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Abstract: The reduction in biodiversity owing to agricultural intensification has brought negative ef-
fects on sustainable crop production in the agro-environment. Plant diversity can help regulate insect
pests; however, research that demonstrates that genotypic diversity of multiple varieties with promi-
nent agroecological practices to suppress insect pests and benefit crop yield at agricultural landscapes
is limited. To examine the effects of diversity of wheat varieties on aphids and crop productivity,
we performed field experiments by designing plots of single (resistant/susceptible) and cultivar
mixtures in 2018–2020. The effects of population abundance of cereal aphids (Sitobion miscanthi and
Rhopalosiphum padi) and crop yield on resistant and susceptible wheat varieties and mixture of wheat
cultivars were determined to reveal the most dominant mixed broadcasting mode in Kaifeng of
China. The results showed that cultivar mixture significantly decreased aphid abundance compared
with the single varieties (resistant/susceptible). Cultivar mixture had a higher yield compared with
the single varieties (resistant/susceptible). Additionally, cultivar mixture had significantly higher
thousand-grain weights than susceptible and resistant wheat varieties in 2019 and 2020. Cultivar
mixture enhanced wheat yield by decreasing cereal aphids, indicating a bottom-up or top-down effect
from genetic diversity to pest abundance. Our results indicated that appropriate cultivar mixtures
could manage insect pests to some extent and stabilize crop yield.

Keywords: wheat; monoculture; cultivar mixtures; yield; Sitobion miscanthi; Rhopalosiphum padi;
Puccinia striiformis f. sp. tritici

1. Introduction

Wheat is a staple food consumed by 35% of the world’s population, and it occupies
an important position in the grain production of China [1]. Pest damage can cause an
average of 15% reduction in crop production; cereal aphids, corn borers, and rice plan-
thoppers all have unfavorable effects on crop yield [2,3]. Farmers strongly depend on
pesticides and chemical fertilizers to improve the yield and quality of crops and use vast
monocultures [4,5]. The long-term use of chemical inputs has caused ecological destruction
and reduction in ecosystem function and has also led to high levels of pesticide resistance
and resurgence of insect pests [4]. In monoculture landscapes, the reduction in crop diver-
sity owing to agricultural intensification has increased the vulnerability of crops to abiotic
and biotic stresses and necessitated the increased dependence on agrochemical inputs [6,7].
Moreover, the need for food security and production worldwide are becoming increas-
ingly prominent owing to the growing population and increased food consumption [8].
Therefore, other farming practices are needed to ensure pest management and safe food
production for sustainable environmental development [9].

Agronomy 2022, 12, 335. https://doi.org/10.3390/agronomy12020335 https://www.mdpi.com/journal/agronomy

https://doi.org/10.3390/agronomy12020335
https://doi.org/10.3390/agronomy12020335
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/0000-0002-4910-5001
https://doi.org/10.3390/agronomy12020335
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy12020335?type=check_update&version=1


Agronomy 2022, 12, 335 2 of 9

Biodiversity has been shown to have the potential of insect management through
both improved bottom-up and top-down effects in forest ecosystems [10] and agroecosys-
tems [11]. Biodiversity includes mixing different cultivars of a crop species (genotypic
diversity) or mixing different species of plants (species diversity) by intercropping, cover
cropping, or using living mulches [12]. Compared to species diversity, genotypic diversity
can regulate pest populations more simply, requiring few extra changes in farm practices
or economic investments [13,14], which would have more potential to be adopted by
conventional growers. Contrary to the widespread application of cultivar mixtures to
effectively suppress key pathogens in developed and developing countries [15,16], limited
studies have been performed on pest control using genotypic diversity. Some researchers
have highlighted the importance of cultivar mixtures in reducing herbivorous pest abun-
dance [17,18]. Mixtures of maize varieties significantly decreased population densities of
the corn leafhopper Dalbulus maidis, versus monocultures of a single variety [17]. Similarly,
laboratory-based studies demonstrated that wheat cultivar mixtures reduced pest infesta-
tion and damages [19]. Moreover, aphids that belong to Hemipterans share more attributes
of pathogens than other insect species, so aphids may be more vulnerable to the effect of
cultivar mixtures with different susceptibility to crop diseases, and it has been reported
that cereal aphids limit the production of wheat in China. Therefore, it is reasonable to take
wheat and cereal aphids as the research object to explore the effects of cultivar mixtures
with different susceptibility to crop diseases on insect pests and crop yield [13,20].

Biodiversity can help agroecosystems improve tolerance to biotic stressors for better
management of insect pests, and could be incorporated into crop production [19,21,22].
Cultivar mixtures help in the regulation of abiotic stressors and plant biomass, and an
abundance of floral visitors and pollination services may also benefit yield and yield sta-
bility in agricultural fields [23,24]. Plant genotypic diversity can increase adaptation to
unpredictable environmental variability and resilience to agroecosystems compared to
monocultures [25]. Genotypic diversity is confirmed to have greater resource-use efficiency
on light, CO2, soil, water [26], and more root biomass to buffer water deficits than mono-
cultures, improving their tolerance to biotic and abiotic stress factors, and, therefore, may
increase yield [1,24,26]. A meta-analysis of 32 selected studies showed that the yield of
wheat increased by 3.2% per added component variety under high disease pressure [27].
However, some reviews have reported that the yield of cultivar mixtures is equivalent [28]
or significantly lower than that of monoculture [29]. More studies focused on the effects of
crop cultivar mixtures on disease suppression and have revealed the positive relationship
with crop yield [15,30,31]; however, limited studies and applications have been performed
on wheat pest control and its possible correlation with wheat yield.

In this study, we conducted two-year field experiments to study how wheat cultivar
mixtures with different susceptibility to wheat stripe rust disease (Puccinia striiformis f. sp.
tritici) affect the naturally occurring populations of the dominant cereal aphids: Sitobion
miscanthi (Hemiptera: Aphididae) and Rhopalosiphum padi Linnaeu. The effect of cultivar
mixtures with different susceptibility to wheat stripe rust disease on the wheat performance
of thousand-grain weights and wheat yield were also evaluated in this study. Our intention
was to (1) investigate the population dynamics of cereal aphids with different wheat
cultivar mixtures and its possible relationship with wheat performance on a large scale and
(2) determine whether wheat cultivar mixtures could have a relationship with high yield
and high resistance to pests, which provides a viable and sustainable management strategy
using low chemical inputs.

2. Materials and Methods
2.1. Plants and Experimental Design

Field experiments were carried out using plots of five winter wheat genotypes grown
from October 2018 to June 2020 at the Kaifeng Experimental Station of China Agricultural
University, Henan Province, Northern China (34◦46′ N, 114◦16′ E). Five winter wheat
cultivars with different susceptibility to Puccinia striiformis f. sp. tritici were chosen for this
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study: Miannong4 (high susceptibility), Mianyang31 (middle susceptibility), Mianmai1403
(high resistance), Chuanmai55 (high resistance), and Rongmai4 (high resistance). The
winter wheat (Triticum aestivum cv. Zhou 22) was sown in the buffer zones and bare
ground between plots and blocks. There were three treatments in this study; they were
susceptible, resistant, and cultivar mixture (combination of resistant and susceptible). The
cultivar mixture comprised two susceptible and three resistant varieties. There were eight
replications for each treatment, indicating that 24 plots were used totally in our study.
Completely randomized block experiments were conducted in a 27× 68 m sized field. Each
plot was 6 × 6 m, with 3 m buffer zones, 2 m wide bare ground between plots, and 3 m
wide bare ground between blocks. Seeds were mixed completely with equal proportions of
each cultivar, maintaining the same density of treatment, before seeding. Winter wheat was
sown in October each year and harvested in early June 2019 or mid–late May 2020. The field
was fertilized with urea (12.5 kg/ha/year), compound fertilizer (40 kg/ha/year), and farm
manure (178 kg/ha/year), which functioned as nitrogen, phosphate, and potash source
for wheat growth and grain tiller. Compound fertilizers and farm manure were applied
in October, and in the following March urea was added to enhance soil fertility level and
organic compost. The flood irrigation system was used to provide water to support the
growth of wheat four times a year (on 6 November, the following 4 March, 7 April, and
7 May, respectively). No fungicides, pesticides, or herbicides were applied on the wheat
during the experiments due to low chemical input farming regulations.

2.2. Aphid Abundance

A five-point sampling method (5 tillers at each point) was used to investigate aphid
densities and count the total number of S. miscanthi and R. padi in 5 tillers at each point.
Five points within the plot were chosen randomly. All experimental plots were sampled at
a six-day interval from mid-April to the end of April, three samples each year.

2.3. Wheat Performance

Three days before wheat maturity, the spike was selected by a five-point sampling
method (5 tillers at each point) in each plot to weigh. After being harvested on 2–3 June
in 2019 and 23–24 May in 2020, the wheat yield and grain weight of the plants were
determined after air-drying in the sun for about five days, and thousand-grain weights
(TGWs) were calculated using a hundred-grain counting board for each treatment with
three replications.

2.4. Rust Disease Survey

At the jointing stage, the stripe rust races CYR32, CYR33, and CYR34 (1:1:1) were
artificially inoculated. Mingxian 169 was planted in each plot center as the induction
center. Slides were placed at different distances from each plot to the disease center, and
3 replicates were set with 3–10 sampling points. Spore sampler and disease assessment
were carried out several times after onset. The number of diseased leaves and severity were
recorded, and the severity evaluation criteria were divided according to the size of summer
spore heap in leaf area, namely 0, 1%, 5%, 10%, 20%, 40%, 60%, 80%, and 100%. Then the
incidence and disease index were calculated using the formula from Gu [32].

2.5. Statistical Analysis

All statistical analysis was performed using SPSS V 26.0.0.0. A one-way ANOVA was
used to compare the influences of various mixtures of wheat on aphid population numbers,
thousand-grain weights, and wheat yield in 2019 and 2020, respectively.

3. Results
3.1. Aphid Populations

The aphid abundance in 2019 was significantly higher in the susceptible wheat treat-
ment than in other treatments, and no significant difference was found in aphid abundance
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between the resistant wheat treatment and the 5-cultivar mixture at first and second in-
vestigations. As the wheat grew, no significant difference was found in aphid abundance
among the three treatments (Figure 1A). The average aphid abundance was significantly
higher in the susceptible wheat treatment than in the other treatments, and there was no
significant difference found in the average aphid abundance between the resistant wheat
treatment and the 5-cultivar mixture (Figure 1B).
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Figure 1. Effect of genotypic diversity of wheat (S: susceptible varieties; R: resistant varieties; S+R:
susceptible and resistant varieties) on aphid abundance (A,C) and average aphid abundance (B,D)
in April 2019 and April 2020. Significantly different means within each treatment are indicated by
different letters according to the SNK (Student–Newman–Keuls) test: (A) 2019/4/17 (F2, 117 = 20.182,
p < 0.001); 2019/4/23 (F2, 117 = 6.758, p = 0.002); 2019/4/29 (F2, 117 = 3.518, p = 0.033); (B) (F2, 117 = 17.046,
p < 0.001); (C) 2020/4/14 (F2, 117 = 14.201, p < 0.001); 2020/4/20 (F2, 117 = 6.134, p = 0.003); 2020/4/26
(F2, 117 = 12.111, p < 0.001); (D) (F2, 117 = 18.214, p < 0.001).

In 2020, the aphid abundance was significantly higher in the susceptible wheat treat-
ment than in the other treatments; however, aphid abundance did not differ significantly
between the resistant wheat treatment and the 5-cultivar mixture at first and second inves-
tigations. As the wheat grew, there was no significant difference between the susceptible
and resistant wheat treatments; however, the 5-cultivar mixture showed significantly lower
aphid abundance compared with susceptible or resistant wheat treatment (Figure 1C). The
average aphid abundance in the 5-cultivar mixture was the lowest among all the treatments;
it was significantly lower than that in the susceptible or resistant wheat treatment, and the
average aphid abundance in the resistant wheat treatment was significantly lower than
that in the susceptible wheat treatment (Figure 1D).

Totals of 2447 ± 134, 1689 ± 62, 1853 ± 108 (Figure 1B) and 10,405 ± 237, 9366 ± 113,
8343 ± 336 (Figure 1D) were reached in individuals per 100 tillers of the average aphid



Agronomy 2022, 12, 335 5 of 9

abundance from susceptible treatment, resistant treatment, and 5-cultivar mixture in 2019
and 2020, respectively.

3.2. Wheat Performance

In 2019, TGWs of the 5-cultivar mixture were significantly higher than that in other
treatments; however, no significant difference was found in TGWs between the resistant
wheat treatment and the susceptible wheat treatment (Figure 2). In 2020, the TGWs of
resistant wheat were significantly lower than that of other treatments, and TGWs of 5-
cultivar mixture were significantly higher than that of the susceptible wheat treatment
(Figure 2).
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Figure 2. Thousand-grain weights (TGWs) of wheat of susceptible varieties (S.), resistant varieties (R.),
and susceptible and resistant varieties (S+R: 5-cultivar mixture) grown in 2019 and 2020. Significantly
different means within each treatment are indicated by different lowercase letters according to the
SNK test: 2019 (F2, 45 = 8.076, p = 0.001); 2020 (F2, 45 = 51.002, p < 0.001).

In 2019 and 2020, wheat yield did not show significant differences among all the
treatments. In 2020, the yield of 5-cultivar mixture was 30.3% higher than that of the
resistant wheat treatment and 5.7% higher than that of the susceptible wheat treatment.
In 2019, the yield of 5-cultivar mixture was 42.5% higher than that of the resistant wheat
treatment and 21.6% higher than that of the susceptible wheat treatment (Figure 3).
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resistant varieties (S+R: 5-cultivar mixture) grown in 2019 and 2020. Not significantly different means
within each treatment are indicated by the same lowercase letters according to the SNK test: 2019
(F2, 13 = 3.071, p > 0.05); 2020 (F2, 13= 2.021, p > 0.05).
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3.3. Rust Disease Survey

In Kaifeng, the estimated AUDPC (the area under the disease progress stairs) of stripe
rust susceptible varieties in the field was 123.87, actual AUDPC of resistant varieties was
0.42, estimated AUDPC of susceptible and resistant varieties was 50.15, actual AUDPC
of susceptible and resistant varieties was 22.03, and the relative control efficacy was 56%
(Table 1).

Table 1. Rust disease survey.

Treatment
Actual AUDPC

(The Area under the
Disease Progress Stairs)

Estimated
AUDPC

Relative Control
Efficacy (%)

Susceptible cultivar 123.87
Resistant cultivar 0.42 0

Mixture of resistant and
susceptible cultivar 22.03 50.15 56

4. Discussion

Genotypic diversity considerably suppressed aphid abundance, corroborating the
report that genotypic diversity could enhance the resistance of crop to biotic pressure [33].
Plants synthesize defensive metabolites to cope with herbivores attacks, and genotypic
diversity further improves the resistance of plants to herbivores [34]. The cultivar mixtures
in this study, which comprised the susceptible and resistant varieties, harbored fewer
aphids under high pest pressure, than the single variety, probably owing to the volatiles
emitted by the different plants in the mixture that enhanced the defenses against aphids
and transmitted information to the neighboring undamaged plants, thus changing the
movement of the aphid. It had been shown that R. padi has low tolerance to volatiles from
a mixture, corroborating the reallocation of biomass resources of barley plants exposed to
undamaged plants of different cultivars in mixtures [35,36]. Moreover, volatile interactions
between different species of the same crop are more attractive to the ladybugs and further
regulate the aphids [37]. The different effects of genotype diversity on aphid regulation
during the two years might be due to the increased attraction to natural enemies at high
aphid density and the change in aphid migration at different population levels. Therefore,
there is a need to conduct a long-term field study, based on years, with different pest
densities and a proper combination of cultivars.

In this study, cereal aphid dynamics varied significantly with years. The annual
variation in aphid population numbers was associated with temperature according to the
24 years long time-series analysis of aphid abundance on winter wheat by Brabec [38].
The number of aphids in April 2020 was more than four times that in April 2019. The
higher temperature in 2020 improved the overwintering survival rate of cereal aphids and
the earlier spring immigration relieved the limitation of the length of aphid presence in
wheat, thus lengthening the time of aphid damage and increasing the density of aphids
in spring and summer. The outbreaks of cereal aphids were also found in the northern
United States due to the higher winter temperature in 1991, which increased the number of
aphid overwintering [39]. Moreover, the rainfall in April 2019 in Kaifeng was significantly
higher than that in April 2020. The moderate rain was negatively correlated with the aphid
peak in late April and the rainfall could have strongly reduced the aphid population on
wheat. Therefore, long-term dynamics observation studies of cereal aphids are needed to
investigate the abundance of aphids from different years and predict the aphid dynamics
more precisely through corresponding climatic conditions and accumulated statistics for
many years.

In our study, the TGWs of wheat varied with different treatments. The lower TGWs
of resistant wheat treatments might be correlated with the increased defense resources
to aphid attack and corresponding reduced resources for growth. The highest TGWs
of mixtures might be associated with more light interception and higher photosynthesis
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efficiency owing to the increased number of cultivars in the mixtures [24,40]. The effects
of genotypic diversity on wheat yield were similar among different treatments and years.
There was no significant yield advantage in the mixed planting of winter wheat, probably
owing to the small number of mixed planting varieties. Consistent with our hypothesis,
some studies have shown that greater yield advantages were more likely to occur when
the number of cultivars in the mixtures increased by more than two [41,42]. Thus, further
study is needed to investigate the underlying mechanisms of genotypic diversity effects on
wheat performance and utilize cultivar mixtures properly.

Unexpectedly, more aphid populations were observed in the disease-susceptible
varieties than the other varieties while the susceptible wheat varieties had a relativity high
yield; this outcome is a deviation from a previous study that suggested that some varietal
blends might be endowed with additional superior attributes and offered notable yield
advantage over susceptible cultivars [43]. Herbivores usually have a negative influence
on crop yield; the opposite results gained in this study might be due to the relatively high
level of aphid feeding that led to the self-compensation effect of the two susceptible wheat
varieties, which stimulated the growth of wheat. It is possible that the relatively low yield
of high resistance cultivars was related to the increased synthesis of metabolites for defense
response against aphid feeding and the corresponding reduction in resources for growth.
Moreover, the yields of the treatments in 2020 were lower than the average value of each
combination in 2019, indicating that the number of cereal aphids was four times more than
that in 2019, corroborating the study that showed that crop production was reduced by
high pest pressure that was more than the economic threshold [2]. The number of aphids on
susceptible wheat varieties was high and the yield of wheat was relatively higher compared
to when the number of aphids on resistant wheat varieties was relatively low and the
yield of wheat was lower. The five-cultivar mixtures composed of two susceptible varieties
and three resistant varieties showed relatively lower aphid density, highest TGWs, and
increased biodiversity. Although the yield of wheat cultivar mixtures was lower than that
of wheat with pesticides, the price of green food could be higher than the purchase price
of common wheat. Therefore, it is recommended to consider more than two cultivars in
mixtures with the appropriate proportion of susceptible and resistant varieties. Moreover,
breeding approaches are needed to create cultivar mixtures that possess increased abilities
for the variance of relevant traits and foster complementarity and selection effects, meeting
the demand for pest management and yield advantage [14].

5. Conclusions

Continuous agricultural intensification and agricultural expansion have greatly af-
fected biodiversity and ecological conditions owing to the pressure of an increasing pop-
ulation globally, leading to great challenges in the pursuit of increasing crop yield and
protecting the environment in the future. The use of pesticides will reach at least 1.5 times
the present amount by 2050 if there are no measures to change the current situation [8]
and reduce the diversity and quantity of beneficial insects such as natural enemies and
pollinators and increase the economic burden of growers. Phytophagous insects were
predicted to remain on host plants growing in pure stands [44]. As a potential agronomic
measure to control pests and increase yield, a deeper understanding of the mechanisms of
cultivar mixtures on pest regulation and yield increase is needed. Long-term field experi-
ments are needed to determine the mechanism and appropriate ratio of cultivar mixtures to
reduce the uncertainty caused by frequent variability in field tests, optimizing the efficiency
of genotypic diversity and minimizing the change of agricultural measures by reducing
chemical input cost and increasing the amount of safe food for sustainable agricultural
development.
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