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Abstract

Intercropping, especially legume-cereal systems, is a mixed farming approach that can
improve agricultural resilience by addressing challenges such as soil degradation, biodiver-
sity loss, and global change, all while promoting the sustainable production of protein-rich
and nutritious food. However, its adoption in industrialized countries remains limited
due to economic and technical challenges, as well as a fragmented understanding of
soil–plant-microbe interactions, which hinders its complete optimization. This article pro-
vides an overview of the current situation and future perspectives on the importance of
legume–cereal intercropping, with examples such as common bean–maize, soybean–maize,
alfalfa–corn–rye, and legumes–pulses–little millet systems. These combinations highlight
how intercropping can improve nutrient cycling, increase root growth, forage and grain
yield, suppress soil-borne diseases, and promote soil microbial population and enzymatic
activity. While it offers environmental benefits, practical challenges such as system design,
management complexity, and cost-effectiveness must be addressed to encourage wider
adoption. In preparing this review, we synthesized studies published between 2000 and
2025, with a particular emphasis on recent research from China and Southeast Asia. We also
considered broader intercropping contexts, including energy crops, agroforestry systems,
rice paddy co-cultures, and phytoremediation approaches. The review also highlights
legume–cereal as a solution to sustainable soil management, ecosystem health, and the
potential for increased nutritional food production in developed countries.

Keywords: climate resilience; legume–cereal intercropping; agroforestry; phytoremediation;
soil–plant-microbe interactions; sustainable agriculture

1. Introduction
One of the most significant concerns in agriculture today is achieving food and nutri-

tional security for an expanding population in the face of challenging global change. The
United Nations’ Millennium Development Goals Report 2015 [1] estimates that approx-
imately one in nine people worldwide are undernourished or at risk, which equates to
795 million people out of a global population size of 7.6 billion. However, the global
population is expected to rise to 8.6 billion by 2030 and 11.2 billion by 2100 [2]. Thus, food
demand will rise, intensifying food insecurity. As a result, agriculture has enormous chal-
lenges in addressing three critical imperatives: (1) ensuring food and nutritional security
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for an expanding population, (2) mitigating the adverse effects of climate change, and
(3) enhancing soil health, climate resilience and the utilization of natural resources [3,4].
However, the demand for higher productivity through intensive agricultural practices has
increased yields but has also accelerated biodiversity loss, soil degradation, and greenhouse
gas emissions [5,6]. These trade-offs underscore the critical need to implement sustainable
farming systems that maintain productivity while reducing ecological costs. Intercropping,
crop rotation, cover crops, reduced till-age, and agroforestry are promoted as agroecological
techniques for enhancing soil quality, improving nutrient cycling, and increasing system
resilience [7–9].

Intercropping, defined as the simultaneous cultivation of two or more crops in the
same field, has been practiced historically in diverse regions, including ancient Mediter-
ranean and Asian systems, where farmers recognized its benefits for yield stability and soil
fertility [10]. Its increased importance today arises from growing evidence that spatial and
temporal complementarity among crops improves the capture of light, water, and nutrients,
increases soil microbial diversity, and reduces pest and disease pressure [11].

Recent experimental and modeling studies demonstrate that intercropping contributes
to multiple ecosystem services, such as carbon sequestration, nitrogen fixation, improved
soil structure, and increased resistance to climatic stressors [12]. These ecological and
agronomic benefits provide a solid scientific basis for promoting intercropping as a key
component of sustainable agriculture, beyond its traditional role in subsistence farming.

Intercropping also suppresses weeds and enhances biodiversity, resulting in a resilient
and sustainable ecosystem (Figure 1). These benefits stem from the complementary use
of growth resources, such as light, water, and nutrients, showcasing variations in the
morphology, phenology, and physiology of the component crops [13,14]. These outcomes
align with the ecological principles, whereby biodiversity enhances productivity through
complementary and facilitative interactions among species.

Figure 1. Benefits of intercropping over monocropping.

The adoption of intercropping and related agroecological practices is gaining pop-
ularity worldwide as evidence of their potential to boost production and improve envi-
ronmental outcomes continues to grow. While traditional farming systems in developing
countries are more likely to adopt such methods quickly, their incorporation into industri-
alized nations often requires technological advancements such as precision agriculture and
multi-purpose machinery [15].

Policy incentives, farmer education, and collaborative efforts across research, advisory,
and production sectors are essential for wider adoption [16]. Encouraging such integrated
approaches is critical for ensuring global food security, strengthening ecosystem resilience,
and addressing the challenges posed by climate change.
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Search strategy and scope. To prepare this review, we systematically surveyed the Web
of Science and Scopus databases (2000–2025, with emphasis on 2020–2025) using search
terms including “intercropping”, “legume-cereal systems”, “agroforestry mixed cropping”,
“rice co-culture”, and “phytoremediation intercropping”. We prioritized peer-reviewed
field and mesocosm studies, meta-analyses, and region-focused syntheses, with particular
attention to research conducted in China and Southeast Asia, where intercropping practices
are historically widespread and well-documented scientifically. Studies that addressed
agronomic performance, soil health, microbial communities, or ecosystem services within
intercropping systems were included.

Building on this evidence, the next section focuses on legume–cereal intercropping
as a model system, while briefly situating related intercropping contexts (bioenergy, agro-
forestry, and rice paddy co-cultures).

2. Legume–Cereal Intercropping
Although intercropping includes a variety of systems, including energy crops, agro-

forestry, rice paddy co-cultures, and phytoremediation, this review focuses on legume–
cereal systems, which have been thoroughly studied and are ecologically significant.
Legume–cereal intercropping has long been recognized as a model system due to the
complementary nature of nitrogen-fixing legumes and high-demand cereals, providing
well-documented benefits for the nutrient cycle, soil fertility, and yield stability (Figure 2).
While legume–cereal systems are our primary focus, we briefly note other intercropping
contexts of regional and thematic importance.

Figure 2. Schematic representation of beneficial effects of legume–cereal intercropping.

In a pigeon pea-maize intercropped system, the direct interaction of roots within the
rhizosphere and associated biochemical processes significantly enhanced soil structure
and nutrient retention in soils with high P-sorption capacity [17]. Consequently, the soil’s
macroaggregates increased by 52% and microaggregates by 111%, compared to maize
monocropping, and the fraction of biologically fixed nitrogen increased from 89% with
pigeon pea monocropping to 96% in the intercropped system [17].

Intercropping with legumes enhances soil fertility by fixing atmospheric nitrogen
through symbiotic nitrogen fixation, reducing reliance on synthetic fertilizers [18]. Alvey
et al. [19] demonstrated that intercropping cereals with legumes led to yield increases
ranging from 15% to 79%, frequently resulting in superior yield and enhanced nutrient
availability, particularly greater quantities of mineral nitrogen and phosphorus. Similarly,
a study conducted by Tsubo et al. [20] found that intercropping with legumes increased



Agronomy 2025, 15, 2243 4 of 25

the efficiency of nutrient resource utilization, thereby enhancing the growth of both crops,
especially in low-input agricultural systems. Comparable results have been observed by
Latati et al. [21] when cowpea was intercropped with maize, demonstrating the ability to
improve soil phosphorus (P) availability and increase maize yields in alkaline soils.

2.1. Intercropping with Bioenergy Crops

Intercropping can also be utilized for biomass feedstocks (like sugarcane, sweet
sorghum, and Miscanthus), where legumes or service crop companions help maintain
biomass, reduce weeds, and improve nitrogen availability on marginal land. The effect
on yield varies by species and their arrangement, but recent studies show that gains in
resource-use efficiency and soil quality can outweigh slight production losses in some
situations [22,23].

2.2. Agroforestry Mixed Cropping

Tree-crop combinations (alley cropping and multistrata systems) are common in China
and Southeast Asia, contributing significantly to diversification, microclimate buffering,
and nutrient cycling. Recent analyses have underscored the significance of intercrop-
ping/agroforestry as effective climate-adaptation strategies (e.g., shade trees with tea or
fruit trees with annuals), emphasizing the importance of site-specific designs and economic
evaluation. Landscape evaluations conducted at the regional level highlight the importance
of native tree species in Southeast Asia’s dietary diversity and farm resilience [24].

2.3. Rice Paddy Intercropping

(a) Aquatic plant/animal co-cultures: Rice–Azolla and rice–duckweed systems im-
prove nitrogen availability, suppress weeds, and increase soil organic carbon and microbial
activity in paddy systems [25]. The rice–fish–duck system, recognized as a GIAHS site in
China, efficiently combines aquaculture and agriculture with documented ecological and
productivity benefits [26,27].

(b) High/low heavy-metal accumulator pairings: Pairing high- and low-Cd rice cultivars
through intercropping has been shown to both reduce grain Cd concentration (e.g., from
0.30 mg kg−1 to safer levels around 0.16 mg kg−1) and promote soil remediation via enhanced
Cd uptake, effectively repairing contaminated paddy fields while producing rice [28,29].

Table 1. Benefits of legume–cereal intercropping in different countries.

Country Crops Mixture Benefits/Results References

Algeria Common bean–Maize

The rhizosphere microbial
biomass is enhanced through the

facilitation of C and N
partitioning between root nodules

and the rhizosphere microbial
community

Latati et al., 2017 [30]

China

Soybean–Maize Prevented the emergence of
soybean red crown rot Gao et al., 2014 [31]

Alfalfa–Corn–Rye
The intercropping system

provided higher forage
production performance

Zhang et al., 2015 [32]

Soybean–Maize

Enhanced root length density
(RLD) in both intercrops

compared to the corresponding
monocrop

Ren et al., 2017 [33]
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Table 1. Cont.

Country Crops Mixture Benefits/Results References

China

Soybean–Maize

Selecting the optimal planting
arrangement (2Maize–2Soybean)

can enhance light interception
and influence its distribution

between maize and soybean rows
under relay-intercropping

conditions

Feng et al., 2019 [34]

Peanut–Maize–Millet

Applying seedling defoliation in
intercropped corn could increase

peanut yield without
compromising corn yield

Huang et al., 2022 [35]

Alfalfa–Spring wheat

Intercropped alfalfa and spring
wheat could reduce soil salinity,
improve soil structure and ionic

balance

Su et al., 2024 [36]

Ethiopia

Faba bean–Barley

Intercropping faba bean with
barley produced a higher yield

than monocropping of each crop
species

Agegnehu et al., 2006 [37]

Bean–Maize

Intercropping reduced weeds, it
was more productive and

cost-effective than single-crop
farming

Workayehu and Wortmann,
2011 [38]

France Pea–Durum wheat

Crude protein content in grain
dry matter of durum wheat was
significantly higher in intercrops

than in monocrops (14% on
average)

Bedoussac and Justes, 2010
[39]

India Legumes–Pulses–Little millet

Soil microbial population and
enzymatic activity were higher in

little millet-based legume
intercropping compared to the

monocropping

Keerthanapriya et al., 2019
[40]

Iran

Legumes-Cereals

Acceptable feed production and
quality can be produced due to
the low dry matter content of

legumes

Eskandari et al., 2009 [41]

Sword bean–White
Bean–Maize

Population density of the
two-spotted spider, Tetranychus

urticae, was significantly reduced
(62–83%)

Ziaie-Juybari et al., 2021 [42]

Vetch–Barley

Intercropped barley and vetch at
a ratio of 80:20 improved the

grain yield, its components, and
forage quality compared to other

intercropping ratios

Kahraryan et al., 2021 [43]

Clover–Sorghum

The intercropping system under
75% soil moisture deficit

irrigation regime is recommended
for semi-arid regions due to

saving water while producing
desired forage yield and quality

Pourali et al., 2023 [44]
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Table 1. Cont.

Country Crops Mixture Benefits/Results References

Italy Pea–Faba bean–Barley

Pea-barley intercropping
enhanced the overall

sustainability of the rotation by
promoting greater

complementarity in N resource
utilization

Monti et al., 2019 [45]

Kenya Bean–Maize
Greater weed control increased
overall yields, and the highest
Land Equivalent Ratio (LER)

Maina et al., 1997 [46]

Lithuania Field pea–Barley–Wheat–Oat–
Triticale

The number of weeds was
significantly lower in peas-cereals

stands than with peas alone
Deveikyte et al., 2009 [47]

Northwest
China

Faba
Bean–Wheat–Maize

The top 20 cm of soil organic C
and N content was 4% ± 1% and

11% ± 1% higher in intercrops
than in monocrops, respectively

Cong et al., 2015 [48]

Pakistan Soybean–Maize
Strip intercropping systems can
conserve 20–50% of water and

land
Raza et al., 2022 [49]

Poland
Soybean–Winter barley

Crop protein yields protection
under unfavorable weather

conditions
Świtek et al., 2024 [50]

Field pea–Maize Intercropping for forage increases
protein production Sowiński, 2024 [51]

South Africa Cowpea–Sorghum LER increased productivity by
46% across all intercrop systems Chimonyo et al., 2016 [52]

Spain Faba bean–Pea–Oat

Orobanche crenata infection on faba
bean and pea is reduced when

these host crops are intercropped
with oat

Fernandez-Aparicio et al.,
2007 [53]

Türkiye Runner bean–Corn

The ammonia-N levels linearly
increase from 0.90% to 2.218% in
intercropping areas mixed with

beans

Bildirici et al., 2009 [54]

Recent studies and case analyses emphasize intercropping systems’ practical applica-
tions and advantages (Table 1). For instance, studies have shown that strip-intercropping
maize with legumes can significantly increase biomass production and grain yields through
improved light utilization and reduced pest pressure, with maize-cowpea and maize-
crotalaria systems reporting yield increases of 24.5% and 32%, respectively, compared to
sole maize [55]. Similarly, alternate intercropping systems have improved soil structure and
yield stability over time [14]. These systems affect not only the physical and chemical char-
acteristics of soil but also the structure of the soil microbial community. The diverse root
structures absorb nutrients and moisture from different soil layers, thereby increasing over-
all resource use efficiency [56], while also altering the physiology of crops and root exudate
profiles. These factors indirectly affect the soil microbial community and enzyme activities,
ultimately enhancing soil fertility [57]. To understand why legume–cereal intercropping
delivers these benefits, the next sections examine the belowground mechanisms that drive
soil health, pest suppression, yield stability, forage quality, and water management.
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3. Outlook and Legume Production in Industrialized Nations
The scientific concepts outlined in Section 2 highlight the agronomic and ecological

benefits of intercropping. The next step is to examine how these in-sights are applied in
practice within industrialized nations, where legume adoption remains constrained by
economic, technical, and policy barriers.

The increased use of legumes in developed countries provides a practical solution to
contemporary agricultural and ecological challenges. Current trends in replacing animal-
based foods have brought legumes into focus [58,59].

Legumes play a significant role in biodiversity conservation. The intensification of
agriculture has led to the widespread adoption of high-profit crops, resulting in the loss of
landscape diversity and the degradation of the natural habitats of many species [60]. One
major driver is excessive nitrogen inputs from synthetic fertilizers, causing soil acidification,
toxicity, and other negative consequences [61]. Ecosystems are losing their capacity to pro-
vide essential services [62]. Introducing legumes into intensive, cereal-dominated farming
systems has increased habitat heterogeneity and maintained the persistence of multi-annual
habitats on which arthropods, birds, and small mammals depend [63]. Legumes also offer
floral resources that support pollinator populations, which benefits food production and
plant breeding [64].

Grain legumes provide a unique combination of high protein food and feed (23–40%
seed protein), biological nitrogen fixation (BNF), and system-level benefits including pest
and disease suppression, soil quality improvement, reduced greenhouse gas emissions,
and greater biodiversity [65–68]. Their inclusion in crop rotations also supports wild
flora, fauna, and soil microorganisms [69–71]. Despite growing recognition of legumes in
national dietary and sustainability agendas, policy support for legume adoption remains
inconsistent across industrialized nations [72].

In Europe, grain legumes represented 67% of the total annual production area in the
1960s but declined to only 27% by 2013, primarily due to cheaper imports (mainly from
Canada) and reduced dietary demand [73–75]. Today, soybeans, peas, and broad beans
are the leading crops, with soybean cultivation rising from 943,000 hectares in 2018/2019
to 1.3 million hectares by 2030 (+44%) [61]. In 2018, field peas and broad beans yielded
4.4 million tons, with two-thirds used for animal feed and 20% for human consumption [61].
Conversely, lentils, chickpeas, and lupins are minor crops, primarily used for food or
livestock feed [61]. Despite these uses, legumes occupy only 1.5% of EU arable land
compared to 14.5% globally [76,77], and they represented just 1.4% of Europe’s total crop
area in 2018 [61]. Only 43% of the food legumes consumed were produced domestically,
forcing the EU to import almost 70% of its protein-rich feed, with soybeans and soymeal
accounting for 87% of the imports [73]. This reliance persists as cereals dominate European
agriculture, occupying 31% of arable land [61]. As illustrated in Figure 3, global output of
grain legumes, particularly soybeans, has increased significantly since the 1960s, whereas
production in Europe has remained relatively low [78].

In summary, legumes have great potential to enhance agricultural sustainability. but
their adoption in industrialized nations remains constrained by economic and structural
barriers. Targeted investments and consistent policies are required to unlock this poten-
tial. Intercropping legumes and cereals is a particularly promising approach combining
ecological benefits with practical strategies for creating more diversified, resilient, and
resource-efficient agroecosystems.
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Figure 3. Global production trends of major grain legumes (1961–2020) and European production
snapshot (2023). The line chart shows global production of soybean, common bean, chickpea,
lentil, dry pea, and faba/broad bean, highlighting the dominance of soybean over other legumes.
The bar chart presents European production for the same crops in 2023, underscoring the region’s
comparatively limited output and dependence on imports. Source: FAOSTAT (Production-Crops).

4. Interactions Between Soil–Plant–Microbes in an Intercropping System
The success of intercropping systems also depends on belowground bio-logical pro-

cesses. Beyond the economic and policy aspects discussed above, soil microorganisms are
key components contributing to the soil’s ecological functions. They play a crucial role in
processes such as organic matter decomposition [79], mineral nutrient cycling, nitrification,
mobilization, mineralization, and soil structure formation—all of which are important
to plant growth [80]. The composition of soil microbial communities is influenced by
several factors, such as environmental conditions, fertilization, pesticide use, agricultural
practice [81,82], and plant species or varieties [83]. Modifications to the composition and
abundance of these communities can impact crop performance, including growth, nutrient
uptake, yield, and pest management.

Root exudates attract a diverse range of microorganisms, shaping rhizosphere interac-
tions [84–87]. and these can lead to outcomes that are either beneficial or detrimental [88].
Legume intercropping consistently alters microbial community structure and function,
raising diversity, biomass, and activity, while intensifying rhizosphere processes such as
nutrient cycling and carbon fluxes [21,89–98]. Understanding how these belowground
processes operate requires a closer look at the dynamics of soil–plant-microbe interactions.

4.1. Dynamics of Soil–Plant-Microbe Interaction

Soil–plant-microbe interactions drive nutrient cycling by converting minerals into
plant-available forms (N, P, K) via oxidation, dissolution, chelation, and organic-acid
release [99,100]. Incorporating legumes into cropping systems further enhances these
dynamics by stimulating facilitative and complementary interactions in intercropping, as
reported by Fridley [101], Hinsinger et al. [102], and Tang et al. [97]. Complementarity
minimizes competition by sharing resources among crops when grown together and occurs
when crops utilize the same resource differently in time, space, or form [101]. Facilitation
occurs when a plant species directly or indirectly benefits another species by altering the
biotic or abiotic environment of the intercropped species, thereby improving resource
availability [103].
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A characteristic of legumes is their ability to form symbiotic relationships with rhizobia
facilitating atmospheric nitrogen fixation in nodules [104]. This allows for reduced external ni-
trogen input in fields, ultimately resulting in lower carbon content in food products and lower
CO2 emissions [105–108]. Representative rhizobial genera include Rhizobium, Bradyrhizobium,
Mesorhizobium, and Ensifer, which develop nodules on a wide range of legumes, including Tri-
folium (clovers), Vicia (vetches), and Glycine max (soybean) [104,106]. Bradyrhizobium japonicum
is a notable strain known for its large genome and distinct nodulation processes. Another
example is Azorhizobium caulinodans, which is capable of both symbiotic and free-living nitro-
gen fixation with the ability to nodulate stems, illustrating the variety of adaptations found
in rhizobia [104]. Furthermore, nitrogen-fixing Burkholderia strains also play a role in legume
symbioses [104].

Legumes exude flavonoids, which have the potential to modulate root-associated
bacterial activity under low-nitrogen scenarios in intercropped systems [109]. Free-living
nitrogen-fixing bacteria such as Azospirillum can colonize the rhizosphere of grasses, thereby
supporting intercropping practices [105]. The intermingling of legume and cereal roots
promotes the amalgamation of microbial communities from both plants, fostering the
cross-migration of bacteria within 28 days of sowing [110]. The resulting increase in root
mass and asynchronous nutrient demands of component crops further enhance nutrient
acquisition over time and space [111]. Legume–cereal intercropping often increases micro-
bial diversity and activity [112], as discussed further in Section 4.2.1. In addition to altering
nutrient dynamics, legume residues and their associated root exudates, rich in organic
acids and phenolics, can reshape soil microbial populations. For instance, in rotational
strip intercropping of maize and peanut, these inputs promoted the growth of beneficial
groups such as Actinobacteria and Ascomycota [113]. Researchers found that intercrop-
ping soybean and wheat increased root microbial diversity, root biomass allocation, and
P-hydrolyzing acid phosphatase activity under phosphorus-deficient conditions, resulting
in increased phosphorus and nitrogen uptake [114]. These intercropping systems can also
decrease nitrate leaching by promoting synergistic nitrogen utilization between cereals and
legumes [115]. Additionally, intercropping can modulate plant gene expression related
to stress tolerance and nutrient uptake, improving resource-use efficiency [14,116,117].
Plant-to-plant signaling (including volatile organic compound-mediated cues) can prime
defenses and lower pest damage in specific species combinations [118–120].

Legume–cereal intercropping and rotation systems also contribute to phytoremedia-
tion. This strategy utilizes plants and soil microbes to reclaim various heavy metals and
radionuclides from contaminated soil through phytoextraction, rhizofiltration, phytostabi-
lization, photodegradation, and phytovolatilization [121–124]. For example, mixed cultures
of white lupin with oats enhanced the mobilization of Pb, La, Nd, Sc, Th, and U, facilitating
both phytoremediation and phytomining of elements such as Sc and Ge [124,125]. Similarly,
intercropping ryegrass and alfalfa restricted Pb transfer from soil to plants, highlighting
the potential of intercropping for phytostabilization [124,126]

Recent studies extend these insights beyond traditional legume–cereal combinations:
intercropping the Cd-hyperaccumulating plant (Sedum alfredii) with oilseed rape increased
Cd removal and biomass across contaminated soil types [127,128]. At the same time, field-
scale experiments indicate that intercropping can accelerate Cd remediation by altering
rhizosphere pH and Cd translocation [129]. Additionally, intercropping the arsenic hyper-
accumulator (Pteris vittata) with legumes (Sesbania cannabina) has been shown to increase
arsenic uptake by 19-54% and reduce grain arsenic in the companion crop, with rhizo-
sphere acidification playing a key mechanistic role [130]. These approaches are increasingly
being field-tested in East and Southeast Asia, where intercropping has historically been
widespread [127–130].
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Collectively, these examples show that intercropping promotes both agricultural
output and bioremediation, positioning it as a practical multifunctional approach for
sustainable soil management.

4.2. Rhizospheric Interactions in Legume–Cereal Intercropping System

The rhizosphere is a dynamic interface where host plants and microorganisms engage
in complex interactions [131,132], influencing the availability and cycling of nutrients.
These interactions form a feedback loop, as plants exude a considerable part of their photo-
synthates as rhizodeposits, attracting a microbial community adapted to the rhizosphere
environment. These microorganisms influence plant growth, nutrition, and health by inter-
acting with one another and with the host plant [133,134]. In legume–cereal intercropping,
cereals compete more aggressively for nutrient absorption than legumes [135] because of a
higher root growth rate and wider root distribution that lowers the nitrogen concentration
in the rhizosphere [136]. This competition often stimulates legume’s nitrogen fixation
potential. The absorption of legume-fixed nitrogen by cereal crops is mainly via transfer
through root and mycorrhizal networks [137]. Researchers have reported a significant
variability in nitrogen transfer from intercropped legumes to cereals, ranging from 0 to
73%, depending on the species and planting method used [138]. For instance, Tripathi
et al. [139] observed nitrogen savings of up to 25% for maize + legume–wheat intercropping
for subsequent wheat crops. Cereal root exudates can significantly promote nodulation
in legumes, thereby increasing the rate of symbiotic nitrogen fixation in legume–cereal
intercropping. The mutualistic interaction between legumes and rhizobia increases the
nitrogen pool in soil, thereby aiding in mutual growth benefits [140]. Li et al. [141] observed
that maize–faba bean intercropping increased maize yield by 7.8–32.9% and faba bean
yield by 23.7–63.8% compared with sole cropping. This advantage was attributed to the
intermingling of root systems, which led to reduced nitrogen repression of legume nodules
and facilitated mutual growth benefits.

Nitrogen transfer through roots is key to improving nitrogen use efficiency in inter-
cropping systems. Yong et al. [142] used 15N isotope-labeling and leaf-labeling techniques
to study nitrogen transfer in wheat-maize-soybean rotation. The findings showed that nitro-
gen transfer and percentage (%NT) decreased with increased soil fertilization. Additionally,
the results underscore the significance of bidirectional nitrogen transfer in improving crop-
based nitrogen use efficiency. Comparable results were observed by Ledgard et al. [143]
when studying nitrogen transfer using the leaf feeding method N15 in a clover-ryegrass
intercropping system. He reported a direct nitrogen transfer of 2.2% from clover to ryegrass.
Similarly, Shao et al. [144] evaluated the influence of root contact on nitrogen transfer in the
maize-alfalfa intercropping system, finding that transfer primarily occurred from alfalfa
to maize. When root contact was unrestricted, nitrogen transfer was higher, ranging from
7.02% to 15.05%, contributing 2.36% to 4.72% of the total nitrogen uptake. This highlights
the importance of root interactions on nitrogen transfer, ultimately increasing total biomass,
total N uptake, and utilization in maize.

Soil–plant-microbe interactions in the rhizosphere play a key role in driving the suc-
cess of legume–cereal intercropping. These systems reduce nutrient loss through symbiotic
nitrogen fixation, bidirectional nutrient transfer, and increased root-microbial interactions,
resulting in improved nutrient use efficiency and sustainability. The importance of rhizo-
sphere organisms in these processes highlights the need to explore the composition and
functioning of rhizospheric microbial communities.
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4.2.1. Rhizosphere Microbial Community and the Role of Exudates in Shaping
These Communities

Root exudates are composed of low-molecular-weight compounds, including organic
acids, sugars, phenolic acids, proteins, and flavonoids, which play a crucial role in microbial
interactions [145,146]. For instance, in the legume–rhizobium interaction, plants synthesize
and secrete flavonoids to attract compatible rhizobia, which, in turn, respond by producing
lipochitooligosaccharides (Nod factors). This chemical interaction initiates symbiosis,
resulting in the production of nitrogen-fixing nodules on legume roots [147–150]. In
addition, photosynthate-derived exudates make a significant contribution to rhizosphere
carbon fluxes [151,152] and serve as an energetic substrate that fuels microbial abundance
and activity [153].

Liu et al. [154] examined a broad bean-wheat intercropping system, where wheat
roots stimulated the production of flavonoids such as flavonols, isoflavones, chalcone,
and hesperetin in legume root exudates, leading to increased nodulation biomass and
nitrogen availability in the soil. These higher nitrogen levels were consumed by cereal
crops, demonstrating a finely attuned nutrient cycling mechanism. Because numerous
plant species coexist in intercropping, root exudates with variable chemical compositions
are released at different stages of plant growth, imposing considerable selection pressures
on rhizosphere communities [155–157]. Recent multi-omics research confirms this, showing
that intercropping increases network complexity while enriching core abundant taxa.
Notably, bacterial groups such as Actinomycetales and Rhodocyclaceae, fungi such as
Tausonia and Curvularia, and eukaryotes like Leptophyryidae and Ochromonadaceae were
found to be closely associated with improved nutrient cycling and maize productivity [156].
Pivato et al. [134] also found that pea-wheat intercropping altered rhizosphere bacterial
networks, revealing interaction patterns not observed in monocultures. In legume–cereal
intercropping, this restructuring has been associated with the enrichment of nitrogen-fixing
microbes, thereby increasing the functional capacity of the soil microbiome [79,158].

Intercropping systems can also help with the resilience of intercropped crops. A recent
study found that interspecific plant interactions during the cultivation of peanut-wheat
intercropping triggered the secretion of defense hormones (salicylic acid, jasmonic acid,
and methyl jasmonate), which regulated peanut root endophytes in intercropped peanut
tissues, thereby improving their ability to withstand environmental stress [159]. Triggering
of these hormones favors crop growth and significantly alters the Fe, Zn, and phytate
contents in grains, contributing to nutritional quality [124,160].

4.2.2. Plant-Microbe Interactions

Plant growth-promoting rhizobacteria (PGPR) are free-living beneficial microorgan-
isms that colonize the rhizosphere and shape its microbiome, thus establishing a dynamic
interaction and altering plant roots and microbial activity [161]. Together with arbuscu-
lar mycorrhizal fungi (AMF), they reshape the rhizosphere by supplying nutrients and
phytohormones, as well as enhancing root development and plant growth [162–167].

PGPRs can reduce the usage of chemical fertilizers by 25% [168] and improve plant
growth and yield in legume–cereal intercropping systems [169,170]. The combination of
biofertilization using PGPR (Pseudomonas and Bradyrhizobium) with AMF has been shown to
boost the growth of finger millet when intercropped with pigeon pea, a finding corroborated
under field conditions [171,172]. In addition, legume root compounds, such as lectins,
isoflavones, and N-AHL mimics, facilitate microbial colonization and communication,
thereby enhancing these benefits [173–175]. Legume residues also “prime” microbial
mineralization, resulting in faster nutrient release for both crops [176–179].
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These microbial interactions collectively enhance soil processes and resource flows,
establishing the basis for the nutrient cycling benefits outlined in the next section.

4.3. The Role of Soil Organisms in Nutrient Cycling in Legume–Cereal Intercropping

Legume–cereal intercropping is well known for efficiently optimizing nutrient cycling
through complex biological interactions Legumes can fix 75–150 kg of nitrogen per year,
adding up to 300 kg per hectare under optimal conditions. The nitrogen from this process
can fulfill >50% of the nutrient needs of legumes and intercropped cereal crops [135,180].

In addition to nitrogen cycling, phosphorus mobilization is another key area contribut-
ing to the success of legume–cereal intercropping systems. Although most soils contain
abundant total phosphorus (P), a significant portion is present in insoluble forms, making it
inaccessible to plants [181,182]. Legumes possess a higher proton-releasing ability and acid-
ify the rhizosphere considerably, which enables the activation and uptake of soil-insoluble
phosphorus, supporting N fixation and maintaining N:P balance in intercrops [183].

Francisquini et al. [184] demonstrated that legumes can partially substitute for nitrogen
fertilizer inputs, even under conditions of low phosphorus availability, thereby sustaining
crop performance without additional chemical nitrogen application. Similarly, Brahimi
et al. [185] highlighted the efficient nutrient uptake and improved productivity in low-P soil
under faba bean-barley intercropping, where crop growth increased by 18% and nodulation
by 32% compared with monocropping. Beyond macronutrients, intercropping can also
improve the micronutrient status of crops; for example, sorghum-cowpea intercropping
enhanced the calcium, magnesium, copper, manganese, and iron contents of sorghum
seeds [124,186].

Legume–cereal intercropping also promotes microbial activity in the rhizosphere,
especially in interaction with phosphate-solubilizing bacteria (PSBs). These bacteria secrete
organic acids that solubilize unavailable phosphorus, stimulating soil phosphatase activity
and increasing phosphorus availability to the plant [96,182]. Arbuscular mycorrhizal fungi
(AMF) are indispensable partners in the legume–cereal cropping system and contribute to
the uptake of multiple nutrients, such as nitrogen, phosphorus, potassium, sulfur, calcium,
iron, zinc, manganese, and copper. In many cropping systems, AMF can supply the majority
of plant phosphorus needs (up to approx. 90%), a substantial proportion of nitrogen (around
60%), and a smaller share of carbon inputs (about 20%) [187–192]. They also facilitate
interspecific relationships within legume systems by promoting phosphate ion production
through alkaline phosphatase activity, thus increasing phosphorus availability [193,194].
This role is reinforced by interactions with phosphate-solubilizing bacteria (PSB), which
not only promote AMF activity but also improve hyphal development and fungal viability
while reducing soil-borne pathogens [195,196]. A practical example of these synergistic
effects is shown through the inoculation of AMF in intercropping systems of coix and faba
bean, which led to increased solubilization of inorganic phosphorus and mineralization
of organic phosphorus, ultimately enhancing nutrient absorption and productivity [197].
Beyond their role in nutrient acquisition, AMF also supports environmental sustainability.
For instance, when associated with maize in a maize-soybean intercropping system, AMF
lowered nitrous oxide emissions by altering the abundance and community composition of
denitrifying bacteria, thereby improving nitrogen use efficiency [136,198].

The significant impact that AMF and PSB activity have on nutrient cycling and broader
ecosystem services makes it clear that they play an essential role in legume–cereal intercrop-
ping. These belowground interactions provide the functional foundation for addressing
broader ecological challenges, which are considered in the next section.
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5. Ecological Challenges and the Role of Legume–Cereal Intercropping
in the Development of Sustainable Agriculture: Opportunities
and Limitations

Agriculture faces several ecological challenges, including degraded soil, polluted
water, biodiversity loss, and greenhouse gas emissions. Such issues risk compromising
soil fertility, depleting natural resources, and exacerbating climate change, creating an
urgent need for sustainable farming methods that address these challenges while meet-
ing the rising demand for food [199]. Among diversification options, cereal-legume in-
tercropping offers consistently documented biophysical benefits and context-dependent
economic outcomes.

5.1. Analytical Framework for Synthesis

To evaluate the opportunities and constraints of cereal-legume intercropping, this
review synthesizes outcomes using standard agroecological metrics. The most extensively
used is the Land Equivalent Ratio (LER), indicating land productivity advantages compared
to sole crops [200,201]. Nitrogen Use Efficiency (NUE) serves as a nutrient-focused metric
that assesses the effectiveness of systems in utilizing soil-derived and biologically fixed
nitrogen [202]. Additional indicators include soil enzyme activity and microbial diversity
indices, which provide insights into soil health and functional capacity [97,203,204]; biodi-
versity measures, such as predator and parasitoid abundance [205,206]; and greenhouse
gas emissions, including nitrous oxide (N2O) [207,208]. Methodological factors, including
design type (relay, additive, or replacement), strip width, fertilizer input, and surrounding
landscape context, significantly influence these metrics and help explain the variability
observed across studies. These indicators provide the basis for assessing the environmental
and economic outcomes of legume–cereal intercropping, which are examined in detail in
the following subsections.

5.2. The Environmental and Economic Potential of Legume–Cereal Intercropping

Intercropping exploits ecological complementarity. In legume–cereal combinations,
cereals are significant consumers of nitrogen while legumes supply nitrogen via rhizobia,
reducing the need for fertilizers and improving nutrient-use efficiency [209,210]. The Land
Equivalent Ratio (LER) indicates the overall productivity advantages of land, with a mean
LER of 1.22 for intercropping versus sole crops, indicating around 22% land savings at equal
output. Economic gains result from resource efficiency and yield stability, though realized
profits vary depending on management and market conditions [200,201] Furthermore,
increased crop diversification provides additional market stability by allowing farmers to
market multiple products from the same field [211–213].

While these benefits illustrate the environmental and economic promise of legume–
cereal systems, their wider role must also be understood in terms of how they address
major ecological challenges.

5.3. Addressing Ecological Challenges

Intercropping as a mixed farming system addresses several ecological challenges
relevant for upcoming decades, resilience agriculture and climate, including the following:

• Climate Change

Intercropping, especially with legumes, can maintain or improve yields while enhanc-
ing soil carbon (C) and reducing N-related emissions in low-input systems. Long-term
research suggests that diverse systems reduce N2O when N inputs are moderated and
residues are returned [207,208].

• Soil Degradation
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Soil health lies at the core of sustainable agriculture, and intercropping addresses the
adverse impacts of soil degradation. Legumes enrich the soil with organic matter, thereby
improving soil structure and microbial activity, which ultimately contributes to enhanced
water retention and reduced erosion. With cereal roots extracting nutrients from deep in
the soil and legumes fixing nitrogen into the soil, the complementary relationship ensures
that soil fertility is preserved over time, thereby reducing the risk of nutrient depletion and
the need for chemical inputs [214,215].

Legume–cereal systems enhance phosphorus mobilization and nitrogen capture
through rhizosphere processes, thereby improving soil function under reduced inputs [216].

• Loss of Biodiversity

Meta-analyses indicate that intercropping reduces herbivores and increases preda-
tors/parasitoids; the effects depend on the design and landscape context (e.g., spatial
arrangement, distance from floral strips) [205,206].

• Water Pollution

Monoculture farming requires large quantities of chemical fertilizers, which accelerate
the leaching of nutrients and pollute the water [217]. Cereal-legume intercropping reduces
this risk by enhancing nutrient cycling and reducing the need for synthetic inputs. The
excess nitrogen fixed by leguminous plants can be utilized by cereal crops, resulting in less
nitrogen being lost to runoff, which leads to lower water contamination and a reduced
likelihood of harmful algal blooms, preserving aquatic ecosystems [218].

Reduced fertilizer inputs and tighter nitrogen (N) cycling in legume–cereal pairs lower
the risk of nitrate loss to water, consistent with findings on Nitrogen Use Efficiency (NUE)
across systems [202].

Taken together, these ecological dimensions highlight both the opportunities and
the systemic pressures shaping intercropping performance. The following subsection
considers how these insights can inform the scaling up of intercropping practices for
sustainable agriculture.

5.4. Future of Sustainable Agriculture: Scaling up Intercropping Practices

Cereal-legume intercropping offers a promising approach to meet the increasing
food demand while reducing the environmental costs of intensive agriculture. Evidence
suggests that diversified systems can simultaneously address climate change, soil degra-
dation, biodiversity loss, and water pollution through improved nutrient-use efficiency,
soil health, and ecosystem services [15,202]. Supportive policies and advisory systems
are crucial for encouraging adoption, along with farmer-led innovation, in regions where
institutional frameworks are robust [16]. Technological advancements such as precision
seeding, guidance systems, and modified harvest equipment also improve feasibility at
larger scales [16].

Scaling intercropping, therefore, requires integration of governance, farmer training,
and automation tailored to regional conditions. Although the potential is substantial,
outcomes remain context-dependent, making it essential to consider the limitations, trade-
offs, and cases where intercropping does not provide consistent advantages.

5.5. Limitations, Trade-Offs, and Conflicting Results

Meta-analyses indicate that in approximately 20–40% of intercropping comparisons,
productivity gains are negligible (total LER ≤ 1.0), or the costs associated with management
outweigh the advantages, highlighting that results are not consistently positive [200,219,220].
These findings illustrate that legume–cereal intercropping can involve trade-offs and variable
results.
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• Neutral or negative yield outcome

Some combinations show neutral or even negative yield outcomes. For example, Pinto
et al. [221] reported that intercropping intermediate wheatgrass (Kernza®) with legumes
like alfalfa or red clover increased forage yield and quality. However, it also reduced
the grain yield of Kernza compared to monoculture systems. In another study, intercrop-
ping occasionally failed to increase the stability of biomass or grain yields compared to
monocultures, particularly when competitive effects were strong [222].

• Management complexity and cost

Intercropping introduces logistical challenges. Machines designed for monocultures
may not work well in mixed cropping systems, necessitating labor-intensive operations
or equipment modifications. Furthermore, the current study indicates a lack of detailed
economic assessments. Gkalitsas et al. [223] emphasize that even when intercropping
improves productivity and resource-use efficiency, limited cost–benefit evaluations hinder
the understanding of adoption potential.

• Variable pest and disease dynamics

While intercropping often increases the abundance of beneficial arthropods and re-
duces pests, its effectiveness varies depending on the circumstances. For example, meta-
analysis shows cereal-legume intercropping generally enhances predator populations and
reduces pests, but the benefits rely substantially on management intensity and field con-
text [224].

Collectively, these contradictory findings underscore that legume cereal intercropping
is context-specific with benefits limitations that must be carefully weighed. The following
conclusion summarizes these findings and highlights future possibilities for incorporating
intercropping into sustainable agricultural practice.

6. Conclusions
Legume–cereal intercropping provides a possible approach to sustainable agricul-

ture by boosting resource-use efficiency, reducing dependency on fertilizers, and im-
proving ecosystem services. However, outcomes are not consistently positive; yield
gains are influenced by combination of species, soil fertility, and management practices,
and trade-offs such as competition for water or increased management complexity can
limit attainment in some systems. Addressing these limitations requires developing
context-specific techniques, encouraging farmer-led innovation, and providing supportive
institutional frameworks.

In the future, integration of information from molecular and omics analysis of root
exudates and microbiomes will enable us to identify key interactions that determine when
and where intercropping performs best. In parallel to this, microbial biostimulants such as
PGPR and AMF offer practical tools to assist beneficial interactions in the field. Policies
that encourage crop diversification, combined with education of farmers and precision-
agriculture technology, will be key to upscale. These approaches together place legume–
cereal intercropping at the center of future agroecological systems compatible with both
productivity and environmental sustainability.
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51. Sowiński, J. Intercropping maize (Zea mays L.) and field beans (Vicia faba L.) for forage, increases protein production. Sci. Rep.
2024, 14, 16419. [CrossRef] [PubMed]

52. Chimonyo, V.; Modi, A.; Mabhaudhi, T. Simulating yield and water use of a sorghum–cowpea intercrop using APSIM. Agric. Wat.
Manag. 2016, 177, 317–328. [CrossRef]

53. Fernandez-Aparicio, M.; Sillero, J.C.; Rubiales, D. Intercropping with cereals reduces infection by orobanche crenata in legumes.
Crop Prot. 2007, 26, 1166–1172. [CrossRef]

54. Bildirici, N.; Aldemir, R.; Karsli, M.A.; Dogan, Y. Potential benefits of intercropping corn with runner bean for small-sized farming
system. Asian-Australasian J. Anim. Sci. 2009, 22, 836–842. [CrossRef]

55. Pierre, J.F.; Latournerie-Moreno, L.; Garruña, R.; Jacobsen, K.L.; Laboski, C.A.M.; Us-Santamaría, R.; Ruiz-Sánchez, E. Effect of
maize–legume intercropping on maize physio-agronomic parameters and beneficial insect abundance. Sustainability 2022, 14,
12385. [CrossRef]

56. Homulle, Z.; George, T.S.; Karley, A.J. Root traits with team benefits: Understanding belowground interactions in intercropping
systems. Plant Soil 2022, 471, 1–26. [CrossRef]

57. Li, X.; Mu, Y.; Cheng, Y.; Liu, X.; Nian, H. Effects of intercropping sugarcane and soybean on growth, rhizosphere soil microbes,
nitrogen and phosphorus availability. Acta Physiol. Plant. 2013, 35, 1113–1119. [CrossRef]

58. Stagnari, F.; Maggio, A.; Galieni, A.; Pisante, M. Multiple benefits of legumes for agriculture sustainability: An overview. Chem.
Biol. Technol. Agric. 2017, 4, 1–13. [CrossRef]

59. Phillips, R.D. Starchy legumes in human nutrition, health and culture. Plant Foods Hum. Nutr. 1993, 44, 195–211. [CrossRef]
60. Everwand, G.; Dauber, J.; Cass, S.; Williams, M.; Stout, J. Legume crops and biodiversity. In Legumes in Cropping Systems;

Murphy-Bokern, D., Stoddard, F.L., Watson, C.A., Eds.; Wallingford: CAB International: Oxfordshire, UK, 2017; pp. 55–69.
61. European Commission. EU Agricultural Outlook for Markets and Income, 2018–2030; European Commission: Brussels,

Belgium, 2018.
62. European Commission. Communication From the Commission to the European Parliament, the Council, the Economic and Social

Committee and the Committee of the Regions—Our Life Insurance, Our Natural Capital: An EU Biodiversity Strategy to 2020; European
Commission: Brussels, Belgium, 2011.

63. Peoples, M.B.; Hauggaard-Nielsen, H.; Huguenin-Elie, O.; Jensen, E.S.; Justes, E.; Williams, M. The Contributions of Legumes to
Reducing the Environmental Risk of Agricultural Production. In Agroecosystem Diversity; Elsevier Inc.: Philadelphia, PA, USA,
2019; pp. 123–143. [CrossRef]

64. Marzinzig, B.; Brünjes, L.; Biagioni, S.; Behling, H.; Link, W.; Westphal, C. Bee pollinators of faba bean (Vicia faba L.) differ in their
foraging behaviour and pollination efficiency. Agric. Ecosyst. Environ. 2018, 264, 24–33. [CrossRef]

65. Kirkegaard, J.; Christen, O.; Krupinsky, J.; Layzell, D. Break crop benefits in temperate wheat production. Field Crop. Res. 2008,
107, 185–195. [CrossRef]

66. Nemecek, T.; von Richthofen, J.-S.; Dubois, G.; Casta, P.; Charles, R.; Pahl, H. Environmental impacts of introducing grain legumes
into European crop rotations. Eur. J. Agron. 2008, 28, 380–393. [CrossRef]

67. Peoples, M.B.; Hauggaard-Nielsen, H.; Jensen, E.S. The potential environmental benefits and risks derived from legumes in
rotations. In Nitrogen Fixation in Crop Production; Agronomy Monographs; Emerich, D.W., Krishnan, H.B., Eds.; American Society
of Agronomy (ASA): Madison, WI, USA, 2009; Volume 52, pp. 349–385.

68. Peoples, M.B.; Brockwell, J.; Herridge, D.F.; Rochester, I.J.; Alves, B.J.R.; Urquiaga, S.; Boddey, R.M.; Dakora, F.D.; Bhattarai, S.;
Maskey, S.L.; et al. The contributions of nitrogen-fixing crop legumes to the productivity of agricultural systems. Symbiosis 2009,
48, 1–17. [CrossRef]

69. Zander, P.; Amjath-Babu, T.S.; Preissel, S.; Reckling, M.; Bues, A.; Schläfke, N.; Kuhlman, T.; Bachinger, J.; Uthes, S.; Stoddard, F.;
et al. Grain legume decline and potential recovery in European agriculture: A review Agron. Sustain. Dev. 2016, 36, 26. [CrossRef]

70. Chalk, P.M. Dynamics of biologically fixed N in legume-cereal rotations: A review. Aust. J. Agric. Res. 1998, 49, 303–316.
[CrossRef]

71. Köpke, U.; Nemecek, T. Ecological services of faba bean. Field Crop. Res. 2010, 115, 217–233. [CrossRef]

https://www.researchgate.net/publication/268354399
https://doi.org/10.1111/gcb.12738
https://www.ncbi.nlm.nih.gov/pubmed/25216023
https://doi.org/10.3389/fpls.2022.1006720
https://www.ncbi.nlm.nih.gov/pubmed/36407615
https://doi.org/10.3390/agronomy14112736
https://doi.org/10.1038/s41598-024-67091-w
https://www.ncbi.nlm.nih.gov/pubmed/39014045
https://doi.org/10.1016/j.agwat.2016.08.021
https://doi.org/10.1016/j.cropro.2006.10.012
https://doi.org/10.5713/ajas.2009.80676
https://doi.org/10.3390/su141912385
https://doi.org/10.1007/s11104-021-05165-8
https://doi.org/10.1007/s11738-012-1148-y
https://doi.org/10.1186/s40538-016-0085-1
https://doi.org/10.1007/BF01088314
https://doi.org/10.1016/B978-0-12-811050-8.00008-X
https://doi.org/10.1016/j.agee.2018.05.003
https://doi.org/10.1016/j.fcr.2008.02.010
https://doi.org/10.1016/j.eja.2007.11.004
https://doi.org/10.1007/BF03179980
https://doi.org/10.1007/s13593-016-0365-y
https://doi.org/10.1071/A97013
https://doi.org/10.1016/j.fcr.2009.10.012


Agronomy 2025, 15, 2243 19 of 25

72. Assembleia da República. Lei n◦11/2017 de 17 de abril—Estabelece a obrigatoriedade de existência de opção vegetariana nas ementas das
cantinas e refeitórios públicos. Diário da República −1.ª série/N.º 75; Assembleia Da República: Lisbon, Portugal, 2017.

73. Watson, C.A.; Reckling, M.; Preissel, S.; Bachinger, J.; Bergkvist, G.; Kuhlman, T.; Lindström, K.; Nemecek, T.; Topp, C.F.;
Vanhatalo, A.; et al. Grain legume production and use in European agricultural systems. Adv. Agron. 2017, 144, 235–303.
[CrossRef]

74. Ferreira, H.; Pinto, E.; Vasconcelos, M.W. Legumes as a cornerstone of the transition toward more sustainable agri-food systems
and diets in Europe. Front. Sustain. Food Syst. 2021, 5, 694121. [CrossRef]

75. European Commission. Market Developments and Policy Evaluation Aspects of the Plant Protein Sector in the EU—Final Report;
European Commission: Brussels, Belgium, 2018.

76. FAOstat. Statistics Database of the Food and Agriculture Organization of the United Nations. 2016. Available online: http:
//www.fao.org/statistics/databases/en/ (accessed on 30 October 2016).

77. Eurostat. European Commission, Brussels, Belgium. 2016. Available online: http://ec.europa.eu/eurostat (accessed on 29
October 2016).

78. FAO (Food and Agriculture Organization of the United Nations). FAOSTAT Statistical Database; FAO: Rome, Italy, 2025; Available
online: https://www.fao.org/faostat/en/#data/QCL (accessed on 28 August 2025).

79. Yu, L.; Tang, Y.; Wang, Z.; Gou, Y.; Wang, J. Nitrogen-cycling genes and rhizosphere microbial community with reduced nitrogen
application in maize/soybean strip intercropping. Nutr. Cycl. Agroecosyst. 2019, 113, 35–49. [CrossRef]

80. Panhwar, Q.A.; Jusop, S.; Naher, U.A.; Othman, R.; Razi, M.I.; Andrade, P.; Zhou, D. Application of potential phosphate-
solubilizing bacteria and organic acids on phosphate solubilization from phosphate rock in aerobic rice. Sci. World J. 2013, 2013,
272409. [CrossRef]

81. García-Orenes, F.; Morugán-Coronado, A.; Zornoza, R.; Scow, K.; Herrera-Estrella, A. Changes in soil microbial community
structure influenced by agricultural management practices in a mediterranean agro-ecosystem. PLoS ONE 2013, 8, 80522.
[CrossRef]

82. Prashar, P.; Shah, S. Impact of fertilizers and pesticides on soil microflora in agriculture. In Sustainable Agriculture Reviews;
Springer: Berlin/Heidelberg, Germany, 2016; pp. 331–361. [CrossRef]

83. Rooney, D.C.; Clipson, N. Impact of sheep urine deposition and plant species on ammonia-oxidizing bacteria in upland grassland
soil. Can. J. Microbiol. 2008, 54, 791–796. [CrossRef] [PubMed]

84. Badri, D.V.; Weir, T.L.; van der Lelie, D.; Vivanco, J.M. Rhizosphere chemical dialogues: Plant–microbe interactions. Curr. Opin.
Biotechnol. 2009, 20, 642–650. [CrossRef] [PubMed]

85. Uroz, S.; Courty, P.E.; Oger, P. Plant symbionts are engineers of the plant associated microbiome. Trend Plant Sci. 2019, 24, 905–916.
[CrossRef] [PubMed]

86. Wei, X.; Zhu, Z.; Wei, L.; Wu, J.; Ge, T. Biogeochemical cycles of key elements in the paddy-rice rhizosphere: Microbial mechanisms
and coupling processes. Rhizosphere 2019, 10, 100145. [CrossRef]

87. Olanrewaju, O.S.; Ayangbenro, A.S.; Glick, B.R.; Babalola, O.O. Plant health: Feedback effect of root exudates-rhizobiome
interactions. Appl. Microbiol Biotechnol. 2019, 103, 1155–1166. [CrossRef] [PubMed]

88. Pathan, S.I.; Ceccherini, M.T.; Sunseri, F.; Lupini, A. Rhizosphere as hotspot for plant-soil-microbe interaction. In Carbon and
Nitrogen Cycling in Soil; Datta, R., Meena, R.S., Pathan, S.I., Ceccherini, M.T., Eds.; Springer: Singapore, 2020; pp. 17–43. [CrossRef]

89. Fu, Z.; Zhou, L.; Chen, P.; Du, Q.; Pang, T.; Song, C.; Wang, X.; Liu, W.; Yang, W.; Yong, T. Effects of maize-soybean relay
intercropping on crop nutrient uptake and soil bacterial community. J. Integr. Agric. 2019, 18, 2006–2018. [CrossRef]

90. Mucheru-Muna, M.; Pypers, P.; Mugendi, D.; Kung’u, J.; Mugwe, J.; Merckx, R.; Vanlauwe, B. A staggered maize–legume
intercrop arrangement robustly increases crop yields and economic returns in the highlands of Central Kenya. Field Crop. Res.
2010, 115, 132–139. [CrossRef]

91. Song, Y.N.; Zhang, F.S.; Marschner, P.; Fan, F.L.; Gao, H.M.; Bao, X.G.; Sun, J.H.; Li, L. Effect of intercropping on crop yield and
chemical and microbiological properties in the rhizosphere of wheat (Triticum aestivum L.), maize (Zea mays L.), and faba bean
(Vicia faba L.). Biol. Fertil. Soil 2007, 43, 565–574. [CrossRef]

92. Sun, Y.M.; Zhang, N.N.; Wang, E.T.; Yuan, H.L.; Yang, J.S.; Chen, W.X. Influence of intercropping and intercropping plus rhizobial
inoculation on microbial activity and community composition in rhizosphere of alfalfa (Medicago sativa L.) and Siberian wild rye
(Elymus sibiricus L.). FEMS Microbiol. Ecol. 2009, 70, 218–226. [CrossRef] [PubMed]

93. Zhang, M.M.; Wang, N.; Hu, Y.B.; Sun, G.Y. Changes in soil physicochemical properties and soil bacterial community in mulberry
(Morus alba L.)/alfalfa (Medicago sativa L.) intercropping system. Microbiol. Open 2018, 7, e00555. [CrossRef]

94. Alvey, S.; Yang, C.-H.; Buerkert, A.; Crowley, D.E. Cereal/legume rotation effects on rhizosphere bacterial community structure
in West Arican soils. Biol. Fertil. Soil 2003, 37, 73–82. [CrossRef]

95. Li, H.; Shen, J.; Zhang, F.; Marschner, P.; Cawthray, G.; Rengel, Z. Phosphorus uptake and rhizosphere properties of intercropped
and monocropped maize, faba bean, and white lupin in acidic soil. Biol. Fertil. Soil 2009, 46, 79–91. [CrossRef]

https://doi.org/10.1016/bs.agron.2017.03.003
https://doi.org/10.3389/fsufs.2021.694121
http://www.fao.org/statistics/databases/en/
http://www.fao.org/statistics/databases/en/
http://ec.europa.eu/eurostat
https://www.fao.org/faostat/en/#data/QCL
https://doi.org/10.1007/s10705-018-9960-4
https://doi.org/10.1155/2013/272409
https://doi.org/10.1371/journal.pone.0080522
https://doi.org/10.1007/978-3-319-26777-7_8
https://doi.org/10.1139/W08-065
https://www.ncbi.nlm.nih.gov/pubmed/18772943
https://doi.org/10.1016/j.copbio.2009.09.014
https://www.ncbi.nlm.nih.gov/pubmed/19875278
https://doi.org/10.1016/j.tplants.2019.06.008
https://www.ncbi.nlm.nih.gov/pubmed/31288964
https://doi.org/10.1016/j.rhisph.2019.100145
https://doi.org/10.1007/s00253-018-9556-6
https://www.ncbi.nlm.nih.gov/pubmed/30570692
https://doi.org/10.1007/978-981-13-7264-3_2
https://doi.org/10.1016/S2095-3119(18)62114-8
https://doi.org/10.1016/j.fcr.2009.10.013
https://doi.org/10.1007/s00374-006-0139-9
https://doi.org/10.1111/j.1574-6941.2009.00752.x
https://www.ncbi.nlm.nih.gov/pubmed/19702874
https://doi.org/10.1002/mbo3.555
https://doi.org/10.1007/s00374-002-0573-2
https://doi.org/10.1007/s00374-009-0411-x


Agronomy 2025, 15, 2243 20 of 25

96. Song, C.; Wang, W.; Gan, Y.; Wang, L.; Chang, X.; Wang, Y.; Yang, W. Growth promotion ability of phosphate-solubilizing bacteria
from the soybean rhizosphere under maize–soybean intercropping systems. J. Sci. Food Agric. 2022, 102, 1430–1442. [CrossRef]
[PubMed]

97. Tang, X.; Bernard, L.; Brauman, A.; Daufresne, T.; Deleporte, P.; Desclaux, D.; Souche, G.; Placella, S.A.; Hinsinger, P. Increase in
microbial biomass and phosphorus availability in the rhizosphere of intercropped cereal and legumes under field conditions. Soil
Biol. Biochem. 2014, 75, 86–93. [CrossRef]

98. Wang, D.; Marschner, P.; Solaiman, Z.; Rengel, Z. Growth, P uptake and rhizosphere properties of intercropped wheat and
chickpea in soil amended with iron phosphate or phytate. Soil Biol. Biochem. 2007, 39, 249–256. [CrossRef]

99. Trivedi, P.; Leach, J.E.; Tringe, S.G.; Sa, T.M.; Singh, B.K. Plant-microbiome interactions: From community assembly to plant
health. Nat. Rev. Microbiol. 2020, 18, 607–621. [CrossRef]

100. Zhang, R.F.; Vivanco, J.M.; Shen, Q.R. The unseen rhizosphere root-soil-microbe interactions for crop production. Curr. Opin.
Microbiol. 2017, 37, 8–14. [CrossRef]

101. Fridley, J.D. The influence of species diversity on ecosystem productivity: How, where, and why? Oikos 2001, 93, 514–526.
[CrossRef]

102. Hinsinger, P.; Betencourt, E.; Bernard, L.; Brauman, A.; Plassard, C.; Shen, J.; Tang, X.; Zhang, F. P for two, sharing a scarce
resource: Soil phosphorus acquisition in the rhizosphere of intercropped species. Plant Physiol. 2011, 156, 1078–1086. [CrossRef]

103. Callaway, R.M. Direct mechanisms for facilitation. In Positive Interactions and Interdependence in Plant Communities; Callaway, R.M.,
Ed.; Springer: Dordrecht, The Netherlands, 2007; pp. 15–59. [CrossRef]

104. Coba de la Pena, T.; Fedorova, E.; Pueyo, J.J.; Lucas, M.M. The symbiosome: Legume and rhizobia co-evolution toward a
nitrogen-fixing organelle? Front. Plant. Sci. 2018, 8, 2229. [CrossRef]

105. Nieder, R.; Benbi, D.K. Carbon and Nitrogen in the Terrestrial Environment; Springer: Berlin/Heidelberg, Germany, 2008; Volume XII,
p. 430. [CrossRef]

106. Fustec, J.; Lesuffleur, F.; Mahieu, S.; Cliquet, J.B. Nitrogen rhizodeposition of legumes. A Review. Agron. Sust. Develop. 2010, 30,
57–66. [CrossRef]

107. Gan, Y.; Liang, C.; Hamel, C.; Cutforth, H.; Wang, H. Strategies for reducing the carbon footprint of field crops for semiarid
areas—A review. Agron. Sust. Develop. 2011, 31, 643–656. [CrossRef]

108. Begam, A.; Mondal, R.; Dutta, S.; Banerjee, H. Impact of Cereal+legume Intercropping Systems on Productivity and Soil Health
—A Review. Int. J. Bio-Res. Stress Manag. 2020, 11, 274–286. [CrossRef]

109. Li, B.; Li, Y.Y.; Wu, H.M.; Zhang, F.F.; Li, C.J.; Li, X.X.; Lambers, H.; Li, L. Root exudates drive interspecific facilitation by
enhancing nodulation and N2 fixation. Proc. Natl. Acad. Sci. USA 2016, 113, 6496–6501. [CrossRef] [PubMed]

110. Vora, S.M.; Joshi, P.; Belwalkar, M.; Archana, G. Root exudates influence chemotaxis and colonization of diverse plant growth
promoting rhizobacteria in the pigeon pea—Maize intercropping system. Rhizosphere 2021, 18, 100331. [CrossRef]

111. Layek, J.; Das, A.; Mitran, T.; Nath, C.; Meena, R.S.; Yadav, G.S.; Lal, R. Cereal+Legume intercropping: An option for improving
productivity and sustaining soil health. In Legumes for Soil Health and Sustainable Management; Meena, R.S., Das, A., Yadav, G.S.,
Lal, R., Eds.; Springer: Singapore, 2018; pp. 347–386. [CrossRef]

112. Dang, K.; Gong, X.; Zhao, G.; Wang, H.; Ivanistau, A.; Feng, B. Intercropping alters the soil microbial diversity and community to
facilitate nitrogen assimilation: A potential mechanism for increasing proso millet grain yield. Front. Microbiol. 2020, 11, 601054.
[CrossRef]

113. Han, Y.; Dong, Q.; Zhang, K.; Sha, D.; Jiang, C.; Yang, X.; Liu, X.; Zhang, H.; Wang, X.; Guo, F.; et al. Maize-peanut rotational strip
intercropping improves peanut growth and soil properties by optimizing microbial community diversity. Peer J. 2022, 10, 13777.
[CrossRef]

114. Bargaz, A.; Noyce, G.L.; Fulthorpe, R.; Carlsson, G.; Furze, J.R.; Jensen, E.S.; Dhiba, D.; Isaac, M.E. Species interactions enhance
root allocation, microbial diversity, and P acquisition in intercropped wheat and soybean under P deficiency. Appl. Soil Ecol. 2017,
120, 179–188. [CrossRef]

115. Hauggaard-Nielsen, H.; Ambus, P.; Jensen, E.S. The comparison of nitrogen use and leaching in sole cropped versus intercropped
pea and barley. Nutr. Cycl. Agroecosyst. 2003, 65, 289–300. [CrossRef]

116. Mickelbart, M.V.; Hasegawa, P.M.; Bailey-Serres, J. Genetic mechanisms of abiotic stress tolerance that translate to crop yield
stability. Nat. Rev. Genet. 2015, 16, 237–251. [CrossRef]

117. Mazzafera, P.; Favarin, J.L.; Andrade, S.A.L.D. Editorial: Intercropping systems in sustainable agriculture. Front. Sustain. Food
Syst. 2021, 5, 634361. [CrossRef]

118. Pickett, J.A.; Khan, Z.R. Plant volatile-mediated signalling and its application in agriculture: Successes and challenges. New
Phytolog. 2016, 212, 856–870. [CrossRef]

119. Pélissier, R.; Violle, C.; Morel, J.B. Plant immunity: Good fences make good neighbors? Curr. Opin. Plant Biol. 2021, 62, 102045.
[CrossRef]

https://doi.org/10.1002/jsfa.11477
https://www.ncbi.nlm.nih.gov/pubmed/34389997
https://doi.org/10.1016/j.soilbio.2014.04.001
https://doi.org/10.1016/j.soilbio.2006.07.013
https://doi.org/10.1038/s41579-020-0412-1
https://doi.org/10.1016/j.mib.2017.03.008
https://doi.org/10.1034/j.1600-0706.2001.930318.x
https://doi.org/10.1104/pp.111.175331
https://doi.org/10.1007/978-1-4020-6224-7
https://doi.org/10.3389/fpls.2017.02229
https://doi.org/10.1007/978-1-4020-8433-1
https://doi.org/10.1051/agro/2009003
https://doi.org/10.1007/s13593-011-0011-7
https://doi.org/10.23910/1.2020.2109
https://doi.org/10.1073/pnas.1523580113
https://www.ncbi.nlm.nih.gov/pubmed/27217575
https://doi.org/10.1016/j.rhisph.2021.100331
https://doi.org/10.1007/978-981-13-0253-4_11
https://doi.org/10.3389/fmicb.2020.601054
https://doi.org/10.7717/peerj.13777
https://doi.org/10.1016/j.apsoil.2017.08.011
https://doi.org/10.1023/A:1022612528161
https://doi.org/10.1038/nrg3901
https://doi.org/10.3389/fsufs.2021.634361
https://doi.org/10.1111/nph.14274
https://doi.org/10.1016/j.pbi.2021.102045


Agronomy 2025, 15, 2243 21 of 25

120. Huang, D.; Sun, M.; Han, M.; Zhang, Z.; Miao, Y.; Zhang, J.; Yao, Y. Volatile organic compounds (VOCs) regulate the spatial
distribution of Lepidoptera insects in an orchard ecosystem. Biol. Contr. 2020, 149, 104311. [CrossRef]

121. Mohebbi, A.H.; Harutyunyan, S.S.; Chorom, M. Phytoremediation potential of three plants grown in monoculture and intercrop-
ping with date palm in contaminated soil. Internat. J. Agric. Crop Sci. 2012, 4, 1523–1530.

122. Ali, H.; Khan, E.; Sajad, M.A. Chemosphere phytoremediation of heavy metals—Concepts and applications. Chemosphere 2013, 91,
869–881. [CrossRef] [PubMed]

123. Liu, X.; Li, X.; Ong, S.M.C.; Chu, Z. Progress of phytoremediation: Focus on new plant and molecular mechanism. J. Plant Biol.
Soil Health 2013, 1, 1–5.

124. Ebbisa, A. Mechanisms underlying cereal/legume intercropping as nature-based biofortification: A review. Food Prod. Process.
Nutr. 2022, 4, 19. [CrossRef]

125. Wiche, O.; Székely, B.; Kummer, N.; Moschner, C. Effects of intercropping of oat (Avena sativa L.) with white lupin (Lupinus albus
L.) on the mobility of target elements for phytoremediation and phytomining in soil solution. Int. J. Phytorem. 2016, 18, 900–907.
[CrossRef] [PubMed]

126. Cui, T.; Fang, L.; Wang, M.; Jiang, M.; Shen, G. Intercropping of gramineous pasture ryegrass (Lolium perenne L.) and leguminous
forage alfalfa (Medicago sativa L.) increases the resistance of plants to heavy metals. J. Chem. 2018, 2018, 7803408. [CrossRef]

127. Cao, X.; Dong, Q.; Mao, L.; Yang, X.; Wang, X.; Zou, Q. Enhanced Phytoextraction Technologies for the Sustainable Remediation
of Cadmium-Contaminated Soil Based on Hyperaccumulators—A Review. Plants 2025, 14, 115. [CrossRef]

128. Cao, X.; Wang, X.; Yang, X.; Zou, Q.; Mao, L.; Dong, Q.; He, Z. Intercropping Coupled with Inoculation on Cd Accumulation in a
Sedum alfredii-Oilseed Rape System under Various Field Conditions. Environmental Technology & Innovation 2024, 35, 103709.
[CrossRef]

129. Wang, S.; Liu, C.; Yang, G.; Ma, S.; Shao, D. Intercropping Can Accelerate the Phytoremediation of Cd-Contaminated Soil. Science
of The Total Environment 2024, 956, 177350. [CrossRef]

130. Wang, W.; Yang, X.; Mo, Q.; Li, Y.; Meng, D.; Li, H. Intercropping Efficiency of Pteris vittata with Two Legume Plants: Impacts of
Soil Arsenic Concentrations. Ecotoxicology and Environmental Safety 2023, 259, 115004. [CrossRef]

131. Hiltner, L. Beiträge zur Mykorrhizafrage: Über die biologische und physiologische Bedeutung der endotrophen Mykorrhiza. Nat.
Wiss. Z. Niederbayern. 1903, 1, 1–17.

132. Hartmann, A.; Rothballer, M.; Schmid, M. Lorenz Hiltner, a pioneer in rhizosphere microbial ecology and soil bacteriology
research. Plant Soil 2008, 312, 7–14. [CrossRef]

133. Philippot, L.; Raaijmakers, J.M.; Lemanceau, P.; van der Putten, W.H. Going back to the roots: The microbial ecology of the
rhizosphere. Nat. Rev. Microbiol. 2013, 11, 789–799. [CrossRef] [PubMed]

134. Pivato, B.; Semblat, A.; Guégan, T.; Jacquiod, S.; Martin, J.; Deau, F.; Moutier, N.; Lecomte, C.; Burstin, J.; Lemanceau, P.
Rhizosphere Bacterial Networks, but Not Diversity, Are Impacted by Pea-Wheat Intercropping. Front. Microbiol. 2021, 12, 674556.
[CrossRef] [PubMed]

135. Fan, F.L.; Zhang, F.S.; Song, Y.N.; Sun, J.H.; Bao, X.G.; Guo, T.W.; Li, L. Nitrogen fixation of faba bean (Vicia faba L.) interacting
with a non-legume in two contrasting intercropping systems. Plant Soil 2006, 283, 275–286. [CrossRef]

136. Lai, H.; Gao, F.; Su, H.; Zheng, P.; Li, Y.; Yao, H. Nitrogen distribution and soil microbial community characteristics in a
legume–cereal intercropping system: A review. Agronomy 2022, 12, 1900. [CrossRef]

137. Wahbi, S.; Maghraoui, T.; Hafidi, M.; Sanguin, H.; Oufdou, K.; Prin, Y.; Duponnois, R.; Galiana, A. Enhanced transfer of
biologically fixed N from faba bean to intercropped wheat through mycorrhizal symbiosis. Appl. Soil Ecol. 2016, 107, 91–98.
[CrossRef]

138. Thilakarathna, M.S.; McElroy, M.S.; Chapagain, T.; Papadopoulos, Y.A.; Raizada, M.N. Belowground nitrogen transfer from
legumes to non-legumes under managed herbaceous cropping systems. A review. Agron. Sustain. Dev. 2016, 36, 58. [CrossRef]

139. Tripathi, S.C.; Venkatesh, K.; Meena, R.P.; Chander, S.; Singh, G.P. Sustainable intensification of maize and wheat cropping system
through pulse intercropping. Sci. Rep. 2021, 11, 18805. [CrossRef]

140. Xiao, Y.B.; Li, L.; Zhang, F.S. Effect of root contact on interspecific competition and N transfer between wheat and faba bean using
direct and indirect N15 techniques. Plant Soil 2004, 262, 45–54. [CrossRef]

141. Li, L.; Yang, S.C.; Li, X.L.; Zhang, F.S.; Christie, P. Interspecific complementary and competitive interactions between intercropped
maize and faba bean. Plant Soil 1999, 212, 105–114. [CrossRef]

142. Yong, T.W.; Liu, X.M.; Yang, F.; Song, C.; Wang, X.C.; Liu, W.G.; Su, B.Y.; Zhou, L.; Yang, W.Y. Characteristics of Nitrogen Uptake,
Use and Transfer in a Wheat-Maize-Soybean Relay Intercropping System. Plant Prod. Sci. 2015, 18, 388–397. [CrossRef]

143. Ledgard, S.F.; Freney, J.R.; Simpson, J.R. Assessing nitrogen transfer from legumes to associated grasses. Soil Biol. Biochem. 1985,
17, 575–577. [CrossRef]

144. Shao, Z.; Wang, X.; Gao, Q.; Zhang, H.; Gao, Y. Root Contact between Maize and Alfalfa Facilitates Nitrogen Transfer and Uptake
Using Techniques of Foliar 15N-Labeling. Agronomy 2020, 10, 360. [CrossRef]

https://doi.org/10.1016/j.biocontrol.2020.104311
https://doi.org/10.1016/j.chemosphere.2013.01.075
https://www.ncbi.nlm.nih.gov/pubmed/23466085
https://doi.org/10.1186/s43014-022-00096-y
https://doi.org/10.1080/15226514.2016.1156635
https://www.ncbi.nlm.nih.gov/pubmed/26940160
https://doi.org/10.1155/2018/7803408
https://doi.org/10.3390/plants14010115
https://doi.org/10.1016/j.eti.2024.103709
https://doi.org/10.1016/j.scitotenv.2024.177350
https://doi.org/10.1016/j.ecoenv.2023.115004
https://doi.org/10.1007/s11104-007-9514-z
https://doi.org/10.1038/nrmicro3109
https://www.ncbi.nlm.nih.gov/pubmed/24056930
https://doi.org/10.3389/fmicb.2021.674556
https://www.ncbi.nlm.nih.gov/pubmed/34127925
https://doi.org/10.1007/s11104-006-0019-y
https://doi.org/10.3390/agronomy12081900
https://doi.org/10.1016/j.apsoil.2016.05.008
https://doi.org/10.1007/s13593-016-0396-4
https://doi.org/10.1038/s41598-021-98179-2
https://doi.org/10.1023/B:PLSO.0000037019.34719.0d
https://doi.org/10.1023/A:1004656205144
https://doi.org/10.1626/pps.18.388
https://doi.org/10.1016/0038-0717(85)90028-8
https://doi.org/10.3390/agronomy10030360


Agronomy 2025, 15, 2243 22 of 25

145. Bais, H.P.; Weir, T.L.; Perry, L.G.; Gilroy, S.; Vivanco, J.M. The role of root exudates in rhizosphere interactions with plants and
other organisms. Annu. Rev. Plant Biol. 2006, 57, 233–266. [CrossRef] [PubMed]

146. Weisskopf, L.; Le Bayon, R.C.; Kohler, F.; Page, V.; Jossi, M.; Gobat, J.M.; Martinoia, E.; Aragno, M. Spatio-temporal dynamics of
bacterial communities associated with two plant species differing in organic acid secretion: A one-year microcosm study on lupin
and wheat. Soil Biol. Biochem. 2008, 40, 1772–1780. [CrossRef]

147. Madsen, L.H.; Tirichine, L.; Jurkiewicz, A.; Sullivan, J.T.; Heckmann, A.B.; Bek, A.S.; Ronson, C.W.; James, E.K.; Stougaard, J. The
molecular network governing nodule organogenesis and infection in the model legume Lotus japonicus. Nat. Commun. 2010, 1,
10. [CrossRef] [PubMed]

148. Walker, L.; Lagunas, B.; Gifford, M.L. Determinants of Host Range Specificity in Legume-Rhizobia Symbiosis. Front. Microbiol.
2020, 11, 585749. [CrossRef]

149. Hirsch, M.; Thomas ALarue Doyle, J. Is the Legume Nodule a Modified Root or Stem or an Organ sui generis? Crit. Rev. Plant Sci.
1997, 16, 361–392. [CrossRef]

150. Peters, N.K.; Frost, J.W.; Long, S.R. A plant flavone, luteolin, induces expression of Rhizobium meliloti nodulation genes. Science
1986, 233, 977–980. [CrossRef]

151. Lynch, J.M. Introduction: Some consequences of microbial rhizosphere competence for plant and soil. In The Rhizosphere; Lynch,
J.M., Ed.; John Wiley & Sons Ltd.: West Sussex, UK, 1990; pp. 1–10.

152. Kapoor, R.; Mukerji, K.G. Rhizosphere microbial community dynamics. In Microbial Activity in the Rhizosphere; Mukerji, K.G.,
Manoharachary, C., Singh, J., Eds.; Springer: Berlin/Heidelberg, Germany, 2006; pp. 55–66. [CrossRef]

153. Turner, T.R.; Ramakrishnan, K.; Walshaw, J.; Heavens, D.; Alston, M.; Swarbreck, D.; Osbourn, A.; Grant, A.; Poole, P.S.
Comparative metatranscriptomics reveals kingdom level changes in the rhizosphere microbiome of plants. ISME J. 2013, 7,
2248–2258. [CrossRef]

154. Liu, Y.C.; Qin, X.M.; Xiao, J.X.; Tang, L.; Wei, C.Z.; Wei, J.J.; Zheng, Y. Intercropping influences component and content change of
flavonoids in root exudates and nodulation of faba bean. J. Plant Interact. 2017, 12, 187–192. [CrossRef]

155. Xiong, C.; Singh, B.K.; He, J.Z.; Han, Y.L.; Li, P.P.; Wan, L.H.; Meng, G.Z.; Liu, S.Y.; Wang, J.T.; Wu, C.F.; et al. Plant developmental
stage drives the differentiation in ecological role of the maize microbiome. Microbiome 2021, 9, 171. [CrossRef] [PubMed]

156. Jiang, P.; Wang, Y.; Zhang, Y.; Fei, J.; Rong, X.; Peng, J.; Yin, L.; Zhou, X.; Luo, G. Enhanced productivity of maize through
intercropping is associated with community composition, core species, and network complexity of abundant microbiota in
rhizosphere soil. Geoderma 2024, 442, 116786. [CrossRef]

157. Huang, X.F.; Chaparro, J.M.; Reardon, K.F.; Zhang, R.F.; Shen, Q.R.; Vivanco, J.M. Rhizosphere interactions: Root exudates,
microbes, and microbial communities. Botany 2014, 92, 267–275. [CrossRef]

158. Zhou, Q.; Chen, J.; Xing, Y.; Xie, X.; Wang, L. Influence of intercropping Chinese milk vetch on the soil microbial community in
rhizosphere of rape. Plant Soil 2019, 440, 85–96. [CrossRef]

159. Chen, P.; He, W.; Shen, Y.; Zhu, L.; Yao, X.; Sun, R. Interspecific Neighbor stimulates peanut growth through modulating root
endophytic microbial community construction. Front. Plant Sci. 2022, 13, 1–16. [CrossRef]

160. Blair, M.W. Mineral Biofortication Strategies for Food Staples: The Example of Common Bean. J. Agric. Food Chem. 2013, 61,
8287–8294. [CrossRef]

161. Mommer, L.; Kirkegaard, J.; van Ruijven, J. Root-Root interactions: Towards a rhizosphere framework. Trend. Plant Sci. 2016, 21,
209–217. [CrossRef]

162. Duchene, O.; Vian, J.F.; Celette, F. Intercropping with legume for agroecological cropping systems: Complementarity and
facilitation processes and the importance of soil microorganisms. A review. Agric. Ecosyst. Environ. 2017, 240, 148–161. [CrossRef]

163. Gianinazzi, S.; Wipf, D. Des champignons au service des plantes. PHM–Revue Hortic. 2010, 521, 9–11.
164. Jeffries, P.; Gianinazzi, S.; Perotto, S.; Turnau, K.; Barea, J.M. The contribution of arbuscular mycorrhizal fungi in sustainable

maintenance of plant health and soil fertility. Biol. Fertil. Soil 2003, 37, 1–16. [CrossRef]
165. van Kessel, C.; Singleton, P.W.; Hoben, H.J. Enhanced N-transfer from a soybean to maize by vesicular arbuscular mycorrhizal

(VAM) fungi. Plant Physiol. 1985, 79, 562–563. [CrossRef]
166. Bashan, Y.; de-Bashan, L.E. How the plant growth-promoting bacterium Azospirillum promotes plant growth—A critical

assessment. Adv. Agron. 2010, 108, 77–136. [CrossRef]
167. Drogue, B. Spécificité de la Coopération Phytostimulatrice Azospirillum-Céréales. Ph.D. Thesis, Université Claude Bernard-Lyon

I, Villeurbanne, France, 2013.
168. Romero-Perdomo, F.; Abril, J.; Camelo, M.; Moreno-galv’an, A.; Pastrana, I.; Rojas-tapias, D.; Bonilla, R. Azotobacter chroococcum

as a potentially useful bacterial biofertilizer for cotton (Gossypium hirsutum): Effect in reducing N fertilization. Rev. Argent.
Microbiol. 2017, 49, 377–383. [CrossRef] [PubMed]

169. Bechtaoui, N.; Raklami, A.; Tahiri, A.-I.; Benidire, L.; El Alaoui, A.; Meddich, A.; Göttfert, M.; Oufdou, K. Characterization of
plant growth promoting rhizobacteria and their benefits on growth and phosphate nutrition of faba bean and wheat. Biol. Open
2019, 8, 1–8. [CrossRef] [PubMed]

https://doi.org/10.1146/annurev.arplant.57.032905.105159
https://www.ncbi.nlm.nih.gov/pubmed/16669762
https://doi.org/10.1016/j.soilbio.2008.02.018
https://doi.org/10.1038/ncomms1009
https://www.ncbi.nlm.nih.gov/pubmed/20975672
https://doi.org/10.3389/fmicb.2020.585749
https://doi.org/10.1080/07352689709701954
https://doi.org/10.1126/science.3738520
https://doi.org/10.1007/3-540-29420-1_4
https://doi.org/10.1038/ismej.2013.119
https://doi.org/10.1080/17429145.2017.1308569
https://doi.org/10.1186/s40168-021-01118-6
https://www.ncbi.nlm.nih.gov/pubmed/34389047
https://doi.org/10.1016/j.geoderma.2024.116786
https://doi.org/10.1139/cjb-2013-0225
https://doi.org/10.1007/s11104-019-04040-x
https://doi.org/10.3389/fpls.2022.830666
https://doi.org/10.1021/jf400774y
https://doi.org/10.1016/j.tplants.2016.01.009
https://doi.org/10.1016/j.agee.2017.02.019
https://doi.org/10.1007/s00374-002-0546-5
https://doi.org/10.1104/pp.79.2.562
https://doi.org/10.1016/S0065-2113(10)08002-8
https://doi.org/10.1016/j.ram.2017.04.006
https://www.ncbi.nlm.nih.gov/pubmed/28864227
https://doi.org/10.1242/bio.043968
https://www.ncbi.nlm.nih.gov/pubmed/31278162


Agronomy 2025, 15, 2243 23 of 25

170. Konkolewska, A.; Piechalak, A.; Ciszewska, L.; Antos-Krzemińska, N.; Skrzypczak, T.; Hanć, A.; Sitko, K.; Małkowski, E.;
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