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Abstract: Grain yield and quality of wheat are both important components for food security. Great
effort has been made in the genetic improvement of wheat grain yield in China. However, wheat
grain quality (i.e., protein concentration and protein quality) has received much less attention and is
often overlooked in efforts to improve grain yield. A timely summary of the recent process of wheat
breeding for increasing yield and quality (which can be used to guide future breeding strategies) is
essential but still lacking. This study evaluated the breeding efforts on grain yield and grain quality
of 1908 wheat varieties in China over the past two decades, from 2001 to 2020. We found wheat yields
show a 0.64–1.03% annual growth in the three-dominant wheat-growing regions in China. At the
same time, there was no significant decrease in wheat protein concentration. Genetic yield potential
was increased, and the genetic yield gap was closed. High grain yields and better quality can likely
be achieved simultaneously by genomic selection in future wheat breeding.

Keywords: wheat breeding; wheat yield and quality; genetic improvement; genetic yield potential;
negative correlation

1. Introduction

Wheat is an important cereal crop in the world, and grain yield and quality are two
major targets of wheat breeding programs. Crossbreeding has been carried out in China for
more than 100 years since 1914 [1]. National wheat grain yield increased from 5.4 × 107 t in
1978 to 13.4 × 107 t in 2019 while the arable area decreased from 2.9 × 107 ha to 2.4 × 107 ha
(Figure 1). The increase in national wheat yield was due to the genetic improvement of
new wheat varieties [1–5] and the increase in fertilizer inputs [2,4,6,7]. Many scholars have
reported the achievements of wheat breeding in increasing grain yields in China. The
evaluation of genetic improvement of grain yield in different provinces of the northern
winter wheat region showed that the average annual genetic gain of wheat yield was
0.48–1.29% from the 1940s to the 2010s [1,8–12]. In the southern winter wheat region and
the spring wheat region, the average annual genetic gain of wheat yield was 1.5% and 0.52%
from the 1950s to the 2010s [1]. However, the increase in fertilizer inputs has brought a
series of environmental problems [13], and low fertilizer inputs are advocated in the present
time [14,15]. In the context of limited arable area and the promotion of low fertilizer inputs,
new varieties with high yield capacity need to be bred to meet the huge food demands
caused by the growing population.

However, wheat grain quality (i.e., protein concentration and protein quality) for
human nutrition, a critical aspect of food security, has received much less attention and
is often overlooked in efforts to improve crop production [16,17]. Compared to the long
history (>100 years) of genetic improvement of wheat yield in China, the improvement

Agronomy 2022, 12, 2109. https://doi.org/10.3390/agronomy12092109 https://www.mdpi.com/journal/agronomy

https://doi.org/10.3390/agronomy12092109
https://doi.org/10.3390/agronomy12092109
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0002-6881-2326
https://doi.org/10.3390/agronomy12092109
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy12092109?type=check_update&version=1


Agronomy 2022, 12, 2109 2 of 14

of wheat quality in China began in the 1980s, and has only lasted for nearly 40 years [18].
Grain protein concentration is an important characteristic affecting the nutritional quality
but also the end-use value and baking properties of wheat flour [19,20]. A different trend
has been found in breeding progress in protein concentration based on the limited number
of studies. The evaluation of 43 wheat varieties of protein concentration in the northern
winter wheat region showed that the average protein concentration from 1991 to 1999
(13.23%) was lower than that from 1949 to 1956 [21]. Yang et al. [22] analyzed 330 Chinese
wheat varieties and showed there was no significant difference in protein concentration
among varieties released in different periods from 1949 to 2000. Aside from the protein
concentration, protein quality is an important parameter affecting the quality of wheat
processing [23]. Protein quality can be evaluated by sedimentation value, wet gluten
content, and dough rheological properties [23–26]. To our best knowledge, so far there has
not been a systematic study on the breeding progress for grain quality improvement of
wheat varieties (nationally) in China.

Figure 1. The arable area of wheat and wheat yield from 1978 to 2019 in China. Data were provided by
National Bureau of Statistics of China (http://www.stats.gov.cn/english/, accessed on 30 June 2022).

A timely summary of the historical process of wheat breeding is essential to un-
derstand the limiting factors of increasing yield or quality and to guide future breeding
strategies. China is a vast region with a complicated climate. According to the climate
characteristics, tillage and cultivation system, wheat variety type, and sowing date, the
wheat-growing regions in China are divided into three areas: the northern winter wheat
region, the southern winter wheat region, and the spring wheat region [1,27]. In 2020, the
arable area of wheat in three wheat-growing regions was 13.4 × 106 ha, 7.4 × 106 ha, and
2.5 × 106 ha, respectively. The wheat yield was 8.5 × 107 t, 3.8 × 107 t, and 1.1 × 107 t [28].
In this study, we collected grain yield and quality data of 1908 wheat varieties released
in the past two decades in the three-dominant wheat-growing regions in China to com-
prehensively analyze the historical process of wheat yield and quality, clarify the effect of
wheat breeding on genetic yield potential and genetic yield gap, and explore the limiting
factors of improving wheat yield and quality simultaneously to promote the sustainable
development of agriculture.

2. Materials and Methods

Newly bred breeding lines must be evaluated before they can be registered on the
National List as new varieties and released for production. The processes of evaluation
were as below: (1) the breeder applies for evaluation for the newly bred breeding lines; (2) a
one-year comparative testing is carried out for all the breeding lines applying for evaluation;
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(3) a two-year regional testing is conducted on all breeding lines that met the evaluation
criteria of comparative testing; (4) the production testing for 1–2 years is carried out for all
breeding lines which met the evaluation criteria of regional testing; (5) the breeding lines
that meet the evaluation criteria of production testing can be registered on the National
List as new varieties and released for production. The comparative testing, regional testing,
and production testing are carried out at a fixed variety of testing sites, consisting of several
sites. Each of the wheat-growing regions has its own fixed variety testing sites, which are
designated by the Testing Network for National Variety Testing. There are >20 fixed testing
sites that represent the typical growing environment in each wheat-growing region. In the
comparative testing, regional testing, and production testing of each wheat-growing region,
the control varieties, fertilizer levels, and other agronomic management were the same.
According to the rules of registration for wheat variety (i.e., NY/T 967-2006), the evaluation
indicator of comparative testing, regional testing, and production testing includes the yield
ability, quality, variety characteristics, adaptability, stress resistance, use, etc.

Field data of wheat grain yield, yield components, and protein quality data of 1908
released wheat varieties in China in the past two decades (from 2001 to 2020) were collected
from registration reports (data from the Department of Agriculture Seed Management
Station). The wheat yield and yield components data (including thousand kernel weight
(TKW), spike number, and kernel number per spike) in the registration report were based
on regional testing and production testing in China. The wheat quality data (including
protein concentration, wet gluten, sedimentation value, water absorption, and stability
time) in the registration report was determined by the Cereal Quality Supervision and
Testing Center, Ministry of Agriculture. The quality testing included at least 2 years of test
results. The data on wheat grain yield and quality in the registration reports are presented
as duplicates or data ranges. The average value was collected for data from the duplicate
and a median value was collected for data from the data range. The 1908 wheat varieties
were divided into three groups: the north winter wheat, the south winter wheat, and the
spring wheat according to agroecological production zones in China [1].

To calculate the rates of change for grain yield and quality parameters with the year
of release in each wheat-growing region (detailed data see Figure S1), regression analysis
with a standard linear model was applied to cultivar average (i.e., representing regional
overall performance), 95% quantile (i.e., representing regional upper limit), and 5% quantile
(i.e., representing regional lower limit). The significance of linear regression slopes was
tested using a linear regression t-test. The annual rate of increase in yield is expressed as a
percent of current grain yield estimated from the trendline in the last year (i.e., 2020) for
which there are statistics, i.e., the slope of the linear regression divided by yield (in 2020)
that calculated by the regression equation then multiply 100% [29]. This is because using
the estimated grain yield for the latest year as the denominator to calculate the relative
rate of progress reduces the influence of weather-induced fluctuations in grain yield, and a
slope expressed relative to recent yield will prove far more relevant to the future [29].

The genetic yield gap was defined as the gap between genetic yield potential and
actual yield [30]. Genetic yield potential is represented by the average value of the highest
10% (90th quantile) yield of released wheat varieties [30]. Actual yield was obtained from
the National Bureau of Statistics of China (http://www.stats.gov.cn/english/, accessed on
30 June 2022). Genetic yield component potential (GYCP) is represented by the average
value of yield components for the top 10% yield of released wheat varieties. The genetic
yield gap percentage was defined as the genetic yield gap relative to the genetic yield
potential, expressed as a percentage. Path analysis was performed by SPSS 26 software
(IBM Corp., Armonk, NY, USA) to examine the relationships between grain yield and
yield components. The path coefficients of yield with respect to yield components were
determined by the standardized coefficients in the linear regression models of yield and
yield components.

For wheat quality analysis, wheat varieties in the three wheat-growing regions were
divided into four quality types: strong gluten wheat, medium-strong gluten wheat, medium
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gluten wheat, and weak gluten wheat, according to the classification criteria of wheat
quality in China (i.e., GB/T 17320-2013 in Table S1). The correlation coefficients between
grain yield, yield components, and wheat quality were determined by Pearson’s correlation
analysis. All graphs were drawn using Origin software (version 2018) and R (version 3.6.1).

Strong gluten wheat can be used to make bread; medium-strong gluten wheat can be
used to make steamed bread, noodles, and dumplings; medium gluten wheat can be used
to make steamed bread; weak gluten wheat can be used to make cakes and biscuits.

3. Results
3.1. Statistics of Grain Yield and Quality Parameter

The statistics of wheat yield and quality parameters for the three wheat-growing
regions are shown in Table 1. The north winter wheat had the highest yield, and the
spring wheat had the highest protein concentration, wet gluten, sedimentation value,
water absorption, and stability time from 2001 to 2020. The coefficient of variation for
TKW, protein concentration, and water absorption was relatively low in the three wheat-
growing regions. Grain yield, spike number, kernel number, protein yield, wet gluten,
and sedimentation value had a medium coefficient of variation. Stability time had a high
coefficient of variation in three wheat-growing regions (Table 1). The frequency distribution
of yield and quality parameters for wheat varieties in each group is shown in Figure S2.

Table 1. Statistics of wheat yield and quality parameters for the three wheat-growing regions.

Region Statistics Yield
t ha−1

TKW
g

SN
m−2

KN
Spike−1

PC
%

PY
t ha−1

WG
%

SV
mL

WA
%

ST
min

North
winter
wheat

Number 1260 1259 1114 1243 1259 1258 1253 709 932 1145
Min 2.8 28.2 394 23.4 8.4 0.4 18.1 9.2 51.0 0.6
Max 9.2 54.7 774 53.5 18.6 1.4 41.6 82.0 77.1 41.0

Average 7.2 42.4 599 34.4 14.3 1.0 30.8 40.7 59.4 5.0
SD 1.3 3.6 61 3.5 1.1 0.2 3.3 16.0 3.5 4.1

CV (%) 18 9 10 10 7 18 11 39 6 82

South
winter
wheat

Number 380 379 295 358 380 379 379 222 115 355
Min 3.2 34.9 249 27.0 8.5 0.4 15.9 8.0 40.0 0.5
Max 7.9 60.0 713 55.2 17.3 1.3 39.0 83.5 68.2 26.7

Average 5.8 43.4 423 39.9 13.4 0.8 27.3 35.5 57.0 4.0
SD 0.8 3.7 93 5.2 1.3 0.1 3.8 13.2 4.6 3.0

CV (%) 14 9 22 13 10 16 14 37 8 75

Spring
wheat

Number 261 263 105 209 266 261 264 185 104 216
Min 1.3 30.2 245 22.0 9.5 0.2 17.5 13.5 52.6 0.8
Max 8.8 56.6 713 58.0 19.9 1.6 46.5 71.3 69.1 38.0

Average 5.3 41.0 554 36.6 15.1 0.8 32.2 41.9 61.6 6.7
SD 1.6 5.2 104 6.5 1.7 0.2 4.3 13.0 3.4 5.9

CV (%) 31 13 19 18 11 29 13 31 6 87

TKW: thousand kernel weight, SN: spike number, KN: kernel number, PC: protein concentration, PY: protein
yield, WG: wet gluten, SV: sedimentation value, WA: water absorption, ST: stability time.

3.2. Grain Yield and Yield Components

Grain yield in all three wheat-growing regions significantly increased with breeding
progress in the past two decades from 2001 to 2020 (Figure 2). The annual rates of increase
in grain yield (i.e., the average) for the north winter wheat, the south winter wheat, and
the spring wheat were 0.64% (52 kg ha−1 yr−1), 0.78% (45 kg ha−1 yr−1), and 1.03%
(64 kg ha−1 yr−1), respectively. The annual rates of yield progress for the high-yielding
varieties (i.e., 0.56–0.94% for the 95% quantile) were much slower than those of the non-
high-yielding varieties (i.e., 1.14–1.71% for the 5% quantile).
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Figure 2. The average value, 95% quantile value and 5% quantile value of grain yield and yield
components of wheat varieties released in 2001–2020 for three wheat-growing regions.

There was no change for TKW except for the average of the north winter wheat, which
increased (0.153 g yr−1) significantly over time (Figure 2). The average spike number per
m2 of the spring wheat significantly increased (5.715 yr−1) over time (Figure 2). There
was a slight increase in spike number for the 95% quantile of the north winter wheat
and the spring wheat, as well as for the 5% quantile of the north winter wheat (Figure 2).
The average kernel number per spike did not significantly change in any of the three
regions (Figure 2). Kernel number per spike for the 5% quantile of the north winter wheat
significantly increased (0.137 yr−1) over time (Figure 2).
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3.3. Protein Concentration, Protein Yield, and Protein Quality

More importantly, there was no change in protein concentration in all three wheat-
growing regions over time (Figure 3). The average protein yield in all three wheat-growing
regions significantly increased with breeding progress. Protein yield for the 95% quantile
of the winter wheat and the 5% quantile of the north winter wheat significantly increased
(Figure 3).

Figure 3. The average value, 95% quantile value, and 5% quantile value of protein concentration,
protein yield of wheat varieties released in 2001–2020 for three wheat-growing regions.

Wet gluten in the winter wheat-growing region significantly decreased with breeding
progress. There was no change for the 95% quantile and 5% quantile of wet gluten except
for the 95% quantile of the spring wheat, which decreased (0.140% yr−1) significantly
over time (Figure 4). Sedimentation values for the average and 5% quantile of the north
winter wheat significantly increased (0.751 and 0.595 mL yr−1) and for the 95% quantile
of the south winter wheat significantly increased (1.987 mL yr−1). However, the average
sedimentation value for the spring wheat decreased significantly (0.483 mL yr−1). There
was no change in water absorption and stability time, except for the average and 95%
quantile of water absorption in the winter wheat regions which significantly decreased
with breeding progress.

The number of wheat varieties with different quality grades are shown in Table 2. The
proportion of medium gluten wheat was the largest in the three wheat-growing regions,
reaching 81.4%, 78.2%, and 62.8%, respectively, from 2001 to 2020 (Table 2). The proportion
of weak gluten wheat was the lowest in the northern winter wheat region and the spring
wheat region (0.7% and 2.3%), while the proportion of strong gluten wheat was the lowest
in the southern winter wheat region (3.9%, Table 2).
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Figure 4. The average value, 95% quantile value and 5% quantile value of wet gluten, sedimentation
value, water absorption, and stability time of wheat varieties released in 2001–2020 for three wheat-
growing regions.

Table 2. The proportion of wheat varieties in different protein quality groups for three wheat-growing
regions from 2001 to 2020.

Region Year SG (%) MSG (%) MG (%) WG (%)

North winter
wheat

2001–2005 16.5 11.3 70.4 1.7
2006–2010 3.6 11.1 84.6 0.8
2011–2015 3.7 13.1 82.8 0.4
2016–2020 3.9 13.9 81.7 0.6
2001–2020 4.9 12.9 81.4 0.7
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Table 2. Cont.

Region Year SG (%) MSG (%) MG (%) WG (%)

South winter
wheat

2001–2005 2.4 9.5 78.6 9.5
2006–2010 2.2 3.2 87.1 7.5
2011–2015 4.2 8.3 75.0 12.5
2016–2020 5.3 5.3 74.7 14.7
2001–2020 3.9 6.0 78.2 11.8

Spring wheat

2001–2005 25.5 17.6 52.9 3.9
2006–2010 12.9 18.8 65.9 2.4
2011–2015 11.5 21.2 65.4 1.9
2016–2020 11.5 23.1 64.1 1.3
2001–2020 14.7 20.3 62.8 2.3

SG: strong gluten; MSG: medium-strong gluten; MG: medium gluten; WG: weak gluten.

3.4. Genetic Yield Potential and Genetic Yield Gap

Due to the breeding effort, the genetic yield potential increased, and the genetic yield
gap closed in all three regions (Table 3). The genetic yield potential of the winter wheat
significantly increased by 0.42 and 0.18 t ha−1 (for the north winter wheat and the south
winter wheat, respectively) from 2010 to 2020 while the actual yield significantly increased
by 0.74 and 1.00 t ha−1 (Table 3). As a result, the genetic yield gap significantly decreased
by 0.44 and 0.82 t ha−1. The most recent genetic yield gap (i.e., in 2020) was between 2.06
and 3.72 t ha−1 in the three wheat-growing regions, representing 29–46% of wheat genetic
yield potential (Table 3).

Table 3. Genetic yield potential and genetic yield gap of wheat.

Period Variable North Winter
Wheat

South Winter
Wheat

Spring
Wheat

2001–2010

Genetic yield potential (t ha−1) 8.23 6.96 8.20
Actual yield (t ha−1) 5.33 4.08 3.96

Genetic yield gap (t ha−1) 2.91 2.88 4.25
Genetic yield gap percentage (%) 35 41 52

2001–2020

Genetic yield potential (t ha−1) 8.65 7.14 8.10
Actual yield (t ha−1) 6.17 5.08 4.38

Genetic yield gap (t ha−1) 2.47 2.06 3.72
Genetic yield gap percentage (%) 29 29 46

Genetic yield potential is represented by the average value of the top 10% yield of
released wheat varieties. Actual yield was provided by the National Bureau of Statistics
of China (http://www.stats.gov.cn/english/, accessed on 30 June 2022). Genetic yield
gap was defined as the difference between genetic yield potential and actual yield. The
genetic yield gap percentage was defined as the genetic yield gap relative to the genetic
yield potential, expressed as a percentage.

For the genetic yield component potential (GYCP, Table 4), the TKW, spike number per
m2, and kernel number per spike of GYCP were 3%, 5%, and 3% higher for the north winter
wheat, 1%, 14%, and 2% higher for the south winter wheat, and 17%, 12%, and 11% higher
for the spring wheat, respectively, as compared to the average value of yield components.

Genetic yield component potential (GYCP) is represented by the average value of yield
components for the top 10% yield of released wheat varieties. Average yield component
(AYC) is represented by the average value of yield components for all released wheat
varieties from 2001 to 2020. Increasing range (IR) is represented by the difference between
GYCP and AYC divided by AYC.

http://www.stats.gov.cn/english/
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Table 4. Genetic yield component potential and average yield component.

Yield Components Variable North Winter
Wheat

South Winter
Wheat Spring Wheat

TKW (g)
GYCP 43.69 43.63 48.02
AYC 42.39 43.36 41.04

IR 3% 1% 17%

Spike number (m−2)
GYCP 631 482 620
AYC 599 423 554

IR 5% 14% 12%

Kernel number (spike−1)
GYCP 35.52 40.54 40.73
AYC 34.44 39.91 36.59

IR 3% 2% 11%

4. Discussion
4.1. Breeding Progress of Wheat Yield

The wheat yield exhibits a continuous increase from 2001 to 2020 in China (Figure 2),
indicating that breeding programs have made a great contribution to wheat production in
China. Shi et al. [31] also demonstrated that the adoption of new varieties was the decisive
factor for improving yields. Although climate change had a negative impact on wheat
yield [32,33], the adoption of new varieties and field management practises have offset
the negative influence of climate change [31,34]. The increase rate of wheat yield in the
winter wheat region found in this study (0.64–0.78% yr−1) was lower than (1.29–1.5% yr−1)
in 1980–2000 [1]. This is likely due to two reasons: (1) From 2001 to 2020, the plant height
of wheat in China had been stable since 2001 and was in the ideal range of 70–90 cm [1,35],
although there was a slight decrease in plant height of the winter wheat (Figure S3). As
a result, there is small space left with existing ‘Green Revolution’ wheats (bred with GA-
insensitive dwarfing genes to reduce height) on yield improvement from 2001 to 2020
compared to between 1980 to 2000; (2) The genetic base of wheat breeding narrowed, and
the genetic diversity decreased with the development of breeding [36].

As the most important wheat producing region, the wheat yield produced in the
northern winter wheat region accounts for about 72% of the whole wheat production in
China [37,38]. From the 1990s to 2010s, the north winter wheat varieties had the highest
average yield, followed by the south winter wheat varieties, and the lowest by the spring
wheat varieties [1], which was similar to the results observed in this study (Figure 2). It
has been reported that the yield of the spring wheat is generally lower than that of the
winter wheat [39]. The spring wheat had higher genetic yield potential and the highest
yield variation coefficient (Tables 1 and 3), and some varieties in the spring wheat region
had higher yield, which indicates that the yield of the spring wheat had great potential to
be improved.

It has been reported that breeding programs of wheat varieties had an impact on
potential yield and yield gap [40–42]. In line with previous studies, this study found that
genetic yield potential of the winter wheat was increased [41]. More importantly, at the
same time, the genetic yield gap of the three wheat-growing regions was closed due to
wheat breeding (Table 3). This finding was consistent with the conclusion reached by [40].

Our results indicated that in the past 20 years, the increase in wheat yield for the north
winter wheat was attributed to the improvement of TKW and spike number, while for the
south winter wheat and the spring wheat, it was attributed to the improvement of spike
number (Figure 2, Table S2). It has been known that grain yield improvement of the winter
wheat was primarily attributed to increased TKW, increased kernel number per spike,
and reduced plant height. The spring wheat was primarily attributed to increased kernel
number per spike from 1960 to 2000 [1,12,43]. As it is difficult to increase TKW and kernel
number per spike continuously, future grain yield improvement may focus on the increase
in spike number. It is worth noting that the increase in wheat yield for the north winter
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wheat was attributed to the improvement of TKW from 2001 to 2020. This may be because
TKW has the highest heritability among the three yield components, and selecting TKW in
breeding programs is an effective way in this region to increase wheat yield [44]. The larger
the difference between average yield component and genetic yield component potential,
the higher the space of yield component improvement in the future. According to the
comparison of the average yield component and genetic yield component potential, future
increases in wheat yield in the winter wheat region may be achieved by improvement in
spike number, and in the spring wheat region may be achieved by improvement in TKW,
spike number, and kernel number per spike (Table 4).

4.2. Breeding Progress of Wheat Quality

It has been reported that protein concentration in Europe decreased significantly with
the year of registration between 1980 and 2010 [45,46], and the protein concentration in
China also showed a downward trend from 1949 to 1999 [21]. However, no significant
change in the protein concentration from 2001 to 2020 was observed in our study (Figure 3).
The objective of wheat production in China has changed from high yield to high yield and
quality since 2001, and the Ministry of Agriculture has arranged annual quality testing of
wheat varieties nationwide since 2002 [18]. Consequently, the quality of wheat acquired in-
creasing attention in China. The newly bred wheat varieties have maintained stable protein
concentration in the past 20 years. One possible reason that the protein concentration is
not increasing significantly is that the ceiling of the wheat species has been approximately
reached as a result of luxury N uptake because historically, wheat is nitrogen starved. An-
other possible reason may be the significant increase in yield. The major component in the
wheat grain is starch, which accounts for approximately 70% of the grain’s dry weight [45].
Hence, increases in yield essentially reflect an increase in starch accumulation. Increased
starch accumulation in grains dilutes other grain components, including protein. Therefore,
when the increasing rate of protein concentration did not exceed the increasing rate of
yield, the protein concentration showed no significant increase. It has been known that
varieties that combine a superior yield potential with a comparably high protein content
can be developed by multi-trait genomic selection [47]. Therefore, with the development of
molecular breeding, wheat protein concentration should be further improved in the future.

According to the classification data of wheat quality, 78% of wheat varieties in China
belong to medium gluten wheat and 13% belong to medium-strong gluten wheat (Table 2).
The number of strong gluten wheat and weak gluten wheat was lower, which may be related
to the dietary habits of China. In China, steamed bread and noodles are the most popular
wheat products [48–50], representing about 46% and 39% of the total consumption of wheat,
respectively [48]. Although the number of weak gluten wheat in the southern winter wheat
region and strong gluten wheat in the northern winter wheat region increased with the
breeding progress, they still accounted for a low proportion in new-bred wheat variety
(Table 2). The reason may be that the development of each quality trait is not coordinated.
The number of wheat varieties with sedimentation value and stability time meeting the
criteria of strong gluten wheat was much lower than that with protein concentration and
wet gluten meeting the criteria of strong gluten wheat in the northern winter wheat region
(Figure S4). The number of wheat varieties with sedimentation values meeting the criteria
of weak gluten wheat was much lower than that with protein concentration, wet gluten,
and stability time meeting the criteria of weak gluten wheat in the southern winter wheat
region (Figure S4). Previous studies have also shown that the main problem of strong
gluten and weak gluten wheat varieties in China is that the stability time is not coordinated
with protein concentration and wet gluten [51]. The number of wheat varieties with
different quality traits meeting the criteria of strong gluten wheat was much higher than
the actual quantity of strong gluten wheat in the northern winter wheat region (Figure S4,
Table 2), which suggests the potential of breeding more strong gluten wheat in this region
in the future.
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4.3. The Relationship between Wheat Yield and Protein Concentration

A strong negative relationship between wheat yield and protein concentration has been
reported in the literature [39,46,52]. We observed the same in the present study (Figure S5).
This is caused largely by the fact that the starch content of wheat increased [45,53]. Starch
is the main component of wheat grain, accounting for about 70% of the dry weight of
grain. Therefore, the increase in wheat yield is mainly due to increased starch accumulation,
which dilutes the protein in the grain [45]. The simultaneous improvement of grain yield
and quality is thereby a great challenge for wheat breeding.

To improve grain yield and quality of wheat simultaneously, various methods were
reported in previous studies. Using protein yield as the selection criteria for wheat varieties
is one of the methods [54]. The protein yield had a significant positive correlation with
grain yield [47,55]. Michel et al. [47] also showed that the negative trade-off between grain
yield and protein concentration could be alleviated by using genomic selection indices
to achieve higher protein yield. Another method to improve grain yield and quality of
wheat simultaneously is to improve the protein quality of wheat [25,46]. Sedimentation
value, wet gluten content, and dough rheological properties are commonly used to indicate
protein quality [23–26]. Michel et al. [25] demonstrated that gluten strength or viscosity
and dough rheological traits had a smaller negative correlation with grain yield than the
protein concentration. Our study showed similar results, although protein concentration
was significantly negatively correlated with wheat yield, protein quality indicators, such as
sedimentation value and stability time, had a significant positive correlation with grain
yield in the winter wheat region (Figure S5). The protein quality of wheat could be
improved by marker-assisted selection (e.g., by introducing individual genes (alleles) by
conventional crossing) [47,56,57]. Genomic selection shows great promise for pre-selecting
lines with superior quality in early generations [56]. Glu-U3a and Glu-U3b from the related
1U genome contribute to superior gluten content and stability time [58]. The functional
markers of TaUBP24 could be directly used for marker-assisted selection to improve wheat
quality and yield [59]. At the same time, wheat varieties with a high yield and high protein
concentration have also existed in the past (Figure S6). Therefore, wheat varieties with
high yield and high quality can be developed by a genomic selection of grain yield, protein
concentration, and protein quality simultaneously [25].

5. Conclusions

This study summarizes the historical process of wheat breeding in China over the
past 20 years and comprehensively evaluates the variability trend of yield and quality
of wheat varieties in three wheat-growing regions. Great achievements have been made
in yield improvement during the last 20 years in China. At the same time, there was no
significant decrease in protein concentration. The increase in grain yield was attributed to
the increase in thousand kernel weight and spike number in the northern winter wheat
region and to the increase in spike number in the southern winter wheat region and the
spring wheat region. The genetic yield potential of the winter wheat was increased and the
genetic yield gap of the three wheat-growing regions was closed due to wheat breeding.
Higher yield and better quality can be obtained simultaneously by genomic selection in
future wheat breeding.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12092109/s1, Figure S1. Grain yield, yield components,
and grain quality data of wheat varieties released from 2001 to 2020 for three wheat-growing regions:
Figure S2. The frequency distribution of yield and quality parameters for wheat varieties in three
wheat-growing regions from 2001 to 2020: Figure S3. The average value, 95% quantile value, and 5%
quantile value of plant height of wheat varieties released from 2001 to 2020 for three wheat-growing
regions: Figure S4. Number and proportion of wheat varieties that meet the criteria of strong gluten
wheat or weak gluten wheat for each quality trait of three wheat-growing regions. The classification
criteria for the quality of wheat varieties are shown in Table S1. PC: protein concentration, WG:
wet gluten, SV: sedimentation value, WA: water absorption, ST: stability time; Y1: 2001–2005, Y2:
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2006–2010, Y3: 2011–2015, Y4: 2016–2020: Figure S5. Correlation coefficients among wheat yield
and wheat quality. PC: protein concentration, PY: protein yield, WG: wet gluten, SV: sedimentation
value, WA: water absorption, ST: stability time: Figure S6. Distribution plot of yield and protein
concentration for wheat varieties released from 2001 to 2020 for three wheat-growing regions. The
number of wheat varieties with a yield higher than 7.5 t ha−1 and protein concentration higher than
14% in the three wheat-growing regions were 438, 1, and 24, respectively: Table S1. Classification
criteria for quality of wheat varieties (GB/T 17320-2013): Table S2. Path coefficients among wheat
yield and yield components.
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