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Introduction
A vital legume worldwide, soybeans (Glycine max L. Merrill) 
are severely limited in yield by biotic stressors, particularly 
soybean mosaic virus (SMV). SMV causes mosaic symptoms, 
stunting, and yield decreases of up to 35% (Liu et al., 2016; Eid 
et al., 2023). Aphids mostly spread it in a non-persistent way 
(Gadhave et al., 2019; Carr et al., 2020; Shi et al., 2021). An 
ecological method to reduce pest pressure and maximize land 
use efficiency, as measured by land equivalent ratio (LER), is to 
intercrop soybeans with corn (Zea mays L.). On the other hand, 
the overall yield and quality of the crop are largely determined 
by the soybean cultivar’s genetic makeup and planting density 
(Gan et al., 2002; Li et al., 2024). Therefore, planting density 
and the genetic composition of soybean cultivar can play a major 
role in the system’s effectiveness (Wang et al., 2023; Zhang et 
al., 2025). Leaf pubescence density, which is largely controlled 
by the Pd1 and Pd2 genes, is an important genetic predictor 
of aphid resistance and SMV tolerance (Gunasinghe et al., 
1988; Liu et al., 2020; Abdel-Wahab et al., 2025a). While Pd2 
affects trichome length and distribution, Pd1 controls trichome 
density (Tang et al., 2020). Dense pubescence is a physical 
barrier that prevents aphid probing and virus inoculation 
in cultivars expressing dominant Pd1/Pd2 alleles (Zhang 
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et al., 2022). Recessive alleles, on the other hand, increase 
vulnerability by causing normal or scanty pubescence (Zhao et 
al., 2016; Kato et al., 2026). Plant hormones, such as jasmonic 
acid (JA), mediate basal defense responses brought on by viral 
infections and insect feeding in addition to mechanical barriers 
(Li et al., 2022; Zhu et al., 2026). Planting density further 
modulates these genetic defenses (Douma and Noordhoek, 
2025; Luo et al., 2026). High-density intercropping alters the 
microclimate, affecting light interception, water consumption, 
and canopy architecture (Duan et al., 2026; Kou et al., 2026). 
While dense canopies may reduce light availability, they can 
also suppress viral diseases by modifying vector behavior (Hill 
and Whitham, 2014; Abdel-Wahab et al., 2025). Furthermore, 
biochemical defenses, including JA biosynthesis and the 
expression of pathogenesis-related proteins, are genetically 
regulated and environmentally responsive (Todd et al., 2022; 
Bredow et al., 2025). The tripartite relationship between Pd1/
Pd2 expression, planting density, and SMV epidemiology is 
still poorly understood, despite the established functions of 
Pd genes and intercropping. The objective of this study is to 
evaluate the resistance of soybean cultivars to SMV infection 
through Pd1/Pd2 gene expression.
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Materials and Methods
To evaluate the tolerance of soybean cultivars to SMV infection through Pd1/Pd2 gene expression, a two-year experiment was 
conducted at Giza Agricultural Research Station (Lat. 30°00′30′ N, Long. 31°12′43′ E, 26 m a.s.l.), Agricultural Research Center, 
during two summer seasons (2023 and 2024). Nine treatments were used in this study: three soybean plant densities (2, 3, and 4 
rows per ridge were expressed as 50, 75, and 100 percent of solid soybean plant density, respectively) and three soybean cultivars 
(Giza 21, Giza 82, and Giza 111) under intercropping with corn (Figure 1). 

Figure 1: Intercropping soybean with corn under three soybean plant densities and solid plantings of both crops

Additionally, corn and soybean were planted separately (solid planting). Corn (T.W.C. 321) was the intercrop companion. A 
split-plot design in randomized complete blocks with three replicates was used. Main plots were three soybean planting densities. 
Meanwhile, subplots were planted with three soybean cultivars. Table 1 displays the pedigree, Pd1/Pd2 gene expression, 
pubescence length (µm), and MG.

Table 1: Pedigree, Pd1/Pd2 gene expression, pubescence length (µm), and MG of Egyptian soybean cultivars under the study.
Soybean cultivar Pedigree Pd1/Pd2 Gene Expression MG Pubescence length (µm)
Giza 21 Crawford x Forrest Dominant IV 299.95 (dense)
Giza 82 Crawford x Maple Presto Recessive III 133.93 (normal)
Giza 111 Crawford x Celeste (Late) Dominant IV 393.19 (dense)

In both seasons, wheat was the previous winter crop, and the 
soil was clay. A split plot distribution in randomized complete 
blocks design with three replicates was used. Soybean plant 
density were randomly assigned to the main plots, soybean 
cultivars were allocated in sub-plots. Plot area was 12.6 m2. 
Each plot consisted of three raised beds, 3.0 m long and 
140 cm wide (in case of solid plantings, each plot consisted 
of six ridges, 3.0 m long and 70 cm wide). During the two 
summer seasons, 357 kg of calcium superphosphate (15.5% 
P2O5) was sprayed per hectare for soil preparation. Gum 
Arabic was used as a sticking agent to inoculate soybean 
seeds with Bradyrhizobium japonicum. In the 2023 and 2024 
seasons, soybean seeds were sown on May 30 and May 22, 
respectively. Fifteen days later, corn was sown. For corn, two 
equal doses of mineral N fertilizer were applied prior to the 
first and second irrigations, respectively, at a rate of 285.6 kg 
N per ha as ammonium nitrate (33.5% N) under intercropping 

and solid plantings. Additionally, before the initial irrigation 
under intercropping and solid plantings, mineral nitrogen (N) 
fertilizer was applied to soybeans at a rate of 35.7 kg N per 
ha as ammonium nitrate (33.5% N). In a mixed intercropping 
system with raised beds (140 cm ridge width), three different 
densities of soybean plants were planted: corn plants were 
grown on both sides of the ridge, and two rows of soybean 
seeds (100% corn + 50% soybean) were drilled in the center 
of the ridge. Soybean seeds were drilled in three rows in the 
center of the ridge (100% corn + 75% soybean), and corn 
plants were growing on both sides of the raised beds. Soybean 
seeds were drilled in four rows in the center of the raised beds 
(100% corn + 100% soybean), and corn plants were grown on 
both sides of the raised beds. Regarding the solid plantings of 
both crops, two rows of soybeans were drilled into a ridge (70 
cm width) for the solid planting of soybeans, while corn plants 
were grown in one side of the ridge. LER were estimated using 
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solid plantings of both crops. Under intercropping and solid 
plantings, corn was grown in hills spaced 25 cm apart, with 
one plant per hill. Soybeans were thinned to 20 plants per one 
meter under intercropping and solid plantings. The irrigation 
system used in this study was furrow irrigation. Soybean 
cultivars Giza 21 and Giza 111 were harvested on October 
7 and 2, respectively, in 2023 and 2024, while Giza 82 was 
harvested on September 4 and 1, respectively, in 2023 and 
2024. On September 30 and 25 of the 2023 and 2024 seasons, 
respectively, corn plants were harvested.

The Studied Traits
Jasmonic acid (JA) in soybean leaves: JA was quantified in 
soybean cultivars’ leaves using HPLC 60 days after soybean 
planting to evaluate biochemical defense responses. The Food 
Technology Research Institute of the Agricultural Research 
Center in Giza, Egypt, conducted this analysis.

Features of soybean leaf pubescence: Three soybean cultivars 
with varying degrees of pest infestation and pubescence ratings 
were used to measure pubescence attributes 60 days after 
soybean planting. Singh (2010) classified pubescence density 
into two phenotypes: dense and normal. Pubescence length 
(µm) was used to estimate pubescence features. The Egyptian 
Mineral Resources Authority Central Laboratories Sector used 
the SEM Model Quanta 250 FEG (Field Emission Gun) to 
evaluate pubescence features as a sign of direct resistance to 
insect infestation. In accordance with Bandillo et al. (2017), 
phenotypes were categorized as “Dense” (dominant Pd1/Pd2 
expression) or “Normal” (recessive pd1/pd2 expression).

Examination of soybean plants infected by viruses: In 
each row of a plot, samples of naturally occurring soybean 
plants exhibiting symptoms of soybean mosaic diseases were 
counted. The afflicted plants had labels. Visual inspection 
for virus symptoms was used to assess the percentage of 
infestation. The number of SMV-infected plants divided by the 
total number of plants in the plot was used to determine the 
percentage of infected soybean plants. The obtained samples 
were transported in labeled plastic bags to the Plant Pathology 
Research Institute’s Virus and Phytoplasma Research 
Department at the Agricultural Research Center in Giza. SMV 
was detected via indirect ELISA. Each plot’s diagonals were 
represented by three plants, which were then analyzed to 
determine the viral population density. 

Studies on biochemical genetics (SDS-protein analysis): 
At 60 days of soybean planting, the banding patterns of the 
investigated soybean cultivars were examined using SDS-
PAGE. For this investigation, young and fresh leaves were 
gathered from each treatment. Protein fractionation was 
carried out using Laemmli (1970) method, as modified by 

Studier (1973), on a vertical slab (16.5 cm x 18.5 cm, Hoefer 
E600, Amersham Pharmacia Biotech). The Cairo University 
Research Park, Faculty of Agriculture, Cairo University, Giza, 
Egypt, was the location of this analysis. 

Productivity: Ten guarded plants from each subplot had 
their seed yield per plant measured at harvest. Based on the 
experimental plot, the seed yield per plot (kg) was measured 
and converted to tons per hectare (t/ha). 

LER: According to Mead and Willey (1980), LER is the 
ratio of the area required for solid cropping to that required 
for intercropping at the same management level to achieve an 
equivalent yield. LER is calculated as follows: (Yab / Yaa) + 
(Yba / Ybb), where Yaa is the pure stand yield of crop a (corn), 
Ybb is the pure stand yield of crop b (soybean), Yab is the 
intercrop yield of crop a (corn), and Yba is the intercrop yield 
of crop b (soybean).

Correlation analysis: To assess the relationships between the 
measured quantitative traits—seed yield per plant, seed yield 
per hectare, LER, JA content, and SMV infection—and the 
Pd1 and Pd2 gene expressions (coded as a binary variable: 1 
for dominant/dense, 0 for recessive/normal), simple correlation 
coefficients were calculated.

Statistical analysis: The homogeneity of variances over 
the course of the two growth seasons (2023 and 2024) was 
assessed using Bartlett’s test. Because the experimental site in 
Giza, Egypt, has a stable environment with low interannual 
change in weather patterns, data were combined for analysis 
once variance homogeneity was confirmed (p > 0.05). The 
impacts of soybean plant density and soybean cultivars on the 
measured variables were examined using analysis of variance 
(ANOVA) (Freed, 1986). Mstat Software (version 8.0.1, 
URL link: Mstat version 8.0.1 for Windows-14.8 M) was 
used to conduct an ANOVA. For mean comparisons, the least 
significant differences (L.S.D.) test was employed (Gomez & 
Gomez, 1984).

Results 
Soybean cultivars Giza 21 and Giza 111 have intense 
pubescence (299.95 and 393.19 µm, respectively) due to 
dominant Pd1/Pd2 alleles, while Giza 82 has recessive alleles 
with normal pubescence (133.93 µm), according to cultivar 
features (Table 1). The interaction had a considerable impact on 
biochemical defensive responses as determined by JA content. 
Compared to normal-pubescence Giza 82 (305 µg/100g FW), 
dense-pubescence cultivars Giza 111 and Giza 21 accumulated 
high JA levels at 100% plant density (429 and 421 µg/100g 
FW, respectively) (Figure 2).
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Figure 2: JA content in leaves of the studied soybean cultivars under different soybean plant densities at 60 days from soybean 
planting

Genotype-specific protein production at 100% plant density 
was verified by SDS-PAGE analysis (Figure 3, Table 2). 
Soybean cultivar Giza 111 specifically produced a 75 kDa 
band, indicating significant tolerance, while Giza 21 induced 
six defense proteins (35–245 kDa). Giza 82, on the other hand, 
lost the 35 and 75 kDa bands, indicating susceptibility. SMV 
infection rates showed a highly significant interaction (Table 3). 
While soybean cultivar determined overall tolerance, soybean 
plant density often decreased SMV in dominant cultivars. 
Soybean cultivars Giza 21 and Giza 111 had the lowest SMV 
infection rates at 100% plant density (7.40% and 8.05%, 
respectively). On the other hand, soybean cultivar Giza 82 at 
100% plant density showed the highest infection incidence 
(19.30%), suggesting that viral susceptibility is increased by 
high density in the absence of genetic pubescence protection. 
Soybean cultivar Giza 21 (12.00%) and soybean cultivar Giza 
111 (12.40%) performed better overall than soybean cultivar 

Giza 82 (15.36%), according to cultivar averages. Soybean 
plant density, soybean cultivars, and their interaction had a 
significant impact on productivity and LER (Table 4). For all 
cultivars, raising plant density from 50% to 100% increased 
yield and LER. Soybean cultivar Giza 111 with 100% plant 
density was more compatible, maximizing LER (1.65), seed 
yield per hectare (2.56 t), and seed yield per plant (10.85 g). 
Soybean cultivar Giza 82 produced 2.25 t/ha with an LER of 
1.61 at 100% plant density. For comparison, intercropped corn 
yields varied from 8.63 to 8.65 t/ha (solid corn: 8.75 t/ha), 
while solid planting yields for Giza 21, Giza 82, and Giza 111 
were 2.86, 3.56, and 3.80 t/ha, respectively. Lastly, Pd1/Pd2 
expression (Dense=1) is strongly positively correlated with 
seed yield per hectare (r=0.92**), LER (r=0.88**), seed yield 
per plant (r=0.85**), and JA content (r=0.79*), but strongly 
negatively correlated with SMV infection (r=−0.87**), 
according to Pearson correlation analysis (Table 5). 

Figure 3: Leaf protein banding patterns under varying soybean plant densities for intercropping soybean cultivars with corn
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Table 2: SDS-PAGE defense protein banding patterns at 100% plant density.
Soybean cultivar Molecular weights of induced/lost bands (kDa) Defense response 
Giza 21 35, 75, 100, 135, 180, 245 (induced) High 
Giza 82 35, 75 (lost) Susceptible
Giza 111 75 (induced) High

Table 3: The effects of soybean plant densities, soybean cultivars, and their interactions on SMV infection at 60 days from 
soybean planting.

Soybean plant density Soybean cultivar SMV infection/plant (%)
100% corn + 100% soybean Giza 21 7.40

Giza 82 19.30
Giza 111 8.05

Mean 11.58
100% corn + 75% soybean Giza 21 13.10

Giza 82 16.40
Giza 111 11.90

Mean 13.80
100% corn + 50% soybean Giza 21 15.50

Giza 82 10.40
Giza 111 17.25

Mean 14.38
Average of soybean cultivar Giza 21 12.00

Giza 82 15.36
Giza 111 12.40

LSD (0.05) Soybean plant density 1.29
LSD (0.05) Soybean cultivar 1.26
LSD (0.05) Interaction 2.33

Table 4: The effects of soybean plant densities, soybean cultivars, and their interactions on soybean seed yield at harvest.
Soybean plant density Soybean cultivar Seed yield per plant (g) Seed yield per hectare (t) LER
100% corn + 100% soybean Giza 21 7.97 1.82 1.62

Giza 82 9.06 2.25 1.61
Giza 111 10.85 2.56 1.65

Mean 9.29 2.21 1.63
100% corn + 75% soybean Giza 21 9.37 1.23 1.41

Giza 82 11.38 1.56 1.41
Giza 111 8.19 1.75 1.44

Mean 9.64 1.51 1.42
100% corn + 50% soybean Giza 21 9.65 0.96 1.30

Giza 82 12.13 1.10 1.31
Giza 111 12.64 1.34 1.33

Mean 11.47 1.13 1.31
Average of soybean cultivar Giza 21 8.99 1.33 1.44

Giza 82 10.85 1.63 1.44
Giza 111 10.56 1.88 1.47

LSD (0.05) Soybean plant density
LSD (0.05) Soybean cultivar 
LSD (0.05) Interaction 

ns
1.51
ns

0.19
0.10
0.21

0.19
ns
0.26
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Table 5: Simple correlation coefficient: Agronomic traits vs. 
Pd1/Pd2 gene expression.

Trait Correlation 
with Pd1/Pd2 
(Dense=1)

Significance

Seed yield per plant +0.85** Strong positive 
Seed yield per hectare +0.92** Strong positive 
LER +0.88** Strong positive 
JA content +0.79* Moderate positive 
SMV infection -0.87** Strong negative

Discussion 
Soybean plant density, soybean cultivar, and their interaction 
significantly affect both the agronomic performance of corn-
soybean intercropping systems and the epidemiology of SMV. 
Our results highlight that morphological traits (especially 
Pd1/Pd2-mediated leaf pubescence) serve as the primary 
physical barrier against aphid vectors, reducing the spread 
of non-persistent SMV. Due to their thick trichomes and 
dominant Pd1/Pd2 alleles, cultivars Giza 21 and Giza 111 were 
consistently more resistant to SMV infection than the recessive, 
normal-pubescence Giza 82. Thick pubescence physically 
hinders aphid probing and stylet penetration, lowering the 
inoculation rate of viruliferous aphids. SDS-PAGE protein 
banding patterns further support this morphological defense, 
showing that dense-pubescence cultivars produced specific 
defense proteins (such as the 75 kDa band in Giza 111 and 
several bands in Giza 21) under high-density intercropping. In 
contrast, Giza 82 lost these essential defense proteins, making 
it extremely susceptible. These findings are consistent with 
earlier research that found a correlation between pubescence 
density and leguminous crop tolerance to viral diseases (Srikant 
et al., 2025; Sun et al., 2026). The possession of particular 
defensive proteins emphasizes how crucial this characteristic 
is for offering organic resistance against diseases and pests 
(Jain et al., 2022; Shobade et al., 2025). The microclimate 
and canopy architecture were separately influenced by the 
density of soybean plants, which in turn had an impact on 
pest dynamics and resource competition (Abdel-Wahab et al., 
2024). The LER and total seed yield per hectare were greatly 
increased when the soybean density in the corn intercrop was 
increased from 50% to 100%. This is consistent with the idea 
that the best spatial configurations for intercropping maximize 
both land use efficiency and light interception (Metwally et al., 
2021). The impact of density on SMV infection, however, was 
solely genotype-dependent, indicating a crucial connection 
between soybean plant density and soybean cultivar. The 
100% density canopy in Pd1/Pd2-dominant cultivars (Giza 
111 and Giza 21) probably formed a microclimate that 
reduced aphid mobility or changed vector behavior, working 
in concert with the physical trichome barrier to lower SMV 
infection to negligible levels (7.40% and 8.05%). In contrast, 
the 100% density canopy produced the highest SMV infection 
(19.30%) in the susceptible Giza 82. This implies that in the 
absence of the hereditary pubescence barrier, a dense canopy 
can raise humidity or decrease air circulation, which could 
encourage aphid colonization. Alternatively, it could be that 

the close proximity of plants makes it easier for vectors to 
move quickly between susceptible hosts. These results are 
consistent with earlier research demonstrating the significance 
of plant spacing and canopy density in the dynamics of 
disease transmission (Douma & Noordhoek, 2025). All things 
considered, these results demonstrate how intricately plant 
characteristics, environmental variables, and vector behavior 
interact to determine crops’ susceptibility to disease (Dara et 
al., 2026). Biochemically, the JA signaling system mediates the 
tolerance observed in Giza 111 and Giza 21. JA is an essential 
phytohormone that controls basal defensive mechanisms 
against aphids and other phloem-feeding insects as well 
as ensuing viral infections. An improved, environmentally 
responsive metabolic resistance is indicated by the much 
increased JA accumulation in dense-pubescence cultivars at 
100% density. As long as the genetic basis (Pd1/Pd2) is there, 
ideal agronomic techniques (100% density) can upregulate 
genotype-specific biochemical defenses, as demonstrated by 
the induction of the 75 kDa defense protein in Giza 111 at 
maximum density. By allocating resources to both competitive 
canopy growth and antiviral/anti-herbivore defenses without 
suffering a yield penalty, these cultivars successfully negotiate 
the growth-defense trade-off. These findings are consistent with 
earlier research indicating that by encouraging the expression 
of defensive mechanisms, higher plant density can improve 
tolerance to pests and diseases (Abdel-Wahab et al., 2025b; 
Koca, 2026; Kumaraswamy & Huang, 2026). The negative 
correlation between Pd1/Pd2 and SMV infection stands in 
stark contrast to the strong positive correlations between Pd1/
Pd2 expression and agronomic characteristics (yield, LER). 
This shows that biotic stress tolerance and yield optimization 
are two advantages of selecting for dense pubescence. The 
biological and financial benefits of the intercropping system 
over solid cropping are confirmed by the LER values above 1.0 
in every intercropping treatment. Due to the cultivar’s capacity 
to sustain high individual plant output (10.85 g/plant) in spite of 
the competitive intercropping environment, Giza 111 obtained 
a maximum LER of 1.65 at 100% density, indicating a 65% 
land-saving benefit. Additionally, intercropped corn yields 
(8.63–8.65 t/ha) remained highly competitive with solid-
planted corn (8.75 t/ha), demonstrating that the companion 
cereal crop was not negatively impacted by the soybean density 
modifications. These findings are in line with earlier research 
that has shown the possible advantages of intercropping corn 
and soybeans in terms of total crop productivity and land use 
efficiency (Metwally et al., 2021; Te et al., 2023; Metwally 
et al., 2026). Our work clarifies the three-way relationship  
between SMV epidemiology, planting density, and Pd gene 
expression. It demonstrates how agronomic factors like 
crop density dynamically alter both morphological defenses 
(pubescence) and biochemical defenses (JA, defense proteins). 
It is advised not to use sensitive cultivars in high-density 
intercropping systems because of Giza 82’s inability to produce 
defense proteins and its consequent high SMV susceptibility at 
100% density. Rather, in legume-cereal intercropping systems, 
matching particular genetic features (Pd1/Pd2 dominance) 
with ideal spatial arrangements (100% density) is crucial for 
optimizing land use efficiency and guaranteeing sustainable 
viral disease management.
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Summary of the Mechanisms for Tolerance of Soybean 
Cultivars to SMV Infection
This study explains the role of the Pd1 and Pd2 genes in 
providing SMV tolerance under varying planting conditions, 
including intercropping and solid planting (Figure 4). Key 
points include: 1) Morphological Defense: Pd1 and Pd2 
regulate leaf trichome characteristics, where dominant alleles 
produce dense pubescence that forms a physical barrier 
against aphids, reducing SMV transmission. Recessive alleles 
lead to sparse pubescence, allowing greater virus spread. 2) 
Biochemical Protection: The JA pathway is activated in dense-
pubescence cultivars, enhancing tolerance to aphids and virus 
infection. High-density intercropping cultivars like Giza 21 
and Giza 111 shows increased defense protein production, 
unlike the susceptible Giza 82. 3) Plant Density Effects: The 
study highlights how intercropping significantly impacts 
disease control. In a 100% intercropped environment, Pd1/Pd2 
cultivars reduce SMV infection rates, while recessive cultivars 
suffer increased rates due to favorable conditions for aphids. 
The synthesis emphasizes that a successful intercropping 
system requires selecting Pd1/Pd2-dominant cultivars at 
optimal densities to maximize soybean productivity and land 
use efficiency while minimizing disease susceptibility.

Figure 4: Mechanism for tolerance of soybean cultivars to 
SMV infection

Conclusion
This work shows that Pd1/Pd2-mediated pubescence and 
planting density interact to control SMV tolerance and land 
use efficiency in corn-soybean intercropping. A strong 
morphological and biochemical defense against aphids is 
produced when the dense-pubescence cultivar Giza 111 
is grown at 100% soybean density, which ideally induces 
JA production and 75 kDa defense protein induction. This 
particular combination of soybean plant density and cultivar 
maximizes seed yield (2.56 t/ha) and LER (1.65) while 
minimizing SMV infection, providing a sustainable approach 
for robust agroecosystems.

References
1.	 Liu, J. Z., Fang, Y., & Pang, H. (2016). The current status 

of the soybean-soybean mosaic virus (SMV) pathosystem. 
Frontiers in Microbiology, 7, 1906. 			 
DOI: https://doi.org/10.3389/fmicb.2016.01906. 

2.	 Eid, M. A., Momeh, G. N., R El-Shanshoury, A. E. R., 
Allam, N. G., & Gaafar, R. M. (2023). Comprehensive 
analysis of soybean cultivars’ response to SMV infection: 
Genotypic association, molecular characterization, and 
defense gene expressions. Journal of Genetic Engineering 
& Biotechnology, 21, 102. 				  
DOI: https://doi.org/10.1186/s43141-023-00558-x. 

3.	 Gadhave, K. R., Dutta, B., Coolong, T., & Srinivasan, 
R. (2019). A non-persistent aphid-transmitted Potyvirus 
differentially alters the vector and non-vector biology 
through host plant quality manipulation. Scientific 
Reports, 9(1), 2503. DOI: https://doi.org/10.1038/s41598-
019-39256-5. 

4.	 Carr, J. P., Tungadi, T., Donnelly, R., Bravo-Cazar, A., 
Rhee, S. J., Watt, L. G., Mutuku, J. M., Wamonje, F. O., 
Murphy, A. M., Arinaitwe, W., Pate, A. E., Cunniffe, N. 
J., & Gilligan, C. A. (2020). Modelling and manipulation 
of aphid-mediated spread of non-persistently transmitted 
viruses. Virus Research, 277, 197845. 			 
DOI: https://doi.org/10.1016/j.virusres.2019.197845.

5.	 Shi, X. B., Yan, S., Zhang, C., Zheng, L. M., Zhang, 
Z. H., Sun, S. E., Gao, Y., Tan, X. Q., Zhang, D. Y., & 
Zhou, X. G. (2021). Aphid endosymbiont facilitates virus 
transmission by modulating the volatile profile of host 
plants. BMC Plant Biology, 21, 67. 			 
DOI: https://doi.org/10.1186/s12870-021-02838-5.

6.	 Gan, Y., Stulen, I., Van Keulen, H., & Kuiper, P. (2002). 
Physiological response of soybean genotypes to plant 
density. Field Crops Research, 74(2-3), 231-241. 	
DOI: https://doi.org/10.1016/S0378-4290(01)00212-X. 

7.	 Li, W., Wang, L., Xue, H., Zhang, M., Song, H., Qin, M., 
& Dong, Q. (2024). Molecular and genetic basis of plant 
architecture in soybean. Frontiers in Plant Science, 15, 
1477616. 						    
DOI: https://doi.org/10.3389/fpls.2024.1477616. 

8.	 Wang, L., Cheng, B., Zhou, T., Jing, S., Liu, R., Gao, Y., 
Deng, C., Ye, W., Luo, Z., Raza, A., Xu, M., Wang, W., 
Liu, W., & Yang, W. (2023). Quantifying the effects of 
plant density on soybean lodging resistance and growth 
dynamics in maize-soybean strip intercropping. Frontiers 
in Plant Science, 14, 1264378. 				 
DOI: https://doi.org/10.3389/fpls.2023.1264378. 

9.	 Zhang, G., Li, Z., Zhu, Q., Yang, C., Shu, H., Gao, Z., Du, 
X., Wang, F., Ye, L., & Liu, R. (2025). Cropping patterns 
and plant population density alter nitrogen partitioning 
among photosynthetic components, leaf photosynthetic 
capacity and photosynthetic nitrogen use efficiency in 
field-grown soybean. Industrial Crops and Products, 226, 
120680. 						    
DOI: https://doi.org/10.1016/j.indcrop.2025.120680.

10.	 Gunasinghe, U. B., Irwin, M. E., & Kampmeier, G. E. 
(1988). Soybean leaf pubescence affects aphid vector 
transmission and field spread of soybean mosaic virus. 
Annals of Applied Biology, 112(2), 259-272. 		
DOI:https://doi.org/10.1111/j.1744-7348.1988.tb02062.x.



Adv Earth & Env Sci; 2026 www.unisciencepub.com Volume 7 | Issue 4 | 8 of 9

11.	 Liu S., Fan, L., Liu, Z., Yang, X., Zhang, Z., Duan, Z., 
Liang, Q., Imran, M., Zhang, M., & Tian, Z. (2020). A 
Pd1-Ps-P1 feedback loop controls pubescence density in 
soybean. Molecular Plant, 13(12), 1768-1783. 		
DOI: doi: 10.1016/j.molp.2020.10.004. 

12.	 Abdel-Wahab, E. I., Abdel-Wahab, S. I., & Abdel-Wahab, 
T. I. (2025a). Advanced Soybean Breeding Techniques to 
Alleviate Biotic and Aboitic Stresses Under Intercropping 
(Chapter 6), pp. 95 - 113. In: Zohry, A. A., Ouda mS. A. 
(eds) Resilient Agroecosystems: Innovations in Cropping 
Systems and Climate Change. Springer, Singapore. 	
DOI: https://doi.org/10.1007/978-981-96-9630-7_6

13.	 Tang, K., Yang, S., Feng, X., Wu, T., Leng, J., Zhou, H., 
Zhang, Y., Yu, H., Gao, J., Ma, J., & Feng, X. (2020). 
GmNAP1 is essential for trichome and leaf epidermal cell 
development in soybean. Plant Molecular Biology, 103(6), 
609. DOI: https://doi.org/10.1007/s11103-020-01013-y. 

14.	 Zhang, M., Liu, S., Wang, Z., Yuan, Y., Zhang, Z., Liang, 
Q., Yang, X., Duan, Z., Liu, Y., Kong, F., Liu, B., Ren, B., & 
Tian, Z. (2022). Progress in soybean functional genomics 
over the past decade. Plant Biotechnology Journal, 20(2), 
256-282. DOI: https://doi.org/10.1111/pbi.13682. 

15.	 Zhao, C., Takeshima, R., Zhu, J., Xu, M., Sato, M., 
Watanabe, S., Kanazawa, A., Liu, B., Kong, F., Yamada, T., 
& Abe, J. (2016). A recessive allele for delayed flowering 
at the soybean maturity locus E9 is a leaky allele of FT2a, 
a FLOWERING LOCUS T ortholog. BMC Plant Biology, 
16, 20. DOI: https://doi.org/10.1186/s12870-016-0704-9. 

16.	 Kato, S., Yamaguchi, N., & Kaga, A. (2026). The current 
state of Japanese soybean breeding using DNA marker 
technology. J-STAGE, 76(1), 27-47. 			 
DOI: https://doi.org/10.1270/jsbbs.25075.

17.	 Li, C., Xu, M., Cai, X., Han, Z., Si, J., & Chen, D. (2022). 
Jasmonate signaling pathway modulates plant defense, 
growth, and their trade-offs. International Journal of 
Molecular Sciences, 23(7), 3945. 			 
DOI: https://doi.org/10.3390/ijms23073945. 

18.	 Zhu, J., Hu, S., Cai, Y., Wang, C., Xie, D., & Shan, X. 
(2026). Transcending the jasmonate-mediated growth–
defense trade-off: Pathways to unlocking plant potential. 
Plant Communications, 7(6), 101828. 			 
DOI: https://doi.org/10.1016/j.xplc.2026.101828. 

19.	 Douma, J. C., & Noordhoek, R. (2025). The effect of 
plant host density on disease incidence—A meta‐analysis. 
Plant, Cell & Environment, 48(9), 6632. 		
DOI: https://doi.org/10.1111/pce.15634.

20.	 Luo, F., Zhang, G., & Wang, H. (2026). Interactive effects 
of planting density and topdressing on soil nutrients, 
enzyme activities, and functional genes are associated with 
increases in forage maize yield and crude protein content 
in semi-arid areas. Frontiers in Agronomy, 8, 1863554. 
DOI: https://doi.org/10.3389/fagro.2026.1863554. 

21.	 Duan, S., Du, B., Chen, W., Chen, S., Liao, Q., Shukla, 
M., & Du, T. (2026). Optimizing maize canopy structure 
to enhance resource use efficiency in maize-soybean 
intercropping systems. Agricultural Water Management, 
325, 110161. 					   
DOI: https://doi.org/10.1016/j.agwat.2026.110161. 

22.	 Kou, H., Liao, Z., Liu, Y., Zhang, H., Lai, Z., Yu, J., Li, 
Z., & Fan, J. (2026). Light distribution, interception and 
use efficiency of drip-fertigated maize-soybean strip 
intercropping systems under various row configuration 
conditions. Plant, Cell & Environment, 49(7), 4304-4325. 
DOI: https://doi.org/10.1111/pce.70031. 

23.	 Hill, J. H., & Whitham, S. A. (2014). Control of Virus 
Diseases in Soybeans. Advances in Virus Research, 90, 
355-90. DOI: 10.1016/B978-0-12-801246-8.00007-X. 

24.	 Todd, J. C., Stewart, L. R., Redinbaugh, M. G., & Wilson, 
J. R. (2022). Soybean aphid (Hemiptera: Aphididae) 
feeding behavior is largely unchanged by soybean mosaic 
virus but significantly altered by the beetle-transmitted 
bean pod mottle virus. Journal of Economic Entomology, 
115(4), 1059-1068. 					   
DOI: https://doi.org/10.1093/jee/toac060. 

25.	 Bredow, M., Khwanbua, E., Chicowski, A. S., Qi, Y., 
Breitzman, M. W., Holan, K. L., Liu, P., Graham, M. A., 
& Whitham, S. A. (2025). Elevated CO2 alters soybean 
physiology and defense responses, and has disparate 
effects on susceptibility to diverse microbial pathogens. 
New Phytologist, 246(6), 2718-2737. 			 
DOI: https://doi.org/10.1111/nph.20364

26.	 Singh, G. (2010). The Soybean: Botany, Production and 
Uses. In: Mishra, S. K., Verma, V. D.: Soybean Genetic 
Resources. Mixed Sources, CABI (pp: 74-91). 		
www. fsc.org.

27.	 Bandillo, N. B., Lorenz, A. J., Graef, G. L., Jarquin, D., 
Hyten, D. L., Nelson, R. L., & Specht, J. E. (2017). Genome-
wide association mapping of qualitatively inherited traits 
in a germplasm collection. The Plant Genome, 10(2), 
DOI: https://doi.org/10.3835/plantgenome2016.06.0054

28.	 Laemmli, U. K. (1970). Cleavage of structural proteins 
during the assembly of the head of bacteriophage T4. 
Nature, 227, 680-685.

29.	 Studier, F. W. (1973). Analysis of bacteriophage T7 early 
RNAs and proteins of slab gels. Journal of Molecular 
Biology, 79, 237-248.

30.	 Mead, R., & Willey, R. W. (1980). The concept of a 
“land equivalent ratio” and advantages in yields from 
intercropping. Experimental Agriculture, 16, 217-228.

31.	 Freed, R. D. (1986). MSTATC microcomputer statistical 
program. Michigan State Univ.

32.	 Gomez, K. A., & Gomez, A. A. (1984). Statistical 
Procedures for Agricultural Research. Statistical 
procedures for agricultural research, Inc.

33.	 Srikant, M., Sandra, N., Kumar, A., Lal, S. K., Lal, S. 
K., & Mandal, B. (2025). Analysis of soybean cultivars 
response to mosaic and mottle disease caused by soybean 
yellow mottle mosaic virus. VirusDisease, 36(1), 41. 	
DOI: https://doi.org/10.1007/s13337-024-00905-7.

34.	 Sun, Z., Zhang, K., Peng, J., Liu, B., Kong, F., Sang, Q., 
& Du, H. (2026). Strategies for balancing growth and 
defence against biotic stress in legumes. Plant, Cell & 
Environment, 49(7), 4388-4402. 			 
DOI: https://doi.org/10.1111/pce.70070.



Volume 7 | Issue 4 | 9 of 9Adv Earth & Env Sci; 2026 www.unisciencepub.com

35.	 Jain, M., Amera, G. M., Muthukumaran, J., & Singh, A. 
K. (2022). Insights into biological role of plant defense 
proteins: A review. Biocatalysis and Agricultural 
Biotechnology, 40, 102293. 				  
DOI: https://doi.org/10.1016/j.bcab.2022.102293. 

36.	 Shobade, S. O., Nilsen-Hamilton, M., & Zabotina, O. A. 
(2025). Plant defense proteins: Recent discoveries and 
applications. Plants, 14(13), 2069. 			 
DOI: https://doi.org/10.3390/plants14132069. 

37.	 Abdel-Wahab, E. I., Mohamed, M. Kh. A., Baheeg, M. A., 
Abdel-Rahman, S. F., & Naroz, M. H. (2024). Response of 
some soybean genotypes to insect infestation under three 
mineral nitrogen fertilizer rates. Agricultural Science 
Digest, 44(1), 122- 138. 				  
https://arccjournals.com/journal/agricultural-science-
digest/DF-588

38.	 Metwally, A. A., Safina, S. A., Abdel-Wahab, E.I., Abdel-
Wahab, Sh. I., & Abdel-Wahab, T. I. (2021). Screening 
thirty soybean genotypes under solid and intercropping 
plantings in Egypt. Journal of Crop Science and 
Biotechnology, 24, 203–220. 				  
DOI: https://doi.org/10.1007/s12892-020-00074-1. 

39.	 Dara, M. Z. N., Abbas, A., Temitope, A., Li, L., Duan, 
G., & Sun, W. (2026). Plant-pathogen interactions and 
transmissions: Unraveling the complex role of pathogen 
vectors in disease ecology. Journal of Integrative 
Agriculture, 25(7), 2635-2668. 				 
DOI: https://doi.org/10.1016/j.jia.2025.04.028. 

Copyright: ©2026. Eman Ibrahim Abdel-Wahab. This is an open-access 
article distributed under the terms of the Creative Commons Attribution 
License, which permits unrestricted use, distribution, and reproduction in any 
medium, provided the original author and source are credited.

40.	 Abdel-Wahab, E. I., Naroz, M. H., & El-Rahman, S. F. 
(2025b). Impact of planting dates on yield and resistance 
of soybean varieties to soybean stem fly (Melanagromyza 
sojae) in Egypt. Scientific Reports, 15(1), 32599. 		
DOI: https://doi.org/10.1038/s41598-025-19034-2. 

41.	 Koca, A. S. (2026). Methyl jasmonate reduces sucking 
pest populations and increases predator abundance on 
common bean. Journal of Plant Diseases and Protection, 
133, 21. DOI: https://doi.org/10.1007/s41348-025-01218-
7. 

42.	 Kumaraswamy, S., & Huang, Y. (2026). Plant resistance: 
Scientific basis and latest research progress. Frontiers in 
Plant Science, 17, 1789793. 				  
DOI: https://doi.org/10.3389/fpls.2026.1789793. 

43.	 Te, X., Din, A. M. U., Cui, K., Raza, M. A., Fraz Ali, M., & 
Xiao, J. (2023). Inter-specific root interactions and water 
use efficiency of maize/soybean relay strip intercropping. 
Field Crops Research, 291, 108793. 			 
DOI: https://doi.org/10.1016/j.fcr.2022.108793

44.	 Metwally, A. A.., Saleh, N. & Abdel-Wahab, E. (2026). 
Comparative effects of biological and mineral nitrogen 
fertilization on Soybean – corn intercropping performance. 
Saudi Journal of Food Security and Environmental 
Sustainability, 1, 8. 					   
DOI: https://doi.org/10.1007/s44522-026-00009-0.


