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Abstract: Global warming can have detrimental effects on crop production formation, but the effect
of low-temperature stress on crop quality should not be ignored. Wheat is one of the main grain
crops in the world, and the quality of wheat is directly related to human health. The nutritional
importance of wheat in the human diet necessitates pursuing a study to collect detailed and accurate
knowledge of the amino acid composition of wheat proteins under low-temperature conditions. To
better understand the effect of low temperature on the composition of amino acids in mature wheat,
we conducted a two-year low-temperature-controlled wheat pot experiment in artificial climate
chambers with two different wheat cultivars at four low-temperature intensities during the jointing,
booting, and both jointing and booting stages. Our results suggest that the contents of total amino
acids, essential amino acids, and nonessential amino acids for the cold-sensitive wheat cultivar
(Yangmai16) increased under the low-temperature treatments, while the contents of the cold-tolerant
cultivar (Xumai30) decreased when low-temperature was applied during the jointing and double
(both jointing and booting) stages. Through the amino acid score (AAS), we found that the first
limiting amino acid was Lys, while the second limiting amino acid varied among Ile, Met + Cys, and
Val after the low-temperature treatments. Comparing the amino acid ratio coefficients (RCs), we
found that Leu and Thr in wheat grains were close to the standard protein after the low-temperature
treatments, while Phe and Tyr were in a surplus, and the other essential amino acids did not meet the
standard. Thus, to improve the protein quality of wheat, protective measures should be taken when
low temperatures occur.

Keywords: amino acid; protein quality; low-temperature intensity; low-temperature occurrence
period; wheat

1. Introduction

In the developed and developing countries, plant-based diets have been examined as
sources of protein and amino acids for humans [1]. Wheat (Triticum aestivum L.) is one of
the crucial foods for humans, feeding billions of people worldwide. In addition to being a
major source of ration, wheat is also an important dietary component for the majority of
people in developing countries and is essential and beneficial to human health [2]. It has
been reported that wheat products have contributed to more than 40% of the global protein
supply in recent decades [3]. Besides, wheat grains contain more than 17 kinds of amino
acids, and 8 kinds of essential amino acids cannot be synthesized by the human body [1].

The nutritional quality of protein is determined by amino acids, as they are required in
the human body to regulate the growth, maintenance, repair, and replacement of tissues [1].
Studies have shown a significant positive correlation between wheat grain protein content
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and total amino acid content. However, cultivars with high protein content do not always
possess high contents of all essential amino acids at the same time [4]. For example, previous
research has shown that, with the increase in grain protein content, the content of glutamate
increases significantly, while the content of phenylalanine changes slightly. In addition to
the content of amino acids, protein nutritional quality is also determined by the proportion
of essential amino acids, as these cannot be synthesized in the human body [5]. Shewry
and Hey reported that one essential amino acid is limiting, while the other amino acids are
broken down and excreted, resulting in restricted growth in humans [1]. Therefore, from a
nutritional perspective, the total protein content and the contribution of essential amino
acids to the total are the important factors of crop grain quality [6].

However, the amino acid content and its composition are not constant in cereals [7].
The genotype, environment, and their interactions have been found to significantly influ-
ence amino acid quality, and their environmental effects are generally larger than those of
genetic factors [8,9]. Moreover, among the environmental factors, temperature is consid-
ered as a major component that has a significant effect on the quality of wheat grain [10].
Previous studies have shown that during the grain filling period, the daily temperature
difference and the maximum temperature have a positive effect on most amino acids, while
the daily minimum temperature and soil humidity have a negative effect. These results
may be because the daily temperature difference enhances the photosynthesis during the
day and weakens the respiration at night, which is conducive to nutrient accumulation
and nitrogen absorption in wheat grains [11], while the lower soil humidity has a positive
effect on the accumulation of nitrogen [12]. García studied 10 durum wheat cultivars under
three water and temperature regimes and found that the amino acid composition showed
significant variation among the 10 cultivars; the major changes in amino acid composition
were caused by environmental conditions and, in particular, by temperature and water
availability [13]. Moreover, tyrosine, lysine, methionine, threonine, and valine had the
largest variation among environments, whereas phenylalanine, glycine, and aspartic acid
had the smallest variation.

Low-temperature stress as a consequence of climate change is responsible for serious
crop grain quality deterioration [14–16], and the intensity and frequency of low-temperature
stress have been estimated to persist across each land–continent even under 21st century
warming scenarios [17–19]. However, because of global warming, most studies focus on
the effect of increasing temperature on crop yield and quality [20–22]; few studies focus on
the low-temperature effect, especially on crop grain quality. Moreover, even in the existing
studies on the effects of low temperature on crop grain quality, most of them focus more
on the effects of low temperature on crop protein and starch [16,23,24]. Knowledge is still
limited regarding the effect of low temperature on the amino acid quality of crop grains.

In this study, low-temperature-controlled experiments were conducted in artificial
climate chambers with two different cold-sensitive wheat cultivars. The effects of low-
temperature intensity and low-temperature occurrence periods on the amino acid com-
position were considered. In addition, to estimate the amino acid quality of wheat grain
under low-temperature conditions, the amino acid scoring procedure was employed in this
study. These results can form a basis to improve the nutritional quality of wheat grain and
prepare a breeding objective in the future.

2. Materials and Methods
2.1. Experimental Design

Wheat pot experiments were conducted in four independent environmentally con-
trolled artificial climate chambers at Rugao Experimental Station of the National Engi-
neering and Technology Center for Information Agriculture (NETCIA), Jiangsu Province,
China, in 2017–2019. Two winter wheat cultivars, Yangmai16 (a cold-sensitive cultivar, bred
and released from Agricultural Research Institute of Lixiahe Region, Yangzhou, China, in
2004) and Xumai30 (a cold-tolerant cultivar, bred and released by Xuzhou Agricultural
Institute, Xuzhou, China, in 2003) were selected as the test cultivars in these experiments.
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These two cultivars were widely grown in the Middle–Lower Reaches of Yangzi River
Subregion (Figure 1). Ten plants per pot of each cultivar were planted in plastic pots. The
sowing dates in 2017–2018 and 2018–2019 were October 26 and November 1, respectively.
Four low-temperature intensities were applied during the individual (jointing or boot-
ing) and combined stages (both jointing and booting) in each growing season. According
to a previous study [15], the average value of accumulated frost days from wheat stem
elongation to flowering is less than 3 days in the main winter-wheat production region of
China. Therefore, each low-temperature intensity lasted for 3 days. In order to eliminate
other influencing factors in the ambient, such as radiation, wind, and precipitation, T1 was
considered as the control (CK) in this study. The details of the treatments are summarized
in Table 1. When the plants had developed enough for the treatment stages, the pots were
transferred into the artificial climate chambers and exposed to low-temperature conditions.
Before and after the low-temperature treatments, all the treated pots were grown under the
ambient environment and surrounded by border plants. In terms of fertilization, the basal
fertilizer (0.9 g of N, 0.5 g of P2O5, and 0.9 g of K2O per pot) was applied before sowing
and the topdressing fertilizer (0.9 g of N per pot) was applied during the jointing stage. To
avoid water stress, irrigation was carried out when the soil volumetric water content was
under 75%. Other cultivation management, such as disease, pest, and weed control, was
conducted following the local optimum practices.
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Table 1. Summary of the treatments.

Growing Season Cultivar Sowing Date Treatment Stage
Start and End Dates of

Low-Temperature Treatment
(m/dd)

Duration
(days)

2017–2018

Yangmai16

26 October

Jointing 3/06–3/08 3
Booting 3/27–3/29 3

Jointing and Booting 3/06–3/08 and 3/27–3/29 3 and 3

Xumai30
Jointing 3/18–3/20 3
Booting 4/08–4/10 3

Jointing and Booting 3/18–3/20 and 4/08–4/10 3 and 3

2018–2019

Yangmai16

1 November

Jointing 3/06–3/08 3
Booting 3/29–3/31 3

Jointing and Booting 3/06–3/08 and 3/29–3/31 3 and 3

Xumai30
Jointing 3/18–3/20 3
Booting 4/08–4/10 3

Jointing and Booting 3/18–3/20 and 4/08–4/10 3 and 3

The temperature in the artificial climate chambers was controlled precisely and was
consistent with the daily changing patterns of temperature in the atmosphere during the
treatment stages (Figure 2). To ensure sufficient irradiation for wheat growth, halogen
lamps were employed in each chamber. The light intensity in the chambers at noon with sun-
shine and cloudy weather was approximately 1380 µmol m−2 s−1 and 240 µmol m−2 s−1,
respectively. In addition, to keep the CO2 concentration and humidity in the chambers
consistent with the ambient environment, two fans were used in each chamber.
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2.2. Sample Preparation and Measurement

The heads of 9 pots (3 pots per replication) for each treatment were harvested at
maturity; then, they were air-dried for two months to obtain the grain (indehiscent fruit,
named caryopsis, characteristic of Poaceae) before milling.

The amino acid compositions were measured using an amino acid analyzer (S-433D;
SYKAM, Germany) according to the method by Rubin [25]. Based on whether the amino
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acids can be synthesized in the human body, amino acids can be divided into essential
amino acids and nonessential amino acids. In this study, the essential amino acids included
leucine (Leu), phenylalanine (Phe), valine (Val), isoleucine (Ile), lysine (Lys), threonine
(Thr), and methionine (Met), and the nonessential amino acids included arginine (Arg),
glycine (Gly), serine (Ser), tyrosine (Tyr), cystine (Cys), glutamic acid (Glu), proline (Pro),
aspartic acid (Asp), alanine (Ala), and histidine (His).

2.3. Amino Acid Scoring Method
2.3.1. Amino Acid Score

The amino acid score (AAS), which refers to the ratio between the amino acid of the
test protein and the amino acid of the reference protein, was calculated according to the
FAO/WHO [26]. The reference protein contains various essential amino acids, and the
content of each essential amino acid can completely satisfy the needs of the human body.
The amino acid in the test protein that showed the lowest proportion was termed as the first
limiting amino acid, and the ratio obtained was the score. The AAS equation is as follows:

AAS =
Amino acid o f test protein (mg/g)

Amino acid o f protin in re f erence protein (mg/g)
× 100% (1)

2.3.2. Ratio Coefficient of Amino Acids

The ratio coefficient of amino acids (RC) is the ratio of amino acids in food equivalent
to the reference amino acid, which was designed based on the theory of amino acid balance
to evaluate the nutritional value of proteins. When RC = 1, it indicates that the amino acids
in the test protein are consistent with the reference amino acid. If RC > 1, it indicates that
the amino acid in the test protein has a relative surplus; conversely, if RC < 1, the amino
acid in the test protein is relatively insufficient [6]. The RC formula is calculated as follows:

RC =
AAS
AAS

(2)

where AAS is the average AAS for each amino acid.

2.3.3. Essential Amino Acid Index

The chemical index of essential amino acid index (EAAI) is used to evaluate the
nutritional status of a protein. The EAAI is defined as the geometric mean of the egg ratio,
i.e., ratios of essential amino acids in a protein to their respective amounts in the standard
protein (usually egg protein). The larger the EAAI is, the more balanced the amino acid
composition and the higher the protein quality and utilization [2]. The EAAI is calculated
as follows:

EAAI = n

√
100

a
A

× 100
b
B
× 100

c
C
× . . . 100

x
X

(3)

where a, b, c, . . . , and x refer to the amino acid content in the test protein; A, B, C, . . . , and
X refer to the amino acid content in the standard protein (egg protein), respectively; and n
is the number of essential amino acids.

2.4. Statistical Analysis

Two years of experimental data were statistically analyzed by ANOVA. All the analysis
were performed with SPSS 24.0 (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Effects of Low-Temperature on the Amino Acid Content in Wheat Grain

As shown in Figure 2, the impact of low-temperature intensities and periods on
the amino acid content in wheat grain varied between the two cultivars. For the cold-
sensitive cultivar, Yangmai16, the contents of total amino acids, essential amino acids, and
nonessential amino acids exhibited increasing trends with the decrease in low-temperature
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intensity (from T4 to T1) when low-temperature treatment was applied during the jointing
stage, while the amino acid contents showed the opposite trend (except for T2) when low-
temperature treatment was applied during the booting stage. The contents of total amino
acids, essential amino acids, and nonessential amino acids under two low-temperature
treatments (during both jointing and booting stages) showed a single-peak curve distribu-
tion, with the highest content under T3 (−2/3/8 ◦C, Tmin/Tavg/Tmax). In general, weak
low temperature (T2) had the greatest effect on total amino acids, essential acids, and
nonessential acids during the jointing stage, followed by the double stage (both during
the jointing and booting stages) and the booting stage. However, under medium low
temperature (T3), the total amino acids, essential acids, and nonessential acids had the
greatest effect during the double stage, followed by jointing and booting, while the opposite
trends were found under the strong-low-temperature condition (T4) (Figure 3a–c).
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For the cold-tolerant cultivar, Xumai30, the contents of total amino acids, essential
amino acids, and nonessential amino acids also showed a single-peak curve distribution
when low-temperature treatment was applied during the double stage, but with the highest
content under T2 (0/5/10 ◦C, Tmin/Tavg/Tmax). The contents of total amino acids, essential
amino acids, and nonessential amino acids exhibited increasing trends with the decrease
in low-temperature intensity when low-temperature treatment was applied during the
booting stage, which was opposite to the results of Yangmai16. Moreover, after double
low-temperature treatments, the trends of the amino acid contents decreased with the
increase in low-temperature intensity, which was also opposite to the result of Yangmai16.
In general, the total amino acids, essential amino acids, and nonessential acids had the
greatest effect when the weak low-temperature treatment (T2) occurred during the jointing
stage, followed by the booting stage. However, when medium low temperature (T3)
occurred, the amino acids were affected the most during the booting stage, followed by the
double stage, while the opposite trends were detected when strong low temperature (T4)
occurred (Figure 4d–f).
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Moreover, the nonessential amino acids were more sensitive to low temperature than
the essential amino acids for both Yangmai16 (except for T2 during booting) and Xumai30
(except for T2 during jointing). For Yangmai16, compared with T1, the essential amino
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acids and nonessential amino acids during jointing increased by 6.62% and 9.12%, 7.24%
and 9.66%, and 7.25% and 10.47% under T2, T3, and T4, respectively. The essential amino
acids and nonessential amino acids during booting increased by 1.02% and 0.10%, −0.94%
and −2.08%, and −8.38% and 12.01% under T2, T3, and T4, respectively, while the essential
amino acids and nonessential amino acids during both jointing and booting increased by
0.98% and 1.54%, 7.53% and 9.82%, and 0.63% and 2.42%, respectively (Figure 3a,b). For
Xumai30, under T2, T3, and T4, the essential amino acids and nonessential amino acids
increased by 13.90% and 10.43%, −0.14% and −1.25%, and −0.29% and −3.00% during
jointing; 6.89% and 8.94%, 8.89% and 10.02%, and 9.44% and 11.15% during booting; and
−6.96% and −7.02%, −6.67% and 9.59%, and −20.01% and −23.94% during both jointing
and booting, respectively (Figure 3c,d).

3.2. Effects of Low Temperature on the Amino Acid Composition in Wheat Grain

As shown in Figure 5, the impact of low-temperature intensities and periods on the
amino acid compositions in wheat grain also varied between the cultivars and treatments.
For the cold-sensitive cultivar, Yangmai16, low-temperature treatments during the jointing
and double stages (both jointing and booting) increased all the amino acid compositions,
except for Thr under T2 during jointing, and Ile and Pro under T2, and Val, Ile, and Pro
under T4 during the double stage. Moreover, the greatest effect of low temperature during
jointing on the essential and nonessential amino acid compositions was on Met under T2
and Cys under T4, with changes of 31.85% and 16.52% relative to T1. The greatest effect
of low temperature during the double stage on the essential and nonessential amino acid
compositions were Thr and Ser under T3, with changes of 14.75% and 11.78% relative to
T1, respectively. However, low-temperature treatments during the booting stage under
T4 decreased all the amino acid compositions, with the greatest effect on essential and
nonessential amino acid compositions, Met (−17.90%) and Cys (−19.75%), while the effect
trends of low temperature on the amino acid compositions under T2 and T3 were different,
with increases observed in Phe, Lys, Thr, Gly, Ser, Tyr, Cys, Glu, and Asp under T2, and in
Phe, Val, Ile, Lys, Gly, Tyr, and Asp under T3.
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different low-temperature treatments.

For the cold-tolerance cultivar, Xumai30, low-temperature treatments during the
booting stage increased all the amino acid compositions (except for Met under T3 and Try
under T4) but decreased all the amino acid compositions when low-temperature treatments
were applied during the double stage (except for Met under T2 and T3). The greatest effect
of low temperature during the booting stage on the essential and nonessential amino acid
compositions was on Met and Cys under T4, with changes of 52.62% and 19.43% relative
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to T1, respectively. The greatest effect of low temperature during the double stage on
the essential and nonessential amino acid compositions was on Thr (−25.81%) and Cys
(−34.41%) under T4. Moreover, the essential and nonessential amino acid compositions
were increased under T2 during jointing relative to T1, with the greatest increase observed
in Thr (22.65%) and Cys (17.40%), while the effect trends of the amino acid compositions
under T3 and T4 were different, with increasing trends observed for Leu, Val, Thr, Arg, Tyr,
Cys, Asp, and Ala under T3, and for Val, Thr, Met, Arg, Cys, Asp, and Ala under T4.

In addition, the ANOVA showed that the effects of low-temperature intensity (T) and
the interaction of low-temperature intensity and stage (T × S) were not significant on the
essential amino acids for any cultivars, except for the effects of T on Lys of Yangmai16
and on Ile of Xumai30, and the effect of T × S on Thr of Yangmai16 and on Val and Ile of
Xumai30. However, the effects of the low-temperature stage (S) on the essential amino acids
of Yangmai16 were significant except for Lys, Thr, and Met, but only Phe was significant at
the 0.01 level, while the effects of the low-temperature stage (S) on Xumai30 were highly
significant for Val, Ile, Thr, and Met (p < 0.01). For the nonessential amino acids, except
for the low-temperature intensity (T) on Gly, Glu, and Pro of Yangmai16, and on Ser and
Tyr of Xumai30, the effects of the low-temperature intensity (T) were significant for the
nonessential amino acids for both cultivars. However, the effects of the low-temperature
stage (S) of Yangmai16 were significant on the nonessential amino acid compositions, except
for Cys, Asp, and His, and the effects of the interaction of low-temperature intensity and
stage (T × S) were also significant on the nonessential amino acid compositions, except for
Arg, Tyr, and Asp. For Xumai30, the effects of the low-temperature stage (S) were highly
significant for Ser, Tyr, Asp, and His at the 0.01 level, while the effects of T × S were only
highly significant for Ser at the 0.01 level (Table 2).

Table 2. Effects of different low-temperature intensities (T), stages (S), and their interactions (T × S)
on the amino acids of wheat.

Cultivar Source of
Variation

Essential Amino Acid Nonessential Amino Acid

Leu Phe Val Ile Lys Thr Met Arg Gly Ser Tyr Cys Glu Pro Asp Ala His

Yangmai16
T ns ns ns ns * ns ns ns ** ns ns ns * * ns ns ns
S * ** * * ns ns ns ** * * ** ns ** * ns * ns

S × T ns ns ns ns ns ** ns ns * ** ns ** ** * ns ** *

Xumai30
T ns ns ns * ns ns ns ns ns * ** ns ns ns ns ns ns
S ns ns ** ** ns ** ** ns ns ** ** ns * ns ** ns **

S × T ns ns * * ns ns ns ns * ** ns * ns * ns ns *

** and * indicate significance at p < 0.01 and p < 0.05, respectively; ns indicates no significance.

3.3. Evaluation of the Effect of Low Temperature on the Nutritional Value of Amino Acids in
Wheat Grain
3.3.1. Effects of Low Temperature on Amino Acid Score (AAS) in Wheat Grain

In general, the highest amino acid score (AAS) of each essential amino acid composi-
tion was found under T2 for both cultivars when low temperature was applied during the
jointing stage. However, when low temperature was applied during the booting stage, the
highest value of AAS for the cold-sensitive cultivar (Yangmai16) was found under T1, and
for the cold-tolerant cultivar (Xumai30), it was found under T2. When low temperature
was applied during both the jointing and booting stages, the highest AAS of each essential
amino acid composition was observed under T3 for Yangmai16 and under T1 for Xumai30.

Among the essential amino acid compositions, the highest AAS was found for Phe + Tyr,
and the scores in most low-temperature treatments were higher than 100, which means
that the content of Phe + Tyr was higher than the standard protein amino acid composition.
However, the lowest AAS was found for Lys, indicating that Lys was the first limiting amino
acid under the different low-temperature treatments. Different from the first limiting amino
acid, the second limiting amino acid varied among low-temperature treatments. The second
limiting amino acid of Yangmai16 changed from Met + Cys to Ile under the T3 and T4
treatments during the jointing stage, while it changed from Ile to Met + Cys under the T3
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and T4 treatments during the booting stage. The second limiting amino acid did not change
under low-temperature treatment during the double stage, and it was always Ile. For the
cold-tolerant cultivar, Xumai30, the second limiting amino acid was Met + Cys, which changed
to Ile under the serious low-temperature treatment (T4) during jointing, while the second
limiting amino acid was always Ile under the different low-temperature treatments during the
booting stage. Moreover, the second limiting amino acid was Val under T1, T2, and T3, while
it was Met + Cys under the serious low-temperature treatment (T4) when low temperature
was applied during both the jointing and booting stages (Figure 6).

Agronomy 2022, 12, x FOR PEER REVIEW  11  of  17 
 

 

amino acid was Val under T1, T2, and T3, while it was Met + Cys under the serious low‐

temperature treatment (T4) when low temperature was applied during both the jointing 

and booting stages (Figure 6). 

 
Figure  6. Effects of different  low‐temperature  intensities  and  stages on  the  amino  acid  score of 

Yangmai16 (a–c) and Xumai30 (d–f). (a,d) jointing stage; (b,e) booting stage; (c,f) jointing and boot‐

ing stages. 

3.3.2. Effects of Low Temperature on the Ratio Coefficient of Amino Acids (RC) in 

Wheat Grain 

In general, the effects of low‐temperature intensity and stage on the ratio coefficient 

(RC) of different amino acid compositions were not significant (Figure 7). The highest RC 

of each essential amino acid composition was found under T2 for the cold‐sensitive culti‐

var of Yangmai16 (except for Phe + Tyr), and under T1 for the cold‐tolerant cultivar of 

Xumai30 (except for Thr and Met + Cys) when low temperature was applied during the 

jointing stage. When low‐temperature treatments occurred during the booting stage, the 

highest RC of each essential amino acid composition was found under T3 (Thr and Met + 

Cys under T1) and T2  (Val under T4 and Thr under T3)  for Yangmai16 and Xumai30, 

respectively. However, when low‐temperature treatment occurred during both the joint‐

ing and booting stages, the highest RC of each essential amino acid composition was un‐

der T3 and T4 for Yangmai16 and under T2 and T4 for Xumai30. 

Figure 6. Effects of different low-temperature intensities and stages on the amino acid score of
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3.3.2. Effects of Low Temperature on the Ratio Coefficient of Amino Acids (RC) in
Wheat Grain

In general, the effects of low-temperature intensity and stage on the ratio coefficient
(RC) of different amino acid compositions were not significant (Figure 7). The highest RC
of each essential amino acid composition was found under T2 for the cold-sensitive cultivar
of Yangmai16 (except for Phe + Tyr), and under T1 for the cold-tolerant cultivar of Xumai30
(except for Thr and Met + Cys) when low temperature was applied during the jointing
stage. When low-temperature treatments occurred during the booting stage, the highest RC
of each essential amino acid composition was found under T3 (Thr and Met + Cys under
T1) and T2 (Val under T4 and Thr under T3) for Yangmai16 and Xumai30, respectively.
However, when low-temperature treatment occurred during both the jointing and booting
stages, the highest RC of each essential amino acid composition was under T3 and T4 for
Yangmai16 and under T2 and T4 for Xumai30.

According to the Modern Nutrition Society, a lack of essential amino acids affects the
nutritional value of proteins, while an excess of certain amino acid compositions also limits
the nutritional value of proteins [27]. As shown in Figure 8, the RC values for Leu, Thr,
and Phe + Tyr in both cultivars were >1 under all low-temperature treatments, especially
for Phe + Tye, indicating that the contents of Leu, Thr, and Phe + Tyr were excessive in
wheat grains. However, the RC values for Lys in both Yangmai16 and Xumai30 under all
low-temperature treatments ranged from 0.31 to 0.36, which is very low, indicating that the
contents of Lys were scarce in wheat grains and limited the nutritional value of proteins.
For the other essential amino acids of Val, Ile, and Met + Cys, the RC values were closer to
the standard amino acid (~1), but some of them decreased with the decrease in temperature,
which means that low temperature had a negative effect on them.
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3.3.3. Effects of Low Temperature on the Essential Amino Acid Index (EAAI) of
Wheat Grain

The larger the essential amino acid index (EAAI), the more balanced the composition
of essential amino acids in the protein and the higher the quality and utilization of the
protein [13]. As shown in Figure 7, the EAAI varied with the low-temperature treatments.
The EAAI of Yangmai16 decreased as the temperature decreased during booting, and the
EAAI of Xumai30 decreased under low-temperature treatments applied during the double
stage, indicating that low temperature had negative effects on protein quality. However,
the EAAI of Xumai30 increased with the decrease in temperature when low temperature
was applied during the booting stage, implying that the low temperature that occurred
during the booting stage might be beneficial for the improvement of protein quality for the
cold-tolerant cultivar. Moreover, the highest EAAI values of Yangmai16 and Xumai30 were
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under T2 during jointing and under T3 for Yangmai16 during both the jointing and booting
low-temperature treatment stages.

4. Discussion and Conclusions
4.1. Responses of Amino Acids in Wheat Grains to Low Temperature

The grain quality of cereal crops has a substantial influence on human health. Due to
insufficient protein, mineral elements, and vitamins, nearly 2 billion people in the world
suffer from malnutrition, which directly and indirectly affects human health [28]. With
the development of people’s living level, the demand for high-quality crop products is
increasing. The connection between food security and high quality has already extended
beyond production per se [29]. From the perspective of human nutrition, protein can
promote the growth and development of the human body and provide energy for human
health. As the basic unit of protein, amino acids play an important role in the processes of
protein synthesis [30].

Temperature, as one of the most important climatic factors, is of great significance in
regulating crop growth and grain quality [8,21,31]. Previous studies focused on the effects
of the increase in temperature on crop growth and the determination of yield and quality
formation [9,32,33]. As a consequence of climate change, low-temperature stress is respon-
sible for serious agricultural production losses and grain quality deterioration [15,24,34],
although some areas have observed a reduction in low-temperature stress events in recent
years due to global warming [35]. Most plants tend to survive and continue their life cycle
by developing their tolerance ability under increasingly freezing degrees [36]. For example,
in the long-term evolutionary process, cereal crops produce a large number of metabolites,
such as amino acids, sugars, etc., forming their own physiological defense mechanisms
to alleviate the impact of stress and adversity on them [14,37]. Studies have reported that
amino acids are important small molecules for the synthesis of structural proteins and
stress proteins [38]. They can be used as osmoprotectants to resist abiotic stress, and they
can also adjust the nitrogen metabolism of plants by increasing the concentration of certain
amino acids [39]. García found that the contents of phenylalanine, glutamate, and proline
in grains increased with the increase in temperature during wheat grain filling [13]. The
reasons may be that high temperature affects the upregulated expression of corresponding
enzyme genes, which is conducive to the synthesis and transportation of corresponding
amino acid components, such as alanine aminotransferase gene and arginine decarboxylase.
In this study, the total amino acid content and essential amino acid content of Yangmai16
after low-temperature treatments during the jointing and double (both during jointing and
booting) stages and of Xumai30 during the booting stage increased compared with that
under T1, while the values of essential amino acids/total amino acids and essential amino
acids/nonessential amino acids decreased, which is similar to the results of the studies
mentioned above under temperature-increasing conditions [13]. The increase in total amino
acid content and essential amino acid content indicates that when wheat is exposed to low
temperature, the total amino acid content increases to reduce the damage caused by low
temperature [36].

As an important osmotic adjustment substance, proline (Pro) is closely related to the
cold resistance of plants. When encountering low temperature, the content of Pro rises to
effectively increase the concentration of cell fluid, lower the freezing point of cells, and
reduce the lethal rate of protoplasm injured by freezing under low-temperature conditions,
which helps to protect the integrity and stability of cell membranes and increase the cold
resistance of plants [40,41]. The Pro content of wheat in this study also showed an upward
trend after low-temperature treatment in certain stages, which is consistent with the above
results. However, the content of Pro in Yangmai16 after low-temperature treatment during
the booting stage and in Xumai30 during the double stage decreased compared with the CK
(T1), indicating that the effect of low temperature on Pro varies depending on the variety
and treatment stage [42]. In addition to Pro, other amino acids may participate in the
response of plants to low temperature. For example, the contents of Asp and Ser decreased
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after low-temperature treatment. This may be because some hydrophilic amino acids
participate in the synthesis of hydrophilic proteins and bind water molecules to relieve
low-temperature damage to cells [43]. Moreover, the decreasing trend of Glu in wheat
grain after low-temperature treatment was found in this study, which may be because Glu
is a precursor of Pro synthesis [44,45], the decrease in Glu content is used to synthesize
Pro, or because Glu participates in chloroplast biosynthesis to maintain photosynthetic
efficiency [46,47].

4.2. Comprehensive Evaluation of the Impact of Low Temperature on Nutritional Value of Amino
Acids in Wheat

The nutritional value of proteins in food mainly depends on the quantity, type, and
composition ratio of amino acids, especially essential amino acids [1]. Previous studies
have shown that Lys and Thr are low in wheat and are often the first limiting amino acid
and the second limiting amino acid, respectively [48]. In this study, the first limiting amino
acid of wheat after different low-temperature treatments was Lys, which is consistent with
previous studies [2,49,50], but the second limiting amino acid varied after the different
low-temperature treatments. In general, the second limiting amino acid was Ile under most
low-temperature treatments, especially for the cold-sensitive wheat cultivar, Yangmai16,
implying that the impact of low temperature on Ile cannot be ignored, although we need to
focus more on the impact of low temperature on Lys. Apart from amino acids insufficiency,
an excess of amino acids also affects the nutritional value of proteins [1]. This study found
that the content of Phe + Tyr in the two wheat varieties was obviously excessive, and the
range of RC was 1.70–1.86 for Yangmai16 and 1.66–2.00 for Xumai30 among the different
low-temperature treatments.

In addition to analyzing the impact of low temperature on the composition of a
single essential amino acid, we considered the impact of low temperature on all essential
amino acids in wheat protein. In this study, the EAAI of Yangmai16 and Xumai30 under
all low-temperature treatments during jointing and of Yangmai16 under T3 during the
double stage increased compared with the control (T1), indicating that low temperature
might be beneficial to the compositional balance of essential amino acids. However, the
EAAI of Yangmai16 decreased as the temperature decreased during booting and that of
Xumai30 under two low-temperature treatments (both during the jointing and booting
stages) indicated that low temperature had negative effects on protein quality. A previous
study has reported that low temperature could decrease the protein accumulation rate and
shorten the protein active accumulation duration, which lead to the deterioration of protein
quality [24]. The present study demonstrated that the early low-temperature events or cold-
hardening treatments before anthesis could increase the nutritional value of amino acids
of the cold-sensitive cultivar, which may improve the quality of grain protein. However,
the nutritional value of amino acids of Xumai30 was decreased after two low-temperature
treatments, indicating that the protein quality of the cold-tolerant cultivar could not be
enhanced by cold-hardening. In general, variety-renewal and anti-freezing measures such
as cold hardening should be taken to ensure wheat grain quality.
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