient temperature higher than 25◦C shortens the grain-
filling period, thus affecting grain weight, while an ambient
temperature lower than 12◦C causes chilling injuries in wheat.

Crop yield is closely related to the net photosynthetic
assimilation process during the grain-filling period in wheat.
The photosynthesis of flag leaves contributes the most to the
final grain dry weight in winter wheat. Hence, the study of
flag leaves in response to climate warming occurring during the
winter and spring seasons is crucial. The main source of mass
accumulation in wheat grain is the photosynthetic products of
flag leaves during the grain-filling period, and the physiological
activities of these leaves directly affect dry matter accumulation
and transport (Feng et al., 2014). Grain filling is also affected
by the photosynthetic characteristics of flag leaves, which, in
turn, affects grain weight and yield (Prieto et al., 2009). The

soluble protein content in plant leaves reflected the nitrogen
content, and the nitrogen content in leaves had a positive
relation with photosynthetic capacity. Most of the nitrogen in
plants is stored in enzymes participating in photosynthesis,
especially in Rubisco, which is a major source of nitrogen
recycling (Makino et al., 1997; Masclaux-Daubresse et al., 2008).
However, in the middle and late grain-filling periods of wheat,
flag leaf senescence often occurs. During the grain-filling stage,
programmed leaf senescence occurs, accompanied by a burst
of excessive reactive oxygen species (ROS), such as superoxide
and hydroxyl radicals (Kong et al., 2015, 2017). The significant
declines in chlorophyll content (Lee et al., 2001), protein content,
and the activities of various antioxidant enzymes in wheat during
senescence break the dynamic balance between the generation
and elimination of ROS in plants, causing the accumulation of
large amounts of ROS, damage to biological macromolecules, and
the destruction of membrane lipid structures, thus hindering the
normal operation of photosynthesis (Huffaker, 1990).

A high temperature in the late growth stage reduces the
photosynthetic capacity of wheat leaves, intensifies membrane
lipid peroxidation, accelerates plant senescence, and leads to
lower wheat yield (Savin and Nicolas, 1996). Suitable stress
stimuli during the early reproductive period can increase the
resistance of crops to the same or other stresses (Bruce et al.,
2007). Li et al. (2011) reported that a pre-anthesis waterlogging
pretreatment improved the resistance of wheat plants to post-
anthesis waterlogging, thereby significantly increasing yield.
Another study exposed wheat seedlings at 21 days after sowing to
moderate drought for 9 days and then allowed them to recover
for 1 day. These drought-adapted seedlings showed a stronger
drought resistance than non-drought-adapted seedlings when
they were later exposed to severe drought stress for 9 days (Selote
and Khanna-Chopra, 2006).

There is a lack of relevant research on whether warming
in the early reproductive period can improve the viability of
wheat in the late reproductive period. In the present study,
field experiments were conducted to investigate the impact of
a moderate night-warming treatment in winter (WT) or spring
(ST) on the senescence of flag leaves and the yield of wheat plants
that were later treated with night warming during the grain-
filling period (FT). The mechanism underlying these effects was
investigated by determining the photosynthetic and oxidative
metabolism characteristics of flag leaves and their yield output.

MATERIALS AND METHODS

Experimental Design
The field experiments were conducted at the Jiangpu
Experimental Station of Nanjing Agricultural University
from 2013 to 2014. Two local cultivars, vernal type Yangmai 13
(YM13) and facultative type Yannong 19 (YN19), were used.
The soil in the test plots before sowing contained 21.62 g kg−1

of organic matter, 1.12 g kg−1 of total nitrogen, 14.39mg kg−1

of available nitrogen, 17.4mg kg−1 of available phosphorus,
and 115.52mg kg−1 of available potassium. The plot size was 8
m2 (2m × 4m) with a row spacing of 25 cm. The randomized
block design was adopted for field experiments with three
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TABLE 1 | Phenophase of the two wheat cultivars.

Cultivar Phenophase date (day/month)

Sowing Stem-elongation Booting Anthesis Maturity

Yangmai 18 26th October 2013 21st February 2014 22nd March 2014 13rd April 2014 20th May 2014

Yannong 19 26th October 2013 28th February 2014 28th March 2014 19th April 2014 24th May 2014

FIGURE 1 | Schematic of the setup of different warming treatments. CK: control; FT: night warming treatment during the grain-filling period; WT + FT: night warming

treatment during winter and the grain-filling period; ST + FT: night warming treatment during spring and the grain-filling period. NW: night warming. 1Tnight refers to

the increase of mean night temperature between treatments and the control. Mean night temperature is the mean of all temperature data on a 10min interval from

19:00 p.m. to 07:00 a.m.

replications. A total of 240 kg ha−1 of nitrogen was applied in
three applications over the whole growth period. The basal:
topdressing ratio (basal fertilizer:jointing fertilizer:booting
fertilizer) was 5:3:2. Superphosphate (P2O5) and potassium
oxide (K2O) fertilizers were applied together as the basal
fertilizers at 100 and 150 kg ha−1, respectively, during the wheat
growth period. The seeds were sown on October 26, 2013. The
seedlings were then thinned to a density of 180 m−2 when
they sprouted three leaves. Plants were carefully noted to have
reached a particular growth stage when more than 50% of the
wheat plants reached that stage (tillering: Zadoks growth stage
21, main shoot and one tiller; jointing: Zadoks growth stage 31,
the first node was detectable; booting: Zadoks growth stage 41,
flag leaf sheath-extending stage; anthesis: Zadoks growth stage
60, the beginning of pollination). The stages were determined
according to Zadoks et al. (1974). The phenophases of the two
wheat cultivars are provided in Table 1. The days taken from
flowering to grain formation were recorded when more than
50% of the plants completed their flowering to the physiological
maturity of the crop. Uniform tillers flowering on the same
day were tagged for sampling and measurements. The rest of
the management measures were the same as those used for the
high-yield cultivation of field crops.

Passive night warming (Shaver et al., 1998; Beier et al., 2004;
DeMarco et al., 2014; Deslippe et al., 2015) was adopted in this
study using a warming facility (length: 3m, width: 5m, and
height: 2m) with a removable plastic membrane. Designated
personnel rolled down the plastic membrane at sunset to cover

the warmed plots and rolled it up at sunrise to expose the
warmed plots to the natural environment (from around 19:00
p.m. to 07:00 a.m. of the next day). The facility was equipped
with a ventilation system to ensure the normal respiration
and ventilation of the crops at night. To ensure that each
plot received the same precipitation, the plastic membrane
was rolled up at night when it rained or snowed. A dual-
channel thermometer (NZ-LBR-F, Nanjing Nengzhao Electronic
Instrument Co., Ltd., China) was used to record the canopy
night temperature of warmed plots once every 10min during the
wheat growth period. Figure 1 shows the setup of the different
warming treatments. The four treatments included non-warming
(CK), night-warming treatment during the grain-filling period
only (FT: anthesis to maturity), night-warming treatment during
winter (WT: tillering to jointing) and the grain-filling period (WT
+ FT), and night-warming treatment during spring (ST: jointing
to booting) and the grain-filling period (ST + FT). The mean
nighttime temperatures of the winter wheat canopy increased by
1.67 (WT) and 1.92◦C (ST), respectively. FT increased the mean
nighttime temperature of the winter wheat canopy by 1.96◦C.
The temperature and humidity data during the warming period
are shown in Figure 2.

Measures and Methods
Yield and Yield Components
Two plants of 2m long rows (1 m2) were marked at anthesis in
the center of the plots to measure grain yield at maturity. Spike
number per m2 was counted at physiological maturity, and the
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FIGURE 2 | Mean nighttime canopy temperature (A) and air humidity (B)

under FT (anthesis period-maturation period).

plants were cut with a sickle at the soil level. Harvested plants
were carefully threshed, dried, and weighed to measure grain
yield in kg ha−1 at 14% moisture. A total of 50 culms from
the four rows in the middle of each plot were sampled at the
soil level to measure grain number, grain weight per spike, and
1,000-grain weight.

The Net Photosynthetic Rate (Pn)
The net photosynthetic rate of flag leaves was measured at 0, 7,
14, 21, 28, and 35 days after anthesis (DAA). Four flag leaves
with uniform growth and similar light-incidence directions
were measured for each treatment with three replications. The
Pn of wheat leaves was measured using an LI-6400 portable
photosynthesis system (Li-Cor Inc., Lincoln, NE, USA). The
chamber had an opening for air and a red/blue light source.
The photosynthetically active radiation (PAR) was set to 1,200
µmol m−2 s−1, and the CO2 concentration was approximately
380 µmol L−1.

Chlorophyll Content
One gram of leaves was cut into several sections and placed in
50ml of acetone:ethanol (v:v = 1:1) extracting solution in the
dark at 25◦C for 24 h, and the optical density (OD) of the extracts
was measured at 470, 663, and 645 nm. The chlorophyll content
was calculated according to the formula of Zheng et al. (2009).

Chlorophyll Fluorescence Kinetics Parameters
The chlorophyll fluorescence kinetics parameters of the same flag
leaves used in the photosynthesis measurements were measured
with a chlorophyll fluorometer (PAM-2500, Heinz Walz GmbH,
Effeltrich, Germany). The minimum and maximum chlorophyll
fluorescence (F0 and Fm, respectively) were measured after
dark adaptation for 30min. Steady-state fluorescence (Fs) was
measured after irradiation with 1,200 µmol m−2 s−1 for 10min

and a strong flash. The maximum fluorescence under light
adaptation (Fm′) was recorded. After dark adaptation for 3 s,
the far-red light was turned on, and the initial fluorescence F0′
under light adaptation was measured to calculate the effective
quantum yield of photosystem II (PSII) photochemistry (8PSII).
Parameters were calculated referring to the maximum efficiency
of PSII photochemistry under dark-adapted (Fv/Fm), Fv/Fm =

(Fm-F0)/Fm, where Fv is the variable chlorophyll fluorescence and
8PSII = (Fm′-F0′)/Fm′ (Genty et al., 1989).

Soluble Protein and Rubisco Content
Soluble protein content measurement followed the procedure
of Lowry et al. (1951) with little change. Frozen samples (0.5 g)
were extracted in a sodium phosphate buffer (50mM, pH 7).
The extracts were centrifuged (4,000 × g, 10min, and 4◦C).
Soluble proteins were quantified using the supernatants of the
samples, with bovine serum albumin as a standard. Rubisco
was analyzed using sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) as described previously
(Makino et al., 1986), with few changes. Frozen tissue
was homogenized in 50mM of a Tris–HCl buffer (pH 8)
containing 5mM of β-mercaptoethanol and 12.5% of (v/v)
glycerol and then centrifuged at 15,000× g for 15min. To the
supernatant, we added SDS, β-mercaptoethanol, and glycerol
to final concentrations of 1% (w/v), 2% (v/v), and 5% (v/v),
respectively, and then boiled the mixture for 5min. A sample
of this preparation was used for electrophoresis. For protein
visualization, the gels were stained with 0.1% (w/v) Coomassie
Brilliant Blue R-250. The stained bands were excised from the
gels with a razor blade and eluted in 1ml of formamide in
a stoppered amber test tube at 50◦C for 8 h with no stained
gel as a standard. The absorbance of the resultant solution
was read at 595 nm with a spectrophotometer (UV-4806S,
Unico Instrument, Shanghai, China). This part has been
revised accordingly.

Antioxidant Capacity of the Leaves
The rate of superoxide anion radical (O−

2 ) production was
measured according to Sui et al. (2007). Superoxide dismutase
(SOD, EC 1.15.1.1) activity was measured according to Yang
et al. (2007), and peroxidase (POD, EC 1.11.1.7) activity was
determined according to Zheng et al. (2009). Malondialdehyde
(MDA) content was measured according to Zheng et al. (2009).
The above measurements were carried out in three biological
replicates (leaves).

Membrane Phospholipid Metabolism
The phospholipase D, PA, LOX, and FFA concentrations were
determined using the double-antibody sandwich ELISA using the
reagent kit DRE97194 (Fengxiang Biotech, Shanghai, China).

Data Processing
All data are expressed as the means of three replicates. A
one-way ANOVA was performed for the PLD, PA, LOX, and
FFA contents to assess the significant differences between
temperature treatments. A two-way ANOVA was performed
on grain yield and its components, Pn, chlorophyll content,
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TABLE 2 | Impact of a night warming treatment in winter (WT) or spring (ST) on the grain yield and yield components of wheat later treated with night warming treatment

during the grain-filling period (FT).

Cultivar Treatment Spikes (×104 hm−2) Grain number (spike−1) 1000-grain weight (g) Grain yield (kg hm−2)

YM13 CK 450.33 a 47.56 a 41.54 a 7297.80 a

FT 446.00 a 44.86 b 38.77 c 6079.67 d

WT+FT 428.00 a 47.81 a 40.18 b 6536.13 c

ST+FT 438.67 a 48.19 a 40.96 ab 6790.66 b

YN19 CK 497.67 a 44.40 a 39.08 a 6832.73 a

FT 492.00 a 41.56 b 36.64 b 5645.86 c

WT+FT 473.33 abc 43.26 ab 37.95 ab 5789.74 c

ST+FT 479.67 ab 43.72 a 38.34 ab 6175.65 b

F-value F-Cultivar 43.013** 127.864** 69.469** 104.551**

F-Treatment 2.247 14.935** 15.627** 86.315**

F-C×T 0.036 1.158 0.152 1.697

Different letters in the same column indicate the differences between treatments at p < 0.05. F-Cultivar and F-Treatment represent the F value of the cultivar and the warming treatment,

respectively; F-C×T represents the F value of the interaction between the cultivar and temperature. ** represent significance at the 0.01 level.

FIGURE 3 | Impact of night warming treatment in winter or spring on the net photosynthetic rate (Pn) (A,B) and chlorophyll content (C,D) of wheat flag leaves later

treated with night warming during the grain-filling period.

Fv/Fm, 8PSII, soluble protein content, Rubisco content, O−
2

production rate, malondialdehyde (MDA) content, SOD activity,
and POD activity to identify the significant differences between
the cultivars and temperature treatments. Statistical analyses
were conducted using the Statistical Package for the Social
Sciences (SPSS) software (SPSS ver. 10, SPSS, Chicago, IL, USA).
The results were plotted in SigmaPlot 10.0.

RESULTS

Yield and Yield Components

Table 2 shows that the three warming treatments reduced the
yields of the two wheat cultivars, and in terms of yield, the
treatments followed the descending order of CK > WT + FT >

ST + FT > FT, indicating that FT was not conducive to yield.
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In particular, the WT and ST priming treatments reduced the
inhibitory effect of FT on grain yield. Compared with control, FT
had a similar spike number but significantly lower grain number,
1,000-grain weight, and, therefore, yield (minus 17%). On the
other hand, the spike number, grain number, and 1,000-kernel
weight in primed plants were like those of the control, and yield
losses, especially in the ST samples, were limited.

Pn and Chlorophyll Content
Figures 3A,B shows the Pn values of wheat flag leaves under WT
+ FT and ST + FT were higher than those under the control
treatment from 0 to 7 DAA and were lower than those under the
control treatment, but still higher than those under FT from 14
to 28 DAA. At 28 DAA, the Pn values of the flag leaves in primed
plants were significantly higher than those under the FT of the
two cultivars. There was a significant difference in the flag leaf
Pn between warming treatments at 0–7 and 21–28 DAA (p <

0.01; Table 3). Figures 3C,D shows that the flag leaf chlorophyll
content in the two cultivars was higher under WT + FT and ST
+ FT than under the control treatment from 0 to 7 DAA and
was lower than the control from 21 to 28 DAA. Night-warming
priming increased the post-anthesis chlorophyll content in flag
leaves than that under FT. There was a significant difference in
the flag leaf chlorophyll contents between warming treatments
and cultivars at 0–28 DAA (p < 0.01; Table 3).

Chlorophyll Fluorescence Parameters
Figures 4A,B shows that the Fv/Fm of the flag leaves was higher
under WT + FT and ST + FT than under the control treatment
from 0 to 7 DAA, lower under WT + FT and ST + FT than
under the control treatment from 14 to 28 DAA (this difference
increased over time during the grain-filling period), and always
higher under WT + FT and ST + FT than under FT. There was
a significant difference in the flag leaf Fv/Fm between warming
treatments at 0–28 DAA (p< 0.01; Table 3). Figures 4C,D shows
that the 8PSII of flag leaves was higher under WT+ FT and ST+

FT than under the control treatment from 0 to 7 DAA and higher
under WT+ FT and ST+ FT than under FT from 0 to 21 DAA.

Soluble Protein and Rubisco Content
Figures 5A,B shows that FT reduced the soluble protein content
of flag leaves after anthesis, and this reduction gradually increased
over time in the grain-filling period. The soluble protein contents
of flag leaves were higher under WT + FT and ST + FT
than under the control treatment from 0 to 7 DAA and
lower under WT + FT and ST + FT than under the control
treatment from 21 to 28 DAA. Night-warming priming alleviated
the FT-induced reduction in soluble protein content in flag
leaves during the grain-filling period. Figures 5C,D shows that
the differences in the post-anthesis Rubisco contents between
treatments followed a trend similar to that of the soluble protein
contents, suggesting that a primed plant resulted in stronger
photosynthetic carbon assimilation in flag leaves in the early
grain-filling period and alleviated the FT-induced damage to
the photosynthetic system during the middle to late grain-
filling period. T
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FIGURE 4 | Effect of a night warming treatment in winter or spring on maximum efficiency of photosystem II (PS II) photochemistry under dark-adapted (Fv/Fm) (A,B)

and the effective quantum yield of PS II photochemistry (8PSII) (C,D) in wheat flag leaves later treated with night warming during the grain-filling period.

Degree of Oxidative Metabolism
Figures 6A,B shows that FT increased the production rate of O−

2
in the post-anthesis flag leaves, indicating that FT accelerated the
senescence of flag leaves. The production rates of O−

2 in flag leaves
were lower under WT+ FT and ST+ FT than under the control
treatment during the anthesis period. This was accompanied by
increasingly higher rates of senescence after anthesis, which was
significantly higher under WT + FT and ST + FT than under
the control treatment at 28 DAA, and always lower under WT
+ FT and ST + FT than FT at 0–14 DAA. Figures 6C,D shows
that the MDA concentrations in flag leaves under WT + FT and
ST + FT were lower than those under the control treatment
during the anthesis period, and they were also lower under WT
+ FT and ST + FT than under FT at 0–21 DAA. There was a
significant difference in the flag leaf production rate of O−

2 and
MDA content betweenwarming treatments at 0, 21–28DAA (p<

0.01; Table 3). These results indicate that night-warming priming
alleviated the ROS-induced damage caused by FT.

Membrane Phospholipid Metabolism
Figures 7A,B shows that the PLD in flag leaves at 14 DAA
was higher under FT than under the control treatment, but not
significantly different amongWT+ FT, ST+ FT, and the control.
The PLD in flag leaves at 28 DAA was significantly higher under
all the warming treatments than under the control treatment, and
FT had the highest PLD. Figures 7C,D shows that, in YM13, the
PA in flag leaves was significantly lower under WT + FT and

ST + FT than FT at 14 DAA, and significantly higher under the
three warming treatments than under the control treatment at 28
DAA. In YN19, the PA contents in flag leaves were significantly
lower under ST + FT than under the control and FT treatment
at 14 DAA, were significantly higher under FT and WT + FT
than under the control treatment at 28 DAA, and were not
significantly different between ST+ FT and the control treatment
at 28 DAA.

Figures 8A,B shows that the LOX in flag leaves at 14 and
28 DAA was higher under the three warming treatments than
under the control treatment, which was the highest under FT.
Figures 8C,D shows that the FFA in YM13 and YN19 at 28 DAA
was significantly higher under the three warming treatments than
under the control treatment, following the ranking FT > WT +

FT > ST + FT > CK. Thus, FT promoted the degradation of
membrane phospholipids by LOX in flag leaves and accelerated
the senescence of flag leaves. Night-warming priming alleviated
the post-florescence degradation of membrane phospholipids in
the flag leaves of wheat plants treated with FT.

Activities of Antioxidant Enzymes
Figures 9A,B shows that the SOD activity in flag leaves of YM13
and YN19 was higher under WT + FT and ST + FT from 0 to
7 DAA and lower from 21 to 28 DAA than under the control
treatment. In particular, WT + FT and ST + FT increased the
post-anthesis SOD activity in flag leaves than that under FT.
Figures 9C,D shows that FT gradually decreased post-anthesis
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FIGURE 5 | Impact of night warming treatment in winter or spring on the soluble protein content (A,B) and Rubisco content (C,D) in wheat flag leaves later treated

with night warming during the grain-filling period.

POD activity during the grain-filling period, while the POD
activity in flag leaves of wheat plants treated with WT + FT and
ST + FT remained high during the early grain-filling period but
gradually decreased and became lower than under the control
treatment in the late grain-filling period, but still higher than that
under FT from 0 to 21 DAA. There was a significant difference
in the flag leaf POD activity between warming treatments at 0–28
DAA (p < 0.01; Table 3).

DISCUSSION

The yields of both wheat cultivars were significantly lower
under the three warming treatments than under the control
treatment, with the treatments following descending order of
CK > WT + FT > ST + FT > FT. In other words, FT
resulted in the greatest reduction in wheat grain yield, while
WT and ST alleviated the adverse effect of FT on grain yield
mainly by increasing the number of grains per panicle and 1,000-
grain weight. Heat stress can a?ect the yield components by
shortening the grain filling duration due to an accelerated rate of
development, accelerated leaf senescence, and the inhibition of
photosynthesis and carbohydrate synthesis (Asseng et al., 2011).
Pre-stress treatments during vegetative stages (priming) have
been shown to increase stress tolerance in plants and alleviate
abiotic stress in grasses (Wang et al., 2017; Thayna et al., 2018).

Our previous study showed that, compared with the damage
observed in non-primed plants, heat priming during the stem-
elongation stage and booting significantly prevented the grain-
yield damage caused by heat stress during grain-filling (Fan
et al., 2018). Tian et al. (2012) indicated that an increased
night temperature can increase cell metabolism, the nighttime
respiration rate of leaves, and the growth rate of leaves. Under
night-warming conditions, the number of leaf cells and the plant
metabolism become more vigorous. The above evidence suggests
that night-warming priming at the vegetative stage proved to
contribute to grain yield sustainability by enhancing the ability
of plants to mitigate the effects of warming during the grain-
filling stage.

Photosynthesis is the most sensitive physiological process
to high temperatures. Depressed photosynthesis under heat
stress often negatively affects the growth and grain yield of
wheat. Many studies have demonstrated that most plant species
can adapt to alterations in growth temperature by adjusting
their photosynthetic system to optimize performance in a new
temperature environment (Martinez et al., 2014; Liu et al., 2016).
In the present study, the flag leaves of primed plants maintained a
high Pn and chlorophyll content in the early grain-filling period,
and their photosynthetic capacity gradually became lower than
the capacity of the control group but still higher than that under
FT. Lobell et al. (2012) found that a high temperature in the late
growth period decreases the photosynthetic capacity of wheat
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FIGURE 6 | Impact of a night warming treatment in winter or spring on the rate of superoxide anion generation (O•−
2 ) (A,B) and the malondialdehyde level (MAD) (C,D)

in wheat flag leaves later treated with night warming during the grain-filling period.

FIGURE 7 | Impact of a night warming treatment in winter or spring on the phospholipase D (PLD) (A,B) and phosphatidic acid (PA) contents (C,D) in wheat plants

later treated with night warming during the grain-filling period. Different lowercase letters indicate significant differences between treatments (p < 0.05) hereinafter.
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FIGURE 8 | Impact of a night warming treatment in winter or spring on the lipoxygenase (LOX) (A,B) and free fatty acid concentrations (FFA) (C,D) in flag leaves of

wheat plants later treated with night warming during the grain-filling period. Different lowercase letters indicate significant differences between treatments (P < 0.05)

hereinafter.

FIGURE 9 | Impact of a night warming treatment in winter or spring on the superoxide dismutase (SOD) (A,B) and antioxidant enzyme activities (C,D) in the flag

leaves of wheat plants later treated with night warming during the grain-filling period.
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leaves, exacerbates membrane lipid peroxidation, accelerates
plant senescence, and reduces wheat yield. Li et al. (2011)
showed that the pre-anthesis waterlogging of wheat plants
improved their resistance to post-anthesis waterlogging. Liu
et al. (2016) reported that post-anthesis heat stress and its
combination with drought significantly decreased Pn, and the
primed plants showed a significantly higher Pn than the non-
primed plants under post-anthesis drought and heat stress,
suggesting that drought priming enhanced the capacity of the
plants to protect photosynthetic activity from exposure to a
later stress event. These findings suggest that warming and
stresses in an early stage can induce the partial memory of
stress-response signals in plants through self-regulation, thereby
improving their stress tolerance. The chlorophyll fluorescence
parameters of plants change significantly under stress, such as
high temperature, and are closely related to the heat resistance of
plants (Allakhverdiev et al., 2008). In this study, FT reduced the
chlorophyll fluorescence parameters of flag leaves, making them
unconducive to the electron transfer needed for photosynthesis.
The night-warming priming treatment reduced the negative
impact of post-anthesis warming on the chlorophyll fluorescence
parameters of wheat flag leaves, thereby maintaining the electron
transfer in photosynthesis and the high light use efficiency in
flag leaves of wheat plants. This finding indicates that, compared
with the non-primed treatment, night-warming priming at the
vegetative stage enhanced the photosynthetic capacity and stress
tolerance in the flag leaves of winter wheat, which benefited the
grain-filling process.

The enzyme Rubisco catalyzes the assimilation of CO2 by
the carboxylation of ribulose diphosphate carboxylase (RuBP)
in the Calvin cycle. Rubisco accounts for 50% of the leaf ’s total
soluble protein content and is, therefore, the most obvious target
for improving the photosynthetic capacity of crops (Galmés
et al., 2014). In this study, the soluble protein and Rubisco
contents in post-anthesis flag leaves of the primed plants were
higher than those in post-anthesis flag leaves treated with post-
anthesis warming. This means that night-warming priming at the
vegetative stage could improve flag leaf ’s photosynthetic carbon
assimilation ability and be conducive to the accumulation of
photosynthetic products. The response mechanism that resisted
the high-temperature stress could have been generated in wheat
plants after the night-warming adaptation during winter and
spring, which could have prompted a stress-induced tolerance
of the wheat plants to post-anthesis warming. The soluble
protein content in plant leaves reflected the nitrogen content,
and the nitrogen content in the leaves had a positive relation
with photosynthetic capacity. Most of the nitrogen in plants is
stored in the enzymes that participated in the photosynthesis,
especially in Rubisco, which is a major source of nitrogen recycle
(Masclaux-Daubresse et al., 2008). The above evidence suggests
that the Rubisco and soluble protein contents were relatively
high at the post-anthesis stage in the primed plants, which was
conducive to increasing photosynthetic capacity and grain yield.

Leaf senescence is associated with increased cellular ROS
and increased membrane lipid peroxidation (Lu et al., 2001).
Pre- and post-anthesis heat stress has already been shown to
reduce photosynthetic rates in wheat through oxidative damage,

which accelerates leaf senescence (Wang et al., 2011, 2012).
Under heat-stress conditions, higher photosystem efficiency
also prevents ROS generation and assists rapid and complete
photosystem recovery at normal temperatures (Li et al., 2014).
The results of this study showed that, under pre-anthesis
night warming, the O−

2 production rate and MDA content
in post-anthesis leaves were lower under WT + FT and ST
+ FT than under FT, indicating that night-warming priming
reduced membrane lipid peroxidation in the flag leaves of wheat
plants treated with post-anthesis warming. In this study, the
behavior of phospholipid metabolism in flag leaves indicated
that FT aggravated membrane lipid peroxidation in flag leaves
and increased the PLD and LOX contents and PA and FFA
production. This result indicates that night-warming priming
effectively alleviated the FT-induced degradation of membrane
phospholipids in wheat flag leaves, thus alleviating senescence.
Wang et al. (2011) reported that pre-anthesis heat priming
increases grain yield against subsequent high temperatures
during the grain-filling stage, and their finding was attributed
to the improved photosynthetic and antioxidative activity
in the acclimated plants. Furthermore, SOD and POD, as
endogenous protective enzymes, can remove toxic substances,
such as ROS, produced during metabolic processes, thereby
reducing membrane lipid peroxidation, maintaining normal
cellular metabolism, and delaying leaf senescence (Noodén et al.,
1997; Zhang et al., 2015). Jing et al. (2020) found that warming
in late winter and early spring significantly increased the SOD
and POD activities of flag leaves and effectively alleviated
their senescence. The results of our study indicate that FT
impairs the maintenance of the activity of the antioxidative
protection system in post-anthesis flag leaves and that night-
warming priming can alleviate the inhibitory effects of FT on the
activities of antioxidant enzymes, thus alleviating peroxidative
stress. This result indicated that night-warming priming at the
vegetative stage increased the antioxidant capacity of flag leaves
treated with FT, helped maintain higher cell membrane thermo-
stability (an essential trait related to heat stress tolerance) and
the balance between the generation and elimination of ROS,
and thereby improved the high-temperature tolerance of post-
anthesis wheat plants.

CONCLUSIONS

In summary, the wheat plants treated with winter and spring
night warming maintained a high photosynthetic capacity and
strong ROS scavenging ability in flag leaves, thus reducing
membrane lipid peroxidation and improving plant tolerance,
which then contributed to yield formation. Night-warming
priming at the vegetative stage proved to be a valuable
strategy for triggering plants to initialize an efficient tolerance
mechanism, which, in turn, permitted the plants to tolerate
post-anthesis warming conditions. Thus, knowledge of the
mechanisms underlying temperature adaptation and acclimation
in wheat cultivars offers another perspective for understanding
how crop performance can be improved under changing
climate conditions.
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With the intensification of global warming, rice production is facing new challenges. Field

evidence indicates that elevated temperature during rice grain-filling leads to the further

deterioration of grain quality. In order to clarify the potential regulatory mechanism of

elevated temperature on the formation of rice quality, the DIA mass spectrometry method

under the background of field warming was conducted to investigate the regulatory

effects of high temperature on grain development and material accumulation pathways.

The results showed that a total of 840 differentially expressed proteins were identified

during the grain-filling process under elevated temperature. These differentially expressed

proteins participated in carbonmetabolism, amino acid biosynthesis, signal transduction,

protein synthesis, and alternately affected the material accumulation of rice grains.

The significant up-regulation of PPROL 14E, PSB28, granule-bound starch synthase

I, and the significant down-regulation of 26.7 kDa heat shock protein would lead to the

component difference in grain starch and storage proteins, and that could be responsible

for the degradation of rice quality under elevated temperature. Results suggested that

proteins specifically expressed under elevated temperature could be the key candidates

for elucidating the potential regulatory mechanism of warming on rice development and

quality formation. In-depth study on the metabolism of storage compounds would be

contributed in further proposing high-quality cultivation control measures suitable for

climate warming.

Keywords: rice, global warming, proteomics, data-independent acquisition, grain quality

INTRODUCTION

With the improvement of people’s living standards, high-quality rice is more preferred by the rice
production and consumption market. However, with the rapid development of industrialization,
human activities are estimated to have caused ∼1.0◦C of global warming above pre-industrial
levels (IPCC, 2018). According to the fifth assessment report (AR5) completed by the IPCC
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(Intergovernmental Panel on Climate Change), it is estimated
that the global temperature is expected to be raised by 1.4–
5.8◦C in 2100 (IPCC, 2014). The abnormal high temperature
would seriously affect the normal growth and development
rhythm of rice, and ultimately affect the yield and quality of
rice (Jagadish, 2020; Xu et al., 2020). The results of our 10-
year field trials showed that rice quality formation generally
exhibited negative response characteristics when exposed to
elevated temperature. Among them, the increase in temperature
have led to the significant increase in chalkiness and the decrease
in milling quality of rice, which extremely reduces the purchase
expectations and market value of rice (Dou et al., 2017).
Therefore, exploring the response mechanism of rice quality
under climate change is of great significance for guiding the
production of high-quality rice in the future.

As the decisive stage of rice quality formation, grain-filling
is the most sensitive period to external temperature. Grain
development is accompanied by filling and accumulation of
storage substances such as starch, storage protein and lipids,
which ultimately determine the relevant indicators of rice quality.
As the most abundant components in rice grain, starch had
been proved to be sensitive to elevated temperature. Our
previous study showed that the accumulation of total starch
and amylose in early grain-filling stage was accelerated under
the condition of elevated temperature, but the accumulation
speed in later stage was significantly decreased, which resulted
in the lower content of amylose and total starch in mature grain
compared to normal temperature treatment (Tang et al., 2019). In
addition, elevated temperature during grain-filling increased the
contents of grain storage proteins, with a significantly increased
composition of glutelin and decreased prolamin. However, rice
with high protein content is more prone to spoilage during
storage, and the appearance and eating quality of rice could be
further declined (Cao et al., 2017). Furthermore, the activity of
protease was enhanced under elevated temperature, and further
accelerated the protein transformation into soluble nitrogen
compounds, which would significantly increase the total amount
of amino acids in rice grains. Overall, elevated temperature
mainly accelerated the rate of grain-filling and shortened
its active duration, resulting in insufficient accumulation of
photosynthetic substances in rice grains (Wahid et al., 2007;
Kim et al., 2011). In our previous studies, temperature changes
were mainly manifested as abnormal grain development and
changes in the accumulation and balance of starch and storage
proteins, which synergistically determine the formation of grain
quality (Dou et al., 2017; Tang et al., 2018). Although we have
obtained the physiological and biochemical evidence of high
temperature in regulating grain storage material accumulation
through field trials, the regulation mechanism remains to be
further elucidated. The synthesis and anabolism of rice starch
and proteins is a relatively complex process, including a series
of metabolic processes such as synthesis, transport, modification,
and accumulation, and it is still difficult to fully grasp the
mechanism. Therefore, the main purpose of this study is to
further clarify the key regulatory factors involved in grain quality
formation under actual paddy field warming scenarios based on
the high-throughput proteomics analysis method. An in-depth

understanding of the regulation mechanism of climate warming
on the synthesis and metabolism of grain storage materials has
important practical significance for further establishing high-
quality rice cultivation methods under climate warming.

RESULTS

Effects of Elevated Temperature on Rice
Quality and Accumulation of Grain Storage
Materials
An increase of 1.6◦-3.1◦C in temperature during grain-filling
stage induced various changes in the accumulation of storage
materials during grain development, and that further affected
the rice yield and quality indicators. Results showed that tested
rice yield in warming treatment was 21% lower than that of
the normal temperature treatment (Table 1). Meanwhile, the
elevated temperature increased grain thickness and decreased
grain length, and there was no significant change in grain
width and aspect ratio of grain shape. Compared with normal
temperature, rice chalky rate (36.5%), chalky area (103.3%), and
chalkiness (176.4%) were significantly increased under the field
warming. Compared with normal temperature, the milled rice
rate and head rice rate were significantly reduced by 3.9 and 5.5%.
Therefore, based on the field evidence, warming during grain-
filling stage led to the overall deterioration in the appearance
quality of rice and elevated temperature also had a significant
negative effect on rice milling quality.

Starch and storage proteins are the main substances
that constitute the grain storage material. Under elevated
temperature conditions, grain total starches were increased
significantly, of which amylopectin was significant increased
when responded to high temperature, while amylose was
decreased significantly compared with normal temperature
treatment. These changes further induced the changes in the
proportion of amylopectin/amylose in rice grains. The response
of grain storage protein components to elevated temperature
showed a significant increase in glutelin and a significant decrease
in prolamin. Elevated temperature also induced significant
changes in rice cooking quality indicators. Results indicated
that the gelatinization characteristics peak viscosity (PKV), hot-
paste viscosity (HPV), and gelatinization temperature (GT)
were significant increased and the final viscosity was decreased
(Table 1). These results suggested that elevated temperature
during grain-filling stage have a general negative impact on rice
quality parameters.

Quantitative Expression of Rice Grain
Proteins Under Elevated Temperature
In order to further explore the regulation mechanism of elevated
temperature on rice quality formation, A quantitative proteomics
method was used and results showed that a total of 23,968
unique peptides and 5,872 unique proteins were identified
(Supplementary Tables 1–6). The expression and annotation
proteins identified in each period were listed and Pearson
correlation analysis showed the repeatability of these protein
samples was above 97% (Figure 1). Furthermore, proteins were
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TABLE 1 | Effects of temperature on grain yield and quality traits of rice.

Treatment Length (mm) Width (mm) Thickness (mm) Length/Width Chalky rate (%) Chalky area (%) Chalkiness (%)

CK 4.53a 2.30a 2.07b 1.98a 48.67b 19.43b 9.51b

ET 4.33b 2.37a 2.13a 1.84a 66.42a 39.50a 26.29a

Treatment Total starch (%) Amylopectin (%) Amylose (%) Amylopectin/Amylose Albumin (µg/g) Globulin (µg/g) Prolamin (µg/g) Glutelin (µg/g)

CK 66.38b 54.95b 11.43a 4.81b 69.7a 65.4a 128.5a 836.3b

ET 70.17a 60.03a 10.14b 5.92a 68.2a 63.8a 113.4b 1092.7a

Treatment Spikelets per

panicle

(×104·hm−2)

Panicles per

panicle

1,000-grain weight

(g)

Seed setting rate

(%)

Yield (t) Brown rice rate

(%)

Milled rice rate (%) Head rice rate (%)

CK 471.13a 114.17a 25.03a 95.45a 12.85a 85.90a 76.30a 75.61a

ET 457.11b 104.53b 23.22b 91.47b 10.15b 83.41b 73.31b 71.47b

Treatment Peak viscosity Hot paste

viscosity

Breakdown Final viscosity Setback Peak time (min) Pasting

temperature (◦C)

CK 2881b 1573.5b 1498.5b 2466a −337a 6.1a 73.3b

ET 3264.5a 1602.5a 1726a 2351b −924.5b 5.8b 76.7a

Values with different letters in the same column are significantly different with p < 0.05; CK, normal temperature; ET, elevated temperature.
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FIGURE 1 | Proteins identified to be responsive to elevated temperature treatment. (A) Proteins distributed on the basis of their mass; (B) Numbers of unique

peptides that were matched to proteins; (C) Pearson correlation coefficient; (D) GO function classification; (E) COG function classification.

enriched with COG and GO to perform functional analysis, and
results showed that the effect of elevated temperature was mainly
in regulating the translation, post-translational modification,
protein conversion, and signal transduction during the grain-
filling stage.

Differentially expressed proteins (DEPs) (Fold change ≥2
and P < 0.05) were identified with three biological replicates.
Results showed that 112 DEPs were identified in ET-3d (3d after
flowering under elevated temperature treatment) and CK-3d (3d
after flowering under normal temperature treatment) groups, of
which 66 were upregulated and 46 were downregulated. In ET-
6d and CK-6d treatments, 118 DEPs were identified, of which 51
were up-regulated and 67 were down-regulated. Comparing to
the CK-9d, 65 proteins were up-regulated and 201 proteins were
down-regulated in the ET-9d. In ET-12d and CK-12d treatments,
144 DEPs were identified, of which 59 were up-regulated and 85
were down-regulated. In addition, 200 DEPs were found during
the 15d after flowering, including 30 up-regulated and 170 down-
regulated proteins. The volcano plots and protein annotation of
DEPs in ET and CK (3d, 6d, 9d, 12d, and 15d) treatments are

shown in Figure 2 and Supplementary Table 2. GO enrichment
analysis showed that the prominent GO terms for cellular
component enriched by five stages were the vesicle, nucleus,
macromolecular complex, non-membrane-bounded organelle,
and protein complex. Based on the molecular function, the DEPs
were mainly classified into pyrophosphatase activity, hydrolase
activity and nucleoside-triphosphatase activity. The top GO
molecular function categories were enriched by ET-12d and CK-
12dDEPs, including the response to stress, nucleic acidmetabolic
process and DNA metabolic process (Figure 3).

Differentially expressed proteins were further classified into
five stages through KEGG pathway (P < 0.05). Metabolic
pathways affected under elevated temperature in ET-3d and
CK-3d were photosynthesis-antenna proteins, metabolism of
xenobiotics by cytochrome P450, photosynthesis, axon guidance,
retinol metabolism (Figure 4). In ET-6d and CK-6d, the main
pathways were homologous recombination, AMPK signaling
pathway, inositol phosphate metabolism, plant hormone signal
transduction, ether lipid metabolism, MAPK signaling pathway-
plant. Among these, the metabolic pathways enriched in
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FIGURE 2 | Volcano plots of proteins with differential expression under elevated temperature. (A) Number of DEPs in different stages. (B–F) Are volcano plots of

different expressed proteins on the 3rd, 6th, 9th, 12th, and 15th days after flowering, respectively.
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FIGURE 3 | Gene ontology (GO) term enrichment for differentially expressed proteins under elevated temperature. (A–E) GO terms (biological process: purple, cellular

component: yellow, and molecular function: green) enriched by proteins with differential expression in ET-3d VS CK-3d (A), ET-6d VS CK-6d (B), ET-9d VS CK-9d (C),

ET-12d VS CK-12d (D), and ET-15d VS CK-15d (E) groups, respectively.

ET-9d and CK-9d mainly include mannose type O-glycan
biosynthesis, porphyrin and chlorophyll metabolism, tryptophan
metabolism, ABC transporters, phenylpropanoid biosynthesis,
isoflavonoid biosynthesis, other types of O-glycan biosynthesis,
limonene, and pinene degradation. DEPs identified through
pathway enrichment analysis of ET-12d and CK-12d were
mainly enriched in ribosome, homologous recombination,
C5-Branched dibasic acid metabolism. Furthermore, fructose
and mannose metabolism, adipocytokine signaling and indole
alkaloid biosynthesis metabolic pathways were found to be more
sensitive to elevated temperature at the 15d after flowering,
and that indicated the temperature had significantly different
regulating effects on different stages of grain development.

Identification of Differentially Expressed
Proteins Related to Rice Development and
Quality Formation
A total of 748 unique proteins were identified based on their
specific expressions when exposed to elevated temperature.
After removing 302 proteins with lower scores and unknown
functional classification, 39 proteins related to rice development
and quality formation were distinguished (Table 2, Figure 5). In

this study, the expression of 16.9 kDa class I heat shock protein
in rice grains was significantly reduced at the 3d after heating,
with a down-regulation of 84% compared with CK treatment.
However, the expression of heat shock factor binding protein
1 involved in heat shock protein synthesis was significantly
increased. Furthermore, at the early stage of grain filling, the
expression of HSP70 decreased significantly, and the expression
on the 3rd, 6th, and 9th day after flowering was only 0.47, 0.5,
and 0.43 folds that of normal temperature treatment, respectively.
Results showed the most significant change was the 26.7 kDa
heat shock protein of the sHSPs family, and its expression
was increased significantly at 6, 9, and 12 days after flowering,
with 6.78, 3.06, and 5.44 folds compared to the CK treatment.
Expressions of 18.0 kda class II heat shock protein, 24.1 kda heat
shock protein and heat shock protein 82 were up-regulated at
the 12d after flowering (2.26, 2.01, 3.63 folds, respectively) when
subjected to elevated temperatures.

Proteins involved in the accumulation of storage protein
and starch in rice grains were also significantly affected by
the elevated temperature. For example, the glutelin type-A 3,
glutelin type-B 1, glutelin type-B 5-like expression levels of
rice grains were significantly up-regulated by 2.79, 2.49, and
3.3 folds, respectively. At the same time, the expression levels
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FIGURE 4 | Enrichment of differentially expressed proteins in KEGG pathway under elevated temperature. (A–E) Represent the 3rd, 6th, 9th, 12th, and 15th day of

samples selected after flowering, respectively.

of glutelin type-B 1-like and glutelin type-B 2-like proteins
were decreased significantly. Furthermore, the expression levels
of globulin 19 kDa globulin, globulin 1S allele and basic 7S
globulin were increased significantly, and that was consistent
with the increased content of globulin measured in mature
grains. In this study, the significant decrease in prolamin under
warming conditions was mainly at the 12d after flowering
and expression analysis of prolamin PPROL 14E and prolamin
PPROL 14E-like proteins showed that they were both decreased
significantly (0.33, 0.38 folds) at this stage when comparted
to the normal temperature treatment. As the main component
of rice grains, the accumulation of starch has been proved
to be sensitive to elevated temperature. Results indicated that
enzyme related to starch synthesis during rice starch synthesis
were also affected by temperature. In this study, the core starch
synthesis-related enzyme GBSS (granule-bound starch synthase)
was down-regulated at the 6d after flowering under elevated
temperature. While proteins related to amylopectin synthesis
obtained no significant changes when compared to the CK. The
expression levels of GBSS at 6d, 9d, and 12d after flowering were
significantly lower than that of the control and the expression
levels of soluble starch synthase responsible for the synthesis of
amylopectin SS-IVand SSSII-III were also decreased under the
elevated temperature.

Photosynthesis is the process by which light energy is
converted into chemical energy and stored, and thus it is
essential for the accumulation of rice grain assimilation. Results
showed that elevated temperature during the grain filling period
had a significant impact on the rice photosynthetic system
of rice, which could further affect the formation of the final
quality. In this study, the expression levels of the chlorophyll

a-b binding protein 1B-21, chlorophyll a-b binding protein
P4, and chlorophyll a-b binding protein 7 in chlorophyll ab
binding protein were significantly up-regulated at the beginning
of grain-filling (2.22, 2.03, 3.3 folds), when compared to the
CK. However, the expression of PSB28, which is responsible
for water splitting, had a downward trend through the grain-
filling stage, and reaching a significant level at 12 days after
flowering. Furthermore, TIC 62 (translocon at the inner envelope
membrane of chloroplasts) was significantly down-regulated at
9d after flowering, and that may negatively affect the dynamic
balance of the proteome in rice grains.

DISCUSSION

Assessment of Field Warming and the
Impact on Rice Quality Formation
In order to realistically simulate the characteristics of global
warming, the free-air temperature enhancement (FATE) facility
was installed in the actual paddy field to perform the warming
scenarios during the rice grain-filling process. The FATE device
was suspended above the field and 12 sets of ceramic infrared
heaters were used to perform uniform heating in an area of 7.1
m2. The daytime canopy temperature of rice could be increased
by FATE with 2.4◦C when fully activated on the basis of normal
temperature, and the nighttime temperature of canopy could
be increased by 5.4◦C. This warming range was within the
prediction of possible temperature increased by 1.4–5.8◦C at the
end of the twenty first century by IPCC (2014). Furthermore, field
warming effects showed that the increase in night temperature
was significantly higher than that during the daytime and that
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TABLE 2 | Differentially expressed proteins under elevated temperature.

Protein_ID PG_Cscore Description Days after flowering Fold change

Molecular chaperone 1002227700 5.589271 16.9 kDa class I heat shock protein 3 3 0.16

1002274378 5.026661 Heat shock factor-binding protein 1 3 2.04

1002249168 5.638757 26.7 kDa heat shock protein, chloroplastic 6; 9; 12 6.78; 3.06; 5.44

1002279871 5.834035 Heat shock 70 kDa protein 16 isoform X1 9 0.47

1002296675 5.888584 Heat shock 70 kDa protein, mitochondrial 9 0.5

1002244395 5.738268 Heat shock 70 kDa protein 17 9; 12 0.43; 0.44

1002231095 5.419388 18.0 kDa class II heat shock protein 12 2.26

1002244087 5.593509 24.1 kDa heat shock protein, mitochondrial 12 2.01

1002259909 5.077947 Heat shock protein 82 12 3.43

Storage protein 1002256234 5.534615 Glutelin type-A 3 3 2.79

1002242479 5.804829 Glutelin type-B 1 3 2.49

1002269601 5.323533 19 kDa globulin 3 2.32

1002238885 5.933567 Glutelin type-B 5-like 3 3.3

1002239810 5.454091 Glutelin type-B 1-like 3; 6 0.08; 6.19

1002245900 5.419344 Glutelin type-B 2-like 3; 6 0.38; 0.44

1002239619 5.638689 Glutelin type-B 2-like 6 0.46

1002248312 5.772556 Globulin-1 S allele 9 3.17

1002288955 5.518718 Glutelin type-A 1-like 9 9.27

1002268046 5.309461 Prolamin PPROL 14E 12 0.38

1002268263 5.446809 Prolamin PPROL 14E-like 12 0.33

1002266396 4.918256 Basic 7S globulin 12 2.42

Starch synthesis 1002273855 4.53732 Alpha-amylase isozyme 2A 3 2.25

1002296409 5.016673 Beta-amylase 2, chloroplastic isoform X1 3 0.48

1002280365 5.764317 Granule-bound starch synthase 1 6 0.29

1002230293 4.951311 Probable starch synthase 4 6 0.36

1002282772 5.383006 Alpha-amylase/trypsin inhibitor 6 0.33

1002282035 5.501471 Alpha-amylase/trypsin inhibitor 6 0.48

1002284731 5.634974 Alpha-amylase inhibitor 5 6; 9 0.33; 2.05

1002292698 5.531977 Alpha-amylase isozyme 3E 9 3.02

1002285817 5.765962 Granule-bound starch synthase 1b 9; 12 0.5; 0.49

1002279853 5.673613 Soluble starch synthase 2-3 12 0.47

Photosynthesis 1002280024 5.588999 Chlorophyll a-b binding protein 1B-21 3 2.22

1002272608 5.337404 Photosystem I reaction center subunit VI 3 2.03

1002284550 5.787986 Oxygen-evolving enhancer protein 3 3 2.53

1002290793 4.661148 Chlorophyll a-b binding protein P4 3 2.21

1002286185 4.714122 Chlorophyll a-b binding protein 7 3; 9 3.3; 0.36

1002298841 5.009246 Protein TIC 62 9 0.39

1002224946 4.238946 Photosystem II reaction center PSB28 protein 12 0.4

1002303125 5.539293 Protochlorophyllide reductase B 15 0.48

is also consistent with the asymmetric trend of climate warming
(Pachauri et al., 2014). Compared with closed or semi-closed
warming scenario, the warming method and effect adopted in
this study could more authentically simulate climate warming
characteristics and that provided a more reliable platform for us
to conduct related experiments in the actual field.

Grain filling is the key period for grain quality formation,
and it is also the period most sensitive to external temperature.
Our field evidence indicated that the increase in temperature
generally had the relatively negative impact on rice quality,
including the significantly increased chalky rate, chalky area

and chalkiness. Meanwhile, the milled rice rate and head rice
rate were decreased significantly, and that exceedingly reduced
the grain milling quality and the market acceptance of rice. To
our knowledge, the changes of external temperature inevitably
affected the morphological composition and structure of the
grain storage material, and that further induced the changes of
related quality traits (Dou et al., 2017, 2018; Tang et al., 2018,
2019). Among these attributes, eating and cooking quality (ECQ)
is one of the most important indicators, especially from the
consumer’s perspective. The eating quality refers to the sensory
perception of consumers on rice, and that is related to the gloss,
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FIGURE 5 | Expression analysis of proteins related to quality formation pathways. (A) Storage proteins; (B) Molecular chaperone; (C) Photosynthesis; (D) Starch

synthesis.

flavor, and viscosity of rice. Although the physical and chemical
properties of starch in rice endosperm can be used as an indirect
indicator of ECQ, it is still difficult to assess ECQ through these
traits. At the same time, the increase of glutelin content in rice
grain is particularly obvious under the condition of elevated
temperature, and that could further induce the overall balance
change of grain storage materials and negatively affect the taste
and appearance quality of the rice.

Overview of DIA Quantitative Proteomics
Analysis
In recent years, proteomics-based mass spectrometry has
made significant progress from sample preparation to liquid
chromatography and instrument detection, making it possible
to identify more specific expressed proteins in cells or tissues
with excellent accuracy and repeatability (Tsou et al., 2015).
Data independent acquisition (DIA) is widely used in proteomics
analysis due to its higher protein coverage rate and reliable data
acquisition ability (Searle et al., 2015; Renaud and Sumarah,
2016). Compared with iTRAQ, the advantage of DIA technology
can effectively measure protein molecules with extremely low-
abundance protein molecules in complex samples, which greatly
improves the reliability and accuracy of quantitative analysis
a. In this study, MaxQuant was used to perform the database
search and identification process, and obtained all detectable

non-redundant high-quality MS/MS spectral information as
DIA spectral library, which contains the fragment ion intensity
and retention time describing the peak characteristics of the
peptides. We identified 23,968 unique peptides and 5,872 unique
proteins, including 840 differential expressed proteins under
warming environment. These identified specifically expressed
proteins have significant differences in temporal and spatial
expression characteristics, which provided the obstacles for us
to further identify and screen key regulatory factors. Therefore,
this researchmainly focused on the essential relationship between
grain filling and quality formation, and we further screened the
key proteins which were specifically affected by warming during
the quality formation process from the perspectives of plant
photosynthesis, grain starch, and storage protein accumulations.
The results further indicated that induction of the key proteins
could lead to the changes in grain storagematerials and that could
be one of the main reasons for the deterioration of quality under
elevated temperature.

Key Regulatory Factors Contributed to
Rice Quality Formation Under Elevated
Temperature
Photosynthesis is the process by which light energy is converted
into chemical energy and stored, and it is also the source of
accumulation of rice grain assimilation. Chlorophyll content and
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metabolic enzyme activity are closely related to the strength
of photosynthesis. In our case, chlorophyll a-b binding protein
1B-21, chlorophyll a-b binding protein P4, and chlorophyll
a-b binding protein 7 were significantly up-regulated, which
induced the acceleration of the synthesis and binding of
chlorophyll (Ballottari et al., 2012). Meanwhile, the expression
levels of photosystem I reaction center subunit VI and oxygen-
evolving enhancer protein 3 involved in the photosystem I
were also increased significantly under warming conditions,
and that may explain the accelerated grain filling rate and
the significant increase in the accumulation rate of grain
materials during the early grain-filling stage under elevated
temperature. However, the expression of PSB28, which is
responsible for water splitting, had a downward trend throughout
the period, obtaining a significant low level at 12d after
heading under elevated temperature (0.4 folds). That may
inhibit the electron transfer and weaken signal transmission,
thereby weakening photochemical reactions and resulting in
decreased cell chlorophyll and photosynthesis (Wada et al.,
2019). Previous studies have shown that the optical system
II (PS II) is the most temperature-sensitive element in the
electron transmission chain (Zhou et al., 2013). It would be
interesting to further investigate whether PSB28 could be the
most critical component affected by elevated temperature during
the photosynthesis process.

Photosynthesis is the source of grain assimilate accumulation,
and the influence of elevated on photosynthesis will directly
lead to changes in the structure and composition of storage
materials such as starch in grains. To our knowledge, the
contents and ratio of starch and storage protein in rice grains
are the decisive factors that determine the final rice quality. Rice
starch synthesis is regulated by various proteins and enzymes,
including SSS, SBE, DBE, and GBSS. Wx protein encoded by the
Waxy gene GBSS-I can tightly bind to the starch granules and
promote the synthesis of amylose. Elevated temperatures may
induce the down-regulation of gene expression that regulates
GBSS synthesis, resulting in decreased amylose content and
increased amylopectin content, and the changes of the physical
and chemical properties of rice starches have been verified in
previous studies (Dian et al., 2005; Fujita et al., 2006; Tang et al.,
2019). However, the mechanism of GBSS on the extension of
normal starch granules is still unclear. Our results indicated that
the GBSS enzyme was down-regulated at 6d after flowering under
elevated temperature. However, enzymes related to amylopectin
synthesis did not change significantly. From 6d to 12d after
flowering, the expression level of granule-bound starch synthase
was significantly lower than that of the control. Under warming
conditions, the amylose content of mature rice grains was
significantly lower compared to the CK, while the amylopectin
content was significantly increased. Expression levels of the
soluble starch synthase SSIV and SSSII-III, responsible for
the synthesis of amylopectin, were also decreased under high
temperatures. This change may reduce the activities of granular
starch synthase and soluble starch synthase, and lead to change in
the ratio of amylose and amylopectin, which eventually affected
the physical and chemical properties of starches in rice grain
(Hakata et al., 2012; Ahmed et al., 2015; Tang et al., 2019).

Storage proteins are the second largest storage substance in
rice grains, accounting for about 8% of the grain dry weight.
Rice storage proteins are composed of albumin, globulin, glutelin,
and prolamin. Prolamin is directly deposited in the endoplasmic
reticulum cavity in the form of intracellular protein particles,
and finally buds from the endoplasmic reticulum in the form
of spherical protein bodies (PBs). While glutelin is efficiently
converted into mature form by vacuolar processing enzymes
and forms irregular protein bodies II (PBII) together with α-
globulin (Krishnan et al., 1992; Kumamaru et al., 2010). The
results of this study showed that warming had significant up
or down regulation effects on the expression of storage protein
family-related regulatory factors at different stages of grain
development. For example, the expression of glutelin type-A and
type-B proteins were either significantly up-regulated or down-
regulated at 3d and 6d after flowering, and there is no obvious
rule for the regulation mode of these regulatory factors under
warming conditions. Based on our understanding, the presence
of many unknown genes involved in the glutelin synthesis
pathway increases the difficulty of understanding expression
patterns under warming conditions. Therefore, this study has not
been able to essentially identify the regulation mechanism of the
changes in the protein content of the final grain storage.

Ribosomes are the primary sites for protein synthesis, and
different species of ribosomal proteins play an essential role
in translation, ribosome structure, and biogenesis in protein
anabolism (Moin et al., 2016a). In this study, the ribosomal
protein species (25S, 30S, 40S, 50S, and 60S) exhibited significant
decreases during the middle stage of grain-filling, which may
cause the reduction in the protein biosynthesis and maintain the
balance between synthesis and degradation of proteins (Moin
et al., 2016b). The reduction in protein content related to
translation, such as RNA recognition motif (RRM) domains,
eukaryotic initiation factors (eIFs) and elongation factors (EFs),
indicated the adverse effects of elevated temperature on rice
protein synthesis. Furthermore, a series of molecular chaperone
heat shock proteins (Hsps) were identified to be significantly
up-regulated when exposed to elevated temperature. Heat shock
proteins are a class of highly conserved peptides in structure
and could be activated and produced in large quantities when
plants are subjected to abiotic stress (Timperio et al., 2008).
In this study, the two most sensitive heat shock proteins are
HSP70 and 26.7 kDa heat shock protein from the sHsps (small
heat shock proteins) family. Wang et al. (2014) found that
overexpression of Hsp70 encoded gene could positively improve
the tolerance of plants when subjected to heat stress. In our
results, the expression level of HSP70 was decreased sharply at 9d,
which in turn led to its inability to participate in the import and
translocation of precursor proteins, and that further induced the
disorders of rice protein synthesis in rice grains. Li et al. (2019)
found that overexpression of Hsf5 could significantly increase
the basic heat tolerance of plants in Arabidopsis. The function
of sHSP is similar to other ATP-dependent members such as
Hsp70, thereby assisting the correct folding and configuration
of the protein for further processing (Tabassum et al., 2020).
Grain storage protein precursors such as glutelin precursors
are synthesized in the endoplasmic reticulum, and then folded
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and modified with the help of a series of molecular chaperones
to form trimers. These trimers are then transported out of
the endoplasmic reticulum through vesicles, and eventually
transported to protein storage vacuoles to form protein bodies
(PB II) (Ren et al., 2020). During this process, the molecular
chaperone heat shock protein family such as Hsp70/BiP located
at the endoplasmic reticulum can promote the correct folding
of glutelin and keeps the protein stable during the folding
and assembly process. In this study, HSP70 and HSPS were
significantly expressed under elevated temperature and that
could promote the correct protein folding during rice grain filling
and further contribute to the accumulation of storage proteins in
rice grain.

MATERIALS AND METHODS

Experimental Site Description
The experiment was conducted at the Danyang Experimental
Base of Nanjing Agricultural University (31◦56′39′′N,
118◦59′13′′E, 80m). The experiment site belongs to the
main high-yield rice cultivation area in the lower reaches of the
Yangtze River in China. The climate belongs to the subtropical
monsoon climate and the soil condition is loam with a pH value
of 6.04. The total soil nitrogen was 1.4 g·kg−1, the available
nitrogen was 7.8 mg·kg−1, the available phosphorus was 20.1
mg·kg−1 and the available potassium was 91.7 mg·kg−1. The
temperature and precipitation in the experiment are shown in
the Supplementary Figure 1.

Plant Materials and Temperature Treatment
Wuyujing 3 (W3), a high-quality variety that is widely planted
locally, was selected as the rice material for this study.
Temperature treatments (normal temperature and elevated
temperature) were conducted with 3 replicates for each
treatment. An interval of 80 cm, and a protection line were set
between the treatment blocks to ensure the independence of
the experiment. Field cultivation management was conducted
according to the local high-yield cultivation measures. The free
air warming system (FATE) was used to increase the rice canopy
temperature from the rice flowering stage. Twelve ceramic
infrared radiator heaters (FTE-1000-240-0-L10-Y; 1000W, 240V)
were installed 1.2m above the rice canopy in each block (length
245mm × width 60mm). The heaters were in the horizontal
direction and the vertical angles were 45◦ and 30◦ to ensure
continuous and stable heating. The effective area of infrared
radiation was 1.5 × 1.5 × 3.1416 = 7.1 m2 (Figure 6). Two
sensors were installed at the height of the canopy (HOBO U23-
001) to record the temperature and humidity of rice canopy.
The field meteorological data during the test was collected from
a weather station (WatchDog 550) located at ∼100m away
from the test site (Rehmani et al., 2011, 2014; Dou et al., 2018;
Tang et al., 2019). According to the meteorological data, rice
canopy temperature was increased by 1.568◦ and 3.089◦C during
the day and night, respectively (Supplementary Figure 1). The
temperature increase range and trend were in line with the
characteristics of global warming.

Sampling
Rice superior spikelets (located at the upper 1/3 of the rice
panicle) flowering on the same day were tagged and were
collected at 9:00 am on the 3rd, 6th, 9th, 12th, and 15th day
after flowering. Thirty marked and representative spikelets were
randomly selected and every 10 spikelets were divided into a
replicate. Spikelets located at the upper third of the panicle were
cut and quickly stored in liquid nitrogen. Glumes of the grains
were carefully peeled off using tweezers, and for each replicate
about 0.5 g of the grains were used for proteome determination.
All samples collected from the ET treatment were within the
effective warming area (Figure 6). At the mature stage, 10 holes
were randomly selected from each treatment and the number of
panicles per hole, spikelets per panicle, 1,000-grain weight, seed
setting rate were investigated to calculate the final yield. Starch
and protein content were determined using the spikelets air dried
under natural conditions.

Measurement of Starch and Storage
Protein Composition
Refined rice samples were milled into flour in the liquid nitrogen,
and the starch was purified according to the instructions of Tran
et al. (2011). The starch molecules were completely dissolved
by the protease, sodium bisulfate, DMSO/LiBr (0.5%) ethanol
solution, and the proteins, fats, and non-starch polymers were
removed without starch degradation. Starches were further
debranched with isoamylase and dissolved in DMSO/LiBr
solution and physicochemical properties of starch were identified
from the milled rice. The total starches were determined by using
the protocols described in our previous study by Yang et al.
(2016).

According to the solubility of protein components in
different solvents, albumin, globulin, prolamin, and glutelin were
extracted with distilled water, dilute hydrochloric acid, ethanol,
and dilute alkali in sequence. The biuret colorimetric method
was used to determine the remaining species using the Coomassie
brilliant blue colorimetric method.

Determination of Rice Appearance, Milling,
Cooking, and Eating Quality
For rice appearance quality, chalk characteristics of brown rice
were observed by the cleanliness test-bed according to our
previous studies (Tang et al., 2019). Rice grains were milled using
a mini universal grinder and dried over a 200-mesh sieve. The
length, width, and thickness of brown rice were determined by
vernier caliper, and the ratio of length to width were calculate.
Three hundred grains of brown rice were randomly selected to
detect chalky rice grains and calculate chalky rice rate based on
the percentage of chalky rice in the total number. Chalkiness area
was determined by the proportion of chalky grain area to total
grain area.

Rice milling quality including brown rice rate, milled rice rate,
and head rice rate were investigated. During the maturity period,
30 rice panicles with uniformmaturity were randomly harvested.
After threshing, the grains were naturally dried to the moisture
content of 15%. Brown rice percentage (BRP) and milled rice
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FIGURE 6 | Actual field warming scene based on Free-air temperature enhancement (FATE) system. (A) Aerial image of test field block (B) Real scene of warming

community (C) System configuration diagram (The yellow rectangle is an infrared heating device; The white circle is HOBO; The red area is the warming range).

percentage (MRP) were determined by the processing machinery
SY88-TH & SY88-TRF (Wuxi Shanglong Grain Equipment Co.,
Ltd., China), respectively.

Rice cooking and eating quality was determined by the
RVA-4500 (a rapid viscometer developed by Newport scientific
instruments, Australia). Weigh 3.00 g rice flour with moisture
content of about 14.0% into aluminum box, add 25ml distilled
water, and stir it up and down rapidly for 10 times with an
agitator to make the rice flour disperse evenly. The determination
of RVA characteristic parameters for rice flour was programed
as follows: the rice flour solution sample was heated at 50◦C for
1min, then heated to 95◦C within 3.8min, heated at 95◦C for
2.5min, then cooled to 50◦C within 3.8min, and finally heated at
50◦C for 1.4min. The characteristic parameters of RVA spectrum
include peak viscosity (PKV), hot paste viscosity (HPV), cooling
paste viscosity (CPV), breakdown viscosity (BDV), and depletion
value (setback viscosity, SBV) were measured by the viscometer.

Protein Extraction and Enzymatic
Hydrolysis
Lysis buffer (8M Urea, 40mM Tris–HCl or tetraethyl-
ammonium bromide (TEAB) with 1mMPhenylmethanesulfonyl
fluoride (PMSF), 2mM Ethylene Diamine Tetraacetic Acid
(EDTA) and 10mM dithiothreitol (DTT), pH 8.5), and two
magnetic beads (diameter 5mm) were used to extract the
proteins. The mixtures were placed into a Tissue Lyser for 2min
at 50Hz to release proteins. After centrifugation at 25,000 g at
4◦C for 20min, the supernatant was transferred into a new tube,
reduced with 10mM DTT at 56◦C for 1 h and alkylated by
55mM iodoacetamide (IAM) in the dark at room temperature
for 45min. Following centrifugation (25,000 g, 4◦C, 20min), the
supernatant containing proteins was quantified by Bradford and
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) 0.100 µg of protein solution per sample and dilute with
50mM NH4HCO3 by 4 times volumes. Add 2.5 µg of Trypsin

enzyme in the ratio of protein: enzyme = 40:1, and digest for 4 h
at 37◦C. Add Trypsin once more in the above ratio and continue
to digest for 8 h at 37◦C. Enzymatic peptides were desalted using
a Strata X column and vacuumed to dryness (Gillet et al., 2012;
Roest et al., 2014).

High pH RP Separation
200 ug sample mixtures were diluted with 2mL of mobile phase
A (5% ACN pH 9.8) and injected. The Shimadzu LC-20AB
HPLC system coupled with a Gemini high pH C18 column
(5 um, 4.6 × 250mm) was used. Samples were subjected to
the column and then eluted at a flow rate of 1 mL/min by
gradient: 5% mobile phase B (95% CAN, pH 9.8) for 10min,
5–35% mobile phase B for 40min, 35% to 95% mobile phase
B for 1min, flow Phase B lasted 3min, and 5% mobile phase
B equilibrated for 10min. The elution peak was monitored at
a wavelength of 214 nm and component was collected every
minute. Components were combined into a total of 10 fractions,
which were then freeze-dried.

DDA Spectral Library and DIA Analysis by
Nano-LC-MS/MS
The peptides separated in liquid phase were ionized by a NanoESI
source and then placed on the Q-Exactive HF (Thermo Fisher
Scientific, San Jose, CA) for DDA and DIA mode detection. The
main parameters of DDA were as follows: the ion source voltage
was 1.6 kV; the first-order mass spectrum scanning range was
350–1,500 m/z; the resolution was 6,000, the initial m/z of the
secondary mass spectrum is fixed at 100; and the resolution is
15,000. The screening conditions for the precursor ions of the
secondary fragmentation are the charge 2+ to 7+, and the peak
intensity of more than 10,000 is ranked in the top 20 precursor
ions. The fragment ions were detected in an Orbitrap. The
dynamic exclusion time was 30 s. The main parameters of DIA
were as follows: the ion source voltage was 1.6 kV; the first-order
mass spectrum scanning range was 350–1,500m/z; the resolution
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was 120,000; and 350–1,500 Da was divided into 40 windows
for fragmentation and signal collection. The fragment ions were
detected in an Orbitrap. The dynamic exclusion time was 30 s.

Peptide Detection and Annotation
MaxQuant software was used to complete the identification of
DDA for the Mass spectrum RAW data. DIA data was analyzed
using Spectronaut, which uses iRT peptides to complete the
retention time correction. Then, based on the Target-decoy
model applicable to SWATH-MS, the false positive control was
completed with FDR 1% to obtain significant quantitative results.
data was preprocessed using the MS stats to the, and then the
significance test was performed based on the model. Screening
was performed according to the Fold change ≥ 2 and P < 0.05
as the criteria for determining differentially expressed proteins.
The mass spectrometry proteomics data has been deposited
to the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the iProX partner repository with the
dataset identifier PXD028032.

Data Analysis
The identified proteins were classified into three categories
(biological process, cellular compartment and molecular
function) based on the gene ontology annotation derived
from the NCBI database (http://www.ebi.ac.uk/GOA/). Kyoto
Encyclopedia of Genes and Genomes (KEGG) database was
used to annotate protein pathway (https://www.kegg.jp/).
Gene Ontology was used for functional annotation of proteins
(http://www.geneontology.org). Data sorting and analysis were
performed using Microsoft Excel 2019 and SPSS22 statistical
software. Origin 8.1 was employed for figure preparation. Data
analysis of variance was analyzed according to a completely
random design, and the averages were compared by Duncan’s
multiple range test (DMRT) based on the least significant
difference test at the 5% probability level.

CONCLUSIONS

Our previous studies have shown that elevated temperatures
could deteriorate the rice quality through inducing the imbalance
ratio of starch and protein components in rice grains. However,
due to the complexity of the accumulation process of storage
materials, which involves multi-level interactions between gene
transcription, translation, protein folding and degradation, thus
it is difficult to fully elucidate the mechanism of the effect of
elevated temperature on rice quality formation. In this study,
we identified a certain number of key proteins (PPROL 14E,
PSB28, granule-bound starch synthase I, and 26.7 kda heat shock

protein) and metabolic pathways that were sensitive to elevated
temperature through DIA quantitative proteomics analysis. The

identified differentially expressed proteins were participated in
the accumulation of starch and storage protein in the grains,
which may be responsible for the deterioration of rice quality
under elevated temperature. The results could help to further
clarify the potential regulatory mechanism of global warming on
rice development and quality formation.
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Maize endosperm plays important roles in human diet, animal feed and industrial
applications. Knowing the mechanisms that regulate maize endosperm development
could facilitate the improvement of grain quality. This review provides a detailed account
of maize endosperm development at the cellular and histological levels. It features
the stages of early development as well as developmental patterns of the various
individual tissues and cell types. It then covers molecular genetics, gene expression
networks, and current understanding of key regulators as they affect the development
of each tissue. The article then briefly considers key changes that have occurred in
endosperm development during maize domestication. Finally, it considers prospects
for how knowledge of the regulation of endosperm development could be utilized
to enhance maize grain quality to improve agronomic performance, nutrition and
economic value.

Keywords: kernel, differentiation, cell fate, genetics, seed physiology

INTRODUCTION

Cereal grains represent one of the key agricultural innovations upon which human civilization is
founded. A distinguishing feature of cereal grains is their large, persistent, starch-filled endosperm
that can be used directly as food or feed, ground to flour for many varied uses such as bread
or pasta, malted and fermented for beverages or biofuel, or used as feedstock for industrial
processes. Early peoples recognized particular grass seeds for their food value and began the
process of domestication by selecting for traits that improved their value as crops. Grain size was
an obvious trait that enhanced the caloric reward and ease of harvesting, and since endosperm
constitutes the bulk of the grain, selection for larger grains inevitably increased endosperm size
(Flint-Garcia, 2017).

From a developmental perspective, increasing grain size is a complex problem. From first
principles, an increase in grain or endosperm size must entail either an increase in cell number or
an increase in average cell size (or both). However, either of these changes could be accomplished
by a variety of means: various alterations to the cell cycle or prolonged duration of active cell
division. Any such changes require coordination amongst different tissues and cell types, as well
as integration with the complex biochemical and physiological processes that occur during grain
filling and seed maturation. Hence, selection pressure for grain traits during domestication and
continued improvement either acts directly at the level of kernel and endosperm development, or
affects changes in processes that then must be integrated into the developmental programs.
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Understanding changes that occurred during domestication
and improvement at the developmental and genetic level will
greatly aid our ability to direct continued improvement and
trait development. Methods are now available for identifying loci
that were targets of selection as well as for introducing precise
changes in the genome. Thus, it should now be possible to use
genomic methods to help elucidate the developmental processes
that were manipulated to provide the maize grains we have today,
and to extend that knowledge into the future for continued
improvement. Here we first describe the process of endosperm
development from a kernel and cellular perspective, then review
what is known of the molecular regulation of endosperm
development, and finally we consider how this knowledge can be
used for grain improvement.

KERNEL AND CELLULAR ENDOSPERM
DEVELOPMENT

Endosperm Development in the Context
of Whole Grain Development
The maize grain develops from a fertilized ovule to a mature
kernel over the course of 50–60 days (Figure 1). The developing
kernel contains tissues of maternal origin, the pericarp and
nucellus, as well as those produced by double fertilization, the
diploid embryo and the triploid endosperm. Agronomically,
kernel development is described from the R1 silking stage to R6
physiological maturity but physiologically, kernel development
is divided into the lag, grain-filling, and maturation phases
(Egli, 2006; Abendroth et al., 2011). During the lag phase of
growth, from 0 days after pollination (DAP) to as late as 15+
DAP, kernel dry weight gain is minimal as the endosperm and
embryo develop, differentiate and increase in size. During the lag
phase, the endosperm first undergoes free nuclear development,
which involves mitotic divisions without cytokinesis, creating a
multinucleate coenocyte (Olsen et al., 1995). Subsequent wall
formation yields a completely cellular endosperm that further
develops by an endosperm-wide proliferation of cells. By the
end of the lag phase, mitotic activity becomes restricted to the
peripheral layers of the endosperm (Sabelli and Larkins, 2009).
Coincident with cell proliferation, four major cell types with
specific functions differentiate within the endosperm: aleurone,
basal endosperm transfer layer (BETL), embryo surrounding
region (ESR) and starchy endosperm (SE) (Randolph, 1936;
Kiesselbach, 1949; Leroux et al., 2014; Olsen, 2020). An additional
3–4 cell types develop later (Leroux et al., 2014). By the end
of the lag phase, the endosperm accounts for about 60% of
the kernel volume. During this phase, the embryo undergoes
a formative division to produce the suspensor and embryo
proper, then grows and transitions to a bilateral axis, and
further develops to the coleoptile stage including establishment
of shoot and root apical meristems (Sheridan and Clark, 2017).
Also, during the early lag phase, the maternal nucellus tissue
at first expands and accounts for a significant portion of the
kernel but by ∼12 DAP it degenerates and remains only as
the nucellar membrane (Randolph, 1936; Leroux et al., 2014).

The exterior pericarp is also expanding and starts to develop
thickened walls.

During the linear or grain-filling phase of seed development,
(∼12–40 DAP), as endosperm cell proliferation slows, there
is rapid water and weight gain as the SE cells expand with
deposition of storage compounds and multiple rounds of
endoreduplication (Sabelli and Larkins, 2009) (Figure 1). SE cells
accumulate carbohydrates in the form of starch and seed storage
proteins accumulate in protein bodies. Fully differentiated SE
cells begin the process of programed cell death (PCD) (Young
and Gallie, 2000; Dominguez and Cejudo, 2014). In the linear
phase, the embryo continues growth and development and
the pericarp cells begin to die. The final maturation stage of
seed development involves PCD of all endosperm cells except
the aleurone, final development of the embryo, and kernel
desiccation and quiescence.

Initial Endosperm Development and
Cellularization
The development of the maize coenocyte begins with the first
mitosis 2–5 h after fertilization and within 29 h of pollination
(Randolph, 1936; Lowe and Nelson, 1946; Kiesselbach, 1949;
Mol et al., 1994). The coenocyte is characterized by a large
central vacuole surrounded by a thin layer of parietal cytoplasm.
The duration of the coenocyte stage varies in maize lines and
under different growth conditions but typically lasts for 2–
3 days after pollination during which time nuclear divisions
are synchronous (Randolph, 1936; Cooper, 1951; Kowles and
Phillips, 1988; Leroux et al., 2014). Studies of genetic sectors
indicate the first division identifies the sagittal left and right
halves of the endosperm (McClintock, 1978) and this was later
captured within a serially-sectioned endosperm (Monjardino
et al., 2007). The second division occurs in the perpendicular
plane specifying endosperm quarters, the third division specifies
8 longitudinal portions that describe conical sections of the
endosperm. When there are only a few nuclei, they are located
near the endosperm base but after several more rounds of division
they migrate to occupy its full longitudinal extent (Randolph,
1936; Monjardino et al., 2007; Leroux et al., 2014). While no study
has been undertaken to fully describe the cytoskeleton and its
association with migrating nuclei, images of the maize coenocyte
show nuclear cytoplasmic domains with radiating microtubules
(Brown and Lemmon, 2007) reminiscent of those described
for other cereals (Brown et al., 1996). The number of nuclei
achieved during the coenocyte stage is 128–512 and it has been
suggested that mitotic arrest at 256 or 512 nuclei is associated
with commencement of cellularization (Olsen, 2001); however,
Leroux et al. (2014) noted endosperm size not number of nuclei
is coincident with cellularization.

Cellularization, which begins∼ 3 days after pollination (DAP)
and proceeds rapidly often being completed as early as 4 DAP,
is coincident with the first size increase of the endosperm
(Randolph, 1936; Cooper, 1951; Monjardino et al., 2007; Leroux
et al., 2014). Anticlinal walls that are perpendicular to the
outer endosperm wall form without mitosis to encase each
parietal nucleus in a structure called an alveolus. Alveoli have
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FIGURE 1 | Maize kernel development from pollination to maturity highlighting endosperm growth and development in concert with phases of seed development
and development of the embryo. AL, aleurone; BETL, basal endosperm transfer layer; BIZ, basal intermediate zone; CZ, conducting zone; DAP, days after pollination;
ENR, endoreduplication; ESR, embryo surrounding region; PC, placenta-chalazal region; PCD, programed cell death; SA, subaleurone; SE, starchy endosperm.

walls on all sides of each nucleus except the face adjacent to
the central vacuole. The first alveoli are formed at the base
of the endosperm near the embryo, the region of future ESR
(Randolph, 1936; Kiesselbach, 1949; Monjardino et al., 2007;
Leroux et al., 2014). Within each alveolus, a mitotic division
yields sister nuclei and a periclinal wall is deposited between
them to produce an outer layer of cells and an inner layer of
alveoli. Each alveolus has a successive series of anticlinal wall
extension, nuclear mitosis, and periclinal wall deposition forming
an externally positioned cell and an internally positioned new
alveolus. Although cellularization is completed by successive
alveolation in other cereals, maize appears to have a more random
final partitioning of the central vacuole in the bulbous base of
the endosperm, which may be related to the much larger size and
unique shape of the maize endosperm (Leroux et al., 2014).

Cell Proliferation and Cell Type
Differentiation
Coenocyte development and cellularization sets up the basic
body plan of the endosperm that then increases rapidly in size

by cell proliferation and differentiates specialized cell types.
During proliferation, endosperm growth occurs throughout the
endosperm and is primarily associated with mitotic activity
and increase in cell number generating the bulk of the
endosperm (Kiesselbach, 1949; Kowles and Phillips, 1985). This
contrasts with later stages when mitotic activity slows and
becomes restricted to the kernel edge and endosperm growth is
predominantly driven by cell and nuclear enlargement associated
with storage deposition and endoreduplication (Randolph, 1936;
Kiesselbach, 1949; Kowles and Phillips, 1985). Cell proliferation
and cell type differentiation occur simultaneously and mitotic
activity peaks ∼10 DAP (Kowles and Phillips, 1985). During the
cell proliferation and differentiation period, the endosperm grows
to exceed 60% of the kernel area (Leroux et al., 2014) and its shape
has inverted with a large distal portion where cell divisions are
still occurring and a narrower base where divisions have ceased,
a shape which it will maintain for the rest of kernel development.

The larger maize endosperm differs from wheat, rice, and
barley in that it develops a greater repertoire of specialized
cell types (Olsen and Becraft, 2013). It is likely that breeding
has impacted the development and functions of each of

Frontiers in Plant Science | www.frontiersin.org 3 March 2022 | Volume 13 | Article 85208264

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-852082 March 1, 2022 Time: 16:8 # 4

Wu et al. Maize Endosperm Development

these cell types. The cell types are identified and described
by a combination of their location, cell shape and contents,
nuclear division patterns, wall elaborations, gene expression, and
function (Table 1). The first cell types to become cytologically
identifiable at 4-5 DAP are aleurone, BETL, ESR, and SE (Leroux
et al., 2014). Several days later subaleurone (SA), conducting
zone (CZ), and basal intermediate zone (BIZ) cells become
distinguishable although some authors regard these as subtypes
of SE and BETL (Becraft et al., 2001; Chourey and Hueros, 2017)
(Figure 2). A last possible cell type, described as an endosperm
region, is the endosperm adjacent to scutellum (EAS), only
identifiable by location and transcriptome analysis because the
cells have no identifiable cytological features that separate them
from SE (Doll et al., 2020). Of these cell types, only AL and SE
remain prominent at seed maturity.

Aleurone and BETL are a single cell layer that is initiated
by the first periclinal wall deposition at the beginning of the
cellularization process and are in essence the epidermal layer
of the endosperm tissue (Figure 1). Aleurone cells cover the
surface except for at the base of the endosperm adjacent to the
maternal placenta-chalazal region (PC) where the BETL and ESR
cells are located. After the first division, the nascent aleurone
cells have microtubular preprophase bands that mark the future
plane of cell division whereas the underlying cells do not (Brown
and Lemmon, 2007). At first, cell divisions are at right angles

to each other to maintain a cuboid shape, but later divisions
occur predominantly in anticlinal planes so surface expansion
can keep pace with increasing kernel volume. When periclinal
divisions occur, the inner cell switches from aleurone into SE and
positioning rather than lineage has been shown to be important
for aleurone cell specification (Becraft and Asuncion-Crabb,
2000; Gruis et al., 2006). Cytologically, aleurone cells become
apparent by 5 DAP with development of multiple large vacuoles
(Kyle and Styles, 1977). Between 10–15 DAP the cells become
more distinct as aleurone by beginning to accumulate protein
and membranes within smaller vacuoles, forming abundant
lipid bodies, and developing a thickened wall (Kyle and Styles,
1977; Reyes et al., 2011). Protein eventually occupies a large
proportion of the vacuoles and they develop the characteristic
ultrastructure of aleurone bodies or protein storage vacuoles
(PSV). These PSV contain many internal structures including a
large protein inclusion containing zeins, α-globulin and legumin-
1. The zeins in the vacuole apparently transport from the
ER to prevacuolar compartments then to PSVs by an atypical
autophagic process (Reyes et al., 2011). PSVs also contain phytic
acid crystals, a glycoprotein containing matrix, and intravacuolar
membranes (Reyes et al., 2011). Late in development, abundant
lipid bodies surround the PSVs and the aleurone cell wall
thickens considerably (Kyle and Styles, 1977). The colorful
kernels that characterize many maize genotypes are produced

TABLE 1 | Maize endosperm cell type location, characteristics and function.

Aleurone BETL ESR SE SA CZ BIZ EAS

Location Epidermal Epidermal
adjacent to
placento-
chalaza

pad

Surrounds
embryo early,
later restricted
to base near
suspensor

The bulk of the
endosperm

tissue

Cell layer
internal to
aleurone,

subtype of SE

In lower central
portion of

kernel, subtype
SE

Between BETL
and CZ,

subtype BETL
or SE

Adjacent to
scutellum

Existence 4 DAP – seed
maturity

4 DAP –
completion

grain fill

4–16 DAP 4 DAP – seed
maturity

10 – ∼25 DAP
cell division,
seen at seed

maturity

10–24 DAP 10- ? DAP 9–20 DAP

Size and shape Small, cuboid Elongate Small,
isodiametric

Irregular shape,
very large

Small,
cambial-like,

wider than long

Very elongate,
tapering ends

Elongate,
prismatic

NA

Cytoplasm and
wall

Prominent
protein storage
vacuoles, lipid

bodies,
thickened wall,

in some
genotypes

anthocyanin

Apical end
densely

cytoplasmic,
many

mitochondria,
Golgi extensive
wall ingrowths,

lignified wall

Densely
cytoplasmic

later becoming
vacuolated;

mitochondria,
abundant rER

Vacuolated
becoming filled
with starch and
protein bodies,
enlarged up to
192C nuclei

Develop large
protein bodies

and small
starch grains,

high
concentration

of protein in this
layer at seed

maturity

Granular,
non-distinct

vacuoles, very
large nuclei

Multiple
vacuoles,

moderately
dense

cytoplasm, wall
ingrowths of

flange type only

NA

Function Storage lipids,
proteins,
minerals;

remobilization
of reserves for

seedling growth

Transfer of
solutes

Evidence for
nutrient
transfer,

defense and
signaling

Storage starch
and proteins

Meristematic
adding cells to
edge, protein

storage

Transport? Radial
distribution of

solutes?

Transport
between

endosperm and
embryo

Select
references

Kyle and Styles,
1977; Reyes
et al., 2011

Davis et al.,
1990; Kang
et al., 2009

Schel et al.,
1984;

Opsahl-Ferstad
et al., 1997

Woo et al.,
2001; Vilhar
et al., 2002

Khoo and Wolf,
1970; Lending
and Larkins,

1989

Zheng et al.,
2014

Davis et al.,
1990;

Monjardino
et al., 2013

Doll et al., 2020

Frontiers in Plant Science | www.frontiersin.org 4 March 2022 | Volume 13 | Article 85208265

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-852082 March 1, 2022 Time: 16:8 # 5

Wu et al. Maize Endosperm Development

by anthocyanin deposition in aleurone cells (or sometimes the
pericarp). Aleurone cells typically do not endoreduplicate and
they are the only endosperm cells that do not enter PCD during
development (Burton and Fincher, 2014); thus, they are the
only living endosperm cells at seed maturity. Aleurone cells
function in mineral, lipid, and protein storage. At germination
the aleurone secretes hydrolytic enzymes that digest the starches
and proteins stored in the SE and release sugars and amino acids
for use by the growing seedling.

Basal endosperm transfer layer cells are epidermal cells that
form an interface between the basal filial tissues and the maternal
pedicel tissue (Figure 2). With elaborate wall ingrowths that
increase the surface area of the plasma membrane, they typify
transfer cells that are important in solute movement across the
apoplastic interface from the maternal tissues into the growing
grain where they can be used for growth or assimilated into
storage compounds (Zheng and Wang, 2010; McCurdy, 2015).

Various authors describe the inner several (2–3) cell layers
with similar but distinct cytological features as an extension
or inner part of the BETL (Kiesselbach and Walker, 1952;
Davis et al., 1990; Gao et al., 1998; Monjardino et al., 2013).
However, the distinct cytological characteristics and specific gene
expression within these inner cells (Leroux et al., 2014; Li et al.,
2014) was used to segregate them from the BETL as the basal
intermediate zone (BIZ). Future work is needed to fully describe
the characteristics and occurrence of the BIZ and CZ cells to
understand their identities, locations, and relationships to the
well-known adjacent BETL and SE. Here we will describe the
BETL using the features of the most basal cell layer.

BETL cells begin elongation and wall ingrowth deposition
∼6 DAP (Kiesselbach and Walker, 1952; Charlton et al., 1995;
Kang et al., 2009; Monjardino et al., 2013; Leroux et al., 2014).
Before basal wall ingrowth begins there is already a polarized
distribution of mitochondria with many of them located adjacent

FIGURE 2 | Light micrographs of maize cell types. (A) Edge of 20 DAP endosperm with aleurone (AL), subaleurone (SA), and starchy endosperm (SE). Within the SE
abundant starch (s) and protein bodies (arrowhead) are present. (B) Conducting zone cells when first apparent, about 10 DAP. (C) Embryo surrounding region (ESR)
cells at 8 DAP are restricted to surrounding the embryo suspensor (E). (D) Base of endosperm at 10 DAP when BETL cells have developed wall ingrowths
(arrowhead) and adjacent basal intermediate zone cells (BIZ) are visible. Bars = 20 µm.
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to the lower wall (Kang et al., 2009). As the plasma membrane
invaginates and ingrowths begin to form, there is an increase in
mitochondria, Golgi, and trans-Golgi-network vesicles indicating
high secretory activity (Davis et al., 1990; Charlton et al.,
1995; Kang et al., 2009; Monjardino et al., 2013). Within the
kernel, there is a gradient of development of BETL cells from
near the embryo to the abgerminal side of the endosperm
(Hueros et al., 1999).

Developing cells take on the full complement of cytological
features after ∼12–16 DAP with an asymmetric distribution of
nucleus and dense cytoplasm at the distal end above prominent
wall ingrowths adjacent to the PC (Kiesselbach and Walker, 1952;
Davis et al., 1990; Kang et al., 2009). The cytoplasm contains
variously shaped nuclei, numerous mitochondria, Golgi, and
enlarged vesicles; whereas, cytoplasm interstices among the wall
ingrowths are packed with ER and abundant mitochondria (Davis
et al., 1990; Kang et al., 2009). Plasmodesmata are located in the
primary cell wall in between ingrowths and interconnect BETL
cells but are absent between BETL cells and the underlying PC
(Davis et al., 1990; Monjardino et al., 2013). The wall ingrowths
have a complex architecture with abundant parallel, rib-like
projections called flange ingrowths that anastomose along their
length (Davis et al., 1990; Talbot et al., 2002; Monjardino et al.,
2013; McCurdy, 2015). In the lower region of the cells, these
flange wall ingrowths are interconnected by lateral extensions so
wall material more or less fills the cell volume (Davis et al., 1990;
Talbot et al., 2002; Kang et al., 2009). The interconnecting wall
architecture is equated to reticulate wall ingrowths (Monjardino
et al., 2013); although others view them as an elaboration of
the flange outgrowth (Talbot et al., 2002; McCurdy, 2015).
Regardless of their origin, this secondary interconnection of
flange ingrowths only exists in the first cell layer BETL and
not BIZ cells. Using a variety of detection methods, lignin was
found in BETL cell walls within both types of wall ingrowth
(Rocha et al., 2014).

Basal intermediate zone cells become apparent later than
the BETL about the same time as the adjacent CZ, around 8–
10 DAP (Kiesselbach and Walker, 1952; Leroux et al., 2014).
Cells are more elongate than the adjacent BETL and have
oblique ends, sometimes being described as prismatic (Figure 2).
They have moderately dense cytoplasm, abundant vesicles, and
nuclei slightly larger than the adjacent BETL (Kiesselbach and
Walker, 1952; Davis et al., 1990; Leroux et al., 2014). Flange
wall ingrowths get progressively shorter and fewer in number
within the cells adjacent to the CZ (Davis et al., 1990; Kang et al.,
2009; Monjardino et al., 2013). Adjacent cells often have the wall
ingrowths at the same location giving cross sections of the cells a
distinctive appearance. The walls in between the ingrowths have
many plasmodesmata these being most abundant in cells near
the CZ, (Davis et al., 1990; Gao et al., 1998; Monjardino et al.,
2013). It has been suggested that cell wall features, ingrowths
and abundant plasmodesmata, might serve the function of radial
distribution of solutes (Davis et al., 1990).

Embryo surrounding region cells are the earliest endosperm
cells to differentiate, as early as 4 DAP and can even be apparent
as the last of the central vacuole becomes cellular. They are
located adjacent to the embryo and completely encircle the

embryo at first but by 7 DAP they only form a semi-circle of cells
located around the suspensor of the embryo (Figure 2) (Schel
et al., 1984; Opsahl-Ferstad et al., 1997). ESR cells are small,
isodiametric, and have dense cytoplasm with small vacuoles.
Cytoplasmic characteristics that suggest high metabolic activity
include: large nuclear to cell volume, prominent mitochondria,
an abundant network of rER with large intracisternal spaces
and Golgi associated with many vesicles. Around 15 DAP, ESR
cells are the first cells in the endosperm to undergo PCD as
the embryo expands (Dominguez and Cejudo, 2014). Proposed
functions of the poorly understood ESR include, pathogen
defense, embryo/endosperm signaling, nutrient transport from
endosperm to embryo and perhaps protecting the embryo from
fluxes of auxin (Cossegal et al., 2007; Chen et al., 2014).

Starchy endosperm functions as the major nutrient storage site
in the endosperm and occupies the greatest portion (by volume
or weight) of the kernel. SE cells differentiate from the inner cells
produced by the cellularization process and new cells formed
by peripheral divisions in the aleurone/subaleurone layers
(Figure 2). Accordingly, cell differentiation, endoreduplication
and storage deposition within them occurs in a developmental
pattern from the kernel crown to base and the center to the
edge with the oldest, largest, and most developed SE cells in the
endosperm center (Kiesselbach, 1949; Kowles and Phillips, 1988).
Beginning ∼10 DAP as SE cells enlarge, they cease mitosis and
undergo multiple rounds of endoreduplication that increase the
DNA content and nuclear size (Kowles and Phillips, 1985). It is
at this time that the cells begin to accumulate starch and storage
proteins. Endoreduplication, characterized by DNA replication
without chromatid separation, yields multiple copies of the
nuclear DNA and 4–5 cycles of endoreduplication (up to 192C)
is common (Sabelli and Larkins, 2009; Dante et al., 2014). There
is a positive relationship between C-value, nuclear size and cell
size and in 16 DAP endosperm, the centrally-located largest cells,
with the highest C-values, were fewest in number (less than 7% of
the total cells) but accounted for 60% of the endosperm volume
(Vilhar et al., 2002). Starch granules that account for∼70% of the
final kernel dry weight are semi-crystalline structures synthesized
from densely-packed amylose and amylopectin (Hannah, 2007).
Protein storage in the SE cell involves both the prolamin zeins,
which are synthesized and accumulate in rER derived protein
bodies, and globulins that accumulate in PSV (Khoo and Wolf,
1970; Lending and Larkins, 1989; Woo et al., 2001; Arcalis et al.,
2010). Zeins account for over 60% of the kernel protein and are
high in proline and glutamine but low in several essential amino
acids (lysine, methionine, and tryptophan) significantly affecting
the nutritional value of seeds. Zeins fall within 4 classes and
the presence and abundance of different classes within protein
bodies affects protein body size and association with the starch
granules affecting physical characteristics of kernel (Holding,
2014). The nascent protein body forms with deposition of γ-zeins
within small protein bodies. In larger, more mature protein
bodies, γ- and β-zeins localize to a peripheral position after
abundant α-zein and δ-zein is deposited in the internal portion
(Lending and Larkins, 1989; Woo et al., 2001; Guo et al., 2013).
Gene expression patterns of developing endosperm shows γ- and
β-zeins transcripts occur throughout the endosperm at 10 DAP
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whereas α-zein transcripts are confined to the germinal edge
reiterating the central to edge pattern of kernel development
(Woo et al., 2001). Endoreduplication and storage deposition
continue until the cells undergo PCD, which begins in central SE
cells about 16 DAP (Young et al., 1997).

Subaleurone cells are located just inside the aleurone in all
portions of the endosperm except the base near the BETL. Early
workers described the area as cambial-like because periclinal
divisions generate linear files of cells that contribute the last cells
to the edge of the SE (Randolph, 1936; Kiesselbach, 1949; Cooper,
1951). Subaleurone cells are small in size and the cytoplasm
is characterized by numerous mitochondria, proplastids, some
aleurone-like lipid bodies and ER but little starch and few protein
bodies are present (Khoo and Wolf, 1970; Lending and Larkins,
1989). In mature kernels, the subaleurone is still distinct from the
adjacent SE as the cells are smaller, the protein bodies are larger,
and the cells lack large starch grains (Duvick, 1961; Khoo and
Wolf, 1970).

Endosperm adjacent to scutellum may be a new cell type
defined by location and transcriptome but the cells are
cytologically indistinguishable from the adjacent SE (Doll et al.,
2020). EAS is first detectable at 9 DAP as 2–3 layers of cells
whose transcriptome has an enrichment of transporter genes
compared to the rest of the endosperm. This area is identifiable
until about 20 DAP and presumably facilitates nutrient supply or
communication across the endosperm-embryo interface.

Conducting zone cells have received little cytological study
and descriptions are all very brief and appear to include BIZ,
BETL, and/or SE (Kiesselbach and Walker, 1952; Davis et al.,
1990; Monjardino et al., 2013). Several authors have noted a core
of elongate cells within the base of the endosperm extending
above the BETL and suggested they were vascular-like and
had a conducting function (Brink and Cooper, 1947; Cooper,
1951; Charlton et al., 1995). Recently, several studies have more
completely described the CZ as a distinct cell type apart from
BETL and BIZ cells (Leroux et al., 2014; Zheng et al., 2014).
The cells are extremely elongate with tapering end walls and are
distinct from neighboring cells by their much larger size, granular
cytoplasm, prominent enlarged nuclei, few starch grains, lack of
wall ingrowths, and gene expression profiles. At ∼ 24 DAP, these
cells are thought to begin to degenerate.

MOLECULAR AND GENETIC
REGULATION OF ENDOSPERM
DEVELOPMENT

Although the endosperm is composed of several distinct tissues
and multiple cell types, each of which contributes uniquely to the
biology of the grain, the majority of molecular work has focused
on understanding the BETL, aleurone, SE and the ESR, which will
each be considered here.

Regulation of Basal Endosperm Transfer
Layer Cell Development
The first cells to form during endosperm cellularization give
rise to the BETL and aleurone, however, evidence suggests

that BETL specification may begin earlier, perhaps in the
megagametophyte (Gutierrez-Marcos et al., 2006). The baseless1
(bsl1) mutant causes patterning defects in the embryo sac,
which subsequently manifest during endosperm development
as disorganized BETL, including mispatterned basal gene
expression. Furthermore, several gene transcripts show basal-
specific accumulation beginning in coenocytic endosperm prior
to cellularization. This suggests that BETL specification begins
prior to endosperm cellularization and maybe in the embryo sac
before fertilization. Following cellularization, the transfer cells
differentiate and form a morphological gradient along the basal-
apical axis, grading into the BIZ and CZ, and along the germinal-
abgerminal axis (Gómez et al., 2009). As discussed below, this
pattern might be associated with concentration gradients of
inducing factors such as hormones or sugars.

Myb Related Protein1 Is a Central Regulator of Basal
Endosperm Transfer Layer Cell Fate
MRP1 is a transcription factor (TF) and a determinant of BETL
cell fate because ectopic expression of MRP1 was sufficient to
cause early aleurone cells to acquire BETL identity (Gómez
et al., 2009). MRP1 is specifically expressed in the BETL and
directly activates expression of several other BETL-specific genes,
collectively known as basal endosperm transfer layer (betl) genes
(Gómez et al., 2002; Barrero et al., 2006). Several betl genes
encode peptides that are secreted into surrounding pedicel tissue
and have antifungal properties suggesting they are protective for
the seed (Cai et al., 2002).

A transcriptomic analysis identified MRP1 as a hub gene for
the BETL compartment and among the genes in the expression
module were six additional BETL-specific TFs, which may in turn
regulate additional downstream BETL-specific genes (Zhan et al.,
2015). Other MRP1 targets of particular note include maternally
expressed gene-1 (meg1) and two cytokinin response regulator
(RR) genes, ZmTCRR1 and ZmTCRR2 (Gutiérrez-Marcos et al.,
2004; Muniz et al., 2006, 2010; Gómez et al., 2009).

MEG1 and Imprinting Control Basal Endosperm
Transfer Layer Development
MEG1 is expressed specifically in the BETL and encodes a
small cysteine-rich secreted peptide proposed to function as
a developmental signaling molecule (Gutiérrez-Marcos et al.,
2004; Costa et al., 2012). Indeed, meg1 RNAi caused a severe
reduction in BETL development in the basal endosperm, while
ectopic expression of MEG1 also caused ectopic BETL formation;
hence, MEG1 is necessary and sufficient for BETL differentiation
(Costa et al., 2012). These treatments were accompanied with
a corresponding reduced expression, or ectopic expression
of MRP1, respectively. Thus, MEG1 and MRP1 both act as
determinants of BETL fate and their expression is regulated by
a feedback loop of mutual reinforcement.

MEG1 is an imprinted gene where maternally inherited copies
are expressed while the paternal allele is silenced by DNA
methylation (Gutiérrez-Marcos et al., 2004). Imprinting is often
hypothesized as being involved in controlling resource allocation
(Rodrigues and Zilberman, 2015). To test this hypothesis, a
synthetic Meg1 gene (synMeg1) was constructed where codon
replacement produced a coding region with little nucleotide
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sequence similarity to the endogenous gene. This was then
placed under the control of the bet9 promoter, which is BETL-
specific but is not imprinted. Transgenic maize showed a dosage
dependent increase in the extent of BETL cell differentiation
and a concomitant increase in kernel size and weight, whereas,
synMeg1 under the control of the native (imprinted) Meg1
promoter did not produce this effect (Costa et al., 2012). These
results are consistent with imprinting of Meg1 regulating resource
acquisition in the kernel by limiting BETL development.

Hormone Signaling and Basal Endosperm Transfer
Layer Development
Several lines of evidence suggest that cytokinin (CK)
phytohormone may be important for BETL development
and/or function. CKs are often associated with sink formation
and they accumulate in developing maize kernels, peaking
during the period of maximum grain filling. The accumulation
pattern mirrors expression of ZmIPT2, which encodes
isopentenyltransferase, a CK biosynthetic enzyme. ZmIPT2
is most strongly expressed in the BETL, where the highest CK
levels occur (Brugiere et al., 2008).

The CKs signal via a pathway where histidine kinase (HK)
receptors signal via histidine phospho-transfer protein (HP) to
regulate the activity of response regulators (RRs) that control
expression of downstream factors (To et al., 2008). There are
two types of RRs; type-B RRs are MYB family TFs that function
as positive effectors of CK signaling, whereas, type-A RRs are
negative regulators of CK signaling. In response to CK, HPs
phosphorylate type–B RRs, which activates them and allows them
to control CK-regulated gene expression. One type–B RR target
is activation of type-A RR expression. A pair of type-A RR
genes, ZmTCRR1 (Zea mays Transfer Cell Response Regulator1)
and ZmTCRR2, are specifically expressed in the BETL (Muniz
et al., 2006, 2010). Gene expression is highest during the period
of maximum BETL differentiation suggesting a possible role
in directing BETL development. The protein products of these
genes are not restricted to BETL cells but accumulate along a
concentration gradient into the CZ, coincident with the gradient
in cell morphology.

It remains unclear whether these RR-like genes are in fact
involved with CK signaling. There is no experimental evidence
for CK regulation and the TCRRs contain some sequence
features not found in bona fide RRs (Muniz et al., 2010).
As mentioned, ZmTCRR1 and ZmTCRR2 are direct targets of
regulation by MRP1. Intriguingly, MRP1 contains a motif similar
to the GARP motif found in type-B RRs, suggesting either that
MRP1 is a type-B RR performing an as yet undiscovered role
in CK signaling, or that this represents a regulatory system
descended from canonical RRs but no longer connected to
hormone signaling.

Sugar Induction of Basal Endosperm Transfer Layer
Differentiation
One of the major functions of the BETL is sugar transport
and interestingly, several studies have revealed that sugar plays
an essential role in promoting BETL differentiation. Proteins
involved in sugar import include SWEET sugar transporters and

invertase, which cleaves sucrose to glucose and fructose. The
miniature1 (mn1) gene is a BETL-specific gene that encodes
a cell wall invertase, and ZmSWEET4c is also a BETL-specific
gene encoding a plasma membrane hexose transporter (Sosso
et al., 2015). Mutations in both genes impair sugar transport
into developing kernels causing substantial decreases in grain
size (Miller and Chourey, 1992; Cheng et al., 1996; Kang et al.,
2009; Sosso et al., 2015). Notably, mutants in both genes show
dramatically decreased BETL formation showing that sugar flux
is required to promote BETL cell differentiation. Furthermore,
the expression of ZmSWEET4c and mn1, as well as MRP1, are all
sugar inducible, particularly with glucose, and expression of all
these genes is decreased in the zmsweet4c mutant (Barrero et al.,
2009; Sosso et al., 2015). What emerges is a feed-forward model
where sugar induces the expression of sugar transport machinery
as well as BETL differentiation, which then facilitates increased
sugar transport into the endosperm and further reinforces this
system (Sosso et al., 2015).

Transport of other classes of molecules is also critical;
the choline transporter-like protein1 (ZmCTLP1) is encoded
by the small kernel 10 (smk10) gene. Mutations of smk10
disrupt BETL differentiation, decrease kernel size, and cause
extensive alterations in endosperm lipid composition and content
(Hu et al., 2021).

Regulation of Aleurone Development
Aleurone is a metastable cell type requiring continuous positional
cues to establish and perpetuate aleurone identity (Becraft and
Asuncion-Crabb, 2000). Genetic studies identified several factors
that are likely involved in signaling aleurone fate. Mutants of
defective kernel 1 (dek1) lack aleurone, showing it is essential
for aleurone development (Becraft and Asuncion-Crabb, 2000;
Becraft et al., 2002; Lid et al., 2002). DEK1 is a plasma
membrane-localized protein consisting of several domains. An
intracellular region includes a calpain-family proteinase domain
whose cysteine protease activity is stimulated by Ca++ (Wang
et al., 2003; Tian et al., 2007). A transmembrane domain contains
a series of 21–24 membrane-spanning helices, depending on
the molecular prediction, interrupted by a “loop” that is either
cytoplasmic or extracellular, depending on the model (Lid et al.,
2002; Kumar et al., 2010). This transmembrane domain is
required for mechanosensitive Ca++ channel activity, leading to
the hypothesis that tension on epidermal (aleurone) cells may
trigger Ca++ (Tran et al., 2017). This in turn would activate the
proteinase and regulate aleurone cell fate through cleavage of yet
unidentified signal transduction substrates.

CRINKLY4 (CR4) is a plasma membrane receptor-like kinase
that is likewise involved in promoting aleurone fate through
an unknown signaling mechanism (Becraft et al., 1996; Jin
et al., 2000). Mutants of cr4 impair aleurone development
often producing mosaic kernels partially lacking aleurone
(Becraft et al., 1996; Becraft and Asuncion-Crabb, 2000).
Genetic evidence suggests that the DEK1 and CR4 signaling
pathways converge although the molecular details remain
obscure (Becraft et al., 2002).

Whereas most wild type maize lines contain just a single
layer of aleurone cells, mutants in the supernumerary aleurone
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1 (sal1) gene produce multiple aleurone layers, indicating SAL1
is normally required to restrict aleurone formation (Shen et al.,
2003). SAL1 is a class E vacuolar sorting protein, related to human
CHMP1, involved in internalization and sorting of plasma
membrane proteins into multivesicular bodies for degradation
(Spitzer et al., 2009). The SAL1, DEK1 and CR4 proteins
colocalized in endosomes suggesting that SAL1 may limit DEK1
and CR4 levels by protein degradation (Tian et al., 2007). This
was hypothesized to limit levels of DEK1 and CR4 signaling and
thus restrict the number of aleurone layers.

The thick aleurone1 (thk1) mutation also causes multiple
aleurone cell layers indicating THK1 is another negative regulator
of maize aleurone cell fate (Becraft and Yi, 2011). The thk1
gene encodes a homolog of NEGATIVE ON TATA-LESS1
(NOT1), a protein that acts as a scaffold for the CARBON
CATABOLITE REPRESSION4-NEGATIVE ON TATA-LESS
(CCR4-NOT) complex that mediates many mRNA-related
processes, including RNA-turnover, transcription initiation and
elongation, translation, and RNA quality control (Wu et al.,
2020). The mutant of thk1 alters expression of genes associated
with cell division, cell communication, hormone response,
and plant epidermis development, which may contribute to
generating multiple aleurone cell layers (Wu et al., 2020).
Interestingly, the thk1 mutant is epistatic to dek1; double mutants
showed multiple aleurone layers like thk1, even though dek1
mutants are unable to form aleurone, indicating THK1 is a
likely component of the signaling system downstream of DEK1
(Becraft and Yi, 2011).

The naked endosperm (nkd) mutant is a duplicate factor that
disrupts aleurone differentiation, producing endosperm with
multiple layers of peripheral cells only partially differentiated
as aleurone (Becraft and Asuncion-Crabb, 2000). The
corresponding genes, nkd1 and nkd2, encode INDETERMINATE
DOMAIN (IDD) family C2H2 zinc finger TFs, ZmIDDveg9
(NKD1) and ZmIDD9 (NKD2), respectively (Colasanti et al.,
2006; Yi et al., 2015). The NKD1,2 TFs regulate genes important
for several aspects of aleurone function including, cell growth
and division, anthocyanin accumulation, lipid storage, pathogen
defense and abscisic acid (ABA) response (Gontarek et al., 2016;
Gontarek and Becraft, 2017).

NKD1,2 and THK1 may co-regulate aleurone cell
development. Triple mutants of nkd1;nkd2;thk1 reveal an
additive relationship between nkd1,2 and thk1 on controlling the
number of aleurone cell layers, and an epistatic relationship on
aleurone cell differentiation (nkd1,2 is epistatic to thk1); triple
mutants have many layers of partially differentiated aleurone
(Becraft and Yi, 2011). This indicates that NKD1,2 and THK1
may negatively regulate aleurone cell fate through independent
pathways, and that NKD1,2 is required for aleurone cell
differentiation downstream of THK1. A co-expression network
analysis between nkd1,2 and thk1 mutants suggests that NKD1,2
and THK1 may co-regulate cell cycle and division to restrict
aleurone development to a single cell layer, whereas NKD1,2,
but not THK1, may regulate auxin signaling to maintain normal
aleurone differentiation (Wu and Becraft, 2021).

A recent study suggests that adequate iron content is
critical for proper aleurone development (He et al., 2021). The

shrunken4 (sh4) gene of maize encodes a YELLOW STRIPE-
LIKE2 (ZmYSL2) metal transporter that controls iron abundance
in aleurone cells. The sh4 mutant causes loss of aleurone cell
identity accompanied with decreased iron accumulation. The
basis for this requirement is unknown but it seems likely that
iron may be an essential cofactor for one or more components of
the aleurone cell fate machinery. Interestingly, the GO term “iron
ion binding” was over-represented among DEGs of nkd mutant
aleurone (Gontarek et al., 2016).

Regulation of the Embryo Surrounding
Region
The ESR is a poorly understood tissue and little is known about
how its development is regulated. Weighted gene coexpression
network analysis (WGCNA) identified an ESR-specific gene
coexpression module, which was enriched for genes involved in
cell–cell signaling, consistent with the proposed function of these
cells in signaling between the endosperm and embryo (Zhan
et al., 2015). ESR-specific promoters were identified and several
putative cis elements were identified, but most appear to be
shared amongst other endosperm cell types (Bonello et al., 2000;
Zhan et al., 2015). Several TFs were identified with high module
membership scores for the ESR-specific module, which are good
candidates for testing experimentally (Zhan et al., 2015).

No bona fide ESR mutant has yet been reported. This
could be because disruption of the ESR is lethal, because such
mutants are too subtle, or because of genetic redundancy. The
shohai (shai) mutant disrupts the formation of the embryo
pocket, a cavity in the endosperm that is normally filled by the
embryo (Mimura et al., 2018). In non-concordant kernels, a Shai
wildtype endosperm rescued the development of mutant embryos
whereas, wildtype embryos caused the formation of a normal
embryo pocket in mutant endosperms. Thus, SHAI is involved
in signaling between the endosperm and embryo, and as a TF
of the RWP-RK family, is a good candidate for controlling ESR
development. To date, a detailed analysis of the ESR has not been
reported for this mutant.

Molecular Regulation of Starchy
Endosperm Development
The SE is the most economically valuable part of a grain and,
as such, considerable effort has been expended to understand
the molecular and biochemical regulation of SE development,
particularly as it pertains to protein and starch accumulation.
Yet, despite this attention, little is known about the regulation
of SE cell fate. Among TFs that regulate SE development,
OPAQUE-2 (O2) is a basic leucine zipper (bZIP) TF that has
long been recognized as key to regulating the biosynthesis and
accumulation of nutrient materials in SE. First shown to activate
the expression of the 22-kD α-zein gene (Schmidt et al., 1990,
1992), a genome-wide transcriptional regulatory network study
showed that O2 also regulates several additional zein storage
protein genes, genes for carbon fixation (PPDK1 and PPDK2),
and additional downstream transcription factors (GBF and Myb-
like TFs) (Li et al., 2015). Further, proteomic studies showed
that protein levels of Granule-Bound Starch Synthase I (GBSSI),
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Starch Synthase IIa (SSIIa), and Starch Branching Enzyme I
(SBEI) were reduced in o2 mutants, indicating that O2 may also
play an important role in starch biosynthesis, albeit indirectly (Jia
et al., 2013; Zhang et al., 2016).

PROLAMIN-BOX BINDING FACTOR1 (PBF1) is a TF that
can bind to the prolamin-box in promoters of the 27-, 22, and
19-kD zein genes (Wang et al., 1998). Moreover, starch content
was reduced in pbf1 RNAi knockdown mutants, suggesting that
PBF1 also affects starch accumulation (Zhang et al., 2016; Qi
et al., 2017). Compared with the o2 or pbfRNAi single mutants,
the o2; pbfRNAi double mutant caused further reduction of zein
protein and starch content suggesting that O2 and PBF function
additively and synergistically to regulate gene networks in SE
development (Zhang et al., 2015, 2016).

In addition to O2-PBF1 interactions, O2 also interacts with
other TFs, including O2 HETERODIMERIZING PROTEINS
(OHPs), ZmbZIP22 and ZmMADS47, forming a complex that
regulates expression of zein genes (Li and Song, 2020; Dai et al.,
2021). Two NAC transcription factors, ZmNAC128 and 130, are
also involved in regulating zein and starch biosynthetic genes
(Zhang et al., 2019).

NKD1,2 are involved in SE development in addition to
their roles in aleurone formation. Laser-capture microdissection
RNA sequencing (LCM RNAseq) showed the nkd1,2 genes
are expressed in both aleurone and SE. The nkd1,2 mutants
have an opaque, floury endosperm phenotype accompanied by
widespread changes in expression of genes regulating starch
biosynthesis, storage proteins or other cellular components (Yi
et al., 2015; Gontarek et al., 2016).

In addition to nutrient biosynthesis and accumulation,
endoreduplication and PCD are important features of SE
development. As the endosperm transitions from the cell
division to nutrient accumulation phases, the cell cycle
transitions from mitotic cell division to endoreduplication
(Larkins et al., 2001). Cyclin-dependent Kinases (CDKs) are
key regulatory factors affecting endoreduplication, among which
A-type CDK (CDKA) functions in S-phase and B-type CDK
(CDKB) functions to promote G2 to M phase transition.
Endoreduplication may be triggered by induction of CDKA
and inhibition of CDKB (Grafi and Larkins, 1995; Sabelli,
2012). RETINOBLASTOMA-RELATED (RBR) proteins and
CDK inhibitor (CKI) proteins are additional cell cycle regulators
that may control the transition to endoreduplication. An
rbr1 mutant with decreased expression resulted in enhanced
endoreduplication suggesting RBR1 is a negative regulator
(Sabelli et al., 2013). Two different families of CKIs have been
implicated to regulate endoreduplication, Kip-related proteins
(KRPs) and SIAMESE (SIA) proteins (Coelho et al., 2005;
Zhang et al., 2020). Members of both families are expressed at
appropriate times in SE and overexpression of KRP1 in maize
callus promoted endoreduplication. Hormones also appear to
influence endoreduplication, with auxin promoting the initiation
and maintenance of endoreduplication, whereas, cytokinin
inhibited proliferating cells from entering the endoreduplication
cycle (Sabelli, 2012).

Beginning at around 12-16 DAP, SE cells undergo PCD
(Young and Gallie, 2000) with the initiation of PCD promoted
by ethylene and sugar accumulation (Bhave et al., 1990;

Young et al., 1997). The maize ABA-insensitive viviparous1 (vp1)
mutant showed increased levels of ethylene and accelerated
progression of PCD, indicating that ABA might inhibit PCD
via negatively regulating ethylene synthesis (Young and Gallie,
2000). Cell cycle regulation also interfaces with PCD as the rbr1
mutant enhanced PCD, suggesting negative effects of RBR1 on
both PCD and endoreduplication in maize SE (Sabelli, 2012). The
details of the connections among hormones, cell cycle control
factors, endoreduplication, and PCD are still unclear and require
further characterization.

Transcription Networks and Endosperm
Development
Different endosperm cell types have distinct transcriptomes and
recent studies have begun to unravel the gene regulatory networks
(GRNs) that underlie endosperm development and function
(Zhan et al., 2015; Gontarek et al., 2016; Zhang et al., 2016;
Feng et al., 2018; Ji et al., 2021; Wu and Becraft, 2021). Some
of the key TFs known to regulate specific processes during
endosperm development were discussed above. In addition,
there are extensive inter-regulatory relationships among many
of these TFs. These involve direct regulation of target genes
as well as indirect regulation via downstream TFs. NKD1 and
NKD2 directly regulate each other’s expression as well as directly
promote expression of other important TFs including O2 and
PBF1 (Gontarek et al., 2016). The DOF3 TF gene is also regulated
by NKD1 and NKD2 but most likely indirectly. DOF3 in turn
directly regulates the expression of NKD1 and NKD2 (Qi et al.,
2017) while O2 promotes expression of NKD2 (Zhan et al.,
2018). NKD2 is also regulated by OPAQUE11 (O11, a bHLH
TF), which also regulates the expression of DOF3, O2, and PBF
(Feng et al., 2018). O2 also transactivates ZmGRAS11, a GRAS-
family transcription factor without a DELLA domain, which
then directly regulates the expression of ZmEXPB12, a cell wall
loosening protein important for cell expansion (Ji et al., 2021).
This suggests that O2 not only regulates grain filling, but also
controls cell expansion in developing endosperm. ZmABI19 is a
B3 domain TF that regulates expression of multiple key TF genes,
including O2, PBF1, ZmbZIP22, NAC130, and O11, indicating
an important role in maize seed development and grain filling
(Yang et al., 2021). Furthermore, a recent study proposed a model
for O2 nuclear translocation mediated by the SnRK1-ZmRFWD3
pathway (Li et al., 2020). At high sucrose levels, the sucrose-
responsive protein kinase SnRK1 phosphorylates ZmRFWD3, an
E3 ubiquitin ligase, leading to ZmRFWD3 degradation. At low
sucrose levels, SnRK1 is inhibited, and ZmRFWD3 is released
to ubiquitinate O2, facilitating O2 localization into the nucleus.
This model links sucrose signaling dynamics with storage protein
biosynthesis during grain filling.

A striking point is that many of the known regulators function
in multiple cell types and despite advances in our understanding
of gene networks, it is still unclear at the GRN level what
determines the different cell fate decisions during endosperm
development. O2 and PBF are well known TFs important in SE
(Zhang et al., 2015; Gontarek et al., 2016) but the o2 gene is
expressed in maize aleurone (Zhan et al., 2018) and a double
knockdown of the rice o2 and pbf homologs, RICE SEED
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b-ZIPPER 1 (RISBZ1) and RICE PROLAMIN BOX BINDING
FACTOR (RPBF), caused multiple layers of disordered aleurone
(Kawakatsu et al., 2009). The o11 mutant, with striking effects
on SE size and decreased starch and protein accumulation,
also shows multiple layers of irregular aleurone cells (Feng
et al., 2018). Similar phenotypes were also observed upon RNA
interference of maize dof3, which also caused decreased starch
accumulation as well as aleurone irregularities (Qi et al., 2017).
Conversely, the nkd mutant was first recognized for its effect
on aleurone development but further analysis showed the nkd
genes also regulate key functions in the SE (Zhang et al., 2015;
Gontarek et al., 2016). Thus, there are complex networks of
regulatory interactions amongst TF genes that control both SE
and aleurone development (Figure 3). The specific features of
these networks that lead to the different cell identities during
development remain elusive at this time.

ENDOSPERM DEVELOPMENT AND
APPLICATIONS TO IMPROVE GRAIN
QUALITY

“Grain quality” encompasses a variety of traits that vary
depending on the specific end use of the grain. They include
traits such as grain size, composition, hardness, nutritional value,
pathogen resistance, and so on. Knowledge on the regulation of
grain development can be used to improve grain properties in two
basic ways, either to alter metabolic pathways within the existing

FIGURE 3 | Regulatory interactions among TFs in aleurone and SE, and their
potential association with corresponding nutrient compounds. These TFs and
associated pathways could be targets for bioengineering to optimize maize
seed quality.

cellular context or to alter cellular development. Both cellular
development and metabolic pathways were altered during the
domestication process without the benefit of understanding
the underlying biology. In modern times, the latter approach
has received much more attention with significant efforts to
understand and manipulate the amount and properties of stored
starch, protein and lipids. However, altering cellular development
may offer the potential to manipulate grain properties in other
ways. Examples of key genes that may be of value for grain
improvement are listed in Table 2.

Maize Domestication Altered Grain
Development
Maize was domesticated around 9,000 years ago from Zea mays
ssp. parviglumis, a grassy teosinte plant native to Mesoamerica

TABLE 2 | Examples of key genes associated with maize kernel quality.

Gene Gene model Functional
description

How is it
associated
with kernel

quality?

O2 Zm00001d018971 BZIP family
transcription factor

High lysine
content

ZP27 Zm00001d020592 γ-zein protein Potential
o2-modifier,
improved

kernel hardness
and high lysine

content

DGAT1-2 Zm00001d036982 Acyl-CoA:diacylglycerol
acyltransferase

High oil content

WRINKLED1 Zm00001d005016 HAP3 subunit of the
CCAAT-binding

transcription factor

High oil content
Low starch

content

PBF1 Zm00001d005100 Prolamin-box binding
factor

Affect storage
protein content

MADS47 Zm00001d046053 MADS-box
transcription factor

Affect storage
protein content

BZIP22 Zm00001d021191 BZIP family
transcription factor

Affect storage
protein content

NAC128 Zm00001d040189 NAC family
transcription factor

Affect storage
protein and
starch fine
structure

NAC130 Zm00001d008403 NAC family
transcription factor

Affect storage
protein and
starch fine
structure

NKD1 Zm00001d002654 IDD family zinc finger
transcription factor

Affect content
of oil, fiber and

vitamin in
aleurone

NKD2 Zm00001d026113 IDD family zinc finger
transcription factor

Affect content
of oil, fiber and

vitamin in
aleurone

THK1 Zm00001d027278 Scaffolding protein of
CCR4-NOT complex

Affect content
of oil, fiber and

vitamin in
aleurone
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(Piperno et al., 2009). Maize and teosinte have striking
morphological differences, including kernel characteristics. As
reviewed by Flint-Garcia (2017), teosinte grains are small and
encased in a hard fruitcase, whereas, modern maize grains
are naked and typically about 10 times larger than teosinte.
Increased grain size is accompanied by changes in composition,
notably an increase in starch content. Elimination of the fruitcase
was a critical step in domestication, making the collection and
processing of grains for food much easier. Elimination of the
fruitcase also removed a physical restriction, which allowed for
the dramatic increase in grain size. Modification of this trait
was accomplished by mutations and selection of the teosinte
glume architecture1 (tga1) gene (Wang et al., 2015). Signatures
of selection are also found in the starch biosynthesis genes, su1,
ae1, and bt2 (Whitt et al., 2002). For other grain traits, the genetic
basis is less clear. Signatures of selection are found in over 1,000
genes indicating that domestication involved the accumulation of
many small effects (Wright et al., 2005).

Grain Improvement Based on Regulation
of Metabolic Pathways
There are myriad metabolites in the endosperm that contribute
to kernel quality and it is beyond the scope of a single review to
cover them all. Here we will mention notable examples for the
major classes of storage compounds: starch, protein and oils.

Starch
Starch is a deceptively complex molecule and structural variations
can lead to variation in quality properties such as gelling
temperature and digestibility. Starch metabolism is an example
of a system where simple genetic changes can have profound
impacts on grain quality and end use. Three examples will be
mentioned here:

Sweet corn is the most familiar example of altered starch
impacting grain characteristics. Mutations in enzymes of the
starch biosynthetic pathway impede the incorporation of glucose
subunits into starch and thereby cause an accumulation of free
sugars in the endosperm. Such grain would not be suitable as
feed or most other uses but is valued for human consumption.
The sugary1 (su1), shrunken2 (sh2) and brittle1 (bt1) genes are
examples of loci where single gene mutations can confer the sweet
corn character and form the basis of cultivar breeding programs
(Lertrat and Pulam, 2007).

Waxy starch is deficient in amylose content. Normal maize
endosperm starch is a mixture of amylopectin and amylose
in about a 75%:25% ratio. The amylose content influences
many starch properties such as gelatinization temperature,
pasting and retrogradation, all important for cooking, sizing
and other applications (Jane, 2004). Amylose is produced by
the granule-bound starch synthase I (GBSSI) protein, encoded
by the waxy1 (wx1) gene. Loss-of-function wx1 mutations
produce “waxy” starch nearly devoid of amylose, whereas GWAS
identified an allele of wx1 associated with high amylose content
(Li et al., 2018).

ADPglucose pyrophosphorylase (AGPase) is a rate limiting
enzyme that catalyzes the first committed step in starch
biosynthesis. Overexpression or enhanced thermostability of
the AGPase enzyme can lead to increased starch production

and grain yield (Li et al., 2011; Hannah et al., 2017).
Interestingly, overexpression increased yield through increased
seed size, while the thermostable variant increased yield through
increased seed number.

Storage Proteins and Quality Protein Maize
Normal maize zeins are characterized by low content of
several essential amino acids, most notably lysine, which
limits the nutritional value of maize grain in human diets
or livestock feed. Mutants of o2 cause decreased α-zein
content accompanied by elevated lysine levels (Mertz et al.,
1964). Unfortunately, the improved nutritional composition is
associated with unfavorable grain characteristics, including soft
and chalky kernel texture, increased susceptibility to insects
or fungi, low yields, and unappealing flour characteristics
(Villegas, 1994; Habben and Larkins, 1995). To overcome these
issues, breeders identified modifier loci that improve grain
characteristics while maintaining high lysine content. Such
modified o2 lines are called Quality Protein Maize (QPM)
(Prasanna et al., 2001).

Several genes involved in QPM have been identified through
QTL mapping. A gene encoding 27 kD γ-zein was linked to
the kernel texture phenotype of QPM and RNAi knockdown
and genome-wide deletion of γ-zein genes resulted in an opaque
and soft kernel phenotypes suggesting that soft kernel texture
caused by α-zein deficiency could be compensated by γ-zeins
(Lopes et al., 1995; Wu et al., 2010; Yuan et al., 2014). Another
QTL mapped to wx1 (BABU et al., 2015). This is consistent
with a proteomic study that found elevated GBSSI activity and
altered starch structure in QPM endosperm (Gibbon et al.,
2003). These studies suggest that kernel texture derives from
complex interactions among proteins, starches and possibly
other molecules, and that deficiencies in one molecule can
sometimes be compensated by another. These and other QTLs
have facilitated marker assisted breeding programs for improved
amino acid balance (Gupta et al., 2013; Hossain et al., 2018).
Continued study might provide insights for additional strategies
to produce improved protein maize lines.

Improving Oil Content
Maize oil (corn oil) is mainly used in cooking. Its high smoking
point and low saturated fatty acid content make it favorable
for frying and human consumption. Also, it may help reduce
cholesterol absorption, which could increase the percentage
of beneficial high-density lipoproteins (HDL) in blood (Singh
et al., 2013). Corn oil is primarily derived from the embryo
and the primary determinant of oil percentage is the weight
ratio of embryo to endosperm (Yang et al., 2010). Within the
endosperm, aleurone cells have the highest oil content. Oil quality
is determined by the relative amounts of various fatty acids with
different physical characteristics and flavors. Oil quantity (yield)
and composition are both of interest for grain improvement. As
such, kernel oil content is a complex trait influenced by many
factors (Yang et al., 2012; Fang et al., 2021).

QTL-mapping studies identified numerous loci for kernel oil
concentration and fatty acid composition. Significantly, many
are enzymes involved in the oil metabolic pathway (Yang et al.,
2012; Li et al., 2013; Fang et al., 2021). These represent targets for
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marker assisted breeding or metabolic engineering, and several of
them have been utilized to enhance oil content.

A high-oil QTL (qHO6) was associated with an 18.7%
increase in oil concentration (in the embryo) as well as altered
oil composition with 61.3% more oleic acid and 24.4% less
linoleic acid (Zheng et al., 2008). This QTL mapped to a gene
encoding acyl-CoA: diacylglycerol acyltransferase (DGAT1-2),
a rate limiting enzyme in triacylglycerol synthesis. Transgenic
expression of a “normal-oil” DGAT1-2 allele increased embryo
grain oil by 9.3%, while transgenics containing the “high-oil”
allele with a phenylalanine inserted at position 469 dramatically
increased oil content by 27.9% (Zheng et al., 2008).

Key TFs could also be promising targets for oil improvement.
The maize wrinkled1 gene encodes a HAP3 subunit of the
CCAAT-binding factor, and regulates carbon flux between starch
and oil biosynthesis during kernel development. Overexpression
increased kernel oil content by up to 46% and decreased
starch content by approximately 60% (Shen et al., 2010). As
knowledge of the molecular basis of oil production accumulates,
it is reasonable to expect new strategies to improve maize
kernel oil content.

Grain Improvement Based on Regulation
of Cellular Development
Different cell types have varying functions and biochemical
compositions. As such, altering the cellular content of a grain
has the potential to substantially impact grain characteristics. By
and large, this strategy has not been extensively pursued. Here
we consider 2 cell types with considerable potential for impacting
grain quality, BETL and aleurone.

Basal Endosperm Transfer Layer
As the cell type responsible for transporting metabolites from
maternal tissues into the endosperm for incorporation into
storage products, virtually all grain yield depends on BETL
function. As described earlier, expanded expression of MEG1
caused expanded differentiation of the BETL and resulted in
larger kernels (Costa et al., 2012). BETL cells contain an
assortment of transporters, including sugars, amino acids, ions
and hormones (Thiel, 2014), expressed as part of a BETL gene
co-expression module (Zhan et al., 2015). Sugar transport is
perhaps the most critical function of the BETL (Cheng et al.,
1996; Kang et al., 2009; Sosso et al., 2015). Sugar translocation
during grain filling has been subject to selection pressure during
domestication. The sweet4c gene shows signatures of selection
(Sosso et al., 2015). Furthermore, mn1 is more highly expressed in
maize than in teosinte, and in rice, the mn1 homolog underwent
selection during domestication and produced increased grain size
and yield upon transgenic overexpression (Wang et al., 2008).

These results support the potential for improving grain size
or composition by manipulating BETL development or function.
Expanding BETL formation could increase overall solute import
and enhance kernel size. Modulating the relative expression levels
of various classes of transporters could enhance grain filling or
shift grain composition. More complete understanding of the
MRP1 transcriptional network will be instrumental in achieving
these goals (Dai et al., 2021).

Aleurone
As reviewed, the aleurone has many important properties
including storage compound remobilization during germination,
dietary benefits, mineral storage and pathogen defense (Becraft
and Yi, 2011; Gontarek and Becraft, 2017). Commercial maize
has a single layer of aleurone and increasing the number of
layers could potentially improve certain grain characteristics.
Mutants such as thk1 (Yi et al., 2011) and the multiple
aleurone layer (MAL) trait present in the Coroico landrace
(Wolf et al., 1972) suggest it should be possible to develop
maize cultivars with multiple layers. Transcriptomic analysis of
thk1 endosperm indicated elevated levels of gene expression
for pathways associated with aleurone cells, including lipid
metabolism, starch degradation, cell wall formation (Wu et al.,
2020). Thus, desirable compounds of normal aleurone are likely
present at elevated levels in the mutant raising the possibility for
enhanced dietary value. The multiple layers of aleurone in barley
contributes to the high level of amylase that catalyzes the rapid
conversion of starch to fermentable sugars during the malting
process. Multiple aleurone layers might potentially lead to new
uses for maize grains in malting.

Conversely, eliminating aleurone may be advantageous in
certain situations. White rice has the lipid-rich aleurone layer
milled off to prevent the grain from going rancid under storage.
Similar benefit could potentially be realized from aleurone-free
maize grains. Also, phytic acid in aleurone is a major source of
phosphate pollution associated with manure runoff which could
potentially be alleviated by aleurone-free grain. Such kernels are
conferred by the dek1 mutant (Becraft et al., 2002; Lid et al., 2002).

Existing single gene mutants with the desired aleurone traits
combine unfavorable kernel characteristics, including embryo
and endosperm defects. To be of practical value, these undesirable
effects must be uncoupled from the target traits, similar to
what was accomplished with QPM. Further studies on the
regulation of endosperm gene expression and GRNs may help
facilitate this goal.

Perspectives
This review summarized studies of maize endosperm
development at tissue, cellular and molecular levels, discussed
how maize seed development was influenced by domestication,
and introduced some current and potential applications to
improve maize seed quality based on this knowledge. For
future directions, some of the key regulators influencing
endosperm development summarized in this article (Table 2)
could potentially be utilized for breeding to improve seed
quality. Recently, gene network analyses have been applied
to maize endosperm development studies (Zhan et al., 2015),
providing a powerful tool to predict central regulators of gene
expression modules. These regulators could play important roles
in biological processes or metabolic pathways of interest, or could
act as modifiers or co-factors to interact with known regulators.
Based on the predicted information and modern genetic
approaches, we may enhance target phenotypes or suppress
undesirable side effects more efficiently than conventional
breeding approaches.
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Biofortification is a sustainable strategy to alleviate micronutrient deficiency in humans.
It is necessary to improve grain zinc (GZnC) and iron concentrations (GFeC) in
wheat based on genetic knowledge. However, the precise dissection of the genetic
architecture underlying GZnC and GFeC remains challenging. In this study, high-
resolution genome-wide association studies were conducted for GZnC and GFeC by
three different models using 166 wheat cultivars and 373,106 polymorphic markers from
the wheat 660K and 90K single nucleotide polymorphism (SNP) arrays. Totally, 25 and
16 stable loci were detected for GZnC and GFeC, respectively. Among them, 17 loci for
GZnC and 8 for GFeC are likely to be new quantitative trait locus/loci (QTL). Based on
gene annotations and expression profiles, 28 promising candidate genes were identified
for Zn/Fe uptake (8), transport (11), storage (3), and regulations (6). Of them, 11 genes
were putative wheat orthologs of known Arabidopsis and rice genes related to Zn/Fe
homeostasis. A brief model, such as genes related to Zn/Fe homeostasis from root
uptake, xylem transport to the final seed storage was proposed in wheat. Kompetitive
allele-specific PCR (KASP) markers were successfully developed for two major QTL of
GZnC on chromosome arms 3AL and 7AL, respectively, which were independent of
thousand kernel weight and plant height. The 3AL QTL was further validated in a bi-
parental population under multi-environments. A wheat multidrug and toxic compound
extrusion (MATE) transporter TraesCS3A01G499300, the ortholog of rice gene OsPEZ2,
was identified as a potential candidate gene. This study has advanced our knowledge of
the genetic basis underlying GZnC and GFeC in wheat and provides valuable markers
and candidate genes for wheat biofortification.
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INTRODUCTION

Zinc (Zn) and iron (Fe), serving as co-factors for a multitude of
enzymes and regulatory peptides in critical metabolic processes,
are essential micronutrients for the plant growth and human
health (Hänsch and Mendel, 2009). Due to monotonous diet
and heavy relying on cereal edible parts with suboptimal
micronutrient levels, Zn and Fe deficiencies have become the
most common public health problem in the world, especially
for pregnant women and young children due to their increased
demands for micronutrients (Bhati et al., 2016; Vasconcelos et al.,
2017). Increasing intrinsic micronutrients in the edible parts of
crops, known as biofortification, is regarded as the most cost-
effective and sustainable intervention to alleviate Zn and Fe
malnutrition in humans (Gómez-Galera et al., 2010). Common
wheat (Triticum aestivum L.) as a staple food crop, supplying
approximately 20% of daily calories and protein, and main source
of essential micronutrients, such as Zn and Fe, is recognized
as an attractive crop for biofortification (Ludwig and Slamet-
Loedin, 2019). For nutritionally sufficient wheat Zn and Fe
biofortification, the concentrations of Fe and Zn in whole grains
have to, respectively, reach 37 and 59 mg/kg, about 50% higher
than the average concentrations of popular wheat cultivars (Bouis
et al., 2011). However, breeding elite cultivars with enhanced
Zn/Fe content is quite challenging due to the obscurity of genetic
architecture and molecular processes regulating the Zn/Fe
homeostasis in wheat, which greatly hampers the implements of
modern breeding technologies, such as marker-assisted selection
(MAS) and genomic selection (GS) (Gupta et al., 2021).

To improve our understanding of the genetic basis of wheat
grain Zn and Fe, identification of as many causal loci as possible
is imperative (Tong et al., 2020). In recent years, diverse bi-
parental populations have been used to identify quantitative
trait locus/loci (QTL) associated with grain Zn (GZnC) and Fe
concentrations (GFeC) in common wheat and its relative species
(Tong et al., 2020; Gupta et al., 2021). These QTL from different
studies have been integrated into a consensus map according
to the physical positions of their linked markers, and provide
a valuable resource for dissection of the genetic architecture
underlying GZnC and GFeC (Tong et al., 2020). Nevertheless,
the family based bi-parental populations usually have limited
number of recombination events and low genetic diversity, thus
low-mapping resolution and may be unable to provide a full
genome-wide genetic landscape of complex traits (Korte and
Farlow, 2013; Platten et al., 2019). As a complementary strategy
to QTL mapping, a genome-wide association study (GWAS)
is a powerful tool to detect the genetic regions underlying
complex traits using the historical abundant crossovers and
genetic variations accumulated in natural wheat germplasms
(Hamblin et al., 2011). A number of genetic loci associated
with GZnC and GFeC have been identified by GWAS in wheat
recently (Tong et al., 2020; Gupta et al., 2021). However, large
gaps in the genetic map due to low marker number and density
were generally found, which greatly hindered precision in the
dissection of the GZnC and GFeC traits (Korte and Farlow, 2013).

With the rapid development of next-generation sequencing
(NGS) technology, high-density single nucleotide polymorphism

(SNP) genotyping arrays have been developed in wheat (reviewed
in Rasheed et al., 2017). For example, the Wheat Axiom
660K SNP array with more than half a million markers
enables high marker resolution, large genome coverage, and
low heterozygosity (Sun et al., 2020). GWAS using such high
density SNPs will make it possible to obtain a large number
of associated loci within very small intervals and consequently
facilitate the candidate gene discovery and genetic dissection of
complex traits (Yano et al., 2016; Pang et al., 2020). The mixed
linear model (MLM), the fixed and random model circulating
probability unification (FarmCPU), and the multiple loci mixed
linear model (MLMM) in different strengths for each have been
adopted to effectively control the population structure and to
ensure the accuracy and reliability of significantly associated loci.
It is appropriate to adopt multiple models simultaneously to
conduct the GWAS for genetic dissection of complex traits (Peng
et al., 2018; Alqudah et al., 2020).

In the current study, a diverse panel of 166 representative
wheat accessions was chosen from elite germplasm and was
genotyped with the wheat 660K and 90K SNP arrays. GWASs
were carried out using three different models for GZnC and
GFeC across multiple environments. Furthermore, plant height
(PH), thousand kernel weight (TKW), and grain areas (GA) were
investigated to study their associations with GZnC/GFeC and
identify pleiotropic loci. The study aimed to (1) dissect the genetic
architecture of GZnC and GFeC, (2) identify associated markers,
loci, and candidate genes, and (3) develop high-throughput
kompetitive allele-specific PCR (KASP) markers and validate the
major QTL for wheat biofortification.

MATERIALS AND METHODS

Plant Material and Field Trials
The association panel consists of 166 representative wheat
cultivars, such as 144 accessions from Yellow and Huai Valley,
the major wheat zone in China, and 22 from five other
countries (Supplementary Table 1). The panel was used in
our previous studies on black point (Liu et al., 2017), flour
color and polyphenol oxidase (PPO) activity (Zhai et al.,
2018, 2020), grain yield related traits (Li et al., 2019), and
water-soluble carbohydrate contents (Fu et al., 2020). In
this study, the panel was grown in randomized complete
blocks with two replications in four environments comprising
Beijing (39◦56′N, 116◦20′E), Gaoyi (37◦33′N, 114◦26′E), and
Shijiazhuang (37◦27′N, 113◦30′E) in Hebei province, and
Urumqi (42◦45′N, 86◦37′E) in Xinjiang province during
the 2019–2020 cropping season. These environments were
designated as 20BJ, 20GY, 20SJZ, and 20XJ hereafter, respectively.
Each entry with approximately 40–50 grains was grown in
1.0 m long row with an inter-row spacing of 20.0 cm. Standard
agronomic practices were performed at each location, along
with soil application of 25 kg/ha ZnSO4.7H2O granular fertilizer
(Sinochem Group Co., Ltd., Beijing, China) in 20GY and 20SJZ
over three crop cycles prior to this experiment to enrich the
available soil Zn and minimize heterogeneity. The green manure
returning was routinely practiced in Beijing and field soil held
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sufficient Zn intrinsically, so that additional Zn fertilizer was not
applied in 20BJ. To investigate GZnC and GFeC in a low-Zn
environment, 20XJ was set without soil Zn fertilizer application.

Phenotype Determination and Statistical
Analyses
Plant materials were hand-harvested in the field and completely
dried grains were hand-threshed and cleaned carefully to avoid
the potential contamination of mineral element. Approximately
15 g of each sample was subjected to GZnC and GFeC analyses
with an X-ray fluorescence spectrometry (EDXRF) instrument
(model X-Supreme 8000, Oxford Instruments plc.), following
the protocol of high-throughput screening of micronutrients in
whole-wheat grain (Paltridge et al., 2012). PH, TKW, and GA in
all environments were investigated following Xu et al. (2019).

ANOVA, Pearson’s correlation analysis, and Student’s t-test
were conducted using the SAS 9.4 software (SAS institute,
Cary, NC, United States). Broad-sense heritabilities (H2) were
calculated using the following equation (Holland et al., 2003):

H2
= σ2

g/(σ
2
g + σ2

ge/e+ σ2
ε/(re))

where σ2
g indicates the variance of genotypes, σ2

g e and σ2
ε

represent the variances of genotype × environment interaction
and errors, and e and r are the numbers of environments and
replicates in each environment, respectively. For each trait, a
best linear unbiased estimation (BLUE) using a linear model for
each accession was calculated across environments by the QTL
IciMapping v4.1 software (Yin et al., 2015).

Genotyping and Physical Map
Construction
Genomic DNA was extracted following the CTAB method
(Murray and Thompson, 1980) and the population was
genotyped by the Illumina wheat 90K (such as, 81,587 SNPs)
and Affymetrix wheat 660K (such as, 630,517 SNPs) SNP arrays
by CapitalBio Technology Co., Ltd, Beijing, China.1 Markers
with minor allele frequency (MAF) < 5.0% and missing data
containing heterozygous genotypes > 20.0% were filtered out
and the same final 373,106 high-quality polymorphic SNPs were
obtained (Fu et al., 2020). These markers included 359,760
(96.4%) from the 660K and 13,346 (3.6%) from 90K SNP
array, indicating SNPs in wheat 90K array have relatively low
polymorphisms in Chinese cultivars. Flanking sequences of SNP
markers were used for BLAST analysis against IWGSC RefSeq
v.1.0,2 to obtain physical positions in accordance with the best
BLAST hit results. Eventually these markers were integrated into
one consensus map, covering a total physical distance of 13.7 Gb,
accounting for about 95% of wheat whole genome sequences, and
were further utilized for GWAS. Relevant information is available
in our previous studies (Liu et al., 2017; Fu et al., 2020).

Genome-Wide Association Study
The 166 accessions were classified into three subpopulations by
the population structure using Structure v2.3.4 (Liu et al., 2017).

1http://www.capitalbiotech.com/
2http://www.wheatgenome.org/

The average linkage disequilibrium (LD) decay distances for A,
B, D, and whole genomes were approximately 6, 4, 11, and
8 Mb, respectively (Liu et al., 2017). In this study, GWAS was
conducted for each environment and BLUE values of GZnC
across 20GY, 20SJZ, and 20BJ. The site 20XJ was excluded
from the analysis owning to relatively low Pearson’s correlation
coefficients with other environments (data not shown). The low
Pearson’s correlation was possibly attributed to soil Zn content
heterogeneity in 20XJ with null Zn fertilizer application (Velu
et al., 2018). As for GFeC, GWAS was carried out across all four
environments and BLUE values. Three models, MLM (Q + K),
FarmCPU, and MLMM, were employed for the GWAS in GAPIT
a software package operating in R v3.5.13 (Tang et al., 2016). To
maximize chances of identifying all possible QTL, a threshold of
p = 1.0 × 10−3 (−log10 (p) = 3.0) was set for the significance of
marker-trait associations (MTAs). To control the false discovery
rate (FDR) at an appropriate level, those detected in three or more
environments (BLUE value was regarded as one environment
hereafter) by any of the three models were considered as reliable
MTAs (Fu et al., 2020). MTAs detected in the same LD block
or physically closely linked were grouped into a single QTL,
and the distance between the two very far flanking markers
was seen as the QTL interval. The most significant MTA with
the lowest value of p across environments in this interval was
selected as the representative marker, and its R2 output by
MLM was used to reflect the proportion of phenotypic variance
explained (Fu et al., 2020). Manhattan and quantile–quantile (Q–
Q) plots were generated using the CMplot package in R v3.5.1
software.4

Candidate Gene Identification
According to the gene annotations from IWGSC RefSeq
v.1.0 and putative homologs in the UniProt database,5 the
genes located in or adjacent to the physical intervals of
QTL identified in this study were subjected to be screened
as follows. (1) Those related to the molecular processes
in Zn/Fe homeostasis, such as metal uptake in the root,
transport in the xylem and phloem, storage in seeds, and
regulatory factors, were predicted to be potential candidates;
(2) analysis of orthologs between wheat and model plants
was carried out to obtain candidate genes in Triticeae-Gene
Tribe browser6 (Chen et al., 2020) with most of the genes
collected in Tong et al. (2020); (3) haplotype analysis was
performed within Wheat SnpHub Portal7 for 641 accessions
with known genome sequences (Hao et al., 2020; Wang et al.,
2020), and the genes without sequence variation were removed
from candidacy. The most promising candidate genes were
eventually selected. The database expVIP8 was used to investigate
spatio-temporal transcriptional dynamics of candidate genes,
providing expression profiles of these genes across tissues and
developmental stages (Ramírez-González et al., 2018).

3http://zzlab.net/GAPIT
4https://github.com/YinLiLin/R-CMplot
5http://www.uniprot.org/
6http://wheat.cau.edu.cn/TGT/
7http://wheat.cau.edu.cn/Wheat_SnpHub_Portal/
8http://wheat-expression.com/
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Kompetitive Allele-Specific PCR Marker
Development and Quantitative Trait
Locus/Loci Validation
The representative markers for 3AL and 7AL QTL were chosen
and converted to KASP markers. Chromosome-specific primers
were designed using Polymarker9 (Ramirez-Gonzalez et al., 2015)
and KASP assays were performed following Xu et al. (2020). The
KASP markers were successfully converted when their genotypic
results were the same as the original SNP arrays. The 146 F6
recombinant inbred lines (RILs) developed from a cross between
two modern wheat cultivars Zhongmai 175 and Lunxuan 987
(shorten as ZM175/LX987) with significantly different GZnC
were used as validation population for the target QTL. GZnC
was determined in the bi-parental population in the same way as
mentioned earlier in the natural population. Student’s t-tests were
conducted to verify allelic effects based on the phenotypic data
from the bi-parental population. For the candidate gene of QTL,
its variations between ZM175 and LX987 were extracted from the
genome resequencing database at Wheat SnpHub Portal (see text
footnote 7; Hao et al., 2020; Wang et al., 2020).

RESULTS

Phenotypic Variations
A wide range of continuous variations of GZnC and GFeC were
observed for the 166 accessions across all environments with
near-normal distributions (Supplementary Figures 1, 2). The
BLUE values for GZnC and GFeC were 29.25–50.98 mg/kg and
39.86–54.66 mg/kg with mean values of 38.03 and 45.97 mg/kg,
respectively (Table 1). In all the accessions, six cultivars with
the highest values for GZnC and GFeC were selected with the
BLUE values greater than 50 mg/kg and stable performance
across the environments (Supplementary Figure 3). Yumai2
and Xinong1376 were the cultivars with both high GZnC and
GFeC. Significant correlations (r) between environments were
observed for both GZnC and GFeC (Supplementary Figure 4).
The results of ANOVA revealed that the factors of genotypes,
environments, and G× E interactions markedly affect the GZnC
and GFeC (Supplementary Table 2). Broad sense heritabilities
(H2) of GZnC and GFeC were 0.71 and 0.72, respectively,
indicating a determinant role of genetic factors for phenotypic
variations (Table 1). A significant and positive correlation
was found between GZnC and GFeC based on BLUE values
(r = 0.45, p < 0.0001). GFeC was positively correlated with PH
(r = 0.35, p < 0.0001), whereas GZnC was not (Supplementary
Figure 4). TKW was positively correlated with GA and negatively
correlated with PH, and appeared not to be correlated with
either GZnC or GFeC.

Marker-Trait Associations and
Pleiotropic Loci
The significant associations were identified between SNPs and
GZnC and GFeC using MLM, FarmCPU, and MLMM based on

9http://www.polymarker.info/

the BLUE values (Figure 1) and the values in each environment
(Supplementary Figures 5A, 6A). The Q–Q plots showed
that the observed values of p were close to the expected
distributions indicating the proper control of false positive in
GWAS (Supplementary Figures 5B, 6B). Among the 2,214 and
1,340 significant MTAs for GZnC and GFeC, respectively, 154
and 72 corresponding to 25 and 16 different loci were identified
in at least three environments. These 41 loci were considered
as stable QTL and are summarized in Table 2. In total, 9,
11, and 8 QTL were only detected by MLM, MLMM, and
FarmCPU, respectively; five QTL were identified by two models;
eight were simultaneously detected through all the three models
(Supplementary Figure 7), indicating the complementarity and
reliability of the three models we employed.

For GZnC, 25 stable loci located on chromosomes 1A (2), 2A,
3A (4), 3B (2), 5A, 5D, 6A (2), 6B, 6D (3), 7A, 7B (4), and 7D
(3) explained the phenotypic variation (R2-value) ranging from
7.73 to 13.57% (Table 2). Among these, six loci on chromosomal
arms 3AS (AX_111528452, 19.89 Mb), 6AS (AX_111556928,
30.88 Mb), 7BL (Tdurum_contig65979_289, 539.22 Mb;
BS00022045_51, 626.07 Mb; AX_11046452, 687.84 Mb), and
7DL (AX_108866365, 605.17 Mb) were the most stable and
identified in all environments. The most significant marker was
AX_111528452 on 3AS with a p at 1.5 × 10−5 and R2-value at
13.57%. For GFeC, we detected 16 stable QTL on chromosomes
1A, 1B (5), 5A, 5B (4), 7A, 7B, and 7D (3) with R2-values ranging
from 7.56 to 14.49% (Table 2). One stable locus on the long arm
of chromosome 7D (AX_95151824, 614.54 Mb) was detected
in all five environments comprising BLUE values. The most
significant QTL was identified on 1BS (AX_111633663) with a p
at 1.1× 10−5 in the genomic region of 26.17–26.37 Mb.

Four pleiotropic loci were identified by comparing their
physical positions of stable MTAs for GZnC, GFeC, and
PH (Table 2 and Supplementary Table 3). One locus on
7AL (AX_94741862, 706.91 Mb) was simultaneously associated
with GZnC and GFeC while independent of PH and TKW,
indicating its potential value in breeding for high grain zinc and

TABLE 1 | The phenotypic variation and H2 of GZnC and GFeC in 166 wheat
cultivars across different environmentsa.

Trait Environment Min
(mg/kg)

Max
(mg/kg)

Mean
(mg/kg)

SD
(mg/kg)

H2

GZnC 20BJ 28.60 54.30 37.38 4.07 0.71

202GY 31.80 58.90 43.68 5.92

20SJZ 21.80 52.00 33.02 5.53

BLUE 29.25 50.98 38.03 3.95

GFeC 20BJ 32.50 57.70 41.51 4.39 0.72

20GY 35.20 60.95 45.96 4.80

20SJZ 36.00 57.50 43.82 4.27

20XJ 39.70 74.60 52.60 5.79

BLUE 39.86 54.66 45.97 3.56

aGZnC, grain zinc concentration; GFeC, grain iron concentration; 20BJ, 20GY,
20SJZ, 20XJ: Beijing, Gaoyi, Shijiazhuang, and Xinjiang locations, respectively,
2019–2020; BLUE: best linear unbiased estimation; SD, standard derivation; H2,
broad-sense heritability.
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FIGURE 1 | Manhattan plots for GZnC and GFeC analyzed by (A,B) the mixed linear model (MLM), (C,D) the fixed and random model circulating probability
unification (FarmCPU), and (E,F) the multiple loci mixed linear model (MLMM). The threshold of p = 1.0 × 10−3 (–log10 (p) = 3.0) was used for calling significant
marker-trait associations (MTAs). GZnC and GFeC indicate grain zinc and iron concentrations, respectively. BLUE indicates the best linear unbiased estimations
across environments. The wheat gene ID indicates cloned wheat genes or wheat orthologs of known Zn/Fe-related genes in model plants.

iron. Two loci on 5AL (AX_109311262, 495.92 Mb) and 7BL
(Tdurum_contig61856_900, 706.45 Mb) significantly increased
GFeC and PH, suggesting that they might be useful when plant
height is not an issue. The fourth pleiotropic locus located on 3AS
(AX_111528452, 20.33 Mb) increased the GZnC but decreased
the TKW. All the other 37 MTAs identified have no obvious
pleiotropic effects and can be easily used in breeding for genetic
improvement of either GZnC or GFeC (Table 2).

Candidate Genes Underlying Stable Loci
Twenty-eight promising candidate genes, located in or adjacent
to the physical intervals of the QTL, were identified to be
potentially involved in Zn/Fe uptake, transport, storage, and
regulations (Table 3). They showed polymorphisms in 641
cultivars which were re-sequenced (data now shown). Among
them, 17 genes were located within 2 Mb proximity of the
representative markers, and nine genes were located less than
1 Mb from the marker (Table 3). The remaining 11 genes,
mainly cloned wheat genes or wheat orthologs of known genes
in model plants (7 out of 11), were likely to be causal genes for
Zn/Fe homeostasis.

For Zn/Fe uptake, generally proton ATPases, nicotianamine
synthases, and phenolic compound transporter played key roles.

At least eight candidate genes were identified, and two of
them, TraesCS3A01G499300 and TraesCS7D01G098100, were
wheat orthologs of rice genes OsPEZ2 (Bashir et al., 2011;
Ishimaru et al., 2011) and OsIRT2 (Ishimaru et al., 2006)
with known functions for Zn/Fe homeostasis. The expression
profiles showed that all the above genes expressed at high
levels in roots, further supporting their potential roles in Zn/Fe
acquisition (Supplementary Figure 8). For Zn/Fe translocation,
key transporters, such as citrate efflux transporter, yellow
stripe-like (YSL) transporter, zinc-regulated transporter, and
iron-regulated transporter-like protein (ZIP) transporter, were
predominantly responsible for this process, and 11 putative genes
were identified accordingly. Four genes were wheat orthologs
of YSL genes (OsYSL1, OsYSL3, OsYSL7, and OsYSL8) in rice
(Waters et al., 2006; Chu et al., 2010; Grillet and Schmidt,
2019), one was cloned gene (TaCNR5) in wheat (Qiao et al.,
2019) related to zinc homeostasis, and the remaining six were
possible wheat specific or yet to be discovered in model plants.
These genes showed diverse expression patterns in different
tissues and ages (Supplementary Figure 8). None or very
little expression was detected in wheat grain, which partially
supported their Zn/Fe transport roles in vegetative tissues
(Kobayashi and Nishizawa, 2012).
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TABLE 2 | Significant loci associated with GZnC and GFeC in at least three environments in 166 wheat accessions using three models in GAPIT.

Traita Environmentb Chrc Physical interval
(Mb)d

Representative
SNPe

Allelef,g MAFf,h P-value
(× 10−4)f

R2

(%)f,i
Effectf P-value

for PHj
P-value

for TKWk
Reported QTLl

GZnC E1, E2, BLUE 1A 515.79–516.03 AX_108845138 C/T 0.11 1.11 11.88 2.58 0.439 0.765 QGZn.cimmyt-1A

E2, E3, BLUE 1A 580.42–586.13 AX_109976007 C/G 0.44 2.36 9.62 2.25 0.935 0.461 QGZn.cau-1A

E2, E3, BLUE 2A 246.51 AX_109885783 C/G 0.13 5.87 8.55 2.87 0.883 0.867

E2, E3, BLUE 3A 10.22 AX_111534768 G/A 0.18 1.91 9.91 3.19 0.964 0.164

E1, E2, E3, BLUE 3A 19.89–22.61 AX_111528452 T/G 0.31 0.15 13.57 3.06 0.377 0.001

E2, E3, BLUE 3A 696.23 AX_108843516 C/A 0.44 4.82 8.62 2.19 0.489 0.585 QGZn.cimmyt-3A.1

E2, E3, BLUE 3A 721.64–724.58 AX_109875082 T/A 0.46 0.20 13.53 2.63 0.061 0.850 QGZn.cimmyt-3A.2

E2, E3, BLUE 3B 202.41 AX_110479767 A/G 0.19 5.69 8.39 5.73 0.482 0.698

E2, E3, BLUE 3B 242.66 AX_109384871 G/A 0.17 7.35 8.04 6.80 0.177 0.527

E2, E3, BLUE 5A 591.28–592.63 AX_94729189 G/C 0.24 1.96 10.11 2.46 0.075 0.063

E2, E3, BLUE 5D 319.22 AX_94388289 C/G 0.20 4.21 8.81 2.82 0.284 0.599

E2, E3, BLUE 6A 17.77 AX_110365398 A/G 0.36 6.80 8.20 1.76 0.831 0.872

E1, E2, E3, BLUE 6A 28.31–31.37 AX_111556928 A/G 0.16 0.18 10.03 2.67 0.813 0.397

E2, E3, BLUE 6B 142.73 AX_110935664 A/G 0.39 0.79 11.44 2.41 0.391 0.830 QGZn.uh-6B

E1, E2, BLUE 6D 16.8–16.81 AX_108846745 T/C 0.49 4.32 8.83 1.75 0.602 0.507

E2, E3, BLUE 6D 27.52 AX_95220141 G/A 0.20 1.45 10.55 3.19 0.554 0.422

E2, E3, BLUE 6D 357.01 AX_110431664 T/C 0.25 2.78 9.38 2.81 0.008 0.706

E1, E2, BLUE 7A 706.91 AX_94741862 T/G 0.35 9.57 7.73 1.64 0.205 0.343 QGZn.ua-7A

E1, E2, E3, BLUE 7B 533.78–540.78 Tdurum_contig65979_
289

A/G 0.39 1.34 10.48 1.97 0.920 0.974

E1, E2, E3, BLUE 7B 626.06–626.07 BS00022045_51 A/G 0.48 0.52 13.09 1.66 0.091 0.524 QGZn.cimmyt-7B.5

E1, E2, E3, BLUE 7B 687.32–689.92 AX_110464521 G/A 0.26 0.76 12.48 1.75 0.708 0.491

E1, E2, BLUE 7B 708.11 AX_95000860 T/C 0.49 1.97 10.98 1.51 0.716 0.918 GZn-IWA4150

E2, E3, BLUE 7D 203.16 AX_110717434 C/T 0.14 0.19 13.24 3.83 0.231 0.891

E1, E3, BLUE 7D 506.11 GENE_3452_1116 G/A 0.38 2.74 9.47 1.86 0.485 0.399

E1, E2, E3, BLUE 7D 605.17 AX_108866365 C/G 0.19 1.24 10.60 2.16 0.697 0.812

GFeC E2, E3, BLUE 1A 15.43 AX_95081354 C/T 0.20 5.43 8.37 2.07 0.047 0.102

E1, E2, BLUE 1B 15.65–15.74 AX_86185361 C/G 0.30 2.03 9.12 1.72 0.222 0.182

E2, E4, BLUE 1B 26.17–26.37 AX_111633663 A/C 0.45 0.11 13.03 2.01 0.007 0.246

E1, E4, BLUE 1B 38.63–38.83 AX_109837760 T/G 0.48 0.45 11.13 1.71 0.002 0.742 QGFe.cimmyt-1B

E2, E3, BLUE 1B 660.01 Tdurum_contig68980_
448

A/G 0.29 4.96 7.97 1.43 0.202 0.018

E1, E4, BLUE 1B 688.28–689.27 AX_110457631 C/T 0.36 1.37 9.64 1.42 0.087 0.618

E1, E4, BLUE 5A 495.92 AX_109311262 G/A 0.09 6.82 7.56 2.01 0.000 0.331 QGFe.sau-5A.1

E2, E3, BLUE 5B 531.58 AX_94967094 C/T 0.39 5.82 7.76 1.39 0.668 0.480 QGFe.cimmyt-5B.2

E2, E3, BLUE 5B 548.33 AX_111484713 G/A 0.20 1.89 9.22 1.68 0.404 0.002

E2, E3, BLUE 5B 622.54 AX_111033847 C/T 0.32 2.38 8.92 1.50 0.097 0.176 QGFe.cimmyt-5B.3

E3, E4, BLUE 5B 679.03 AX_109412899 G/A 0.18 3.13 8.56 1.69 0.696 0.163 QGFe.cimmyt-5B.4

E3, E4, BLUE 7A 706.91 AX_94741862 T/G 0.35 1.19 9.82 1.38 0.196 0.165 QGFe.iari-7A

E3, E4, BLUE 7B 706.37–706.86 Tdurum_contig61856_
900

A/C 0.36 0.52 10.93 1.42 0.001 0.035 QGFe.cimmyt-7B

E2, E3, BLUE 7D 54.99 AX_108920250 C/T 0.44 0.14 14.49 2.27 0.989 0.005

E2, E3, BLUE 7D 69.31 AX_111359934 G/A 0.40 4.67 8.58 1.65 0.937 0.142

E1, E2, E3, E4, BLUE 7D 614.51–614.92 AX_95151824 T/G 0.32 0.96 10.12 1.43 0.122 0.101 QGFe.sau-7D

aGZnC, grain zinc concentration; GFeC, grain iron concentration.
bE1, E2, E3, E4: Beijing, Gaoyi, Shijiazhuang, and Xinjiang locations, respectively, 2019–2020; BLUE, best linear unbiased estimation; BLUE-value was also used to
conduct GWAS and was regarded as one environment.
cChr, chromosome.
dPhysical positions of single nucleotide polymorphism (SNP) markers were based on IWGSC RefSeq v.1.0 (http://www.wheatgenome.org/).
eThe most significant SNP with the lowest p across environments for the corresponding locus was regarded as a representative.
f The information in corresponding columns are based on the representative SNP.
g“_” indicates the favorable allele with the increasing effect on GZnC or GFeC.
hMAF: minor allele frequency.
iR2 indicates the percentage of phenotypic variance explained by the SNP marker.
jPH, plant height. The values of p for association between the representative markers of GZnC/GFeC QTL and plant height were calculated by GAPIT using the MLM
model.
kTKW, thousand kernel weight. The p for association between the representative markers of GZnC/GFeC QTL and thousand kernel weight were calculated by GAPIT
using the MLM model.
lThe closest linked markers or mid-points of previous reported QTL intervals are present in Tong et al. (2020). Those loci with physical distances smaller than or approximate
to one LD block away from reported QTL were considered as the same with the previous QTL.
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TABLE 3 | Putative candidate genes underlying the loci associated with GZnC and GFeC.

Traita Chrb Physical interval of
identified QTL (Mb)c

Candidate gened Physical
positionc

Distanced

(Mb)
Ortholog/Putative functionalitye Putative involved

processf

GZnC 1A 515.79–516.03 TraesCS1A01G326700 516.73 0.70 Citrate-binding protein Transport

1A 580.42–586.13 TraesCS1A01G425100 580.18 5.95 JAR1 (Kobayashi, 2019) Regulations

3A 19.89–22.61 TraesCS3A01G036400 19.98 0.09 ABC transporter G family member Uptake

3A 721.64–724.58 TraesCS3A01G499300 724.49 0.09 OsPEZ2 (Bashir et al., 2011;
Ishimaru et al., 2011)

Uptake

3B 202.41 TraesCS3B01G191300 204.28 1.88 OsYSL1 (Chu et al., 2010) Transport

3B 242.66 TraesCS3B01G214000 253.90 11.24 TaCNR5 (Qiao et al., 2019) Transport

5A 591.28–592.63 TraesCS5A01G391700 587.40 5.24 Vrn-A1 (Jobson et al., 2018) Regulations

5D 319.22 TraesCS5D01G209900 318.10 1.12 TaVIT2-5D (Connorton et al., 2017) Storage

6A 17.77 TraesCS6A01G042900 22.54 4.76 OsYSL7 (Chu et al., 2010) Transport

6A 28.31–31.37 TraesCS6A01G051700 26.93 1.95 NAC domain-containing protein Regulations

6B 142.73 TraesCS6B01G145600 145.88 3.14 ABC transporter B family protein Uptake

6D 27.52 TraesCS6D01G049900 24.19 3.33 OsYSL8 (Grillet and Schmidt, 2019) Transport

7A 706.91 TraesCS7A01G527900 708.67 1.76 Magnesium transporter Uptake

7B 533.78–540.78 TraesCS7B01G299200 536.01 3.21 BZIP transcription factor Regulations

7B 626.06–626.07 TraesCS7B01G364800 627.98 1.91 NRAMP1 (Segond et al., 2009) Storage

7B 687.32–689.92 TraesCS7B01G429600 698.14 9.30 Zinc ion binding protein Storage

7B 708.11 TraesCS7B01G444600 708.95 0.83 Magnesium transporter Transport

7D 203.16 TraesCS7D01G237500 201.88 1.29 Copper-transporting ATPase Uptake

7D 506.11 TraesCS7D01G392800 507.81 1.70 BZIP transcription factor Regulations

7D 605.17 TraesCS7D01G504400 610.53 5.36 Heavy metal transport Transport

GFeC 1B 15.65–15.74 TraesCS1B01G030800 15.16 0.28 ABC transporter ATP-binding
protein

Uptake

1B 660.01 TraesCS1B01G437100 659.98 0.03 Calcium-transporting ATPase Uptake

5B 531.58 TraesCS5B01G349500 530.78 0.80 Fe2+ transporter Transport

5B 548.33 TraesCS5B01G370100 548.81 0.47 ATP-dependent zinc
metalloprotease

Transport

5B 622.54 TraesCS5B01G453100 626.01 3.46 OsYSL3 (Waters et al., 2006) Transport

7D 54.99 TraesCS7D01G098100 58.90 3.90 OsIRT2 (Ishimaru et al., 2006) Uptake

7D 69.31 TraesCS7D01G113100 69.26 0.06 BHLH family transcription factor Regulations

7D 614.51–614.92 TraesCS7D01G515800 615.91 1.37 Magnesium transporter Transport

aGZnC, grain zinc concentration; GFeC, grain iron concentration.
bChr, chromosome.
cPhysical positions of SNP markers and annotated genes were based on IWGSC RefSeq v.1.0.
dThe distances between representative markers and candidate genes.
eGene ID and functional annotations were based on IWGSC RefSeq v.1.0. The underlined genes indicated the cloned Zn/Fe-related genes in common wheat.
f Putative involved processes were based on the regulatory mechanisms of corresponding orthologous gene in Arabidopsis and rice, as well as gene annotations from
IWGSC RefSeq v.1.0.

The storage of metal into vacuoles in seeds was mainly
mediated by vacuolar iron transporter (VIT) family members
(Zhang et al., 2012), and the efflux of metal from the vacuolar
to cytosol was mainly controlled by NRAMP family (Segond
et al., 2009), which made TraesCS5D01G209900 (TaVIT2-
5D) and TraesCS7B01G364800 (ortholog of AtNRAMP1)
promising candidate genes responsible for the Zn/Fe storage
in seeds (Segond et al., 2009; Connorton et al., 2017).
TraesCS7B01G429600 encoding a zinc binding protein showed
high expression in wheat grain and was also considered as
a promising candidate gene involved in the Zn/Fe storage
(Supplementary Figure 8). Additionally, six regulator genes,
such as Vrn-A1, mainly known as transcriptional factors
(TFs) regulating the plant development, were identified.
TraesCS7B01G299200 and TraesCS7D01G392800, the bZIP TFs,

TraesCS7D01G113100, the bHLH TF, TraesCS6A01G0517000,
the NAC domain protein, and TraesCS1A01G425100, the
wheat ortholog of jasmonic acid-amido synthetase (JAR1),
were all putatively related to Zn/Fe homeostasis in wheat.
Their spatio-temporal expression profiles are provided in
Supplementary Figure 8.

Validation of 3AL Quantitative Trait
Locus/Loci and the Underlying Gene
Among all the MTAs, we chose the major QTL on 3AL for GZnC
(AX_109875082, 724.58 Mb) with high R2-value (13.53%) and the
pleiotropic locus on 7AL for GZnC and GFeC (AX_94741862,
706.91 Mb) to develop high-throughput KASP markers (Table 2
and Supplementary Table 4). Both QTL were independent
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of TKW and PH (Table 2). Their representative SNPs were
successfully converted to KASP assays after genotyping the
association panel and the same genotypic data were obtained
from the wheat 660K SNP array (data not shown). The marker
information was presented in Supplementary Table 4. The two
KASP markers were further used to test the ZM175/LX987
bi-parental population. For K_AX_109875082 on 3AL, a
t-test showed a significant difference of GZnC between lines
carrying favorable allele and lines with opposite allele across
environments (Figure 2B). No polymorphism was detected for
K_AX_94741862 on 7AL in this population. Those markers
closely linked to these QTL could be further detected in the
ZM175/LX987 bi-parental population.

For the 3AL QTL, the most significant markers were
located in the physical interval of 724,305,362–724,582,163 bp,
where nine genes were annotated (Figures 2A,C). Sequence
similarity analysis showed that TraesCS3A01G499300, annotated
as a multidrug and toxic compound extrusion (MATE)
family gene responsible for protein detoxification, had high
amino acid sequence identity (87%) with OsPEZ2 (Tong
et al., 2020). The gene OsPEZ2 played an important role
in metal uptake and translocation in rice and pez2 mutant
showed significantly reduced Fe concentration in root tips
and xylem sap (Bashir et al., 2011; Ishimaru et al., 2011).
TraesCS3A01G499300 is 5,562 bp long and consists of seven
exons in coding region (Figure 2C). Further sequence analysis
revealed that TraesCS3A01G499300 had abundant SNPs in
its flanking and coding regions between ZM175 and LX987
(Supplementary Table 5), especially four missense SNPs within
exons (Figure 2C), indicating TraesCS3A01G499300 is likely
to be the causal gene underlying 3AL QTL. Gene expression
data indicate that the gene is constitutively expressed and
is uniformly highly expressed in wheat root throughout
developmental stages, which further supports its candidacy
(Figure 2C).

DISCUSSION

Effects of Marker Density and Linear
Models on Wheat Genome-Wide
Association Study
In previous GWAS studies on wheat Zn/Fe, large gaps in the
genetic map were generally found due to the low marker number
and density as well as relatively long LD decays. In this study,
GWAS was conducted using high-density markers, such as
373,106 SNPs, making it possible to change the LD pattern,
thereby resulting in efficient identification of MTAs in many
low-recombination regions on wheat chromosomes (Kim and
Yoo, 2016). Forty-one loci for GZnC/GFeC were detected, and
the number is much higher than the QTL detected in previous
literature (Gupta et al., 2021). Out of the 41 representative
significant MTAs, only five markers came from the 90K SNP
array, and 36 were from the 660K array, indicating that high-
resolution GWAS was achieved by high density markers (Fu et al.,
2020; Pang et al., 2020).

In terms of population size, a relatively small collection was
used in this study. Nevertheless, the 166 core accessions were
selected from over 400 elite cultivars and represented much
diverse wheat accessions in China’s major wheat growing regions.
The same population has been used to conduct GWAS on many
yield or quality-related traits and performed highly informative
in our previous studies (Liu et al., 2017; Zhai et al., 2018,
2020; Li et al., 2019; Fu et al., 2020). MLM using Q + K as
covariant might be over-fitted possibly due to the strict control
of population structure and kinship, leading to false negatives
(Korte and Farlow, 2013). The multiple testing corrections tended
to be too stringent to detect sufficient both major and minor
MTAs. Whereas, the model FarmCPU as a complement, could
avoid over-corrected population structure to some extent by
utilizing fixed and random effect models iteratively (Kusmec and
Schnable, 2018). Using three models together, reliable loci for
GZnC and GFeC detected were almost doubled than using an
MLM alone in the present research.

Genetic Architecture Dissection by
Comparing Current Loci With Known
Quantitative Trait Locus/Loci
To date, hundreds of Fe/Zn-related QTL have been mapped
on all wheat chromosomes except 6D by bi-parental linkage
mapping and GWAS (Tong et al., 2020). For the 25 loci
associated with GZnC in this study, eight have similar physical
positions with known Zn-related QTL on 1AL (2), 3AL (2), 6BS,
7AL, and 7BL (2), respectively (Table 2 and Figure 3). As for
GFeC, half of the 16 loci were identified to coincide with the
documented QTL on 1BS, 5AL, 5BL (3), 7AL, 7BL, and 7DL,
respectively. Major overlapping regions were observed on 5BL,
where previous literatures reported a large number of Fe-related
QTL by bi-parental mapping, confirming its importance for the
gene discovery (Tong et al., 2020).

For the other 25 loci, comprising 17 loci for GZnC and
8 for GFeC, they were located in the chromosomal regions
that were different from the QTL previously reported and are
probably new loci (Table 2 and Figure 3). For example, three
QTL on 6D (AX_108846745, 16.81 Mb; AX_95220141, 27.52 Mb;
AX_110431664, 357.01 Mb) are highly likely to be novel since
no Zn/Fe-related QTL has been previously mapped on this
chromosome (Tong et al., 2020). Similarly, on chromosome
7D, there were only two Fe related QTL reported at 13.9 Mb
and 616.6 Mb, so the three loci for GZnC (AX_110717434,
203.16 Mb; GENE_3452_1116, 506.11 Mb; and AX_108866365,
605.17 Mb) and two loci for GFeC (AX_108920250, 54.99 and
AX_111359934, 69.31 Mb) were likely to be new. The new
loci identified in this research have significantly enriched our
understanding of the genetic basis of the complicated Zn and Fe
traits in wheat.

Promising Candidate Genes Related to
Grain Zinc Concentration and Grain Iron
Concentration
To date, numerous genes involved in Zn and Fe homeostasis in
model plants have been extensively studied (Tong et al., 2020;
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FIGURE 2 | (A) Local Manhattan plot and linkage disequilibrium (LD) heatmap of single nucleotide polymorphisms (SNPs) within the 3AL quantitative trait loci (QTL)
identified for grain zinc concentration (GZnC). 20BJ, 20GY, and 20SJZ: Beijing, Gaoyi, and Shijiazhuang locations, respectively, 2019–2020. BLUE: best linear
unbiased estimations. (B) The validation of 3AL QTL in ZM175/LX987 RIL population. Histograms for GZnC in the population using BLUE values across three
environments (top and left); genotype calling result of the kompetitive allele-specific PCR (KASP) markers for K_AX_109875082 in the population (top and right);
allelic effects of K_AX_109875082 on GZnC in the population across 20BJ, 20SJZ, 20XJ, and BLUE (bottom). AA and TT indicate two homozygous genotypes for
this marker from LX987 and ZM175, respectively. AT indicates the heterozygous genotype, and NTC represents no template control. 20XJ: Xinjiang location in during
2019–2020. The black diamond in each box indicates the mean. *p < 0.05; **p < 0.01; ***p < 0.001; ns: not significant. (C) The nine annotated genes identified
close to AX_109875082 with the highest p in the 3AL QTL region (top); the spatio-temporal expression profiles of the candidate gene TraesCS3A01G499300
(bottom and left); the gene structure of TraesCS3A01G499300 containing four exons with missense variants between ZM175 and LX987 (bottom and right), and red
arrows indicate the positions of the exon missense variants between ZM175 and LX987.

Gupta et al., 2021). Wheat gene annotations from the IWGSC
RefSeq v.1.0 provided a useful tool to further investigate the
candidate genes located in or adjacent to the QTL identified.
In the current study, 28 candidate genes were identified for

Zn/Fe homeostasis, such as uptake, transport, storage, and
regulations (Figure 4). The spatio-temporal expression profiles
were highly consistent with their putative functions, indicating
their possible roles in wheat Zn/Fe homeostasis. Of them, 11
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FIGURE 3 | Genetic architectures of grain zinc and iron in wheat. The top of each graph indicates the chromosome number in wheat and the left shows the physical
positions based on IWGSC RefSeq v.1.0. The loci identified to associate with GZnC and GFeC are shown with black and blue fonts, respectively. The representative
markers (noted in Table 2) identified in this study were used to be compared with previous reported QTL that are underlined. The closest linked markers or
mid-points of previous reported QTL intervals were from Tong et al. (2020). Promising candidate genes are highlighted as red color. Black bars indicate the locations
of centromeres.

genes were putative wheat orthologs of known Arabidopsis and
rice genes related to Zn/Fe homeostasis, partially supporting the
authenticity of the detected loci.

TraesCS3A01G499300, the candidate gene for 3AL QTL, was
an ortholog of OsPEZ2, an efflux transporter for phenolics
that served as chelators to facilitate metal uptake by root in
rice (Bashir et al., 2011; Ishimaru et al., 2011). A very recent
study demonstrated the pivotal roles of MATE family genes
of protein detoxification for metal uptake and transport in
rice roots and stems, further supporting the potential role of
TraesCS3A01G499300 on Zn/Fe homeostasis (Ren et al., 2021).
Abundant sequence variations of the gene between ZM175 and
LX987 were observed and provided strong evidence that it is
possibly the causal gene and deserves further studies. In addition,
we successfully developed KASP markers for the 7AL QTL but
unfortunately it returned monomorphic in ZM175/LX987 RILs.
However, it was interesting to find that the candidate gene
TraesCS7A01G527900 (706.91 Mb) underlying 7AL QTL was

homologous with TraesCS7B01G444600 (708.11 Mb) on 7BL and
TraesCS7D01G515800 (615.91 Mb) on 7DL for the three QTL
identified in this study. The three candidate genes annotated as
magnesium transporters were exactly the three homeologs for
the same gene in each sub-genome. These loci are potentially
important and we are now developing KASP markers for 7BL and
7DL QTL for validation. If any loci are validated in ZM175/LX987
or other mapping populations, the roles of all three loci in metal
homeostasis can be presumed. The candidate genes identified
in this study provided genetic bases for further elucidating the
mechanisms of Zn and Fe homeostasis in wheat.

Applications in Wheat Breeding for
Biofortification
Since most common wheat had suboptimal GZnC and GFeC,
it is imperative to identify Zn/Fe-related QTL or genes as
many as possible and to re-introduce or to pyramid them into
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FIGURE 4 | A brief model proposed for grain zinc and iron accumulation in common wheat based on the promising candidate genes identified. The wheat gene ID
framed with blue and red boxes indicates zinc and iron genes, respectively, and the genes in the small brackets indicate known Zn/Fe related genes in model plants.
The cloned zinc related genes in wheat are highlighted as yellow.

current wheat gene pools. In this study, 12 accessions with stable
high GZnC or GFeC were identified with BLUE values over
50 mg/kg (Supplementary Figure 3). The elite germplasm, such
as Xiaoyan54 and Xinong1376 are currently cultivars in wheat
production and can be used immediately as donor parents for
wheat biofortification.

Although no significant correlation was observed between
TKW and GZnC/GFeC in the present study, one pleiotropic
locus on 3AS (AX_111528452, 20.33 Mb) was identified to
increase GZnC but decrease TKW in all four environments. This
QTL may be useful in certain crosses for biofortification
when TKW is high enough. In addition, when plant
height does not significantly affect the overall performance,
pleiotropic loci on 5AL (AX_109311262, 495.92 Mb) and 7BL
(Tdurum_contig61856_900, 706.45 Mb) could exert effects on

Zn/Fe enrichment. It should be noted that favorable allele
frequencies for the above three representative markers were 0.31,
0.09, and 0.36, respectively, indicating quite low frequency in our
association panel (Supplementary Table 3). Considering only
very few GZnC/GFeC loci had negative pleiotropic effects on
agronomic traits such as TKW and PH, we speculated that there
were still high chances for the improvement of GZnC/GFeC
without yield penalty (Velu et al., 2018).

The fast release of wheat reference genome sequences and
pan-genomes will undoubtedly speed up the process of marker
development and gene discovery for wheat biofortification.
Cloning important genes involved in Zn/Fe uptake, transport,
storage, and regulations and pyramiding favorable alleles are
promising avenues to increase the GZnC and GFeC in wheat
cultivars. The 3AL locus was validated using a bi-parental
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population and its candidate gene was proposed as an uptake
related gene, highlighting its potential use in wheat breeding.
High-throughput and breeder-friendly KASP markers will pave
the way for MAS in breeding and accelerate the release of
biofortified wheat.

CONCLUSION

A GWAS using multiple models is demonstrated as a powerful
approach for genetic dissection of micronutrient traits in wheat
based on a high-resolution physical map. Sixteen loci were
identified in the similar regions of known QTL related to
Zn/Fe, and 25 loci were new. Twenty-eight promising candidate
genes were identified based on bioinformatics analyses and
gene expression data and are worthy of further investigation.
The effect of one major QTL on 3AL was validated in a bi-
parental population, highlighting its potential application for
wheat biofortification.
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Relationship of Starch Pasting
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Tingbo Dai, Weixing Cao and Dong Jiang*

College of Agriculture, Nanjing Agricultural University, Nanjing, China

Starch plays an important role in food industry. In this study, three wheat cultivars
with different protein contents were used to investigate the different ratios of starch
addition on starch pasting properties, starch thermal performance, dough rheology,
biscuit quality, and their relationships. Results showed that with the increase in starch
content, gluten, protein and glutenin macropolymer (GMP), lactic acid solvent retention
capacity (SRC), sucrose SRC, and onset temperature (To) decreased, while most
pasting parameters and gelatinization enthalpy (1H) increased. Viscosity parameters
were significantly negatively correlated with dough stability time, farinograph quality
number (FQN), and sucrose SRC. Biscuit quality was improved by starch addition,
indicated by lower thickness and hardness, higher diameter, spread ratio, and sensory
score. Viscosity parameters were positively correlated to diameter, spread ratio, and
sensory score of biscuit, while negatively correlated to hardness and thickness of biscuit.
Image analysis showed that the crumbs of biscuit were improved as shown by bigger
pores in the bottom side. The results provide useful information for the clarification of
the role of starch in determining biscuit quality and the inter-relationships of flour, dough,
and biscuit.

Keywords: gelatinization, quality, short biscuit, starch, wheat

INTRODUCTION

Biscuits are one of the most popular wheat products due to their ready to-eat, long shelf-time, and
wide-variety (Moriano et al., 2018). The biscuit production had increased from 1.05 to 12.5 million
tons with an annual growth rate of 18.0% from 2004 to 2019 in China (Yang et al., 2022). Wheat
flour with low content of protein and gluten is believed an ideal material for biscuits, cookies, and
other bakery foods (Manley, 2011). However, most of the commercial wheat grains in China had
medium to high protein content due to higher N fertilizer input. Xu et al. (2016) analyzed 7,561
samples of 742 varieties from the main production region of wheat in China from 2006 to 2015 and
found that the ratio of weak gluten wheat was lower than 1%. It is thus of importance to produce
wheat flour with low-protein content for the biscuit industry in China.

It is believed that biscuit quality is closely related to flour protein content. The hardness of
biscuits are suggested to increase gradually with elevated protein and gluten levels (Fustier et al.,
2008; Pauly et al., 2013). Good quality soft wheat flour produces large spread cookies with a large
diameter and low thickness. However, Moiraghi et al. (2011) found that protein and gluten contents
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were not related to cookie diameter. The protein content in
flour for biscuit baking varied greatly among different flours.
In the U.S., the protein content of five popular brands of self-
rising flours applied in biscuit-baking varied widely, with protein
contents of 6.7, 8.5, 9.4, 9.7, and 10.0%, respectively (Ma and Baik,
2018). The wide variation in the protein content of commercial
self-rising flours indicates that flour protein content may not
be a critical wheat characteristic for biscuit production (Ma and
Baik, 2018). During the dough formation, gluten proteins in the
flour are hydrated to form gluten networks. The gluten network
is important in bread and other soft products, whereas it does
not play a fundamental role in biscuits (Schober et al., 2003).
Actually, the gluten network has to be only slightly developed to
obtain a cohesive but not a very elastic dough. It is also reported
that biscuits can be produced without gluten. Reasonable textural
quality biscuits can be made from flours of many different types
of gluten-free grains, including sorghum, pseudocereals, and
legumes to meet the demand of population affected by the celiac
disease (Di Cairano et al., 2020; Adedara and Taylor, 2021).
So gluten may play a secondary role in the production and
end-product quality of biscuit (Engleson and Atwell, 2008).

Although starch is the most abundant component of wheat
grain (about 70–75%), its role in biscuit baking has not been
paid enough attention. Our previous studies showed that the
characteristics of starch are strongly related to biscuit quality
(Zhou et al., 2018; Yang et al., 2022). The texture of biscuits
does not depend on protein/starch structure, but primarily on
starch gelatinization and super-cooled sugars (Thejasri et al.,
2017). Adedara and Taylor (2021) reported that the increased
proportion of pre-gelatinized flour starch in the dough reduced
the breaking strength of biscuits. Ma and Baik (2018) reported
that biscuit-specific volume exhibited positive correlations with
the peak viscosity of starch. In biscuit structure, gas cells
with various sizes and shapes are embedded in the matrix
of gelatinized starch, fat, and sugar. The gelatinization of
starch contributes to the formation of the biscuit matrix
(Pauly et al., 2013).

Weak gluten wheat was less supplied because it is usually
associated with low yield due to low N input. Starch addition is
an effective way to produce flour with low protein and gluten
content to meet the requirement for biscuit baking. However,
the functionality of starch on the processing quality during
biscuit making is far less understood than protein. In this work,
recombined flour of different starch gradients were produced to
probe and clarify the influence of different incorporation levels
of starch addition on starch pasting properties, starch thermal
performance, dough rheology, biscuit quality, and their inter-
relationships. This work will be attempted to disclose how starch
addition may regulate the properties of flour, dough, and biscuits
and provide guidance for the improvement in biscuit quality.

MATERIALS AND METHODS

Materials
Three widely grown winter wheat cultivars (Triticum aestivum
L.) in Jiangsu province and surrounding areas were taken in

the present experiment. The three cultivars contain different
grain protein content (GPC), such as Ningmai 13 (NM13,
low GPC), Yangmai 16 (YM16, medium GPC), and Zhengmai
9023 (ZM9023, high GPC). Wheat grain was tempered to 14%
moisture prior to milling for 12 h with a laboratory Miller (ZS70-
II, grain and oil foodstuff machine factory, Zhuozhou, China).
The flour yield was about 70%. The starch contents of NM13,
YM16, and ZM9023 were 78.81, 78.30, and 77.61%, respectively.

Preparation of Flour Varied With Starch
Content
Starch from flour of each cultivar of wheat was isolated with the
method of Gujral et al. (2013). Briefly, wheat flour was mixed
with a moderate quantity of water to form dough. The dough
was washed thoroughly with 0.2 M NaCl solution. The slurry
was filtrated through a sieve, followed by being centrifugation at
3,000g for 10 min. After isolation, the purified starch was freeze-
dried using an Alpha 1-4 LD plus freeze dryer (Christ, Germany).
The purified starch obtained from the above-mentioned process
was returned to the native flour of the corresponding cultivars
to obtain flour with different starch contents. For each cultivar,
the additive amount of starch was set at 5, 10, 15, 20, and 25 g,
respectively, to make a final amount of 100 g for each recombined
flour. The samples without addition of starch were used as control
(0). Three biological replicates were used for further analysis.

Contents of Protein, Gluten, Glutenin
Macropolymer, and Starch Components
Flour N content was determined using the micro-Kjeldahl
distillation method of AACC 46-11A (2000), and the protein
content was calculated as N content multiplied by 5.7. Gluten
content was determined according to AACC 38-12.02 procedure
(AACC, 2000) with a gluten instrument (Perten instruments AB,
Stockholm, Sweden). The GMP content was determined by the
method described by Weegels et al. (1994). Briefly, 50 mg of
flour sample was suspended in 1 ml of SDS (1.5%) solution
and then centrifuged at 15,500 g at 20◦C for 30 min. The
sediment was washed twice with SDS solution (1.5%). Then
the sediment was dissolved in 2 ml NaOH (0.2%) for 30 min,
and the N content in the sediment was recorded as GMP
content. Contents of amylose and amylopectin were determined
using dual-wavelength spectrophotometric assay following the
method of Zhang et al. (2010).

Solvent Retention Capacity
Solvent retention capacity tests of flour were determined
according to AACC 56-11 (AACC, 2000). Briefly, SRC is the
weight of solvent held by flour after centrifugation. It is expressed
as a percent of flour weight. Four solvents are independently used
to produce four SRC values: water SRC, 50% sucrose SRC, 5%
sodium carbonate SRC, and 5% lactic acid SRC.

Pasting and Thermal Properties
Pasting properties were analyzed with a Rapid Viscosity
Analyzer 130 (RVA-3D super-type, Newport Scientific, Australia)
according to AACC 76-21 (2000). Thermal properties were
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measured by differential scanning calorimetry 8,000 (DSC)
(PerkinElmer, USA) according to the method described in our
previous study (Yang et al., 2022). The gelatinization temperature
(To, onset temperature; Tp, peak of gelatinization temperature;
Tc, conclusion temperature) and gelatinization enthalpy (1H)
were calculated by Pyris software.

Rheology and Texture Profile of Dough
Dough rheology was determined using Brabender Farinograph-E
(Duisburg, Germany) following the method of Chinese national
standards GB/T 14614-2006 (Committee, 2006). Dough texture
profile (adhesiveness and cohesiveness) was determined by
the texture analyzer (TA. XT2i, Stable Micro Systems, Surrey,
United Kingdom) using a 25 mm Perspex cylinder probe (P/25P)
with 5-kg load cell. The conditions for TPA were kept at: pre-
test speed of 0.5 mm/s, test speed of 0.5 mm/s, post-test speed of
10 mm/s with a force of 40 g.

Biscuit-Making Procedure
The biscuit-baking procedure was carried out according to the
Commercial Industry Standard SB/T10141-93 (China, 1993). The
formula included flour (300 g, 14% moisture basis), sugar (85.5 g),
maltose (13.8 g), shortening (45 g), cream(6 g), sodium chloride
(0.9 g), sodium bicarbonate (0.21 g), ammonium bicarbonate
(0.9 g), non-fat dry milk(13.8 g), and egg (50 g). The dough
was developed using a Hobart N5 mixer (Hobart Corporation,
Troy, OH, United States) and then sheeted to a thickness of 2.5–
3 mm, followed by being cut using a rotary mold with 40 mm in
diameter, and finally being baked at 200◦C for 10 min. Biscuits
were cooled for 30 min after removing from the oven and then
the baking-quality-related parameters were analyzed.

Biscuit Quality Test
Width, thickness, and spread ratio of biscuit were measured
according to the method of Kaur et al. (2015). Biscuit width (W)
was measured by laying six biscuits edge to edge and rotating
the biscuits 90◦ and rearranging them to get the average width.
Biscuit thickness (T) was measured by stacking six biscuits on
top of each other and restacking them in different orders to get
the average thickness. The spread ratio (SR) was calculated as
follows: SR = W/T.

The color of biscuit was determined using a Chroma Meter
(CS-10, Caipu company, Hangzhou, China). Five replicates of
each biscuit type were measured from five different points. The
color parameters determined were L∗ (0, black; 100, white), a∗
(−100, green;+ 100, red), and b∗ (−100, blue;+ 100, yellow).

Biscuit hardness was determined by a texture analyzer (TA.
XT, Stable Micro Systems, Surrey, United Kingdom) using
a sharping P/5 probe according to our previous method
(Zhou et al., 2018).

Image analysis of the bottom side of the biscuit was carried
out according to Wilderjans et al. (2008). The biscuits were
placed on a flatbed scanner (Epson Perfection V30, Seiko Epson
Corporation, Japan), and images of the bottom side of the biscuit
were captured. The images were processed using Image J version
1.49 software (NIH, Bethesda, United States), and two features,
namely, mean cell area and cell to total area ratio were selected

to reflect the collapse condition of the biscuits. The bottom side
cells detection was conducted on the binary images based on the
Otsu thresholding algorithm (Ohtsu, 1979).

Sensory evaluation of biscuits was evaluated by a panel of
ten trained judges from the laboratory according to the method
of Commercial Industry Standard SB/T10141-93 (China, 1993).
Biscuits were coded with different numbers and presented to the
evaluator at a random order to evaluate the appearance, mouth
feel, texture, crispness, and general acceptability.

Statistical Analysis
All data were subjected to one-way ANOVA using the SPSS
Version 10.0. ANOVA mean comparisons were performed in
terms of the least significant difference (LSD), at the significance
level of p < 0.05. Correlation regression was analyzed using
Sigmaplot 12.5. All the tests were performed with three
technical repetitions.

RESULTS

Flour Protein, Glutenin Macropolymer,
Wet Gluten, Damaged Starch, and Starch
Components
Protein content in native flour was significantly different among
the three cultivars (Figure 1A), and that of NM 13, YM 16, and
ZM 9023 was 10.7, 11.25, and 12.2%, respectively. The addition of
starch linearly decreased protein content in the recombined flour.
The final protein content in the recombined flour still followed
the pattern as in native flour among three cultivars. Increasing
starch addition up to15%, the corresponding protein content
decreased to 9.1, 9.5, and 10.4% of NM 13, YM 16, and ZM 9023,
respectively. Consistent with protein, contents of gluten and
GMP in the recombined flours also linearly decreased with the
increase of starch addition in the three cultivars (Figures 1B,D),
and at the same starch addition, ZM 9023 had the highest value,
and NM 13 the lowest. The addition of starch linearly increased
contents of damaged starch, amylose, and amylopectin in the
recombined flours (Figures 1C,E,F).

Solvent Retention Capacity
Lactic acid SRC (LASRC) and sucrose SRC (SUCSRC) linearly
decreased with the increasing starch addition in the recombined
flour of the three cultivars (Figures 1G,H), while Na2CO3 SRC
(SODSRC) increased with the increasing addition of starch
(Figure 1I). The highest LASRC and SUCSRC were found
in ZM9023 and the lowest in NM13. Water SRC (WSRC)
first increased and then decreased with increasing starch
addition (Figure 1J), and it reached the maximum at 15%
of starch addition for NM13 and ZM9023, and at 10% of
addition for YM 16.

Pasting and Thermal Properties
NM13 had the highest value of most pasting parameters, with
an exception of the pasting temperature, followed by YM 16 and
ZM9023 (Table 1). Starch addition increased the peak viscosity,
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FIGURE 1 | Effects of the addition amount of starch on contents of protein (A), gluten (B), GMP (D), damaged starch (C), starch components (E, amylose content;
F amylopection content) and SRC in the recombined flour (G, Latic SRC; H, Sucrose SRC; I, Na2CO3 SRC; J, Water SRC). NM13, YM16, and ZM9023 indicate
Ningmai 13, Yangmai 16, and Zhengmai 9023, respectively.
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TABLE 1 | Effect of additional amount of starch on starch component, pasting, and thermal properties of wheat.

Cultivar Treatment Viscosity properties Thermal properties

Peak V/cP Trough V/cP Breakdown/cP Final V/cP Setback/cP Peak
time/min

Pasting T/◦C To(◦C) Tp(◦C) Tc(◦C) 1H(J/g)

NM
13

0 3288 ± 5.65f 1803 ± 2.82f 1485 ± 2.82f 3344 ± 8.48f 1541 ± 5.65f 6.50 ± 0.04c 68.45 ± 0.00a 60.58 ± 0.29a 66.02 ± 0.11a 71.15 ± 0.21a 7.76 ± 0.31e

5% 3432 ± 2.82e 1911 ± 7.07e 1521 ± 4.24e 3540 ± 7.07e 1629 ± 0.00e 6.60 ± 0.00b 68.38 ± 0.03a 60.59 ± 0.29a 65.84 ± 0.15b 70.99 ± 0.31ab 7.88 ± 0.06de

10% 3552 ± 14.84d 2013 ± 5.65d 1539 ± 9.19d 3682 ± 5.65d 1669 ± 0.00d 6.60 ± 0.00b 68.10 ± 0.07b 58.38 ± 0.17b 66.00 ± 0.26a 71.20 ± 0.31a 8.23 ± 0.16d

15% 3600 ± 9.89c 2031 ± 8.48c 1569 ± 1.41c 3730 ± 5.65c 1699 ± 2.82c 6.60 ± 0.00b 67.40 ± 0.07c 57.72 ± 0.14c 65.90 ± 0.26ab 71.13 ± 0.21a 9.51 ± 0.11c

20% 3758 ± 5.65b 2163 ± 5.65b 1595 ± 0.00b 3870 ± 4.24b 1707 ± 1.41b 6.67 ± 0.00a 67.43 ± 0.03c 56.10 ± 0.25d 66.01 ± 0.15a 70.76 ± 0.39b 10.32 ± 0.39b

25% 3926 ± 4.94a 2256 ± 6.36a 1670 ± 1.41a 3969 ± 3.53a 1713 ± 2.82a 6.66 ± 0.00a 66.40 ± 0.00d 55.12 ± 0.16e 66.00 ± 0.15a 71.13 ± 0.23a 11.09 ± 0.34a

YM
16

0 3019 ± 3.53f 1688 ± 9.19f 1331 ± 5.65f 3038 ± 7.77f 1350 ± 1.41d 6.27 ± 0.00c 68.90 ± 0.07a 61.55 ± 0.35a 66.00 ± 0.21a 70.31 ± 0.28a 6.59 ± 0.27f

5% 3131 ± 2.82e 1721 ± 9.89e 1410 ± 7.07e 3101 ± 2.12e 1380 ± 12.02d 6.33 ± 0.00b 68.75 ± 0.07b 61.33 ± 0.31a 65.79 ± 0.11a 70.67 ± 0.37a 7.09 ± 0.34e

10% 3248 ± 6.36d 1779 ± 7.77d 1469 ± 1.41d 3240 ± 3.53d 1461 ± 4.24c 6.33 ± 0.00b 68.18 ± 0.03c 59.88 ± 0.36b 65.80 ± 0.15a 70.46 ± 0.12a 8.09 ± 0.16d

15% 3351 ± 7.77c 1843 ± 18.38c 1508 ± 10.61c 3339 ± 4.24c 1496 ± 22.62bc 6.33 ± 0.00b 68.15 ± 0.00cd 58.80 ± 0.25c 65.17 ± 0.14b 70.26 ± 0.01a 9.21 ± 0.39c

20% 3411 ± 7.07b 1887 ± 14.14b 1524 ± 7.07b 3416 ± 7.77b 1529 ± 21.92b 6.46 ± 0.01a 68.10 ± 0.07cd 57.50 ± 0.38d 66.00 ± 0.18a 70.66 ± 0.34a 10.09 ± 0.11b

25% 3470 ± 4.24a 1915 ± 8.48a 1555 ± 4.24a 3520 ± 16.26a 1605 ± 24.74a 6.47 ± 0.00a 68.03 ± 0.02d 56.00 ± 0.34e 65.20 ± 0.22b 70.82 ± 0.34a 10.89 ± 0.34a

ZM
9023

0 2040 ± 6.33f 1238 ± 9.19e 802 ± 2.82e 2409 ± 4.24f 1170 ± 4.94f 6.07 ± 0.00d 68.75 ± 0.00bc 63.50 ± 0.21a 65.33 ± 0.29a 69.87 ± 0.31a 5.55 ± 0.11e

5% 2088 ± 9.19e 1239 ± 5.65e 849 ± 3.53d 2425 ± 9.19e 1186 ± 3.53e 6.20 ± 0.00c 69.22 ± 0.67ab 63.33 ± 0.47a 65.32 ± 0.34a 69.80 ± 0.31a 5.61 ± 0.26e

10% 2162 ± 2.82d 1285 ± 4.24d 877 ± 1.41c 2486 ± 6.36d 1201 ± 2.12d 6.23 ± 0.04c 68.55 ± 0.21bc 62.33 ± 0.45b 64.96 ± 0.31a 70.00 ± 0.41a 7.32 ± 0.28d

15% 2217 ± 8.48c 1320 ± 4.24c 897 ± 4.24b 2538 ± 3.53c 1218 ± 0.71c 6.30 ± 0.04b 69.68 ± 0.03a 60.50 ± 0.68c 65.00 ± 0.23a 69.80 ± 0.52a 8.16 ± 0.19c

20% 2339 ± 7.77b 1403 ± 8.48b 936 ± 0.71a 2639 ± 9.89b 1236 ± 1.41b 6.40 ± 0.00a 68.32 ± 0.03c 60.23 ± 0.23c 65.29 ± 0.53a 70.02 ± 0.43a 9.08 ± 0.15b

25% 2373 ± 7.77a 1430 ± 4.94a 944 ± 2.82a 2705 ± 7.77a 1276 ± 2.82a 6.40 ± 0.00a 66.47 ± 0.03d 58.90 ± 0.21d 65.30 ± 0.29a 69.88 ± 0.29a 10.00 ± 0.33a

NM13, YM16, and ZM9023 indicate Ningmai 13, Yangmai 16 and Zhengmai 9023, respectively. Peak V means peak viscosity, Trough V means trough viscosity, Final V means final viscosity, Pasting T means pasting
temperature, To, Tp, Tc, and 1H represent the onset temperature, peak temperature, conclusion temperature, and enthalpy, Softening D means softening degree, FQN means Farinograph quality number. Data are
means of three replicates. Different small letters in the same column with the same cultivar are significantly different at the 0.05 probability level.
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TABLE 2 | Effect of additional amount of starch on dough rheology of wheat.

Cultivar Treatment Farinograph properties Dough texture properties

Stability time/min Softening D/FU FQN Absorption/% Cohesiveness (g) Adhesiveness
(g·sec)

NM13 0 3.00 ± 0.14a 77.5 ± 6.36d 39.5 ± 2.12a 0.632 ± 0.00d 31.94 ± 0.58a 5.01 ± 0.09a

5% 2.75 ± 0.07b 89.5 ± 3.53d 35.5 ± 0.71b 0.644 ± 0.00c 30.26 ± 0.52b 4.79 ± 0.18a

10% 2.65 ± 0.07bc 106 ± 1.41c 32.0 ± 1.41c 0.645 ± 0.00bc 29.45 ± 0.91bc 4.06 ± 0.18b

15% 2.45 ± 0.07cd 118 ± 2.82c 27.5 ± 0.71d 0.6465 ± 0.00abc 28.67 ± 0.97c 4.12 ± 0.26b

20% 2.30 ± 0.14de 132 ± 4.24b 24.5 ± 0.71e 0.647 ± 0.00ab 26.34 ± 0.32d 3.9 ± 0.11bc

25% 2.20 ± 0.14e 149 ± 5.65a 21.0 ± 1.41f 0.6485 ± 0.00a 26.02 ± 2.41d 3.77 ± 0.23c

YM16 0 4.80 ± 0.14a 54.0 ± 4.24f 58.5 ± 2.12a 0.634 ± 0.00c 35.14 ± 0.61a 6.01 ± 0.07a

5% 4.55 ± 0.07a 67.0 ± 2.82e 50.5 ± 0.71b 0.648 ± 0.00ab 33.66 ± 0.34b 5.52 ± 0.14b

10% 4.25 ± 0.07b 84.0 ± 4.24d 45.0 ± 1.41c 0.6495 ± 0.00a 31.04 ± 0.75c 4.98 ± 0.17c

15% 3.95 ± 0.07c 100 ± 1.41c 39.5 ± 2.12d 0.645 ± 0.00b 29.83 ± 0.53d 4.22 ± 0.29d

20% 3.75 ± 0.07cd 110 ± 2.12b 35.5 ± 2.12de 0.647 ± 0.00ab 28.4 ± 0.73e 4.05 ± 0.23de

25% 3.60 ± 0.14d 120 ± 2.12a 31.5 ± 2.12e 0.645 ± 0.00b 28.02 ± 0.38e 3.98 ± 0.11e

ZM9023 0 8.40 ± 0.42a 26.5 ± 2.12f 106 ± 0.00a 0.645 ± 0.00a 40.63 ± 0.37a 7.64 ± 0.09a

5% 8.15 ± 0.21ab 33.5 ± 0.71e 99.5 ± 0.71b 0.649 ± 0.00a 38.58 ± 0.43b 7.08 ± 0.18b

10% 8.00 ± 0.14ab 41.5 ± 0.71d 94.0 ± 1.41c 0.6485 ± 0.00a 36.39 ± 0.31c 6.46 ± 0.06c

15% 7.60 ± 0.14bc 46.5 ± 0.71c 89.5 ± 0.71c 0.6485 ± 0.00a 34.59 ± 0.26d 5.64 ± 0.12d

20% 7.25 ± 0.07cd 51.5 ± 2.12b 80.5 ± 2.12d 0.6485 ± 0.00a 33.49 ± 0.31e 5.26 ± 0.19e

25% 6.85 ± 0.35d 57.5 ± 2.12a 76.0 ± 2.82d 0.648 ± 0.00a 32.93 ± 0.39f 5.03 ± 0.15f

NM13, YM16, and ZM9023 indicate Ningmai 13, Yangmai 16 and Zhengmai 9023, respectively. Softening D means softening degree, FQN means Farinograph quality
number. Data are means of three replicates. Different small letters in the same column with the same cultivar are significantly different at the 0.05 probability level.

FIGURE 2 | Effect of the addition amount of starch on diameter, thickness, spread ratio, and hardness of short biscuits. NM13, YM16, and ZM9023 indicate
Ningmai 13, Yangmai 16 and Zhengmai 9023, respectively. Small figures in the corner of big Figs are rate of change of biscuit traits.
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trough viscosity, breakdown, final viscosity, and setback and
peak time of the three cultivars. As compared with native flour,
the peak viscosity of the recombined flour with 25% starch
addition increased by 19.4, 14.9, and 16.3% for NM13, YM16,
and ZM9023, respectively. In addition, increasing starch addition
decreased pasting temperature in NM 13, while it showed little
effect on YM16 and ZM9023.

NM13 had the highest value of Tp, Tc, and 1H, followed
by YM16 and ZM9023, while ZM9023 had the highest To
value (Table 1). Starch addition decreased the value of To and
increased the value of 1H of the three cultivars, while it had
little effect on the value of Tp and Tc. As compared with native
flour, the To value of the recombined flour with 25% starch
addition decreased by 9.01, 9.02, and 7.24%, respectively while
the 1H of the recombined flour increased by 42.91, 65.25, and
32.46%, respectively.

Dough Rheology and Texture Profile
The addition of starch dramatically decreased dough
development time, stability time, farinograph quality number
(FQN), cohesiveness, and adhesiveness, while it increased
softening degree in all the three cultivars (Table 2). However,
starch addition had no significant influence on water absorption
in ZM9023, while it slightly increased in NM13 and YM16
when starch addition was less than 15%. ZM9023 had the
highest values of dough development time, stability time, FQN,
cohesiveness, and adhesiveness, and the lowest softening degree
among the three cultivars (Table 2). It was contrary for NM13
when compared to ZM9023.

Biscuit Properties
The lowest protein content cultivar, NM 13, showed the largest
biscuit diameter and spread ratio, while the highest protein
content cultivar ZM9023 showed the lowest biscuit diameter and
spread ratio (Figure 2). Biscuit thickness and hardness showed
opposite patterns to diameter and spread ratio among the three
cultivars. The starch addition increased biscuit diameter and
spread ratio, while it decreased biscuit thickness and hardness.
Biscuit diameter and spread ratio increased very fast with starch
addition at a rate lower than 10% for NM 13 and YM 16, 15%
for ZM 9023, and with further starch addition the increase rate
leveled off (Figure 2). Similarly, biscuit thickness and hardness
decreased rapidly at a starch addition rate lower than 10% for
NM 13 and YM 16, and 15% for ZM9023 (Figure 2). The turning
point of the change rate of diameter, spread ratio, thickness, and
hardness was at 10% of starch addition for NM 13 and YM 16, and
15% for ZM 9023, the corresponding protein content was 9.70,
10.22, and 10.37%.

The lightness (L∗) of biscuit and dough was the lowest for
NM13 and the highest for ZM9023 (Table 3). The addition of
starch gradually increased the values of L∗ of biscuit along with
the addition amount for all cultivars, whereas it decreased the
redness (a∗) and yellowness (b∗) of the biscuit and the dough.
With too much starch addition, the short biscuits were light in
color and undesirable. Starch addition increased scores of biscuit
appearance, which reached a maximum at the starch addition
rate of ca. 10–15% (Table 3). But there were some cracks that
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FIGURE 3 | Appearance of short biscuits (A) and image of the bottom side of biscuit (B). NM13, YM16, and ZM9023 indicate Ningmai 13, Yangmai 16, and
Zhengmai 9023, respectively. In left figure (B), the first, third and fifth lines were view of bottom side of biscuit, and second, fourth and sixth lines were binary images
of biscuit.

appeared in the biscuit when starch addition amount exceeded
10% for NM13 and YM16, and 15% for ZM9023. The sensory
evaluation score increased faster at starch addition from 0 to 10%
than from 15 to 25%.

Image analysis of the biscuits indicated the effect of starch on
texture and appearance (Figure 3). The mean cell area increased
first and reached the maximum at 20% starch addition and then
decreased (Table 3). The ratio of cell to total area showed a
decreased trend with the addition of starch in three cultivars.
Crumbs of biscuit baked with higher starch content had larger
pores but with a lower ratio of cell to total area in the bottom side.

Relationship of Biscuit Quality With SRC,
Pasting, and Thermal Properties and
Dough Rheology
Sucrose SRC was significantly negatively correlated with peak
viscosity, trough viscosity, breakdown, final viscosity, setback,
peak time, Tc and 1H, while positively with To and pasting
temperature (Table 4, r = −0.775, −0.83, −0.705, −0.832,
−0.823, −0.898, −0.661, −0.845, 0.911, 0.713, respectively,
p ≤ 0.01). SODSRC was significantly positively related with final
viscosity, setback, peak T, and 1H, while negatively with To
and pasting temperature (r = 0.504, 0.475, 0.657, 0.8838, −0.817,
−0.817, respectively, p ≤ 0.05). Consistent with SUCSRC,
dough stability time, FQN, cohesiveness, and adhesiveness were
significantly negatively correlated with peak viscosity, trough
viscosity, breakdown, final viscosity, setback, and peak time,
while positively with pasting temperature (Table 4, p≤ 0.01). The
softening degree was on the contrary to stability time and FQN.

Hardness and thickness of biscuit significantly positively
correlated with flour protein, gluten, GMP, and SUCSRC, but
negatively related with amylopectin and SODSRC (Table 5).

Diameter, spread ratio, and sensory scores of biscuit showed
significantly negative correlation with protein, gluten GMP,
SUCSRC, and WSRC, but a positive relation with amylopectin
and SODSRC. There was no significant correlation between
LASRC and thickness, diameter and spread ratio of biscuit.

Pasting and thermal properties were closely associated with
biscuit quality. Peak viscosity, trough viscosity, breakdown, final
viscosity, setback, peak time, Tp, Tc, and 1H were significantly
positively correlated to diameter, spread ratio, and sensory score
of biscuit, but negatively correlated to hardness and thickness
of the biscuit (Table 5). As for dough rheological and texture
properties, stability time, FQN, cohesiveness, and adhesiveness
showed strong significant positive correlation with the hardness
and thickness of biscuit, and negative with diameter and spread
ratio (p < 0.01). Water absorption had no relation with hardness,
thickness, diameter, and spread ratio.

Protein content was closely related to biscuit sensory score
(Figure 4). There was a quadratic non-linear relationship
between protein content and appearance score. When the
appearance score reached the highest value, the corresponding
protein content was about 9%. Protein content was negatively
correlated with the scores of gumminess, clearness of patter, and
mouthfeel of biscuit.

DISCUSSION

Wheat flour with low content of protein and gluten is believed to
be an ideal material for biscuits, cookies, and other baking foods
(Manley, 2011). Starch is widely applied in food industry due
to its unique chemical characteristics of gelling, thickening, and
stabilization (Gerits et al., 2015), which provides the possibility
to produce flour for biscuit baking by starch addition. In the
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TABLE 4 | Linear correlation coefficients between SRC, farinograph, dough texture profile, pasting, and thermal properties.

Peak V Trough V Breakdown Final V Setback Peak T Pasting T To Tp Tc 1H

WSRC −0.439 −0.4645 −0.406 −0.483* −0.507* −0.563* 0.359 0.201 −0.586* −0.619** −0.101

SUCSRC −0.775** −0.830** −0.705** −0.832** −0.823** −0.898** 0.713** 0.911** −0.400 −0.661** −0.845**

SODSRC 0.448 0.516* 0.370 0.504* 0.475* 0.657** -0.817** -0.817** 0.106 0.286 0.884**

LASRC −0.408 −0.466 −0.341 −0.457 −0.437 −0.574* 0.728** 0.869** −0.009 −0.216 −0.941**

Stability time −0.987** −0.977** −0.982** −0.981** −0.973** −0.848** 0.480* 0.723** −0.766** −0.933** −0.553*

Softening D 0.934** 0.956** 0.896** 0.957** 0.945** 0.857** −0.648** −0.926** 0.553* 0.801** 0.798**

FQN −0.991** −0.980** −0.987** −0.979** −0.964** −0.845** 0.525* 0.796** −0.703** −0.896** −0.652**

Absorption −0.193 −0.146 −0.2393 −0.148 −0.149 −0.041 −0.186 −0.151 −0.389 −0.307 0.235

Cohesiveness −0.901** −0.918** −0.869** −0.919** −0.907** −0.894** 0.640** 0.937** −0.510* −0.756** −0.865**

Adhesiveness −0.859** −0.871** −0.832** −0.873** −0.865** −0.871** 0.623** 0.924** −0.455 −0.722** −0.874**

Peak V means peak viscosity, Trough V means Trough viscosity, Peak T means Peak Time, Pasting T means Pasting temperature, To, Tp, Tc, and 1H represent the
onset temperature, peak temperature, conclusion temperature, and enthalpy; WSRC means water SRC, SUCSRC means sucrose SRC, LASRC means Lactic acid SRC,
SODSRC means Na2CO3 SRC, Softening D means softening degree, FQN means Farinograph. * and ** indicate significance at the levels of 0.05 and 0.01, respectively.

TABLE 5 | Linear correlation coefficients between mixed flour characteristics and quality attributes of baking biscuit.

Quality traits Hardness Thickness Diameter Spread ratio Sensory scores

Flour Protein 0.924** 0.711** −0.702** −0.701** -0.889**

Gluten 0.938** 0.775** −0.764** −0.766** -0.842**

GMP 0.927** 0.713** −0.737** −0.707** -0.869**

Amylopectin −0.855** −0.755** 0.612** 0.739** 0.814**

Amylose −0.607** −0.200 0.193 0.183 0.849**

SRC WSRC 0.189 0.517* −0.484* −0.528* 0.190

SUSRC 0.942** 0.869** −0.811** −0.863** -0.747**

SODSRC −0.793** −0.554* 0.489* 0.540* 0.826**

LASRC 0.746** 0.435 −0.400 −0.42 -0.857**

Pasting Peak V −0.8137** −0.8772** 0.975** 0.893** 0.446

Properties Trough V −0.8468** −0.9089** 0.9775** 0.9241** 0.4910*

Breakdown −0.7662** −0.8300** 0.9558** 0.8461** 0.393

Final V −0.8538** −0.9288** 0.9812** 0.9417** 0.4981*

Setback −0.8530** −0.9477** 0.9729** 0.9567** 0.5029*

Peak T −0.8957** −0.9514** 0.8969** 0.9451** 0.6165**

Pasting T 0.6501** 0.5643* −0.5136* −0.5632* -0.5623*

Thermal To 0.9207** 0.7520** −0.7702** −0.7517** -0.8324**

Properties Tp −0.4089 −0.6426** 0.7367** 0.6702** 0.0022

Tc −0.6891** −0.8718** 0.9165** 0.8830** 0.2685

1H −0.8638** −0.6122** 0.6110** 0.5993** 0.8836**

Farinographic Stability time 0.7894** 0.8998** −0.9855** -0.9132** -0.3981

Properties Softening D −0.9219** −0.8827** 0.9124** 0.8896** 0.6746**

FQN 0.8431** 0.8789** −0.9780** -0.8897** -0.4998*

Absorption −0.2309 0.0231 −0.1929 -0.0484 0.4927*

Dough texture properties Cohesiveness 0.9661** 0.8766** −0.9113** -0.8738** -0.7619**

Adhesiveness 0.9593** 0.8420** −0.8835** −0.8356** −0.8031**

WSRC means water SRC, SUCSRC means sucrose SRC, LASRC means Lactic acid SRC, SODSRC means Na2CO3 SRC, Peak V means peak viscosity, Trough V
means Trough viscosity, Peak T means Peak Time, Pasting T means Pasting temperature, To, Tp, Tc, and 1H represent the onset temperature, peak temperature,
conclusion temperature, and enthalpy, Softening D means softening degree, FQN means Farinograph quality number. * and ** indicate significance at the levels of 0.05
and 0.01, respectively.

present study, we add starch to flours of different wheat cultivars
differing in grain protein content to produce recombined flour.
We observed that the addition of starch improved biscuit-baking
quality, as exemplified with the improved diameter and spread
ratio of biscuit, and with reduced biscuit thickness and hardness
due to the increased addition of starch (Figure 3).

Protein and gluten contents are important factors affecting
biscuit-baking quality. Gluten is an essential structure-building
protein, which is hydrated to form gluten networks providing
viscoelasticity of dough (Lindsay and Skerritt, 1999). Dough
development time and stability time are indicators of dough
strength, and longer development time and stability time
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FIGURE 4 | Correlation of protein content with sensory scores of short biscuit. NM13, YM16, and ZM9023 indicate Ningmai 13, Yangmai 16, and Zhengmai 9023,
respectively.

indicates better viscoelastic properties (Panghal et al., 2019).
Plenty of gluten networks are necessary for bread making,
but it is undesired for biscuit making since gluten network
tends to increase biscuit hardness. Protein level, especially when
exceeds 10 g/100 g, profoundly affects biscuit hardness and
dimensions (Pauly et al., 2013). Our results also showed that
protein content was positively related to hardness and thickness
of biscuit, which was agreed with other reports (Pauly et al.,
2013; Ma and Baik, 2018). Here, contents of protein, gluten
and GMP, dough stability time, cohesiveness, and adhesiveness
declined rapidly with increasing starch addition (Figure 1 and
Table 2). The decrease in protein content and dough strength
should be related to the filling of starch granules, resulting
in poor gluten network. At an addition rate of 10%, contents
of protein of NM13 in the recombined flour of the three
cultivars decreased to 9.7%, which may well fit the requirement
for biscuit making.

A good quality biscuit is expected to have both a desirable
appearance and a tender crumb texture (Ma and Baik, 2018).
Our study showed that protein content is quadratic non-linearly
related with the appearance of the biscuit (Figure 4). Although
less gluten network formation is required in biscuit baking, gluten
formation is still very critical in influencing the volume, texture,
and appearance of the final baking product. Lack of gluten often
gives biscuits of lower quality, both in terms of technological
properties and sensory quality (Di Cairano et al., 2018). Here,
when starch addition higher than 10 to 15% it caused some
cracks on the biscuit surface, which decreased the scores of the
appearance of the biscuit. Ma and Baik (2018) evaluated quality
characteristics of 15 soft wheat varieties in United States and
found that protein content of 7.9–9.7% was suitable for making
desirable quality biscuits (Ma and Baik, 2018).

Since gluten free biscuit can be produced, starch may play
a more important role in biscuit baking. Viscosity indicates
the propensity of starch to gelation, and high starch content
in wheat flour is responsible for high peak and final viscosity
(Panghal et al., 2019). Starch gelatinization contributes to the
biscuit matrix formation (Pauly et al., 2013). Our study showed
that most starch pasting and thermal parameters (except for
pasting temperature) were positively related to diameter, spread
ratio, and sensory scores of biscuit, while negatively related with
hardness and thickness of biscuit (Table 5). The starch weak
network is formed after the swelling of granules and leaching
of starch chains during heat treatment. The short-dough biscuit
can be described as a matrix of starch in which gas bubbles
of various sizes and shapes were incorporated (Baldino et al.,
2014; Sozer et al., 2014). Good biscuits facilitate expansion with a
weak functional network formation (Laguna et al., 2011). A firm
crumb is an undesirable quality for biscuits (Ma and Baik, 2018).
Crumbs of biscuit baked with higher starch content had larger
pores, but a lower ratio of cell to total area in the bottom
side (Table 3), which might be related to three-dimensional
honeycomb network of starch gel after heating (Hedayati and
Niakousari, 2018). Starch addition can improve the pasting of
starch and inner fill of starch granule in the gluten network. The
enlargement of pores may be beneficial to reduce density and
improve the crispness of the biscuit.

Solvent retention capacity can provide useful information for
predicting the quality of soft wheat products (Kaur et al., 2014).
LASRC is associated with glutenin characteristics, SODSRC is
related to levels of damaged starch, SUCSRC is associated with
pentosan and gliadin characteristics, and WSRC is influenced
by all the flour constituents (Zhang et al., 2018). Here, WSRC,
SSRC, and LASRC were negatively correlated to biscuit diameter,
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spread ratio, and sensory scores. Reversely, SODSRC was
positively correlated to biscuit diameter, spread ratio, and sensory
scores. Moiraghi et al. (2011) reported a significant negative
correlation between SUCSRC/WSRC and spread ratio, which
is consistent with our results. Peak viscosity, trough viscosity,
breakdown, final viscosity, and setback were significantly
negatively correlated with SUCSRC, which might suggest that
the presence of gliadin and pentosan caused interference to the
swelling and rupture of the starch granule. Final viscosity and
setback were significantly positively related with SODSRC, which
might be due to the damaged starch granules that tend to be easier
to gelatinize. It also showed that sucrose and Na2CO3 SRC were
more important than water and lactic acid SRC in determining
biscuit quality.

Meanwhile, the increased rate of diameter and spread and
the decreased rate of hardness and thickness vs. starch addition
amount showed a turning point at 10% starch addition for
NM 13 and YM 16, and at 15% for ZM 9023 (Figure 2).
At the turning point, the flour protein content of NM13,
YM16, and ZM9023 were 8.84, 9.32, and 9.46%, respectively.
Thinking about appearance scores, therefore, a criterion of flour
protein content around 9% was recommended for baking high
quality short biscuits.

CONCLUSION

Weak gluten wheat (with low protein and gluten) is in short
supply because of low yield due to low N input. Starch addition
is an effective way to produce flour with low protein and
gluten content to meet the requirements of biscuit industry.
Starch addition decreased the contents of protein, gluten and
GMP, lactic acid SRC, sucrose SRC, and onset temperature (To),
while it increased most pasting parameters and gelatinization
enthalpy (1H). Viscosity parameters were significantly negatively
correlated with dough stability time, farinograph quality number
(FQN), and sucrose SRC. Biscuit quality was greatly improved by
the addition of starch, as shown by higher diameter, spread ratio,

and sensory score of biscuit, but lower thickness and hardness.
Starch gelatinization can contribute to biscuit matrix. Viscosity
parameters were negatively correlated to hardness and thickness
of biscuit, but positively correlated to diameter, spread ratio, and
sensory score of biscuit. Considering the effects of starch addition
on the dough rheology and biscuit quality, the recombined
flour with around 9% protein content after mixing with starch
was more suitable for biscuit baking. The interaction between
starch and protein during baking needs further investigation.
This study provides guidance for the application of wheat starch
in the development of high quality biscuit and discloses how
starch addition may regulate the properties of flour and the
inter-relationships of flour, dough, and biscuit.
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Elucidation of the composition, functional characteristics, and formation mechanism of 
wheat quality is critical for the sustainable development of wheat industry. It is well 
documented that wheat processing quality is largely determined by its seed storage 
proteins including glutenins and gliadins, which confer wheat dough with unique rheological 
properties, making it possible to produce a series of foods for human consumption. The 
proportion of different gluten components has become an important target for wheat 
quality improvement. In many cases, the processing quality of wheat is closely associated 
with the nutritional value and healthy effect of the end-products. The components of wheat 
seed storage proteins can greatly influence wheat quality and some can even cause 
intestinal inflammatory diseases or allergy in humans. Genetic and environmental factors 
have great impacts on seed storage protein synthesis and accumulation, and fertilization 
and irrigation strategies also greatly affect the seed storage protein content and 
composition, which together determine the final end-use quality of wheat. This review 
summarizes the recent progress in research on the composition, function, biosynthesis, 
and regulatory mechanism of wheat storage proteins and their impacts on wheat 
end-product quality.

Keywords: wheat quality, fertilization, watering regime, regulatory mechanism, sulfur deficiency

INTRODUCTION

Wheat (Triticum aestivum) is one of the largest grain crops in the world, and its quality 
mainly comprises processing and nutritional quality. The term “wheat quality” usually refers 
to the processing quality, which is mainly dependent on the content and characteristics of 
storage proteins in wheat grains (Shewry and Halford, 2002; Ma et  al., 2019) and directly 
determines wheat’s market price and end-use value. Since storage proteins contain some 
components that can cause human intestinal inflammatory diseases or allergy, the concept of 
wheat “protein quality” is often used to cover the scope of the processing and nutritional 
quality (Scherf et  al., 2016a).

Wheat processing quality is represented by the physical and chemical characteristics of the 
dough, which make it possible to process wheat into a variety of food products (Payne, 1987; 
He et  al., 2005; Don et  al., 2006; Zhang et  al., 2007, 2014b, 2021; Li et  al., 2015; Gao et  al., 
2016b; Chen et  al., 2019; Jiang et  al., 2019). Dough properties are mainly determined by 
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gluten proteins, glutenins, and gliadins (Shewry and Halford, 
2002). Glutenins can be subdivided into high molecular weight 
glutenin (HMW-GS) and low molecular weight glutenin 
(LMW-GS; Shewry et al., 2002; Veraverbeke and Delcour, 2002). 
HMW-GS is the main factor determining gluten elasticity, 
which is encoded by the Glu-1 genes including Glu-A1, Glu-
B1, and Glu-D1 loci on the long arm of chromosomes 1A, 
1B, and 1D, respectively. Each locus comprises two linked 
genes encoding two different types (X type and Y type) of 
HMW-GS subunits (McIntosh et  al., 1991; Liu et  al., 2003; 
Sun et  al., 2006; Zheng et  al., 2011; Peng et  al., 2015; Yu 
et  al., 2019). Gliadins are mainly monomer proteins, including 
ω-, α/β-, and γ-gliadins (Kasarda et  al., 1984; Zhou et  al., 
2022). According to the Chinese National Standard (Wang 
et  al., 2013), wheat can be  divided into four categories based 
on the usage and gluten strength: (1) Strong gluten wheat: 
the endosperm is hard and the wheat flour produces very 
strong gluten, which is suitable for baking bread; (2) Medium 
strong gluten wheat: the endosperm is hard and the gluten 
is rather strong and is suitable for making instant noodles, 
dumplings, steamed bread, noodles, and other foods; (3) Medium 
gluten wheat: the endosperm is hard and the gluten strength 
is moderate and is suitable for making noodles, dumplings, 
steamed bread, and other foods; and (4) Weak gluten wheat: 
the endosperm is soft and the gluten is weak and is suitable 
for making cake, biscuit, and other foods. Strong gluten dough 
has high ductility resistance and can maintain stability (Ma 
et  al., 2019). The dough can retain the gas produced during 
fermentation in discrete cells evenly distributed in the dough 
(Don et  al., 2006). A lower gluten strength can cause the 
excessive expansion of gas cells during baking, resulting in 
the collapse of cell walls and aggregation of cells, and thereby 
a rough bread texture (Don et  al., 2006). Therefore, strong 
gluten wheat has always been an important goal of wheat 
breeding programs.

Generally, the protein content in wheat grains ranges from 
10 to 18% (Qi et  al., 2012; Liu et  al., 2018). To some extent, 
the protein content is positively correlated with wheat processing 
quality, particularly dough strength. However, the protein content 
and grain yield are usually negatively correlated with each 
other (Kibite and Evans, 1984). In real production, a large 
amount of nitrogen fertilizer is often applied in order to promote 
wheat yield and protein content, which tends to reduce the 
nitrogen use efficiency and cause negative impacts on the 
environment (Justes et  al., 1994). In recent years, multiple 
methods have been developed with the aim to simultaneously 
improve wheat yield and protein content, such as the utilization 
of new genes and optimization of water and fertilization regimes 
(Alhabbar et  al., 2018; Balotf et  al., 2018; Roy et  al., 2018, 
2020, 2021; Yang et  al., 2018; Yu et  al., 2018a,b; Li et  al., 
2021a). However, the effect of protein content on wheat quality 
is rather complex due to the presence of gliadin components 
in the storage protein. Gliadins have an odd number of cysteine 
residues and a negative effect on wheat processing quality 
(Lindsay and Skerritt, 1999; Wieser, 2007; Rasheed et al., 2014). 
Therefore, high-quality wheat should be  characterized by a 
higher content of glutenins and a lower content of gliadins, 

and wheat processing quality is not necessarily related to the 
grain protein content.

In Australia, researchers have been pursuing the breeding 
goal of wheat varieties with low-protein content but high quality 
since 2000, targeting at the improvement of wheat quality by 
optimizing the gluten composition, namely, a higher glu/gli 
ratio (Roy et  al., 2018, 2020, 2021). In this approach, the 
protein content is no longer a target. Since there is a negative 
correlation between the grain protein content and yield, a 
low-protein content naturally means a higher yield without 
sacrificing the quality. However, considering the nutritional 
value of protein, the breeding goal of low-protein and high-
quality wheat is not suitable for some developing countries. 
Therefore, “three-high wheat” (high quality, high yield, and 
high protein) should be  the breeding goal for most countries.

GENETICS AND APPLICATIONS IN 
RELATION TO WHEAT QUALITY 
BREEDING

Wheat quality can be  improved by manipulation of the main 
storage protein genes. As a matter of fact, many effective genes 
have been efficiently utilized for decades, such as GluD1 (5 + 10) 
and GluB1 (17 + 18; Payne et  al., 1981, 1987; Payne, 1987; 
Altpeter et  al., 2004; Mohan and Gupta, 2015). The common 
HMW-GS alleles have been assigned with quality scores to 
facilitate their application in breeding (Payne et  al., 1987). 
Although there are six HMW-GS genes in the wheat genome, 
most hexaploid wheat varieties only have three to five HMW 
glutenin subunits due to the silencing of some genes (Ma 
et  al., 2003), such as the genes encoding the Ay subunit (Yu 
et  al., 2019). Roy et  al. (2018, 2020, 2021) found that the 
expression of Ay subunit has positive effects on grain protein 
content, grain yield, and quality. A new storage protein family 
consisting of the avenin-like proteins has also been identified 
to have great breeding value for the improvement of wheat 
quality (Chen et  al., 2016). Since the genetic control of wheat 
quality has been comprehensively reviewed (Shewry and Tatham, 
1997; Vasila and Anderson, 1997; Gras et  al., 2001; She et  al., 
2011; Ortolan and Steel, 2017; Ma et  al., 2019; Sharma et  al., 
2020; Wang et al., 2020), this review will not focus on this aspect.

MANIPULATION OF FERTILIZATION AND 
WATERING REGIMES

Seed storage proteins can account for 40–60% of wheat processing 
quality (Békés et  al., 2006), and those unaccounted quality 
variations can be  attributed to environmental factors. In wheat 
production, fertilization and watering strategies are also often 
considered for quality improvement (Li et  al., 2018, 2019b; 
Yu et  al., 2018a, 2021). As nitrogen (N) is one of the most 
important and essential elements for wheat, N fertilizer is 
usually the most efficient input for simultaneously increasing 
grain protein content and grain yield in wheat production 
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(Zebarth et  al., 2007; Malik et  al., 2013; Zhen et  al., 2018, 
2020; Zhong et  al., 2018, 2020; Ding et  al., 2020; Xia et  al., 
2020; Hermans et  al., 2021; Landolfi et  al., 2021; Lyu et  al., 
2021; Dong et  al., 2022; Liu et  al., 2022; Ma et  al., 2022). 
Kichey et  al. (2007) demonstrated that 50–95% of nitrogen in 
mature grains is derived from the remobilization of nitrogen 
stored in the tissues before anthesis. However, nitrogen applied 
later in the growth period, namely, at anthesis or during grain 
filling, often increases grain protein content (Gooding and 
Davies, 1992; Sultana et  al., 2017; Zhong et  al., 2018, 2020). 
Li et al. (2018, 2019b) reported that nitrogen application during 
the grain filling period in winter wheat can significantly increase 
the uptake and accumulation of nitrogen. Yu et  al. (2018a) 
reported that apart from the influence of genotype, grain yield 
and protein content have similar responses to nitrogen availability, 
with the former being slightly more sensitive than the latter. 
Furthermore, Yu et  al. (2018a) proposed an N-mediated 
mechanism for protein polymerization in wheat grains: N 
promotes PPIase SUMOylation by interacting with SUMO1, 
facilitating the transport of PPIase into cytoplasm to support 
the formation of protein polymers (Yu et  al., 2018a; Figure  1). 
Zhong et al. (2018, 2020) reported that at the same N application 
rate (240 kg ha−1), N topdressing can better promote the protein 
content and quality of wheat grains at the emergence of the 
top first leaf than at the emergence of the top third leaf of 
the main stem. The timing of N topdressing can significantly 
regulate γ-gliadins and HMW-GSs, while has almost no effect 
on the LMW-GS level, leading to a higher HMW-GS/LMW-GS 
ratio (Zhong et al., 2018). Furthermore, a delay of N topdressing 
was found to alter the grain hardness and flour allergenicity 

(Zhong et  al., 2019). Ding et  al. (2020) found that an increase 
in total N provision (210–270 kg ha−1) in the Yangtze River 
basin of China could enhance wheat grain yield, grain protein 
content, and nitrogen efficiency, with the appropriate topdressing 
timing and N application dose depending on the environment. 
Moreover, the biotic and abiotic stresses during wheat growth 
also significantly affect the quality of wheat (Duan et al., 2020). 
Among various stresses, drought has been identified to have 
a severe negative impact on wheat quality, particularly at the 
early grain filling stage (Gu et  al., 2015). Usually, drought can 
cause stomatal closure, inhibit photosynthesis, increase 
respiration, and ultimately reduce starch biosynthesis, thereby 
leading to low yield of plants (Deng et  al., 2018; Zhu et  al., 
2020). However, on the other hand, drought can enhance the 
content of wheat storage proteins to contribute to improved 
baking quality (Dong et  al., 2012; Gu et  al., 2015; Zhou et  al., 
2018). Different watering conditions were found to result in 
significant differences in the phosphorylation level of 
corresponding phosphoproteins in wheat grains (Zhang et  al., 
2014a). The changes in protein and starch synthesis during 
drought may be  ascribed to post-translational protein 
modifications such as phosphorylation (Zhang et  al., 2014a; 
Xia et  al., 2018).

To reduce the yield loss caused by drought, moderate to 
high amounts of nitrogen fertilizer is often applied during 
wheat growth. A recent study showed that high-nitrogen 
fertilization under drought can increase the enzymatic protein 
synthesis for nitrogen and carbohydrate metabolism (Duan 
et  al., 2020). Liu et  al. (2022) reported that high-nitrogen 
treatments under drought conditions can either independently 

FIGURE 1 | Proposed N-regulated mechanism for wheat grain protein polymerization in the cytoplasm. ER: endoplasmic reticulum, BIP2: luminal-binding protein 2 
precursor, SUMO1: small ubiquitin-related modifier 1, and PPIase: peptidyl-prolyl cis-trans isomerase.
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or coordinately facilitate the accumulation of wheat storage 
protein and gluten macropolymer, as well as improve lipid 
accumulation and protein secondary structure. The content of 
random coils and β-sheets of gluten proteins was also increased 
(Liu et  al., 2022). These changes can contribute to the 
improvement of baking quality. Moreover, irrigation strategies 
under drought conditions have great impacts on crop yield 
and quality (Flagella et  al., 2010; Xu et  al., 2018b; Jha et  al., 
2019; Li et  al., 2019b, 2021a). Li et  al. (2021a) proposed an 
irrigation method that integrates micro-sprinkling irrigation 
and fertilizer, which could synergistically improve the grain 
yield and protein content of winter wheat. Compared with 
conventional irrigation, this method can reduce the total amount 
of water use and provide water and nitrogen at later growth 
stages, making more water and nitrogen available to wheat 
plants after flowering, which can reduce the canopy temperature 
and significantly delay leaf senescence and finally enhance the 
grain yield and protein content simultaneously.

Also, studies of glutamine synthetase activity in wheat developing 
grains and flag leaves have demonstrated that high-nitrogen 
availability facilitates the participation of glutamine in biological 
processes (Yu et  al., 2018a, 2021; Zhong et  al., 2018, 2020). A 
number of studies have revealed that application of sulfur fertilizer 
can significantly improve wheat quality (Zhao et  al., 1999a,b; 
Luo et  al., 2000; Yu et  al., 2021). Based on the differences in 
the distribution of cysteine residues among wheat gluten subunits, 
wheat storage proteins can be  categorized into three types of 
subunits, including sulfur-poor subunits (ω-gliadins), sulfur-
medium subunits (HMW-GS and α/β-gliadins), and sulfur-rich 
subunits (LMW-GS and γ-gliadins; Shewry et  al., 1995). It is 
worth noting that this classification is based on the number of 
cysteine residues within each subunit instead of the total sulfur 
amount (Lindsay and Skerritt, 1999; Wieser, 2007; note: apart 
from cysteine, methionine is another sulfur containing amino 
acid). Since the disulfide bond is believed to be  the foundation 
of gluten rheological properties, for a long time, it has been 
generally believed that sulfur’s positive effects on wheat quality 
are implemented through mediating the gluten component ratios 
based on their sulfur or cysteine contents (Ma et  al., 2019). 
However, Yu et al. (2021) recently proposed a different regulatory 
mechanism through proteomics, transcriptomics, metabolomics, 
and field experiments (Figure  2). It clearly demonstrated that 
sulfur does not mediate the gluten component ratios based on 
their sulfur or cysteine contents (Yu et  al., 2021). Their study 
showed that the application of sulfur enhances the accumulation 
of free glycine at the beginning of grain filling and then promotes 
the participation of glycine in glutenin biosynthesis. Glycine 
belongs to aspartate acid family, and its content disparity between 
gliadins (1.75%) and glutenins (13.33%) marks the main difference 
of the two gluten components (Yu et al., 2021). A higher content 
of free glycine under sulfur fertilizer treatment can more 
significantly promote the biosynthesis of glutenins than that of 
gliadins, resulting in a high glu/gli ratio (Yu et  al., 2021). The 
gene network regulating the biosynthesis and accumulation of 
glutenin components is mediated by S-adenosylmethionine (SAM; 
Yu et  al., 2021). In addition, a high concentration of SAM 
indicates that more secondary metabolites are involved in the 

final development of grains. Chen et  al. (2014) found that the 
downregulation of SAM decarboxylase genes would reduce the 
rice grain length, pollen viability, seed setting rate, grain yield 
per plant, and abiotic stress (salinity, drought, and chilling) 
tolerance, indicating a positive effect of SAM on rice yield.

GENE NETWORKS REGULATING 
STORAGE PROTEIN BIOSYNTHESIS

The wheat storage protein genes have spatiotemporal specific 
expression, and generally function at the middle and late stage 
of seed development (Diaz et  al., 2002; Dong et  al., 2007; Gao 
et al., 2021). Although wheat storage protein synthesis is regulated 
by many factors, it is mainly regulated at the transcriptional 
level (Gao et  al., 2021). In recent years, important progress 
has been achieved in research on the regulation of wheat storage 
protein synthesis (Table  1). A series of conserved cis-elements 
in the promoter region of wheat seed storage protein genes 
have been identified, including the bZIP binding sites (GCN4-
like motifs, ATGAG/CTCAT and G-box motif, TTACGTGG), 
DNA binding with one finger (DOF) binding sites (PB-box, 
TGTAAAG), R2R3MYB-binding sites (AACAAC), RY repeat 
sites (RY-box, CATGCA), and other basal promoter elements 
(Aryan et  al., 1991; Juhasz et  al., 2011; Ravel et  al., 2014; Guo 
et  al., 2015; Makai et  al., 2015). Thirty conserved motifs and 
three conserved cis-regulatory modules (CCRMs) were found 
within the 1-kb region upstream of the start codon of Glu-1: 
CCRM3 (−950 to −750), CCRM 2 (−650 to −400), and CCRM 
1 (−300 to −101; Li et al., 2019a). All three CCRMs can regulate 
the expression of wheat storage proteins and the 300 bp promoter 
(−300 to −1) can ensure the precise initiation of Glu-1 gene 
expression in the endosperm at 7 days after flowing and maintain 
its expression pattern during seed development. Further analysis 
revealed that CCRM1-1 (−208 to −101) is the core region for 
maintaining the endosperm-specific expression of Glu-1 genes 
(Li et al., 2019a). In addition, various transcription factors (TFs) 
involved in gluten gene regulation have been identified, such 
as bZIP, DOF, MYB (myeloblastosis), and B3. A bZIP transcription 
factor SPA (storage protein activator) can bind to the GCN4-
like motif (GLM and ATGAG/CTCAT) in the promoters of 
HMW-GS genes to enhance their expression in common wheat 
(Albani et  al., 1997; Conlan et  al., 1999; Ravel et  al., 2014). 
Averagely, the expression intensity of SPA-B is 10- and 7-fold 
that of SPA-A and SPA-D, respectively (Ravel et  al., 2009). SPA 
markers are associated with dough viscoelasticity such as dough 
strength, extensibility, and tenacity (Ravel et  al., 2009). As a 
bZIP transcription factor, the SPA Heterodimerizing Protein 
(SHP) prevents the binding of SPA to the cis-motifs and represses 
the synthesis of both LMW-GS and HMW-GS (Boudet et  al., 
2019). Thus, the glu/gli ratio is decreased in common wheat 
(Boudet et al., 2019). Wheat prolamin-box binding factor (WPBF), 
a DOF transcription factor, was first identified from wheat as 
a homolog of barley prolamin-box binding factor (BPBF; Dong 
et  al., 2007). WPBF binds the prolamin box of the gliadin 
promoter region and interacts with TaQM (cloned from the 
wheat root cDNA library; QM, initially found as a putative 
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tumor suppressor gene) to activate the expression of LMW-GS 
and gliadin genes during wheat grain development (Dowdy 
et  al., 1991; Mena et  al., 1998; Dong et  al., 2007). TaPBF-D, 
another DOF transcription factor, binds in vitro the prolamin 

box of Glu-1By8 and Glu-1Dx2 promoters and decreases their 
C-methylation level, and its overexpression was found to enhance 
HMW-GS accumulation in wheat grains (Zhu et  al., 2018). 
TaGAMyb, a TF of the R2R3MYB family, binds to a C/TAACAAA/

FIGURE 2 | Sulfur-mediated regulation network of wheat gluten component biosynthesis (modified from Yu et al., 2021).

TABLE 1 | The identified transcription factors regulate seed storage protein synthesis in wheat.

Transcription factor Function Target gene Cis motif Sequence Reference

SPA Transcriptional activation glutenin promoters G-box; GLM ATGAG/CTCAT; ACGTG Albani et al., 1997; 
Ravel et al., 2014

SHP Transcriptional repression glutenin promoters G-box; GLM ATGAG/CTCAT; ACGTG Boudet et al., 2019
WPBF Transcriptional activation gliadin gene promoters P-box TGTAAAG Mena et al., 1998; 

Dong et al., 2007
TaPBF-D Transcriptional activation HMW-GS gene promoters P-box TGTAAAG Zhu et al., 2018
TaGAMyb Transcriptional activation HMW-GS gene promoters unnamed C/TAACAAA/CC Diaz et al., 2002; Guo 

et al., 2015
TaFUSCA3 Transcriptional activation HMW-GS gene promoters RY-box CATGCA Sun et al., 2017
TaNAC019 Transcriptional activation glutenin promoters unnamed [AT]NNNNNN[ATC][CG]A[CA]GN[ACT]A Gao et al., 2021
TaNAC100 Transcriptional repression HMW-GS gene promoters unnamed CATGT Li et al., 2021b
TaSPR Transcriptional repression SSP gene promoters unnamed CANNTG Shen et al., 2021
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CC-like motif in the HMW-GS gene promoter, recruits the 
histone acetyltransferase TaGCN5, and activates the expression 
of the Glu-1Dy by facilitating the acetylation of histones H3K9 
and H3K14 (Diaz et  al., 2002; Guo et  al., 2015). TaFUSCA3 
is a wheat B3-superfamily TF specifically binding to the RY 
motif of the Glu-1Bx7 promoter region to activate the Glu-1Bx7 
expression (Sun et  al., 2017). TF interactions between TaSPA 
and TaFUSCA3 were discovered (Sun et  al., 2017). It is well 
known that NAM-ATAF-CUC (NAC) TFs participate in a series 
of biological processes, including abiotic and biotic stress responses 
and organ development (Uauy et  al., 2006; Xue et  al., 2011; 
Liang et  al., 2014; Borrill et  al., 2017; Guerin et  al., 2019). 
Recently, some NAC TFs (TaNAC019, TaNAC100, and TaSPR) 
in wheat have been identified to regulate grain storage protein 
synthesis (Gao et  al., 2021; Li et  al., 2021b; Shen et  al., 2021). 
TaNAC019, a wheat endosperm-specific NAC TF, binds to the 
motif ([AT]NNNNNN[ATC][CG]A[CA]GN[ACT]A) in the 
promoter region of Glu-1 genes. In coordination with TaGAMyb, 
it directly activates the expression of HMW-GS genes and 
indirectly modulates that of TaSPA (Gao et  al., 2021). In a 
wheat natural population, two allelic variations of TaNAC019-B, 
TaNAC019-BI, and TaNAC019-BII were identified (Gao et  al., 
2021). TaNAC019-BI can improve flour processing quality and 
is an important candidate gene for wheat quality improvement 
(Gao et  al., 2021). However, two recent studies demonstrated 
that both TaNAC100 and TaSPR function as repressors of seed 
storage protein expression in common wheat, indicating that 
further research is needed for better utilization of such TFs in 
breeding (Li et al., 2021b; Shen et al., 2021). The TaDME (wheat 
DEMETER) gene encoding 5-methylcytosine DNA glycosylase 
on the long arm of group  5 chromosomes suppresses the 
LMW-GS and gliadin gene expression by activating the 
demethylation of their promoters in the endosperm (Wen et al., 
2012). It is worth noting that these studies have been mainly 
focused on the molecular regulatory mechanism of HMW-GS, 
LMW-GS, gliadins, or the total seed storage protein, and future 
research should be  targeted at the regulatory mechanism for 
each subtype of gluten components, including different LMW-GSs 
(i-, m-, s-,α-, ω-, and γ-types) and gliadin components (α/β-, 
ω-, and γ-gliadins), so as to fine-tune wheat processing quality 
and improve the quality of wheat products for human consumption 
(Rasheed et  al., 2014; Ma et  al., 2019).

HEALTH EFFECTS OF WHEAT GRAINS 
AND THE UNDERLYING REGULATORY 
MECHANISM

Gluten can cause human diseases related to digestion of wheat 
flour products, such as celiac disease, non-celiac gluten sensitivity, 
and gluten allergy (Scherf et  al., 2016a). The intake of too 
much proline-rich gluten can reduce pepsin activity in the 
gastrointestinal tract, resulting in the accumulation of flour 
polypeptides rich in Pro and Gln in the small intestine (Scherf 
et  al., 2016a). Previous studies have demonstrated that gliadins 
are the most toxic wheat protein components related to celiac 

disease, and glutenins are classified as non-toxic or weakly 
toxic (Barone and Zimmer, 2016; Scherf et  al., 2016a,b). In 
order to reduce the toxicity of wheat gluten, a variety of flour 
treatment methods have been developed, including chemical, 
physical, and enzymatic methods (Buddrick et al., 2015; Scherf 
et  al., 2018; Xue et  al., 2019; Abedi and Pourmohammadi, 
2021). In addition, some genetic methods have also been used 
to knock out or silence gliadin coding genes. Generally, RNAi 
can reduce the content of total gliadin in wheat gluten by 
60–80% (Gil-Humanes et  al., 2010). However, some negative 
effects on the processing quality were observed in RNAi wheat 
lines (Gil-Humanes et al., 2010, 2014). For instance, CRISPR-Cas9 
editing was applied to silence the α-gliadin gene to reduce 
immune reactivity by 85%, but the treatment also greatly 
reduced the gluten content by 85% and led to an obvious 
decline in processing quality (Sánchez-León et  al., 2018). At 
present, the greatest challenge is to find a technical solution 
to reduce wheat gliadin and increase gluten content with high 
yield and high total protein.

Yu et  al. (2021) showed that sulfur treatment can reduce 
sulfur-poor ω-gliadins (the most abundant among all gliadin 
subtypes) by up to 31.4% in the total gluten, particularly the 
ω5-gliadin known to cause WDEIA (wheat-dependent exercise-
induced anaphylaxis disease), which could be  reduced by 
83.9%. The α/β-gliadins, ω1,2-gliadins, and γ-gliadins, which 
are known to cause celiac disease, were also reduced by up 
to 25.9% under sulfur treatment. Carcinogen acrylamide is a 
processing contaminant usually formed from free asparagine 
and reducing sugars through the Maillard reaction (Mottram 
et  al., 2002; Stadler et  al., 2002; Zyzak et  al., 2003). It has 
been discovered in a range of baked, fried, roasted, and toasted 
foods, including bread, pies, cakes, biscuits, batter, and breakfast 
cereals (Raffan and Halford, 2019). Since free asparagine is 
the major precursor for the formation of acrylamide during 
food processing especially high temperature baking, its 
accumulation mechanism in wheat grains has emerged as a 
hot research topic (Mottram et  al., 2002; Stadler et  al., 2002; 
Raffan et  al., 2021). In living cells, aspartate is the substrate 
of asparagine, which is formed through enzymes that catalyze 
the ATP-dependent transfer of an amino group from glutamine 
(Gaufichon et al., 2010). Five asparagine synthetase genes have 
been found in the wheat genome, including TaASN1, TaASN2, 
TaASN3.1, TaASN3.2, and TaASN4 (Xu et  al., 2018a; Raffan 
and Halford, 2021). Among these genes, TaASN2 is seed-
specific with the highest expression in the embryo (Gao et al., 
2016a; Curtis et  al., 2019). It has been revealed that free 
asparagine is commonly present in wheat even under normal 
growth conditions (Curtis et  al., 2018). Both environmental 
factors and agricultural practice can affect its accumulation 
(Zhong et  al., 2018, 2020). In addition, adverse growing 
conditions such as sulfur deficiency and pathogen infection 
can increase asparagine concentration (Raffan and Halford, 
2019). World Health Organization1 has stated that acrylamide 
in the diet has potential cancer-causing effects. The food 
industry is in demand of available raw materials with lower 

1 https://www.who.int/
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acrylamide-forming potential. So far, numerous studies have 
been carried out to reduce acrylamide in wheat products, 
mainly by reducing the free asparagine concentration in wheat 
grains. For example, Muttucumaru et  al. (2006) reported that 
sulfur application can reduce the asparagine accumulation in 
mature wheat grains, making the wheat products healthier 
for human daily consumption. More recently, Raffan et  al. 
(2021) successfully reduced the asparagine concentration through 
CRISPR-Cas9 approach to knock out the six alleles of TaASN2, 
a seed-specific asparagine synthetase gene in wheat.

CONCLUSION

The formation mechanism of wheat processing quality has been 
extensively studied via a broad range of biological approaches. 
Sulfur deficiency in soil has been reported as a global issue, 
which has negative impacts on wheat quality. An adequate 
level of sulfur fertilization is highly recommended in modern 
wheat farming to gain high processing quality as well as 
desirable nutritional value and healthy effect of the wheat 
end-products. Nitrogen fertilization after flowering should 
be  considered for better processing quality. In the predicted 
drought season, low-protein content wheat cultivars may 
be selected for cultivation so that the grain starch can be allocated 
with more biosynthesis capacity to reduce yield loss. Molecular 
biological research has been mostly focused on the regulatory 
mechanism of the biosynthesis of various gluten components, 

which has led to the discovery of some key TFs that influence 
the quality. In future, TFs regulating specific HMW-GS subunits, 
LMW-GS types, and particularly the gliadin subtypes should 
be  focused so that the relevant molecular markers can be used 
in breeding to meet a broad range of consumer needs.
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The area between middle and lower reaches of the Yangtze River is the largest region
for soft wheat production in China. In soft wheat breeding, the lack of germplasm with
desirable quality for end-use products is a barrier. Ningmai9 is the main variety of soft
wheat planted in this area. To create germplasm with better quality and yield potential
than Ningmai9, mutants of HMW-GSs in Ningmai9 induced by ethylmethanesulfonate
(EMS) were obtained. SDS-PAGE showed that two mutants, md10 and md11, were
HMW-GS 1Dy deletions. DNA sequencing confirmed that one mutation was caused
by a C/T substitution, resulting in the change of CAA encoding glutamine into the
termination codon TAA, and another mutation was due to a G/A substitution in the
central repetitive domain of the coding region, causing TGG encoding tryptophan
to become the termination codon TGA. The premature termination codon of the
1Dy12 gene affected the expression of 1Dy12 and kept the mRNA at a lower
transcription level during the kernel development stage in comparison with the wild
type. HMW-GS 1Dy12 deletion mutants decreased the content of HMW-GSs and
glutenin macropolymers, mixograph envelope peak time and TIMEX width, water solvent
retention capacity (WSRC), and lactic acid solvent retention capacity (LASRC). In the
HMW-GS 1Dy12 deletion lines, the sugar-snap cookie diameter was 8.70–8.74 cm,
which was significantly larger than that in the wild type of 8.0 cm. There were no
significant differences in spike number, kernel number, thousand kernel weight, and yield
between the deletion lines and wild type. Overall, the study indicated that the knockout
of the HMW-GS gene induced by EMS is an effective way to improve wheat quality, and
deletion mutants of HMW-GS 1Dy12 decrease gluten strength and increase sugar snap
cookie diameter without yield penalty in Ningmai9 wheat.

Keywords: wheat, quality, mutant, HMW-GS, cookie

INTRODUCTION

Wheat is a primary staple food crop worldwide and has specific quality requirements for particular
end uses, such as bread, cake, biscuit, and noodle. Improving processing quality is one of the
major targets in wheat breeding. Hard and soft wheat are two basic market classes of wheat. Hard
wheat flour usually has high protein content, strong gluten strength, and high water absorption,
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which enhances yeast growth and increases bread volume,
whereas soft wheat flour has low protein content, less water
absorption, and a small particle size distribution, which improves
dough flow and product texture associated with cookie, cake, and
cracker (Souza et al., 2002).

Wheat grain protein is divided into gluten and non-gluten
fractions, and the wheat processing quality mainly depends
on the gluten fractions (Ma W. et al., 2019). Wheat gluten
is regarded as the major determinant of dough elasticity and
viscosity, largely affecting the processing properties of wheat
flour suitable for leavened bread and other bakery products
(Shewry, 2019). Wheat gluten is comprised of many types of
proteins, which are traditionally categorized into two groups,
namely, glutenins and gliadins, in approximately equal amounts.
Glutenins are assembled into polymers stabilized by interchain
disulfide bonds, whereas gliadins are present as single polypeptide
chains (Shewry and Halford, 2002; Lambourne et al., 2010).
The polymeric glutenins include high molecular weight glutenin
subunits (HMW-GSs) and low molecular weight glutenin
subunits (LMW-GSs) (Rasheed et al., 2014). HMW-GSs are at
relatively low levels in wheat grains, accounting for 5–10% of
the storage proteins (Branlard and Dardevet, 1985; He et al.,
2005); however, they provide disulfide-bonded backbones in
the gluten network and are recognized as the most important
components in determining the strength and elasticity of wheat
gluten (Shewry et al., 2003; Li et al., 2021). Three homoeologous
alleles Glu-A1, Glu-B1, and Glu-D1 encode HMW-GSs at the
Glu-1 loci on the long arms of group 1 chromosomes in wheat
(Payne et al., 1981). There are two tightly linked genes at
each HMW-GS locus, encoding an x-type (80–88 kDa) and a
y-type (67–73 kDa) subunits. Theoretically, six different HMW-
GSs are involved in wheat, but in fact, there are only three
to five HMW-GSs in most wheat cultivars (Payne, 1987). The
genes of 1Bx, 1Dx, and 1Dy are present in most cases, whereas
the genes of 1Ay are usually silenced (Roy et al., 2018; Yu
et al., 2019). Each HMW-GS gene has multiple alleles, which
constructs different composition among different varieties of
wheat and other species of Triticeae (Liu et al., 2005). So far,
more than 30 alleles of HMW-GS genes have been isolated, and
the sequences of HMW-GSs are highly conserved and share
the same primary structure composed of a signal peptide, an
N-terminal domain, a central repetitive domain, and a C-terminal
domain. The majority of x-type subunits possess four conserved
cysteine residues, and the y-type subunits generally contain
seven conserved cysteine residues. Different subunits possess
different numbers of cysteines (Rasheed et al., 2014; Ma W.
et al., 2019). The cysteine residues in both x-type and y-type
subunits form glutenin macropolymers (GMPs) in the gluten
complex in dough by intermolecular disulfide bonding. Based
on SDS extractability, the GMP complexes are divided into
SDS-unextractable polymeric protein (UPP) and SDS-extractable
polymeric protein (EPP) (Ma W. et al., 2019). UPP contains
larger GMP complexes, while EPP is composed of smaller GMP
complexes. The ratio of UPP% is positively correlated with gluten
and dough strength (Shewry and Tatham, 1997).

High molecular weight glutenin subunits and their
combinations affect the physical and physicochemical properties
of dough. Some subunit combinations, such as 1Dx5 + 1Dy10,

1Bx7 + 1By8, and 1Bx17 + 1By18, are desirable subunits for
bread-making quality by contributing to superior dough strength
and elasticity, whereas other subunit combinations, such as
1Dx2 + 1Dy12, 1Bx20, and 1Bx7 + 1By9, decrease dough
strength (Shewry et al., 1992; Yan et al., 2009; Liu et al., 2016; Guo
et al., 2019; Jiang et al., 2019).

The main biological function of storage protein is to provide
nutrition and energy sources for seed germination and seedling
growth in wheat. Mutations of HMW-GS gene silencing are not
fatal for the plant, so the selection pressure on these genes has
less effect on the growth and development of wheat than that on
functional genes (Liu et al., 2008). As a result, these genes can
be modified to create more mutations to improve the processing
quality of wheat breeding. However, as shown in previous reports,
the effect of silencing HWM-GSs on end-use products, especially
in soft wheat, was not consistent. The deletion of all HMW-
GSs significantly reduced the dough strength, GMP content, and
bread-backing quality (Zhang Y. et al., 2018). The loaf volumes
of the five knockout mutants with the deletion of one or two
HMW-GS genes in 1Ax1, 1Bx14, 1By15, 1Dx2, and 1Dy12 were
significantly smaller than those of the wild-type Xiaoyan54 (Li
et al., 2015). Wang et al. (2017) found that the Glu-D1 locus had
a greater effect on bread-processing quality than the loci of Glu-
A1 and Glu-B1, and 1Dx2 had a stronger function than 1Dy12
in promoting functional glutenin macropolymers by comparing
two series of genetic mutants. The contribution of each of
the HMW-GS to the bread-processing quality of deletion lines
missing the loci Glu-A1, Glu-B1, and Glu-D1 created by the
ion beam methods showed that the genetic effects of the Glu-1
locus on gluten functionality were Glu-D1 > Glu-B1 > Glu-
A1 (Yang et al., 2014). Ram et al. (2007) reported that double
nulls of x-type and y-type subunits at the Glu-D1 locus were
associated with reduced gluten strength and suitable for biscuit
making in the Indian wheat landrace Nap Hal, which might
be useful in soft wheat breeding. Two lines containing Glu-
Bx17 and By18 HMW-GSs and lacking Glu-A1 and Glu-D1
significantly increased tortilla diameters (Mondal et al., 2008).
The deletion lines decreased UPP, HMW/LMW, and dough
extensibility compared with non-deletion lines (Zhang P. et al.,
2014). Gao et al. (2018) found that the dough development and
stability time were significantly reduced in near-isogenic lines
with the deletion of 1Ax1 or 1Dx2, but the uniformity of the
microstructure in wheat was increased. Knocking-out 1Bx7 or
1By9 significantly decreased the accumulation of gluten proteins
and weakened dough strength, which led to an inferior sponge
cake quality (Chen et al., 2019). Recent research showed that 1Dy
missing had a negative impact on the quality of bread, sponge
cake, and biscuit (Chen et al., 2021).

China is one of the world’s largest wheat producers, with
output reaching more than 130 million tons in 2020, according
to the statistics of Ministry of Agriculture and Rural Affairs of
the People’s Republic of China. To meet the market demand,
Chinese scientists began focusing on wheat quality improvement
in the last 30 years (Wang et al., 2018). Many hard white
wheat cultivars with good end-use quality were released in
northern China (Zhang et al., 2007; Li et al., 2019). However,
the improvement in soft wheat quality was less than that in hard
wheat (Yao et al., 2014). Soft wheat consumption has significantly
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increased, reaching more than six million metric tons annually
in China. Soft wheat quality improvement is highlighted of great
importance in production, especially in the middle to lower
reaches of the Yangtze River for winter wheat growing. This is
the best region for soft red winter wheat production in China
(Zhang et al., 2012).

A lack of germplasm with desirable quality for end-use
products is a barrier to soft wheat breeding in China. Most
soft wheat varieties with good quality from the United States
or Australia are hard to use in direct wheat breeding and
production in China as the yield potential and the resistance to
biotic or abiotic stress are not adapted to the local ecological
regions in China. Zhang et al. (2007) evaluated the quality of
soft wheat varieties in China and found that only three varieties
were considered good soft wheat with acceptable cookie-making
qualities. Ningmai9 is the major variety used in the middle
and lower reaches of the Yangtze River, which has desirable
agronomic traits and has had stable soft wheat quality across
variable regions for many years. In addition, Ningmai9 is a
founder parent in wheat breeding and has derived 23 released
varieties for wheat production so far (Ma H. et al., 2019).

Soft wheat flour is suitable for producing cookie, cake, and
cracker. It usually needs smaller flour particles, higher amylose
content, and fewer gluten proteins than hard wheat. The variation
of gluten protein in soft wheat weakens the gluten network in
dough. There were significant positive correlations between high
molecular weight polymeric protein fractions and single kernel
hardness index as well as mixograph water absorption/tolerance,
but a negative correlation with break flour yield, cookie diameter,
and cake volume in soft wheat (Ohm et al., 2009). To meet the
urgent demand for soft wheat breeding in China, we developed
a set of deletion mutants of HMW-GSs in Ningmai9 (Zhang J.
et al., 2014). This research is expected to identify the molecular
mechanisms and functions of HMW-GS deletion mutants and
their effects on cookie quality, so as to evaluate their yield
potential and provide useful materials in the breeding and
production of soft wheat.

MATERIALS AND METHODS

Plant Materials and Field Experiment
Design
Wheat seeds were treated by 0.4% EMS and sowed in the
experiment station of Jiangsu Academy of Agricultural Sciences
(Zhang J. et al., 2014). M2 and M3 seeds of EMS-mutagenized
population were harvested and screened for the variation of
HMW-GS. The wild type is a soft wheat variety, Ningmai9,
which was released by the Jiangsu Academy of Agricultural
Sciences using an intervarietal cross of Yangmai 6/Xifeng. The
HMW-GS composition of Ningmai9 consists of 1Ax, 1Bx7, 1By8,
1Dx2, and 1Dy12. After three generations of self-pollination
and selection, we planted M7 seeds of mutant lines and the
wild type at the experimental station. The field experiment was
designed as a randomized complete block experiment for one
factor. Each treatment had a plot size of 5 m2, with a seed density
of 2.4 × 106 ha−1 and a row spacing of 25 cm. There were three

replications in each treatment. The spike number was measured
at the maturity stage. The yield in each plot was calculated after
harvest. Other agronomic traits, including plant height, kernel
number per spike, and thousand kernel weight, were examined
using an average of 10 plants randomly collected from each
plot. The seeds were harvested and mixed up for a grain quality
test in each plot.

Five immature kernels were collected from mutants and wild
types in the middle part of the selected spikes at 7, 11, 14, and
21 days after anthesis. The collected samples were immediately
frozen in liquid nitrogen and then used to extract RNA for gene
expression analysis.

SDS-Polyacrylamide Gel Electrophoresis
Assay for Seed Storage Proteins
High molecular weight glutenin subunits were separated by SDS-
PAGE according to the method described previously (Khan et al.,
1989). In brief, a 40 mg grain was ground and defatted with
chloroform in a 2 ml Eppendorf tube. The tube with sample
was subsequently mixed with 1 ml of extraction buffer, which
contained 62.5 mmol l−1 Tris–HCl (pH6.8), 10% glycerol, 2%
SDS, and 5% β-mercaptoethanol. The mixture was incubated at
room temperature for 30 min with unremitting shaking, and
then incubated at 90◦C for 5 min. Thereafter, the sample was
centrifuged at 8,000 × g for 15 min. The supernatant was
used for SDS-PAGE.

The acrylamide concentration was 10 and 4% in the resolving
gel and stacking gel, respectively. In total, 25 ml of glutenin
extract was loaded in each lane for 10 h of electrophoresis. The
resolving gel was then stained with 0.05% Coomassie Brilliant
Blue R250 for 24 h, followed by destaining in distilled water for
48 h until the bands were clearly distinguished. The destained gel
was then scanned using VersaDoc Model 5000 Imaging Systems
and analyzed for the preliminary content of each HMW-GS with
Quantity 1-D Analysis Software (Bio-Rad Laboratories, Irvine,
CA, United States). Afterward, each band was cut separately from
the gel and placed in an Eppendorf tube. A 500–1,000 ml mixture
of 50% isopropyl alcohol containing 3% SDS was added to the
tube according to the content of each band, and then the tube
was placed for incubation at 37◦C for 24 h until the gel cleared.
The extraction was then detected at a wavelength of 595 nm using
a UV-2401 Shimadzu spectrophotometer.

The standard protein (116 kD, Sigma) was dissolved in 20, 30,
and 40 ml volumes and loaded in three lanes on the same gel,
and the standard curve was obtained according to the content of
the standard protein extracted and measured following the above
steps for quantification. Each HMW-GS of collected samples was
then quantified based on the standard curve.

DNA Extraction and PCR Amplification
Genomic DNA was extracted from the leaves of a 3-
week-old seedling using the cetyl trimethyl ammonium
bromide (CTAB) method. The forward primer (5′-
GGCTAACAGACACCCAAAC-3′) and reverse primer
(5′-TGTGAACACGCATCACGT-3′) for specific detection
of 1Dy12 were designed according to published DNA sequences
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to amplify the complete coding sequence in mutants and wild
type. TksGflex DNA polymerase (TaKaRa, Shanghai, China)
was used for the amplification. In each reaction, 500 ng of
genomic DNA, 1× Gflex buffer, 1 µl of Tkspolymerase, and a
concentration of 0.2 µM of each primer were added to the tube
in a volume of 50 µl of double-distilled water. The PCR was run
in a Bio-rad T100 thermal cycler starting with 2 min at 94◦C,
followed by 35 cycles of denaturing at 98◦C for 10 s, annealing
for 15 s at 60◦C, and extension at 68◦C for 90 s, with a final
extension of 5 min at 68◦C. The PCR products were separated on
1.0% agarose gels at 170 V for 10 min.

1Dy Gene Cloning and Sequencing
The target DNA fragments were cut from the agarose gel and
purified using the TIAN gel Midi Purification Kit (TIANGEN
BIOTECH, Beijing, China). Purified regenerants were then
ligated into the pEASY-Blunt Simple Cloning Kit (TransGen
Biotech, Beijing, China) and transformed into Escherichia
coli Trans1-T1 Phage Resistant Chemically Competent Cells
(TransGen Biotech, Beijing, China). The transformed cells were
tiled on ampicillin LB medium containing IPTG and X-Gal
for culturing at 37◦C for 12–16 h. The positive clones were
amplified to test for the target fragment, which was then sent to
Takara Bio (Shanghai, China) for sequencing. DNAMAN version
6.0 software (Lynnon Biosoft, San Ramon, United States) and
BioEdit version 7.1.3 software were used for assembling and
aligning the gene sequences.

RNA Extraction and Quantitative Reverse
Transcription-PCR
Wheat kernels from all spikelets of spike were collected from
mutants and wild types at different grain development stages
from anthesis to harvest. The total RNAs of collected kernels were
extracted using the Promega (Madison, WI, United States) SV
total RNA isolation system (Promega, United States). The RNA
PCR Kit (AMV) version 3.0 (Takara Bio, Shanghai, China) was
used for synthesizing the first-strand cDNAs. In addition, 10 µl
2× RealStar Green Fast Mixture with ROXII, 0.6 µl primer mix
(10 µM) each for 1Dy12, 1 µl first-strand cDNA, and 8.2 µl
ddH2O were added to a 20 µl reaction volume for qRT-PCR. The
reactants were amplified using an ABI PRISM 7500 Real-Time
PCR System (ABI, Redwood City, CA, United States) starting
with 2 min at 94◦C, followed by 50 cycles of denaturing at 95◦C
for 20 s, annealing for 20 s at 55◦C, and extension at 72◦C for 20 s.
The tubulin gene was used as an endogenous control gene. Data
from individual runs were collated using the 2−11CT method
(Livak and Schmittgen, 2001).

Polymeric Protein Examined by
High-Performance Liquid
Chromatography
The SDS extractable and unextractable proteins were extracted,
and HPLC analysis was conducted according to the method
described previously (Larroque et al., 2000). A total of 10 mg of
flour sample in a 1.5-ml microfuge tube was mixed with 1 ml
of 0.5% SDS in 0.05 M of phosphate extraction buffer (PEB).

The mixture was subjected to a 1 min vortex and centrifuged
at 14,000 rpm for 15 min. After centrifugation, the SDS-soluble
fraction was separated on supernatant and subsequently decanted
into a clean 1.5-ml microfuge tube. The remaining pellet in the
microfuge tube was mixed with 1 ml of PEB for resuspending
and subjected to a 30 s sonication. The sample was then subjected
to centrifugation for 15 min at 14,000 rpm. The supernatant
was an SDS-insoluble fraction. The SDS-insoluble fraction was
transferred to a clean 1.5-ml microfuge tube. Both SDS-soluble
and insoluble fractions were subjected to an 80◦C water bath for
2 min to inactivate proteases and then filtered into 2 ml glass
vials for HPLC. The percentage of SDS-unextractable polymeric
protein in total polymeric protein (UPP/UPP + EPP) was
calculated based on the ratio of the peak area for unextractable
polymeric protein relative to the total area of both the extractable
and unextractable polymeric protein.

Quality Testing of Grain, Flour, and Sugar
Snap Cookie
Grain protein content (GPC) was determined using a near-
infrared reflectance spectroscopy analyzer (NIR) (Perten DA
7200, Perten Instruments, Huddinge, Sweden) following AACC
method 39-10 (AACC 2000). Wet gluten content was examined
based on the National Standards of China (GB/T5506.2-
2008 and GB/T5506.4-2008). The results were expressed on a
14% moisture basis.

Hardness and diameter of the grain were tested using the
Single Kernel Characterization System (SKCS 4100, Perten
Instruments Co., Ltd., Stockholm, Sweden) of AACC method
55-31.03 (AACC 2000).

For milling, grain samples were cleaned and adjusted to 14.5%
moisture for 18 h. Grain samples were then roller-milled to
straight-grade flours according to AACC 26-31 using a Buhler
Experimental Mill [MLU-202, Buhler Equipment Engineering
(Wuxi) Co., Ltd., Jiangsu, China]. The yield of straight-grade
flour was about 70%.

Solvent retention capacity (SRC) of flour, including water
solvent retention capacity (WSRC), sodium carbonate solvent
retention capacity (SCSRC), lactic acid solvent retention capacity
(LASRC), and sucrose solvent retention capacity (SUSRC), were
measured according to AACC method 56-11 (AACC 2000).
Dough rheological properties were determined using mixograph
according to AACC 54-40.02. Sugar snap cookie was processed
according to AACC 10-52, and the cookie diameter was noted.

Statistical Analysis
A significant difference in the tested characters between deletion
mutants and wild type was determined using analysis of variance
(ANOVA) and Student’s t-test. The criterion for statistical
significance was set at P < 0.01 and P < 0.05.

RESULTS

Identification of 1Dy12 Mutants
SDS-PAGE analysis showed that the composition of HMW-GSs
in the soft wheat Ningmai9 was 1Ax1, 1Bx7, 1By8, 1Dx2, and
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1Dy12. In total, 3,781 lines mutagenized from the Ningmai9
by EMS were used to screen for mutants lacking the HMW-
GSs. Two independent mutants (md10 and md11) with 1Dy12
deletion were identified, but the patterns of LMW-GSs and
other HMW-GSs were unchanged when compared with the wild
type (Figure 1).

Sequencing of 1Dy12 Gene in Wild Type
and Mutants
A pair of specific primers designed outside the coding region of
the 1Dy12 gene was amplified, and a target band of approximately
2.5 kbp was amplified in mutants and wild type (Supplementary
Figure 1). The sequences of coding regions of 1Dy12 in mutants
and wild type were analyzed. The open reading frames of
1Dy12 in wild type were 1,980 bp in length with the initiation
codon and two duplicate termination codons, encoding 658
amino acid residues (Supplementary File 1). The sequence
comparison between the mutants and wild types indicated
that each mutant has single base substitutions, respectively.
The mutation site of md10 occurred at 1,663 bp with a
substitution of C/T, which changed the codon CAA of glutamine
to the termination codon TAA, substitution located on the fifth
amino acid residue of the central repetitive domain (TGQAQQ)
(Figures 2A,B). A G/A substitution occurred at 798 bp in
mutant md11, causing the tryptophan codon TGG to become
the termination codon TGA; this substitution occurred at the
W position of the PGQWQQ in the central repetitive domain
(Figures 2C,D).

FIGURE 1 | SDS-PAGE pattern of HMW-GSs and LMW-GSs in the wild type
and mutants, md10 and md11.

Expression of 1Dy12 Gene in Grain
Development Stages
Total RNA was extracted and reverse transcribed to cDNA from
the grains of mutants and wild type at different days after anthesis
(DPA) and used for gene expression analysis to clarify if the
1Dy12 gene at the Glu-D1 locus was normally expressed at
transcriptional and translational levels in mutants during the
course of grain development. The expression profiles of the
1Dy12 gene in mutants and Ningmai9 were determined using
qRT-PCR. The gene expression of 1Dy12 at least started at 7 DPA,
reached its highest level with the relative expression of 11.3 at
14 DPA, and then declined as grain-filling progressed in the wild
type of Ningmai9. The expression of 1Dy12 decreased across
all developmental stages in both mutants of md10 and md11
in comparison with wild type; the values of relative expression
ranged from 0.03 to 0.72 and from 0.07 to 0.55 in md10 and
md11, respectively, which implied that the expression of 1Dy12
in mutants was significantly suppressed and resulted from a
premature termination codon (Figure 3).

Grain Characters and Storage Protein in
Wild Type and Mutants
Grain hardness and diameter were detected by SKCS. There
was minimal difference between wild type and 1Dy12 deletion
mutants in both characters. The grain hardness and diameter of
1Dy12 deletion mutants were ranged from 38.97 to 40.23 and
from 2.65 to 2.68 mm, respectively, while those of the wild type
were ranged between 39.85 and 2.71 mm (Figures 4A,B). Test
weight in mutants was not significantly different from that in
wild type, too (Figure 4C). Similarly, no significant differences
were detected in grain protein content and wet gluten content.
The grain protein content and wet gluten in 1Dy12 deletion
mutants ranged from 14.13 to 14.26% and from 25.88 to 27.40%,
respectively, while those of the wild type were 13.77 and 25.53%
(Figures 4D,E). In comparison with the wild type, the total
amount of HMW-GSs in mutant md10 and md11 was decreased
by 19.6 and 21.8% (Figure 4F). The comparison of storage
protein components showed that Glu/Gli in md10 and md11 was
1.17–1.18. It was significantly lower than that in the wild type
(1.6) (Figure 4G). UPP% in mutants and wild type were tested
by high-performance liquid chromatography (HPLC). Compared
with the wild type (24.07%), a significant decrease was observed
in md10 (15.36%) and md11 (14.93%) (Figure 4H). The results
indicated that the deletion of 1Dy12 has a negative impact on
total HWM-GSs content, Glu/Gli, and UPP accumulation level,
though other grain characters remain unchanged.

Effect of the Lack of 1Dy12 on Solvent
Retention Capacity
The SRC test can describe the intrinsic characteristics of flour
components and is widely used in soft wheat breeding. The
comparison of SRC value between 1Dy12 deletion mutants and
wild type showed that the effect varied among different SRC
components. The WSRC in md10 and md11 was 59.48 and
54.72%, respectively, a significant decrease in comparison with
that in wild type (63.68%) (Figure 5A). LASRC in 1Dy12 deletion
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FIGURE 2 | Alignment analysis of the 1Dy12 sequences in mutant md10, md11, and wild type. (A) Partial DNA sequence alignment of 1Dy12 of md10 and wild
type, (B) partial protein sequence alignment of 1Dy12 of md10 and wild type, (C) partial DNA sequence alignment of 1Dy12 of md11 and wild type, and (D) partial
protein sequence alignment of 1Dy12 of md11 and wild type.

mutants was ranged from 98.41 to 98.65%, and significantly
lower than that in wild type (121.85%) (Figure 5C). There was
a small difference between wild type and 1Dy12 deletion mutants
in SCSRC and SUSRC, and the variation ranged from 68.79 to
72.76% and from 101.46 to 103.58%, respectively (Figures 5B,D).

Effect of the Lack of 1Dy12 on
Processing Quality
Processing quality parameters related to dough rheological
properties were characterized, and comparisons between 1Dy12
deletion mutants and wild type were made. Dough rheological
properties were detected using mixograph. There were significant
differences in peak time and TIMEX width between 1Dy12
deletion mutants and wild type. The peak time and TIMEX
width were 1.73 min and 4.57% in wild type and decreased to
1.15–1.22 min and 3.54–3.58% in deletion mutants, respectively

FIGURE 3 | Expression profiling of the 1Dy12 gene at a different
developmental stage in mutants md10, md11 (y-axis on the left), and wild
type (y-axis on the right) by qRT-PCR. The double asterisks represent
significant differences determined by Student’s t-test at P < 0.01.

(Figures 6A,E). No significant differences in peak value, peak
width, and right slope were found between deletion mutants
and wild type (Figures 6B–D). Sugar snap cookies with flours
of 1Dy12 deletion mutants and wild type were made, and their
diameter is shown in Figure 6F. The wild type had a cookie
diameter of 8.00 cm, and the deletion mutants had an increased
spreading ability and more width compared with those of the
wild type, which had a cookie diameter of 8.70–8.74 cm. The
result suggested that 1Dy12 deletion in Ningmai9 demonstrated
the superior quality of sugar snap cookies (Figure 6G).

Yield Related Traits in Wild Type and
Mutants
The 1Dy12 deletion mutants, md10 and md11, and wild type
were sown in the field at the end of October 2017 and harvested
in early June in 2018. Morphological traits were studied in
mutants and wild type. The 1Dy12 deletion mutants md10
and md11 had similar performance to wild type. The plant
height, spike number per ha, kernel number per spike, thousand
kernel weight, and yield per ha of 1Dy12 deletion mutant
were 80.33–80.50 cm, 563.0–580.3 × 104, 57.83–59.17, 35.08–
35.22 g, and 6,520–6,770 kg ha−1, respectively, while those of
wile type were 80.67 cm, 572.7 × 104, 57.83, 35.16 g, and
6,573 kg ha−1 (Figures 7A–E). The results indicated that 1Dy12
deletion mutants possessed the same yield potential as wild type.

DISCUSSION

The quality of end-use products is affected by different
subunits of wheat HMW-GSs both individually and cooperatively
(Delcour et al., 2012). Generally, the absence of an individual
or combination of HMW-GSs decreases the gluten strength and
elasticity and has negative effects on bread-processing quality
(Li et al., 2015; Liu et al., 2016; Wang et al., 2017; Gao et al.,
2018; Zhang Y. et al., 2018). However, for the end-use of soft
wheat, the effect of the deletion of HMW-GSs was inconsistent
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FIGURE 4 | Values of (A) grain hardness, (B) grain diameter (mm), (C) test weight, (D) grain protein content (%), (E) grain gluten content (%), (F) HMW-GS content
(mg g−1), and (G) Glu/Gli and (H) UPP/(UPP + EPP) in wild type and mutants (md10 and md11). Data represent mean ± standard deviation. Single and double
asterisks show significant differences at P < 0.05 and P < 0.01 using Student’s t-test, respectively.

FIGURE 5 | Solvent retention capacity, (A) WSRC, (B) SCSRC, (C) LASRC (%), and (D) SUSRC (%) of flour in wild type and mutants (md10 and md11). Data
represent mean ± standard deviation. Single and double asterisks show significant differences at P < 0.05 and P < 0.01 using Student’s t-test, respectively.

with the previous studies. Tuncil et al. (2016) reported that
the presence of 1Bx7 and 1By9 at Glu-B1 and the absence
of Glu-A1 and Glu-D1 consistently enlarged the diameter and
kept favorable flexibility during storage for tortillas. Significantly
higher cookie diameter and lower cookie height were found in
near-isogenic lines of double null in Glu-A1 and Glu-D1 and
single null in Glu-D1 compared with their recurrent parent
Yangmai18 (Zhang X. et al., 2018). However, Chen et al. (2019)
found that 1Bx7 and 1By9 make important contributions to
gluten functionality, and the deletion of 1Bx7 or 1By9 in mutants
resulted in weaker dough strength and inferior sponge cake
performance. It was also reported that a wheat somatic variation
of the 1Dy12 deletion line showed an inferior sponge cake and
biscuit in KN199 (Chen et al., 2021). The results show that
the effects on the quality of end-use products are not only
dependent on the function of different HMW-GSs but also
related to the genetic backgrounds of wheat varieties. Clarifying
the contributions of HMW-GSs in flour-processing quality is
important in commercial varieties so that the effects of HMW-
GSs can be efficiently utilized in wheat breeding. To improve

soft wheat processing quality, we created deletion mutants of
HMW-GSs from Ningmai9, a major soft wheat variety in the
reaches of the middle to lower Yangtze River, using the EMS
mutagenized method (Zhang J. et al., 2014). We found that the
absence of 1Dy12 in both mutants, md10 and md11, had a
positive effect on the quality of sugar snap cookies compared
with the wild type, Ningmai9 (Figure 6). Yield-related traits in
both mutants were similar to those in Ningmai9 in this study
(Figure 7), which was similar to the report of Zhang X. et al.
(2018), but not consistent with the result of the somatic mutant
in KN199 (Chen et al., 2021). We speculated that different
methods of mutant induction and the genetic background of the
experimental materials might be responsible for such differences.
Somatic variation may produce more variation loci than EMS;
meanwhile, KL199 is hard winter wheat and Ningmai9 is soft
spring wheat. However, md10 and md11 in this study could be
useful for soft wheat production and breeding.

Deletion of HMW-GSs results from gene silencing. The gene
silencing of HMW-GSs could be caused by the deletion of small
chromosomal fragments and the alteration of promoter regions
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FIGURE 6 | Dough rheological properties, (A) peak time (min), (B) peak value (%), (C) peak width (%), (D) right slope (% min−1), (E) TIMEX (%) using mixograph, (F)
cookie diameter in wild type and mutants (md10 and md11), and (G) top view of sugar snap cookie of wild type (middle) and mutants, md10 (left) and md11 (right).
Data represent mean ± standard deviation. Single and double asterisks show significant differences at P < 0.05 and P < 0.01 using Student’s t-test, respectively.

FIGURE 7 | Yield related characters, (A) plant height (cm), (B) spike number per ha, (C) kernel number per spike, (D) TKW (g), and (E) yield (kg ha−1).

(Upelniek et al., 1995; Beshkova et al., 1998; Liu et al., 2016).
Single base substitutions in the coding region sequences also
cause gene silencing in the deletion of HMW-GSs in wheat,
which usually results from premature termination codons (Chen
et al., 2019, 2021). The gene silencing of Glu-1Ay in wheat
is largely attributed to premature termination codons (Luo
et al., 2018). There are two major mechanistic classes inducing
gene silence, post-transcriptional gene silencing (PTGS), and
transcriptional gene silencing (TGS) (Hammond et al., 2001).
Chen et al. (2021) found that the gene silencing of 1Dy12 in the

somatic mutant derived from KL199 was caused by PTGS, as
RT-PCR and qRT-PCR results of 1Dy12 gene expression implied
that this gene was normally expressed in the mutant through
all grain developmental stages. In this study, DNA sequencing
confirmed that one mutation caused by a C/T substitution in
md10 would result in the change of CAA encoding glutamine
into termination codon TAA, and the mutation of md11 is due
to a G/A substitution within the coding region repeat sequence,
making the tryptophan encoding TGG become the termination
codon TGA (Figure 2). The gene expression of 1Dy12 in deletion
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mutants is different from that reported by Chen et al. (2021).
In the research, the relative expression of 1Dy12 significantly
decreased across all developmental stages in both mutants of
md10 and md11 in comparison with the wild type (Figure 3).
Therefore, we speculated that the gene silencing in md10 and
md11 was caused by TGS. The result is similar to the research
by Gao et al. (2021), in which a premature stop codon of
TaNAC019 affected not only its protein biosynthesis but also its
mRNA production.

High molecular weight glutenin subunits are associated with
the formation of intramolecular and intermolecular disulfide
bonds, which largely determine gluten structure and network
(Shewry et al., 1997). Glutenin protein usually exists in gluten as
polymers. According to the solubility in SDS solution, glutenin
polymers were divided into SDS-unextractable polymeric protein
(UPP) and SDS-extractable polymeric protein (EPP). The
percentage of UPP in total glutenin polymer (UPP%) was
strongly related to optimal mixing time of dough rheological
property and thimble-loaf height (Don et al., 2006). We
found that gene silencing of 1Dy12 in Ningmai9 decreased
the total HMW-GSs content and led to a decrease in UPP%
(Figure 4). It is speculated that this phenomenon results from the
inefficient formation of disulfide bonds. The decrease of UPP%
reduced the peak time and TIMEX width in dough rheological
properties using mixograph, which reflected a decrease in
gluten strength.

Solvent retention capacity (SRC) is a solvation examination
for wheat flour that is widely applied for evaluating flour
functionality in soft wheat breeding in the United States. The
functional contributions of different polymeric components in
SRC are predicted on the basis of their swelling properties
in different diagnostic solvents (Guttieri et al., 2004). LASRC
reflected glutenin network and gluten strength, WSRC is
associated with all the assessed polymers water-holding capacity
(Meera et al., 2011). A low WSRC would be required to make
flour for cookies. With the small amount of water needed
for a processable dough for cookies, water therefore could be
easier to remove during the baking process, leading to a lower-
moisture cookie with a prolonged shelf life. Low LASRC value
prevents the formation of networks during dough mixing and
baking, which resulted in promoting the collapse of cookie
structure, yielding cookies with larger diameter and thinner
height (Slade et al., 1993). In this study, SRC tests showed that
WSRC and LASRC in 1Dy12 deletion mutants were lower than
those in the wild type (Figure 5), which improved the snap-
cookie quality.
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