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Abstract

Small holders in the Colombian Amazon region use maize-bean intercropping for
improving productivity under the combined stress conditions of acidic soils and

high temperature. This study is aimed to evaluate the photosynthetic response and
agronomic performance of maize (Zea mays L.) variety (ICA V109) intercropped

with two improved lines of common bean (BFS 10, ALB 121) with three different
planting patterns (Monocropping pattern (MCP); Intercropping pattern 1:1 (ICP 1:1);
Intercropping pattern 2:1 (ICP 2:1)) and two types of fertilizer application (Nutrimins
Inorganic Fertilizer (NIF); Super Magro Biofertilizer (SMB)) under the field conditions
of the Colombian Amazon. Photosynthetic response and agronomic performance of
maize plants were evaluated at different phenological stages over two seasons. The
functioning of the photosynthetic apparatus was evaluated by means of parameters
derived from light and CO, response curves, as well as the level of stress tolerance in
terms of chlorophyll a fluorescence. Agronomic performance was evaluated based on
grain yield and yield components. Maximum rate of carbon fixation (A__ ) was higher
with the SMB compared to the NIF application for the MCP and the ICP 1:1, however
in the ICP 2:1 it was higher with the SMB application. For photosynthetic parameters
such as the maximum carboxylation rate (Vc,__ ) and the maximum rate of electron
transport driving regeneration of ribulose-1,5-bisphosphate (J__ ) were higher with
the ICP 2:1. These results indicate that microclimatic conditions under intercropping
allowed greater gas exchange compared to monocropping pattern and improved pho-
tosynthetic rates and increased crop yields. Based on photosynthetic response and
agronomic performance, we recommend the use of maize variety ICA V109 planted
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as an intercrop with common bean using an ICP 1:1 with the application of SMB
under the ambient conditions of the Colombian Amazon region.

1. Introduction

Maize (Zea mays L, also commonly known as corn) is one of the most important
cereals grown worldwide [1]. It is a versatile multi-purpose crop, and it plays a major
role in global agri-food systems [2]. It serves as an important human food crop in
several countries, especially in sub-Saharan Africa, Latin America, and a few coun-
tries in Asia, where maize consumed as human food contributes over 20% of food
calories [3]. In addition to human consumption as a nutritive crop [4], it is mostly
used for producing animal feed and other non-food products [2,5].

Maize is cultivated on a third (i.e., 216 million farms) of the global farms and 84%
of the global farms are small farms (<2 ha) in diverse agroecologies managed by
resource-constrained smallholders [2]. It is mainly grown under rainfed conditions
and on marginal lands with low soil fertility in developing countries [6] with a set
of poor agronomic practices, such as unbalanced fertilization leading to poor soil
health, and under variable climatic conditions [7] that increase threats from pests
and diseases [8], causing decline in grain yield [9]. Intercropping can serve as an
alternative strategy to overcome some of these limitations [10] on small-scale farms
and to achieve higher and more stable yields compared to monocrops [11].

Intercropping is the association of two or more crop species on the same land
[12], and its importance lies in the effective use of resources and high productivity
[11,13]. This type of management is mainly used by smallholders in developing
countries [14] as a source of on-farm food and nutrition security [15]. The most com-
mon intercropping management is the association between cereals and legumes [8],
due to its spatial and temporal advantages [16] that include minimizing the incidence
of weeds, improving soil fertility, preventing erosion [10], reducing the incidence of
diseases and insects, and contributing to sustainable production [17].

The inclusion of competitive crops such as cereal interspersed with legumes pro-
vides soil cover and high plant density [18], as well as nitrogen fixation by legumes
[19]. On the other hand, spatial complementarity plays a very important role given
that the species in the intercropping pattern differ in their architecture and physiology
[20], which affects light interception and facilitates greater airflow within the plant
canopy [21]. Intercropping has been found to have both positive and negative effects
on photosynthetic rates [22,23], plant growth and yield of the crop components [12].
These plant processes are influenced by the density and spatial distribution of each
crop component of the association as well as the type and amount of fertilizer appli-
cation [20]. Recent studies have shown that maize improves photosynthetic rates of
the maize/soybean, maize/bean and maize/cowpea intercropping patterns [24—26].

Association of common bean (Phaseolus vulgaris L.) with maize as an intercrop
under acid soil and high temperature stress conditions in the Colombian Amazon
region has been reported to have a positive impact on photosynthetic performance
of common bean [11,26]. For example, net photosynthetic carbon assimilation (A),
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quantum efficiency of photosystem Il (®,,.) and maximum rate of ribulose-1,5-bisphosphate carboxylase/oxygenase
(RuBisCO) carboxylation (Vc,__ ) increased in two bean lines (BFS 10, ALB 121) with the application of organic fertilizer
[11]. The intercropping pattern increased grain yield of BFS 10 and ALB 121 by 516 kg ha™' and 993 kg ha™' more with

the application of inorganic and organic fertilizers, respectively, than that obtained under monocropping (4,936 kg ha™")
[26]. Use of intercropping pattern also increased the land equivalent ratio (LER) and monetary advantage index (MAI)
values [22]. However, knowledge on the effects of planting density of maize on photosynthetic performance during differ-
ent phenological phases of maize in the maize/bean association is limited. In addition, the reported use of the Nutrimins
Inorganic Fertilizer (NIF) for improving yield of maize is very low, and only its use in beans is evident [26]. In the case of
organic fertilizer in the form of Super Magro Biofertilizer (SMB) which is made by decomposing organic materials, such as
plants and animals, through a fermentation process. The effect of SMB on biomass production has been reported [27,28],
but there are no reports related to its effects on the photosynthetic apparatus. Therefore, the objective of the present
study was to evaluate photosynthetic response and agronomic performance of maize intercropped with beans using three
different planting patterns (monocropping; intercropping 1:1 pattern; intercropping 2:1 pattern) and two types of fertilizer
(Nutrimins Inorganic Fertilizer, NIF; Super Magro Biofertilizer, SMB) application under field conditions in the Colombian
Amazon region.

We tested the hypothesis that maize has the ability in adjusting its photosynthetic apparatus for maintaining photosyn-
thetic efficiency under intercropping patterns in comparison with monocropping with the application of inorganic
(Nutrimins Inorganic Fertilizer, NIF) or organic (Super Magro Biofertilizer, SMB) fertilizer application. This study provides
valuable information for smallholder farmers to adopt intercropping pattern to grow maize and common bean for opti-
mizing resource use and grain production. It also highlights the importance of using proper intercropping pattern and the
application of fertilizer suited to local conditions.

2. Methodology
2.1. Experimental site and meteorological conditions

The evaluation of the performance of maize was carried out at the Macagual Research Center of the University of the
Amazon, Colombia (1°37’N and 75°36’W) located in Florencia, Caqueta (Colombia) under tropical rainforest ecosystem.
This field site exhibits an average annual precipitation of 3,800 mm; 1,700 hours of sunshine year™; an average tem-
perature of 25.5 °C; and an average relative humidity of 84%. During the growing period of the maize crop, maximum
and minimum average temperatures were 32°C and 23°C, respectively (Fig 1). The field area used for the experiment
corresponds to an Oxisol with clay loam texture [26] with bulk density values ranging between 1.0 and 1.3g cm™3, and pH
ranging between pH 4.1 and 5.2. The soil is characterized with an exchangeable aluminum content of 6.3 cmol kg™ and
with an aluminum saturation of 73.4%. This acid soil has low fertility status with a low organic carbon content of 1.35%,
available P content (Bray-Il) of 2.58 mg kg™, and a total base saturation of 7.1% (Ca: 0.38 cmol kg™', Mg: 0.1 cmol kg™,
K: 0.14 cmol kg™, Na: 0.1 cmol kg™, total bases: 0.8 cmol kg™).

2.2. Field layout and experimentation

The maize variety used in the study was ICA V109, an improved and certified variety with yellow grain, widely adapted

to warm and humid climate, and with good yield potential under a monocropping pattern [29]. A completely randomized
design with a factorial arrangement (2 x 3) of 6 treatments with three replications, was used with factors nested within the
main plot, a configuration that was used for two seasons (October 2018 to January 2019; March to June 2019). The fac-
tors were: (i) two types of fertilizer application (inorganic or organic) and (ii) three cropping patterns of maize and common
bean. For inorganic source of fertilizer, Nutrimins Inorganic Fertilizer (NIF) (Colinagro S.A., Bogota, Colombia) was used,
which is a liquid N fertilizer with other nutrients for foliar application, and it was applied at a concentration of 1.25% (0.25L
per 20L volume pump). For organic source of fertilizer, Super Magro Biofertilizer (SMB) was used as organic fertilizer
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Fig 1. Distribution of rainfall, relative humidity and maximum/minimum temperatures during the maize crop growing period at the Centro de
Investigaciones Amazonicas CIMAZ Macagual in Colombia in two cropping seasons (2018) and (2019). Dotted black lines show the two pheno-
logical stages at which the physiological evaluations were performed. These include at the tassel emergence (VT, BBCH=51) and at the grain milk stage
(R,, BBCH=73) that corresponded to 50 and 70 days after sowing.

https://doi.org/10.1371/journal.pone.0322772.9001

source [30]. The SMB was derived from an anaerobic fermentation of bovine manure, enriched with microorganisms with
yeast and minerals, and was used at a concentration of 10% (2L per 20L of pumping volume) with the same amount (in g
per plant) used for NIF. A total of 50 mL per plant of each type of fertilizer was applied at 15, 30 and 35 days after planting.
As for the three cropping patterns, the following were used in the experiment: (i). monocropping pattern (MCP): maize 5
plants m~2, which were planted at 0.2 m between plants; (ii). intercropping 1:1 pattern (ICP 1:1): maize 3 plants m~2, bean
3 plants m™2 where for each maize plant, one bean plant was planted at 0.15 m and (iii). intercropping 2:1 pattern (ICP
2:1): maize 5 plants m=2, bean 2.5 plants m2 where for every two corn plants a bean plant was planted, at 0.10 m between
corn plants and 0.15 m between corn and bean plants (Fig 2). For more details on the chemical composition of fertilizer
sources, management and planting densities see Suarez et al. [11,26].

2.3. Gas exchange parameters and photosynthetic light- and CO,-response curves of the maize variety
(ICAV109)

A CIRAS-3 Portable Photosynthesis System infrared gas analyzer (PP Systems Inc. Amesbury, MA, USA) was used to
determine different gas exchange parameters at the leaf level. These measurements were made between 07:00 and
09:00 am on three fully developed maize leaves (on the 3rd and 5th fully developed leaves, counted from the apex to the
basal part) of one plant with three plant replicates per each fertilizer type and cropping pattern treatment. Measurements
were carried out at the tassel emergence (VT, BBCH=51) and at the grain milk (R,, BBCH=73) stage corresponding to
50 and 70 days after sowing, respectively. For the different measurements, the protocol used by Suarez et al. [11] was
followed which corresponded to the measurement of gas exchange variables through different adjustments of both pho-
tosynthetically active radiation (PAR) and CO, concentration. The chamber conditions with which the A/PAR curves were
generated included: maintaining the CO, concentration level at 400 umol mol™, vapor pressure deficit (VPD) between 1.0
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Fig 2. Experimental cropping patterns: maize monocropping (MCP); maize-bean intercropping with seeding pattern of 1:1 of maize and bean
(ICP 1:1); and maize-bean intercropping with seeding pattern of 2:1 of maize and bean (ICP 2:1).

https://doi.org/10.137 1/journal.pone.0322772.9002

and 1.5 kPa, and a leaf temperature of 25°C. The A/PAR curves were generated by modifying the PAR level in 10 steps,
with levels that were from 0 to 2,000 pmol photons m2 s™". Initially and with the objective of generating an opening of the
stomata, the CO, concentration was set at 50 pmol mol™" for 5min. Based on the above and using the Michaelis-Menten
model, different gas exchange parameters were derived, such as: the maximum net carbon assimilation rate saturated
with light (A__ : umol CO, m s™), light compensation point (LCP: ymol m™ s™), dark respiration rates (R,: umol CO, m™
s™"), light saturation point (LSP: ymol m™ s7") and the quantum efficiency of PSII (®_,.: umol CO, pmol™" photons). Like-
wise, different parameters related to the internal limitation of CO, concentration (A/C) were derived, which were related
to the maximum carboxylation rate of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) (Vc__ : umol CO, m™
s7"), the maximum rate of electron transport driving regeneration of ribulose-1,5-bisphosphate (J__ : pmol CO, m~2s™),
and leaf respiration rate under light conditions (R,: pmol CO, m™2 s™"). To do this, the cuvette generated a saturated light
level of 1,300 pmol photons m= s™' (based on the A/PAR curves), at 25°C and at an ambient O, concentration following
the recommendations of Long and Bernacchi [31]. According to the protocol proposed by Martins et al. [32], measure-
ments were started at a CO, concentration of 400 ymol mol™', which was gradually decreased to 50 umol mol™" and sub-
sequently increased in 15 steps to 1,600 pmol mol™ of CO, concentration. Leakage errors were corrected by measuring

CO, response curves in dead leaves following the recommendations of Flexas et al. [33].

2.4. Specific leaf area, grain yield and yield parameters

A total of 810 leaf discs (3.14 cm?) obtained from leaves without the central vein were used, corresponding to 15 discs per
leaf, from three plants for each plot, of the three repetitions of the three cropping patterns at each of the two crop devel-
opmental stages (vegetative tassel emergence: VT, and in the reproductive grain milk stage: R,) (15 discs x 3 leaves x 3
repetitions x 3 cropping patterns x 2 developmental stages). Leaf discs were dried at a constant temperature of 70° C and
weighed to calculate the relationship between the area of the leaf disc and its respective dry mass [34]. To evaluate the
agronomic yield parameters, the number of cobs of the plants located on the central rows of each plot were counted. The
length, diameter, and number of grain rows per cob were determined, and the number of grains per row, number of grains
per cob, dry weight of the cob, weight of the grains per cob, and the weight of grain per unit area were also determined on
a dry weight basis to later calculate the grain yield (kg ha™) [35].
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2.5. Statistical analysis

The Michaelis-Menten hyperbolic constant was used to adjust the A/PAR curves; and the photosynthetic parameters

of A__,LSP,LCP, R, and ®_,_ were calculated according to the equations described by Lobo et al. (2013). The model
created by Farquhar et al. [36] (the ‘FvCB model’) was used to evaluate the A/C, curve and to estimate Vc__,J ., and Rj
using the plantecophys package in R [37]. Correlation coefficients were calculated to determine significant relationships
between variables, which were visualized using a color gradient. Linear mixed models (LMM) were adjusted to analyze
the effect of two fixed factors (type of fertilizer application (NIF: Nutrimins Inorganic Fertilizer; SMB: Super Magro Biofer-
tilizer); cropping pattern (Monocropping pattern (MCP); Intercropping pattern 1:1 (ICP 1:1); Intercropping pattern 2:1 (ICP
2:1)). Blocks containing the plots associated with each cropping pattern within the monitoring period (temporal replication)
were included as random effects. The assumptions of normality and homogeneity of variance were evaluated using an
exploratory residual analysis. Differences between genotypes were analyzed with Fisher’s post-hoc LSD test with a signif-
icance of a=0.05. The LMM were made using the Ime function in the nime package, “ggplot2”, “factoextra” and “corrplot’
in the R language software, version 4.4.1 [38].

3. Results

3.1. Differences in light and CO, response curves of maize (ICA V109) grown under two different types of fertilizer
application and three different cropping patterns

Fertilizer type (Nutrimins Inorganic Fertilizer (NIF) or Super Magro biofertilizer (SMB)) and cropping pattern (monocrop-
ping pattern MCP, intercropping 1:1 pattern ICP 1:1, intercropping 2:1 pattern ICP 2:1) influenced photosynthetic variables
at two maize growth stages (VT and R,, Fig 3). Carbon fixation (A per area and mass) and LSP decreased from VT to R,,
except in intercropped patterns, where A per area was maintained. R, LCP and ®,,, showed opposite behavior, except

in MCP, where R and LCP were maintained. The A/PAR values were higher with SMB in MCP and ICP 1:1, while NIF
was higher in ICP 2:1 (Fig 3). For the A/C, response parameters, the maximum carboxylation rate (Vc__ ) and the maxi-
mum rate of electron transport driving regeneration of ribulose-1,5-bisphosphate (J__ ) were increased as a function of the
intercropping, which is contrary to the values of R, which were greater with SMB than with the NIF under the MCP and the
opposite effects were observed with the two intercropping patterns (ICP 1:1 and ICP 2:1, Fig 4).

3.2. Specific leaf area, grain yield and yield parameters

Specific leaf area (SLA) showed significant differences (P<0.05) among the three cropping patterns and two growth
stages (VT and R,) under each type of fertilizer. The SLA values were higher in the vegetative stage (VT) than in the
reproductive stage (R,) and increased in intercropping patterns (ICP 1:1 and ICP 2:1) versus MCP. With SMB, SLA was
higher in VT, while with NIF it was higher in R, (Fig 5).

Maize grain yield did not show significant differences between fertilizers, but did show significant differences between
cropping patterns (P<0.05). In MCP, yields were 4,943 +200kg ha' with SMB and 4,929+ 200kg ha' with NIF treatment.
In ICP 1:1, they were 3,661+200kg ha' (SMB) and 3,453 +200kg ha™ (NIF), representing 74% and 70% of the grain yield
of MCP. In ICP 2:1, yields were 5,249+200kg ha' (SMB) and 4,929+ 200kg ha' (NIF), equivalent to 106% and 96% of
the MCP value (Fig 6).

When analyzing the relationships between different photosynthetic and agronomic performance variables, both positive
and negative correlations were found (Fig 7, P<0.05). Grain yield was positively associated with quantum efficiency of
photosystem Il (®,,;) and negatively associated with R and LSP. Grains per cob was positively associated with A__ and
negatively associated with ®,.. The weight of 1 and 100 seeds were only positively correlated with ®_, ., but variables
such as cob length, grains per row and grains per cob were positively correlated with R, A, R, LSP and LCP (Fig 7,
P<0.05).
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Fig 3. Photosynthetic response parameters derived from the light response curve (A/PAR) of the maize (ICA V109) leaves from plants grown
under three different cropping patterns and treated with inorganic or organic fertilizer application. Measurements were made at two growth
stages, tassel emergence (VT) and grain milk (R,). (a, b) net light-saturated carbon assimilation rate (A ); (c) dark respiration rate (R,); (d) light
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saturation point (LSP); (e) light compensation point (LCP); and (f) quantum efficiency of PSII (®,,.); dry mass (DM). Cropping patterns: Monocropping
pattern (MCP); Intercropping pattern 1:1(ICP 1:1); Intercropping pattern 2:1 (ICP 2:1). Fertilizer treatments: Nutrimins Inorganic Fertilizer (NIF); Super
Magro Biofertilizer (SMB). 2 ¢: indicate the significant statistical differences using the LSD Fisher mean test (P<0.05) for each cropping pattern in rela-
tion to the type of fertilizer application (bars of the same color). The dashed red line corresponds to the mean value of each variable.

https://doi.org/10.1371/journal.pone.0322772.9003

4. Discussion

4.1. Differences found in the light and CO, response curves of maize grown under three different cropping
patterns and two types of fertilizer application

In a maize-bean intercropping systems, maize, as the shaded species, benefits more in its photosynthetic and agro-
nomic performance due to its plant architecture and C4 metabolism in leaves, which optimize its radiation use [39]. In this
sense, the A, LSP, LCP, R, and ®,,. response increased under intercropping (ICP 1:1 and ICP 2:1) compared to the
monocropping pattern (MCP), at both vegetative tassel emergence (VT) and reproductive (R,) growth stages [40]. When
comparing the effect of the type of fertilizer application (Nutrimins Inorganic Fertilizer (NIF) and Super Magro Biofertilizer
(SMB)), we found lower values of the rate of maximum photosynthesis per unit leaf area or per unit leaf dry weight with
organic fertilizer under ICP 2:1 at the VT stage [41]. The photosynthetic capacity of maize is maintained in intercropping
compared to monocropping under high vapor pressure deficit (VPD), as observed in the U.S. maize belt [42] and the
Yucatan Peninsula, Mexico [24]. This reported photosynthetic response is similar to our study, however, our study was
conducted under low VPD conditions. We found similar rate of maximum net photosynthesis (A ) at VT growth stage
between monocropping and intercropping except for ICP 2:1 with SMB application. The increase in R, with ICP 1:1 and
SMB application showed that maize reduced energy expenditure, maintaining photosynthetic activity during post-anthesis
and grain filling, leading to higher grain yield [43].

When analyzing photosynthetic response at the R, stage, the parameters Vc__ and J__ increased significantly with the
intercropping patterns compared to the monocropping pattern, specifically with the ICP 2:1. Zhu et al. [44] and Jiao et al.
[40] reported that intercropping enhances the carboxylation capacity of taller crops, likely due to improved radiation inter-
ception affecting chloroplast structure, enzyme activity, and photosynthetic gene expression. Legume intercropping with
cereal crops, like the common bean with maize, enhances N availability and absorption, improving RuBisCO carboxylation
capacity and the maximum rate of electron transport driving the regeneration of ribulose-1,5-bisphosphate (J__ ), which
boosts maize photosynthesis, as observed with ICP 1:1 and ICP 2:1 pattern [39].

max’

max)

4.2 .Intercropping improves specific leaf area, grain yield, and yield components

Changes in SLA values of maize may reflect its ability to acquire and use available resources and its adaptation potential
to each cropping pattern [45]. We found that the SLA values of maize under intercropping (ICP 1:1 and ICP 2:1) patterns
were higher than those from MCP [40], particularly at VT growth stage. Jiao et al. [40], found that intercropped maize
gains an advantage in early development, achieving greater plant size and leaf area [46]. At the R, stage, SLA decreased,
with the smallest reduction observed under ICP 2:1, likely due to reduced competition for resources between the two crop
components [23]. This may possibly be due to: (i) contribution of fixed N by common bean [47,48]; (ii) increased availabil-
ity and absorption of nutrients by maize [49]; and (iii) a better performance of the photosynthetic machinery per unit of leaf
area, that could contribute to greater grain yield of maize [50]. In terms of response to two types of fertilizer application
(SMB and NIF), maize plants showed a positive interaction with the type of fertilizer application at VT growth stage by
improving the SLA values, particularly with ICP 2:1 [51], and this response was also maintained at R, growth stage with
the application of SMB.

Adequate spacing and reduced interspecific competition directly affect yield. In this study, maize yield was higher under
ICP 1:1 and ICP 2:1, especially ICP 2:1, despite having the same planting density that was used with MCP [52]. Maize
grain yield was increased by 8% with the SMB application and reduced by 4% with the NIF application. Similar results
were observed from the studies of Abera et al. [53] and Yilmaz et al. [54]. Both ICP 1:1 and ICP 2:1 improved maize yield
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Fig 4. Variables derived from the photosynthetic response to CO, (A/Ci) curves of maize (ICA V109) leaves from plants grown under three
different cropping patterns and treated with inorganic or organic fertilizer application. Measurements were made at grain milk (R,) growth stage.
(a) maximum carboxylation rate (Vc__ ), (b) maximum rate of electron transport driving regeneration of ribulose-1,5-bisphosphate (J__ ); and (c) leaf
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respiration under light conditions (R;). Cropping patterns: Monocropping pattern (MCP); Intercropping pattern 1:1(ICP 1:1); Intercropping pattern 2:1 (ICP
2:1). Fertilizer treatments: Nutrimins Inorganic Fertilizer (NIF); Super Magro Biofertilizer (SMB). 2 ¢: indicate the significant statistical differences using

the LSD Fisher mean test (P<0.05) for each cropping pattern in relation to the two types of fertilizer application (bars of the same color). The dashed red
line corresponds to the mean value of each variable.

https://doi.org/10.1371/journal.pone.0322772.9004
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Fig 5. Specific leaf area of maize (ICA V109) leaves from plants grown under three different cropping patterns and treated with inorganic or
organic fertilizer application. Measurements were made at tassel emergence (VT) and grain milk (R,) growth stages. Cropping patterns: Monocrop-
ping pattern (MCP); Intercropping pattern 1:1 (ICP 1:1); Intercropping pattern 2:1 (ICP 2:1). Fertilizer treatments: Nutrimins Inorganic Fertilizer (NIF);
Super Magro Biofertilizer (SMB). -¢: indicate the significant statistical differences using the LSD Fisher mean test (P<0.05) for each sowing pattern in
relation to two types of fertilizer application (bars of the same color). The dashed red line corresponds to the mean value of each variable.

https://doi.org/10.137 1/journal.pone.0322772.9005

by increasing ear length and the number of grains per row and also per ear compared to MCP treatment. Li et al. [52]
reported similar results, attributing increased maize ear and grain numbers under intercropping due to improved light
transmittance in the canopy. In this sense, the increase in grain yield under ICP 1:1 was 42% and 22% and for ICP 2:1
it was 18% and 25% with the NIF and SMB application, respectively. Thus, decreasing interspecific competition could

improve complementary use of resources leading to sustainable system performance, a situation that has been described
by El-Mehy et al. [48]
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Fig 6. Grain yield of maize (ICA V109) plants grown under three different cropping patterns and treated with inorganic or organic fertilizer
application. Cropping patterns: Monocropping pattern (MCP); Intercropping pattern 1:1 (ICP 1:1); Intercropping pattern 2:1 (ICP 2:1). Fertilizer treat-
ments: Nutrimins Inorganic Fertilizer (NIF); Super Magro Biofertilizer (SMB). 2 : indicate the significant statistical differences using the LSD Fisher mean
test (P<0.05) for each cropping pattern in relation to the two types of fertilizer application (bars of the same color).

https://doi.org/10.137 1/journal.pone.0322772.9006

The maize yield improvement observed may be due to optimal spacing [47,50] and nutrient availability, as noted by
others [50,55]. Proper intercropping management, including planting density, spatial distribution, and fertilizer application
adapted to local conditions, is crucial for smallholders in the Colombian Amazon [48]. Improving photosynthetic efficiency
is crucial for improving the agronomic performance of maize-bean intercropping system. Reducing resource competi-
tion through sustainable soil and crop management is essential for maintaining soil quality [56]. This is evident from the
positive effect found in terms of photosynthetic parameters of maize intercropped with legumes [11,26], and our data also
showed a significant effect on maize grain yield, based on the correlation between grain yield and some photosynthetic
response variables tested. This indicates the efficient fixation of CO, as well as the utilization or allocation of assimilates
for grain formation and grain filling [57]. A recent study found that maize/legume intercropping did not affect maize growth
or biomass, likely due to favorable conditions that mitigate environmental impacts and create a beneficial microclimate for
photosynthesis and productivity [58]. This may be supported by the higher quantum efficiency of PSIl when maize is asso-
ciated with legumes compared to monocropping [24]. In our study, ICP 1:1 and ICP 2:1 reduced certain photosynthetic
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Fig 7. Pearson correlation coefficients between different photosynthetic response variables and agronomic performance parameters. Vc__
maximum carboxylation rate; J__ : maximum rate of electron transport driving regeneration of ribulose-1,5-bisphosphate (RuBP); R,: leaf respiration
under light conditions; A, : light-saturated maximum net carbon assimilation rate (A __, per area, A__* per mass); R : dark respiration rate; LSP: light
saturation point; LCP: light compensation point; ®,,.: quantum efficiency of photosystem II; and SLA: specific leaf area. The gradient from green to red
means positive and negative correlation of photosynthetic response and agronomic performance variables, respectively. Frame size indicates the level of
the correlation, where those that are statistically significant (*P<0.05, **P<0.01, ***P<0.001) are for the value of the correlation coefficient.

https://doi.org/10.1371/journal.pone.0322772.9007

response variables of both bean genotypes compared to those shown in MCP [26], as a response to adapt to the chang-
ing light environment [59].

When comparing the results of the photosynthetic response variables of maize to those obtained with common bean
as the associated crop [26], mechanisms of regulation of excess energy were found, which influenced a higher J__ and
a higher Vc__ in the ALB 121 bean line compared to the maize (ICA V109) variety. This is due to differences in water use
efficiency since maize as a C4 crop fixes more CO, per unit of water transpired. Additionally, adjustments like heat dissi-
pation (NPQ), increased R, and reduced ®,,, enabled beans to better adapt to higher seeding density of maize, espe-
cially under ICP 2:1. This allows maintaining net photosynthetic rates and providing a greater photoprotective capacity to
avoid photoinhibition of the plant against oxidative damage [26].
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This study is novel because it is one of the first studies to conduct a comprehensive evaluation of maize-bean inter-
cropping under the specific conditions of the Colombian Amazon, by simultaneously analyzing photosynthetic response
and agronomic performance under different planting patterns (monocropping vs. 1:1 and 2:1 intercropping) and fertil-
ization types (organic and inorganic). This study also stands out for providing specific data on how intercropping affects
maize’s photosynthetic parameters at different phenological stages, by evaluating parameters such as maximum car-
boxylation rate (Vc,, ) and maximum electron transport rate (J__ ). Furthermore, this study evaluated for the first time the
effect of Super Magro biofertilizer (SMB) on the photosynthetic apparatus of maize, comparing its effectiveness against
conventional inorganic fertilizers. This research is particularly innovative due to its comprehensive methodology that com-
bines detailed photosynthetic measurements with agronomic yield assessments, establishing correlations between both
aspects. The study has significant practical relevance for small farmers in the region, as it provides specific recommenda-
tions for optimizing maize-bean intercropping, demonstrating that the 2:1 intercropping pattern with SMB organic fertilizer
is the best option for local conditions in the Colombian Amazon.

5. Conclusion

The performance of the photosynthetic apparatus of the maize variety ICA V109 varied as a function of the planting pat-
tern (Intercropping pattern ICP 1:1 and ICP 2:1) with bean under intercropping compared to MCP under either inorganic
(NIF: Nutrimins Inorganic Fertilizer) or organic (SMB: Super Magro Biofertilizer) fertilizer application. Maximum rate of car-
bon fixation (A __,) was higher with the use of SMB than with NIF under the MCP and the ICP 1:1 cropping patterns. How-
ever, under the ICP 2:1 A__ value was greater with the NIF application. Increase in A__ values of maize was associated
with greater number of grains per cob. For photosynthetic parameters such as the maximum carboxylation rate (Vc,__ )
and the maximum rate of electron transport driving regeneration of ribulose-1,5-bisphosphate (J__ ) were greater under
the ICP 2:1 planting pattern. Quantum efficiency of photosystem Il was found to be positively associated with grain yield of
maize. Based on photosynthetic response and agronomic performance of maize, we recommend the use of maize variety,
ICA V109 cultivated with an ICP 2:1 planting pattern with common bean and with the application of organic fertilizer in the
form of SMB.

Supporting information

S1 File. Physiological variables and maize bean yields.
(XLSV)

Acknowledgments

We thank the Agroecological Engineering program of the Faculty of Engineering of the Universidad de la Amazonia for
supporting this study through the allocation of teaching time to develop research activities. We also thank the Bean Breed-
ing Program of the Alliance Biodiversity International-CIAT for providing the two common bean lines used in the study.

Author contributions

Conceptualization: Juan Carlos Suarez Salazar, José Alexander Anzola, Idupulapati M. Rao.
Data curation: Juan Carlos Suarez Salazar, |dupulapati M. Rao.

Formal analysis: Juan Carlos Suarez Salazar, Idupulapati M. Rao.

Funding acquisition: Juan Carlos Suarez Salazar.

Investigation: Juan Carlos Suérez Salazar, José Alexander Anzola, Jose Ivan Vanegas, Dina Luz Salas, Amara Tatiana
Contreras, Idupulapati M. Rao.

PLOS One | https://doi.org/10.1371/journal.pone.0322772  April 30, 2025 13/16



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322772.s001

PLO\Sﬁ\\.- One

Methodology: Juan Carlos Suarez Salazar, José Alexander Anzola, Jose Ivan Vanegas, Dina Luz Salas, Amara Tatiana
Contreras, Idupulapati M. Rao.

Project administration: Juan Carlos Suarez Salazar.

Resources: Juan Carlos Suarez Salazar.

Software: Juan Carlos Suarez Salazar, José Alexander Anzola, Idupulapati M. Rao.
Supervision: Juan Carlos Suarez Salazar, |dupulapati M. Rao.

Validation: Juan Carlos Suarez Salazar, Jose lvan Vanegas, Dina Luz Salas, Amara Tatiana Contreras, |dupulapati M.
Rao.

Visualization: Juan Carlos Suarez Salazar, José Alexander Anzola, Dina Luz Salas, Amara Tatiana Contreras,
Idupulapati M. Rao.

Writing — original draft: Juan Carlos Suarez Salazar, José Alexander Anzola, Jose lvan Vanegas, Dina Luz Salas,
Amara Tatiana Contreras, Idupulapati M. Rao.

Writing — review & editing: Juan Carlos Suarez Salazar, José Alexander Anzola, Jose lvan Vanegas, Dina Luz Salas,
Amara Tatiana Contreras, |dupulapati M. Rao.

References
1. Ahmad U, Hussain MA, Ahmad W, Javed J, Arshad Z, Akram Z. Impacts of suboptimal temperature and low light intensity on the activities and
gene expression of photosynthetic enzymes in cucumber seedling leaves. Trends Biotechnol Plant Sci. 2024;2: 62—77.https://doi.org/10.62460/
tbps/2024.020
2. Erenstein O, Jaleta M, Sonder K, Mottaleb K, Prasanna BM. Global maize production, consumption and trade: trends and R&D implications. Food
Security 2022;14: 1295—-1319. https://doi.org/10.1007/S12571-022-01288-7

3. Shiferaw B, Prasanna BM, Hellin J, Banziger M. Crops that feed the world 6. Past successes and future challenges to the role played by maize in
global food security. Food Secur. 2011;3:307-327. https://doi.org/10.1007/s12571-011-0140-5

4. Kaushal M, Sharma R, Vaidya D, Gupta A, Saini HK, Anand A, et al. Maize: an underexploited golden cereal crop. Cereal Res Commun.
2023;51:3—14. https://doi.org/10.1007/s42976-022-00280-3

5. FarooqA, Farooqg N, Akbar H, Hassan ZU, Gheewala SH. A Critical Review of Climate Change Impact at a Global Scale on Cereal Crop Produc-
tion. Agronomy. 2023;13(1):162. https://doi.org/10.3390/agronomy 13010162

6. Zendrato YM, Suwarno WB, Marwiyah S. Multi-trait selection of tropical maize genotypes under optimum and acidic soil conditions. SABRAO J
Breed Genet. 2024;56: 142—155. https://doi.org/10.54910/sabrao2024.56.1.13

7. Zhang Z, Wei J, Li J, Jia Y, Wang W, Li J, et al. The impact of climate change on maize production: Empirical findings and implications for sustain-
able agricultural development. Front Environ Sci. 2022;10: 954940.

8. ZhaoY, Guo S, Zhu X, Zhang L, Long Y, Wan X, et al. How maize-legume intercropping and rotation contribute to food security and environmental
sustainability. J Clean Prod. 2024;434:140150. https://doi.org/10.1016/}.jclepro.2023.140150

9. ZouH, LiD, RenK, Liu L, Zhang W, DuanY, et al. Response of maize yield and nitrogen recovery efficiency to nitrogen fertilizer application in field
with various soil fertility. Front Plant Sci. 2024;15:1349180. https://doi.org/10.3389/fpls.2024.1349180 PMID: 38481406

10. Dimande P, Arrobas M, Rodrigues MA. Intercropped maize and cowpea increased the land equivalent ratio and enhanced crop access to more
nitrogen and phosphorus compared to cultivation as sole crops. Sustainability. 2024;16(4):1440. https://doi.org/10.3390/su16041440

11. Suarez JC, Anzola JA, Contreras AT, Salas DL, Vanegas JI, Urban MO, et al. Influence of simultaneous intercropping of maize-bean with input
of inorganic or organic fertilizer on growth development and dry matter partitioning to yield components of two lines of common bean. Agronomy.
2022;12:1216. https://doi.org/10.3390/agronomy12051216

12. Wang W, Zhao J-H, Li M-Y, Zhang W, Rehman MMU, Wang B-Z, et al. Yield loss of inferior crop species and its physiological mechanism in a
semiarid cereal-legume intercropping system. Euro J Agron. 2024;152:127032. https://doi.org/10.1016/j.eja.2023.127032

13. Wang X, Dou Z, Feng S, Zhang Y, Ma L, Zou C, et al. Global food nutrients analysis reveals alarming gaps and daunting challenges. Nat Food.
2023;4:1007-1017. https://doi.org/10.1038/s43016-023-00851-5 PMID: 37828076

14. Li C, Kambombe O, Chimimba EG, Fawcett D, Brown LA, Yu L, et al. Limited environmental and yield benefits of intercropping practices in small-
holder fields: Evidence from multi-source data. Field Crops Res. 2023;299:108974. https://doi.org/10.1016/j.fcr.2023.108974

15. Guzzon F, Rios LWA, Cepeda GMC, Polo MC, Cabrera AC, Figueroa JM, et al. Conservation and use of Latin American maize diversity: Pillar of
nutrition security and cultural heritage of humanity. Agronomy. 2021; 11:172. https://doi.org/10.3390/agronomy 11010172

PLOS One | https://doi.org/10.1371/journal.pone.0322772  April 30, 2025 14/16



https://doi.org/10.62460/tbps/2024.020
https://doi.org/10.62460/tbps/2024.020
https://doi.org/10.1007/S12571-022-01288-7
https://doi.org/10.1007/s12571-011-0140-5
https://doi.org/10.1007/s42976-022-00280-3
https://doi.org/10.3390/agronomy13010162
https://doi.org/10.54910/sabrao2024.56.1.13
https://doi.org/10.1016/j.jclepro.2023.140150
https://doi.org/10.3389/fpls.2024.1349180
http://www.ncbi.nlm.nih.gov/pubmed/38481406
https://doi.org/10.3390/su16041440
https://doi.org/10.3390/agronomy12051216
https://doi.org/10.1016/j.eja.2023.127032
https://doi.org/10.1038/s43016-023-00851-5
http://www.ncbi.nlm.nih.gov/pubmed/37828076
https://doi.org/10.1016/j.fcr.2023.108974
https://doi.org/10.3390/agronomy11010172

PLO\Sﬁ\\.- One

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Fu Z, Chen P, Zhang X, Du Q, Zheng B, Yang H, et al. Maize-legume intercropping achieves yield advantages by improving leaf functions and dry
matter partition. BMC Plant Biol. 2023;23(1):1-18. https://doi.org/10.1186/s12870-023-04408-3 PMID: 37726682

Wu J, Bao X, Zhang J, Lu B, Sun N, Wang Y, et al. Facilitation between intercropped species increases micronutrient acquisition and controls rust
disease on maize. Field Crops Research. 2024;307:109241. https://doi.org/10.1016/j.fcr.2023.109241

Brooker RW, Hawes C, lannetta PPM, Karley AJ, Renard D. Plant diversity and ecological intensification in crop production systems. J Plant Ecol.
2023. https://doi.org/10.1093/jpe/rtad015

Barbieri P, Starck T, Voisin A-S, Nesme T. Biological nitrogen fixation of legumes crops under organic farming as driven by cropping management:
A review. Agric Syst. 2023;205:103579. https://doi.org/10.1016/j.agsy.2022.103579

Feng L, Hu Y, Shi K, Tang H, Pu T, Wang X, et al. Synergistic effects of crop aboveground growth and root traits guarantee stable yield of strip relay
intercropping maize. Agronomy. 2024;14:527. https://doi.org/10.3390/agronomy 14030527

Wang Z, Zhao X, Wu P, He J, Chen X, Gao Y, et al. Radiation interception and utilization by wheat/maize strip intercropping systems. Agric For
Meteorol. 2015;204:58—-66. https://doi.org/10.1016/j.agrformet.2015.02.004

Suérez JC, Anzola JA, Contreras AT, Salas DL, Vanegas JI, Urban MO, et al. Agronomic performance evaluation of intercropping two common
bean breeding lines with a maize variety under two types of fertilizer applications in the Colombian Amazon region. Agronomy. 2022;12:307. https:/
doi.org/10.3390/agronomy12020307

Dong B, Wang Z, Evers JB, Jan Stomph T, van der Putten PEL, Yin X, et al. Competition for light and nitrogen with an earlier-sown species nega-
tively affects leaf traits and leaf photosynthetic capacity of maize in relay intercropping. Euro J Agron. 2024;155:127119. https://doi.org/10.1016/j.
eja.2024.127119

Pierre JF, Singh U, Latournerie-Moreno L, Garrufia R, Jacobsen KL, Ruiz—Santiago RR, et al. Effect of different maize (Zea mays)/cowpea (Vigna
unguiculata) Intercropping patterns and N supply on light interception, physiology and productivity of cowpea. Agric Res 2024;13: 204-215. https://
doi.org/10.1007/S40003-024-00699-6/TABLES/4

Yang S, Zhao Y, Xu Y, Cui J, Li T, Hu Y, et al. Yield performance response to field configuration of maize and soybean intercropping in China: A
meta-analysis. Field Crops Res. 2024;306:109235. https://doi.org/10.1016/j.fcr.2023.109235

Suarez JC, Anzola JA, Contreras AT, Salas DL, Vanegas JI, Urban MO, et al. Photosynthetic and grain yield responses to intercropping of two
common bean lines with maize under two types of fertilizer applications in the colombian amazon region. Scientia Horticulturae. 2022;301:111108.
https://doi.org/10.1016/j.scienta.2022.111108

Favorito A. C., Seidel E. P., Kohler T. R., de Carvalho W. R., Pan R., de Vasconcelos ES. Application of biofertilizers in cover of and its effects on
organic maize. J Exp Agric Int. 2019;39: 1-7.

Martinez A da S, Seidel EP, Pan R, Brito TS, Vasconcelos E. Corn yield for ensilage in consortium with green manure and bean in succession. Res
Soc Dev 2022;11(12):e439111234661. https://doi.org/10.33448/rsd-v11i12.34661

Giraldo H, Arboleda F. Maiz ICA V-109: variedad amarilla de amplia adaptacién para clima caliente. Plegable de Divulgacion - Instituto Colom-
biano Agropecuario (Colombia). 1984 [Last accessed 22 Jul 2020]. Available from: http://www.corpoica.org.co/bacdigital/contenidos/catalogo.
asp?ca=2610.

Restrepo RJ. EI ABC de la Agricultura organica harina de rocas. México: Ed. SIMAS; 2007. Available from: http://www.sidalc.net/cgi-bin/wxis.
exe/?lsisScript=FAONI.xis&method=post&formato=2&cantidad=1&expresion=mfn=000966

Long SP, Bernacchi CJ. Gas exchange measurements, what can they tell us about the underlying limitations to photosynthesis? Procedures and
sources of error. J Exp Bot. 2003;54: 2393-2401. https://doi.org/10.1093/JXB/ERG262

Martins SCV, Detmann KC, Reis JV dos, Pereira LF, Sanglard LMVP, Rogalski M, et al. Photosynthetic induction and activity of enzymes related
to carbon metabolism: insights into the varying net photosynthesis rates of coffee sun and shade leaves. Theor Exp Plant Physiol. 2013;25:62—69.
https://doi.org/10.1590/s2197-00252013000100008

Flexas J, Diaz-Espejo A, Berry J, Cifre J, Galmés J, Kaldenhoff R, et al. Analysis of leakage in IRGA’s leaf chambers of open gas exchange sys-
tems: quantification and its effects in photosynthesis parameterization. J Exp Bot. 2007;58:1533—1543. https://doi.org/10.1093/jxb/erm027 PMID:
17339650

Cornelissen JHC, Lavorel S, Garnier E, Diaz S, Buchmann N, Gurvich DE, et al. A handbook of protocols for standardised and easy measurement
of plant functional traits worldwide. Australian Journal of Botany. 2003;:335-380. https://doi.org/10.1071/BT02124

Latati M, Benlahrech S, Lazali M, Sihem T, Kaci G, Takouachet R, et al. Intercropping Promotes the Ability of Legume and Cereal to Facilitate
Phosphorus and Nitrogen Acquisition through Root-Induced Processes. Grain Legumes. 2016. https://doi.org/10.5772/63438

Farquhar GD, von Caemmerer S, Berry JA. A biochemical model of photosynthetic CO2 assimilation in leaves of C3 species. Planta. 1980;149:78—
90. https://doi.org/10.1007/BF00386231 PMID: 24306196

Duursma R. Plantecophys - An R Package for Analysing and Modelling Leaf Gas Exchange Data. PLoS One. 2015;10:e0143346. https://doi.
org/10.1371/journal.pone.0143346 PMID: 2658108

R Development Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, R version 4.4.1 --
“Race for Your Life” Copyright ©. Vienna, Austria. Available form: https://www.R-project.org/. 2024.

Yang H, Chai Q, Yin W, Hu F, Qin A, Fan Z, et al. Yield photosynthesis and leaf anatomy of maize in inter- and mono-cropping systems at varying
plant densities. Crop J. 2022;10: 893-903. https://doi.org/10.1016/J.CJ.2021.09.010

PLOS One | https://doi.org/10.1371/journal.pone.0322772  April 30, 2025 15/16



https://doi.org/10.1186/s12870-023-04408-3
http://www.ncbi.nlm.nih.gov/pubmed/37726682
https://doi.org/10.1016/j.fcr.2023.109241
https://doi.org/10.1093/jpe/rtad015
https://doi.org/10.1016/j.agsy.2022.103579
https://doi.org/10.3390/agronomy14030527
https://doi.org/10.1016/j.agrformet.2015.02.004
https://doi.org/10.3390/agronomy12020307
https://doi.org/10.3390/agronomy12020307
https://doi.org/10.1016/j.eja.2024.127119
https://doi.org/10.1016/j.eja.2024.127119
https://doi.org/10.1007/S40003-024-00699-6/TABLES/4
https://doi.org/10.1007/S40003-024-00699-6/TABLES/4
https://doi.org/10.1016/j.fcr.2023.109235
https://doi.org/10.1016/j.scienta.2022.111108
https://doi.org/10.33448/rsd-v11i12.34661
http://www.corpoica.org.co/bacdigital/contenidos/catalogo.asp?ca=2610
http://www.corpoica.org.co/bacdigital/contenidos/catalogo.asp?ca=2610
http://www.sidalc.net/cgi-bin/wxis.exe/?IsisScript=FAONI.xis&method=post&formato=2&cantidad=1&expresion=mfn=000966
http://www.sidalc.net/cgi-bin/wxis.exe/?IsisScript=FAONI.xis&method=post&formato=2&cantidad=1&expresion=mfn=000966
https://doi.org/10.1093/JXB/ERG262
https://doi.org/10.1590/s2197-00252013000100008
https://doi.org/10.1093/jxb/erm027
http://www.ncbi.nlm.nih.gov/pubmed/17339650
https://doi.org/10.1071/BT02124
https://doi.org/10.5772/63438
https://doi.org/10.1007/BF00386231
http://www.ncbi.nlm.nih.gov/pubmed/24306196
https://doi.org/10.1371/journal.pone.0143346
https://doi.org/10.1371/journal.pone.0143346
http://www.ncbi.nlm.nih.gov/pubmed/2658108
https://www.R-project.org/
https://doi.org/10.1016/J.CJ.2021.09.010

PLO\Sﬁ\\.- One

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Jiao N-Y, Zhao C, Ning T-Y, Hou L-T, Fu G-Z, Li Z-J, et al. Effects of maize-peanut intercropping on economic yield and light response of photosyn-
thesis. Chin J Appl Ecol. 2008;19:981-985. PMID: 18655581

Jackson de MA, Alex S de L, Evandro F de M, Sebastiao de OMJ, Rosinaldo de SF, Francisca L da S, et al. Gas exchange and chlorophyll
content in tomato grown under different organic fertilizers and biofertilizer doses. Afr J Agric Res. 2018;13(41):2256—2262. https://doi.org/10.5897/
ajar2018.13360

Pelech EA, Alexander BCS, Bernacchi CJ. Photosynthesis, yield, energy balance, and water-use of intercropped maize and soybean. Plant Direct.
2021;5:e365. https://doi.org/10.1002/pld3.365

Li C, Tao Z, Liu P, Zhang J, Zhuang K, Dong S, et al. Increased grain yield with improved photosynthetic characters in modern maize parental lines.
J Integr Agric. 2015;14:1735-1744. https://doi.org/10.1016/S2095-3119(14)60959-X

Zhu WX, Zhang HH, Xu N, Wang P, Wang SD, Mu SN, et al. Effects of Morus alba and Setaria italica intercropping on their plant growth and diur-
nal variation of photosynthesis. Chinese J Appl Ecol. 2012;23: 1817-1824.

Zhou H, Zhou G, He Q, Zhou L, Ji Y, Zhou M. Environmental explanation of maize specific leaf area under varying water stress regimes. Environ
Exp Bot. 2020;171:103932. https://doi.org/10.1016/j.envexpbot.2019.103932

Moriri S, Owoeye LG, Mariga IK. Influence of component crop densities and planting patterns on maize production in dry land maize/cowpea inter-
cropping systems. Afr J Agric Res. 2010; 5: 1200-1207. https://doi.org/10.5897/AJAR10.038

Raza MA, Feng LY, van der Werf W, Igbal N, Khan I, Khan A, et al. Optimum strip width increases dry matter, nutrient accumulation, and seed yield
of intercrops under the relay intercropping system. Food Energy Secur. 2020;9: e199. https://doi.org/10.1002/FES3.199

El-Mehy AA, Shehata MA, Mohamed AS, Saleh SA, Suliman AA. Relay intercropping of maize with common dry beans to rationalize nitrogen fertil-
izer. Front Sustain Food Syst. 2023;7:1052392. https://doi.org/10.3389/fsufs.2023.1052392

Hammad HM, Abbas F, Ahmad A, Farhad W, Wilkerson CJ, Hoogenboom G. Evaluation of timing and rates for nitrogen application for optimizing
maize growth and development and maximizing yield. Agron J. 2018;110: 565-571. https://doi.org/10.2134/AGRONJ2017.08.0466

Feng L, Raza MA, Shi J, Ansar M, Titriku JK, Meraj TA, et al. Delayed maize leaf senescence increases the land equivalent ratio of maize soybean
relay intercropping system. European Journal of Agronomy. 2020;118: 126092. doi:10.1016/J.EJA.2020.

Dorcinvil R, Sotomayor-Ramirez D, Beaver J. Agronomic performance of common bean (Phaseolus vulgaris L.) lines in an Oxisol. Field Crops Res.
2010;118: 264—272. https://doi.org/10.1016/J.FCR.2010.06.003

Li'Y, Shi D, Li G, Zhao B, Zhang J, Liu P, et al. Maize/peanut intercropping increases photosynthetic characteristics, 13C-photosynthate distribu-
tion, and grain yield of summer maize. Journal of Integrative Agriculture. 2019;18:2219-2229. https://doi.org/10.1016/S2095-3119(19)62616-X

Abera T, TT, LMP. Grain yield and LER of maize-climbing bean intercropping as affected by inorganic organic fertilisers and population density in
Western Oromiya Ethiopia. Asian J Plant Sci. 2005;4:458—465. https://doi.org/10.3923/ajps.2005.458.465

Yilmaz M, Atak M, Erayman §, Yilmaz f, Atak M, Erayman M. Identification of advantages of maize-legume intercropping over solitary cropping
through competition indices in the East Mediterranean region. Turkish Journal of Agriculture and Forestry. 2008;32: 111-119.

Raza MA, Feng LY, Igbal N, Manaf A, Khalid MHB, Ur Rehman S, et al. Effect of Sulphur Application on Photosynthesis and Biomass Accumulation
of Sesame Varieties under Rainfed Conditions. Agronomy. 2018;8:149. https://doi.org/10.3390/agronomy8080149

Macik M, Gryta A, Frac M. Biofertilizers in agriculture: An overview on concepts, strategies and effects on soil microorganisms. Advances in Agron-
omy. 2020:31-87. https://doi.org/10.1016/bs.agron.2020.02.001

Begam A, Pramanick M, Dutta S, Paramanik B, Dutta G, Patra PS, et al. Inter-cropping patterns and nutrient management effects on maize growth,
yield and quality. Field Crops Research. 2024;310:109363. https://doi.org/10.1016/j.fcr.2024.109363

Lang J, Vaczi P, Bartak M, Hajek J, Kintl A, Zikmundova B, et al. Stimulative effects of Lupinus sp. and Melilotus albus underseed on the photosyn-
thetic performance of maize (Zea mays) in two intercropping systems. Agronomy 2023, 13: 163. https://doi.org/10.3390/AGRONOMY 13010163

Peng X, Yang X, Ren J, Yang L, Lin P, Luo K, et al. Maize soybean relay strip intercropping increases N uptake by coordinating crop configuration
to improve root physiological activity. J Soil Sci Plant Nutr. 2024; 1-18.

PLOS One | https://doi.org/10.1371/journal.pone.0322772  April 30, 2025 16/16



http://www.ncbi.nlm.nih.gov/pubmed/18655581
https://doi.org/10.5897/ajar2018.13360
https://doi.org/10.5897/ajar2018.13360
https://doi.org/10.1002/pld3.365
https://doi.org/10.1016/S2095-3119(14)60959-X
https://doi.org/10.1016/j.envexpbot.2019.103932
https://doi.org/10.5897/AJAR10.038
https://doi.org/10.1002/FES3.199
https://doi.org/10.3389/fsufs.2023.1052392
https://doi.org/10.2134/AGRONJ2017.08.0466
doi:10.1016/J.EJA.2020
https://doi.org/10.1016/J.FCR.2010.06.003
https://doi.org/10.1016/S2095-3119(19)62616-X
https://doi.org/10.3923/ajps.2005.458.465
https://doi.org/10.3390/agronomy8080149
https://doi.org/10.1016/bs.agron.2020.02.001
https://doi.org/10.1016/j.fcr.2024.109363
https://doi.org/10.3390/AGRONOMY13010163

