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Photosynthetic rate (Pn) and photosynthetic nitrogen use efficiency (PNUE)
are the two important factors affecting the photosynthesis and nutrient
utilization of plant leaves. However, the effect of N fertilization combined
with foliar application of Fe on the Pn and PNUE of the maize crops under
different planting patterns (i.e., monocropping and intercropping) is elusive.
Therefore, this experiment was conducted to determine the effect of N
fertilization combined with foliar application of Fe on the photosynthetic
characteristics, PNUE, and the associated enzymes of the maize crops under
different planting patterns. The results of this study showed that under
intercropping, maize treated with N fertilizer combined with foliar application
of Fe had not only significantly (p < 0.05) improved physio-agronomic indices
but also higher chlorophyll content, better photosynthetic characteristics, and
related leaf traits. In addition, the same crops under such treatments had
increased photosynthetic enzyme activity (i.e., rubisco activity) and nitrogen
metabolism enzymes activities, such as nitrate reductase (NR activity),
nitrite reductase (NiR activity), and glutamate synthase (GOGAT activity).
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Consequently, intercropping enhanced the PNUE and soluble sugar content
of the maize crops, thus increasing its yield compared with monocropping.
Thus, these findings suggest that intercropping under optimal N fertilizer
application combined with Fe foliation can improve the chlorophyll content
and photosynthetic characteristics of maize crops by regulating the associated
enzymatic activities. Consequently, this results in enhanced PNUE, which
eventually leads to better growth and higher yield in the intercropping system.
Thus, practicing intercropping under optimal nutrient management (i.e., N and
Fe) could be crucial for better growth and yield, and efficient nitrogen use
efficiency of maize crops.

intercropping, photosynthetic rate, PNUE, nitrogen use efficiency, enzymatic

activities, nitrogen, iron

Introduction

Photosynthetic rate is an important index of the plants’
photosynthetic characteristics and photosynthetic nitrogen
use efficiency (PNUE), which is referred to as the ratio of
photosynthetic rate to leaf nitrogen (Zhong et al, 2019). It
is an important indicator describing the plant’s leaf nutrient
utilization capacity and physiological characteristics, which fully
reflect the nitrogen allocation and the overall photosynthesis
of the plant (Zhong et al, 2019; Nasar et al, 2021). The
mutual proportion of the photosynthetic characteristics and
photosynthetic nitrogen of the plant’s leaf has a direct effect on
the PNUE of the plant (Hikosaka, 2004; Zhang Y. et al., 2017).
The higher the photosynthetic rate, the higher the PNUE and
the leaf nitrogen utilization rate of the plant (Ghannoum et al,,
2005). Therefore, studying the photosynthesis and PNUE of the
plant is an important mechanism to reveal its effect on the crops.

Nitrogen is a key constituent of the plant’s photosynthetic
organ, which helps improve the chlorophyll content, enzyme
content, and enzymatic activity of plant leaves, thereby
promoting the plants photosynthesis system (Giersch and
Robinson, 1987; Nasar et al., 2020b; Ochieng’ et al., 2021; Noor
Shah et al,, 2021). Existing studies have shown the relationship
between nitrogen application rate on crops photosynthetic
characteristics, nitrogen utilization rate, and crops yield
(Vaguseviciené et al., 2013; Kong et al., 2016; Liu et al., 2019;
Shah et al, 2021b). However, iron, which is a micronutrient
is often required in small quantities, though it plays a major
role in photosynthetic electron transport. It is one of the
most important elements involved in chlorophyll formation,
photosynthesis, and the photosynthetic enzyme (i.e., ribulose
1,5-bisphosphate carboxylase/oxygenase) in the plant (Wang
et al, 2017; Yoon et al, 2019; Maitra et al., 2022). Iron
also plays a pivotal role in nitrogen assimilation, uptake, and
translocation by regulating the cofactor enzymes of nitrogen
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metabolism [i.e., nitrate reductase (NR), nitrite reductase (NiR),
and glutamate synthase (GOGAT)] (Borlotti et al,, 2012). As
earlier reported, insufficient iron reduces the number of grana
and stroma lamellae per chloroplast in plant leaves (Jiang et al,,
2007; Yoon et al, 2019). In addition, its deficiency reduces
the cumulative membrane components, including electron
carders of the photosynthetic electron transport chain (Geider
and La Roche, 1994; Karimi et al, 2019), light-harvesting
pigments (Terry, 1983; Abadia et al., 1986), and nitrogen uptake
(Borlotti et al., 2012).

Intercropping, which is the combined cultivation of at least
two different plant species (i.e., cereal and legumes) is an ancient
planting pattern plant (Maitra et al., 2020). It is mainly practiced
to improve crops yield and better utilize the available resources
(Gitari et al,, 2018; Nyawade et al, 2020). Maize-soybean is
a typical cereal-legume intercropping system, which has long
been practiced in the subtropical and temperate regions of the
world, because of some of the anticipated advantages, such as
high yield production, better resources utilization (i.e., nutrient,
light, water, and land), reduced risk of diseases and insect
pests attack, and guaranteed environmental safety (Yong et al,,
20125 Raza et al., 2020). It is well known that maize-soybean
intercropping can improve the growth and yield of the crops and
better utilize the available resources (i.e., water, light, nutrients,
and land). However, due to the differences in plant height, these
companion plants intercept sunlight in different directions,
which inevitably changes their photosynthetic system (Jiao et al,,
2013; Zhu et al,, 2018). Moreover, the underlying interspecific
competition for nutrients and the rhizosphere modifications
that occur in maize-soybean intercropping systems (Ehrmann
and Ritz, 2013; Zhang et al, 2013; Nyawade et al, 2021)
can have a significant impact on post-intercropping nitrogen
utilization (Nasar et al., 2021). This results in either under or
overutilization of N, with a subsequent adverse effect on the
plant photosynthesis capacity and leaf’s nutrient uptake and
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utilization use efficiency (Nasar et al.,, 2020b). However, such
negative effects on the plant can be effectively reduced with
appropriate nitrogen and iron application (Zhang et al., 2014;
Pan et al., 2016).

Previously, the effect of nitrogen and iron fertilization
on the chlorophyll and photosynthetic characteristics of the
plants was only investigated in the monocropping system
(Dervis et al., 2018; Liu et al, 2018; Karimi et al., 2019).
Nevertheless, their combined effect on the aforementioned
indices under intercropping system remains largely unknown.
The detailed knowledge of the effect of nitrogen combined
with foliar application of iron on crops photosynthesis and
PNUE, particularly in intercropping, is missing and calls to be
studied. Such a study is paramount mainly because the shading
or interspecific competition that occurs in the intercropping
system can be alleviated or even eliminated by either nitrogen
or iron application. This is particularly so since shading and
the underlying interspecific root competition for nutrients
during intercropping are the two abiotic factors that adversely
affect the physiology of the plant, which eventually leads to
poor growth and subsequently low yield (Wu et al, 2017;
Raza et al., 2019a).

Therefore, this study was designed to investigate the effect of
nitrogen fertilization combined with iron foliar application on
the chlorophyll, photosynthetic characteristics, photosynthetic
nitrogen use efficiency, and associated enzymes of maize crops
under different planting patterns (i.e., monocropping and
intercropping). Such studies on the photosynthesis mechanism
and photosynthetic nitrogen utilization efficiency of maize crops
provide theoretical support and practical guidance for the
rational regulation of nitrogen to take advantage of the growth
and yield of maize during intercropping.

Materials and methods

The experiment was conducted at the experimental area of
Guangxi University, Nanning, China in the year 2021-2022.
This area is characterized by a subtropical monsoon climate with
an annual rainfall of 1,080 mm. The experimental soil was loam
in texture having an organic matter of 23.7 g kg1, total N of
0.118%, alkaline N of 109.9 mg kg™, available P of 73.6 mg
kg~!, available K of 79.0 mg kg~ !, soil pH of 7.4, and available
iron of 97.7 mg kg~ !.

Maize crops (Ching Ching 700 variety) was planted as a
monocrop (MM) and an intercrop (IM) with soybean crops
(Gui Chun 15 variety) in large-sized pots (i.e., 88 cm height,
53 cm width, and 43 cm length) filled with 120 kg of soil
(Figure 1). The pots, in four replicates, were randomly placed in
a ventilated net house under natural light environment. Initially,
five plants of maize crops and 10 seeds of soybean were planted
in monocropping and in intercropping at a filed plant density
of 60,000 maize plants ha~! and soybean seed rate of 20 kg
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seeds ha™!, respectively. Later at the V3 growth stage, the maize
and soybean plants were thinned to three and five (3:5) plants,
respectively, in each pot to better adapt to the pot environment.

Maize and soybean seeds were sown in mid-September 2021
and harvested in mid-February 2022. Nitrogen fertilizer was
applied as soil dressing before sowing at the rate of 200 kg
N ha!. Iron (Fe) was sprayed on plant leaves at the rate

of 0.15 mg Fe g~!

in three splits: at bell-mouthed stage,
silking stage, and filling stage. The fertilizer arrangement and
their combinations are shown in Table 1. In addition, basal
doses of phosphorous and potassium fertilizers were applied
uniformly to all experimental pots (i.e., P at 100 kg ha~! and
K at 100.0 kg ha=!). The sources of fertilizer used were urea
(46% N), diammonium phosphate (P,Os5 46% P), potassium
chloride (K, O 60% K), and iron as ferrous sulfate (FeSO4 20.5%
Fe). All the plants were watered normally, with weeds and
insect pests being controlled with herbicides and pesticides,
respectively, when needed. Different environmental factors such
as temperature (°C), precipitation (%), rainfall (mm), humidity
(%), and daylight (hrs) were carefully monitored and recorded
(Figures 2A,B).

Data collection

Grain yield and biomass dry matter of maize
crops

Crops harvesting was carried out at full maturity, whereby
the plants were sun-dried, kernels removed and threshed to
obtain the grains which were weighed using an electric scale to
obtain the grain yield. The remaining plants’ stover was further
oven-dried at 65°C for 72 to obtain biomass dry matter.

Chlorophyll and photosynthetic characteristics

At the V9 growth stage, the chlorophyll of maize leaves
(fully expanded) was measured using the SPAD Chlorophyll
Meter (SPAD-502, Minolta Camera, Tokyo, Japan) (Zhang et al,,
2013). However, the different photosynthetic characteristics of
the maize leaves (i.e., photosynthetic rate, stomatal conductance,
transpiration rate, and intercellular CO,) were determined
using a Li-6400XT portable photosynthesis system (LI-COR
Inc., Lincoln, NE, United States) at leaf temperature of ~27
°C. Nevertheless, the companion side leaves were selected
to measure these parameters in the intercropping. These
parameters were estimated in the morning between 9:00 am
and 11:00 am, with the photosynthetic system being adjusted
at a constant light of 80, 100, 150, 200, 400, 600, 800, and
1,000 pmol m~2 s~ ! and a continuous CO, level of 400 wmol
mol~! (Ahmad et al,, 2013).

Maize leaf enzymes activities

After measuring the maize leaf photosynthesis at the
V9 stage, the selected maize leaves were cut and frozen
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Schematic diagram of the experiment. MM, maize monocropping; IM, maize intercropping; NO-FeO, no nitrogen and iron fertilization; N1-Fel,
nitrogen and iron fertilizers applications; *, maize crops and; +, soybean crops.

in liquid nitrogen to determine the plants leaf enzyme
activities. Different enzymes such as the photosynthetic enzyme
activity (rubisco) and the nitrogen metabolism enzymes
activity, such as NR, NiR, and GOGAT, were determined
using the plant enzyme kit from Sangon Biotech Co. Ltd.
(Beijing, China) following the appropriate manual supplied with
the kit.

Maize leaf traits measurement and calculation

The maize leaf area was measured with LI-3000C portable
leaf area meter (LI-COR, NE, United States) at the V9 growth
stage. The same leaf whose area was measured was plucked,
sun-dried, and oven-dried at 80°C to constant weight to obtain
the leaf dry mass (Eq. 1). The dried leaf samples were ashed
at 105°C for 30 min and digested with a concentrated sulfuric
acid-hydrogen peroxide mixture to obtain the nitrogen content
in maize leaves using the Kjeldahl method (Jiao et al., 2013) and
expressed per unit dry mass and unit area as indicated in Eqs 2,
3, respectively.

_ Leaf dry mass

Specific leaf mass (LMA, g mz) Leaf area (1)
Leaf N content per unit dry mass (Npass, g kg')
= leaf N content x leaf dry mass (2)
Leaf N content per unit area (Nyrea, mg. sz) = Nmass, X LMA
A3)

Calculation of photosynthetic nitrogen use
efficiency to land equivalent ratio

Photosynthetic nitrogen use efficiency of the maize crops
was calculated by simply multiplying the photosynthetic rate
(Pn) by the nitrogen content per unit area (Narea) (Eq. 4).
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The land equivalent ratio (LER) was computed as indicated

in Eq. 5.
PNUE (mol moll Sl) = Pn X Nrea @)
. . Yim Yis
Land Equivalent Ratio (LER) = + (5)
Ymm YmS

where Yin and Yjs represent the grain yield of maize
and soybean crops in intercropping and Ymm and Y
represent the grain yield of maize and soybean crops in
monocropping. The LER is an indicator used to determine
the competitiveness between intercrops for the available
resources (Al-Dalain, 2009). If the value of LER is 1, it
indicates that both monocrop and intercrop produce equal
yield and utilize the available resources equally (Gitari
et al, 2020). If the value of the LER is greater than I,
it suggests a greater complementary effect of intercropping
maize than a competitive one, and produces a higher yield
compared to monocropping. If the value of LER is less
than 1, it indicates that interspecific competition is greater
than interspecific facilitation, and there is no intercropping
advantage. So, the higher the LER, the greater the benefit
of increasing yield in intercropping over monocropping
(Soratto et al., 2022).

TABLE 1 The treatments combination of the experiment.

Treatment Planting pattern

Fertilizers application MM IM

NO-Fe0 No fertilization No fertilization

N1-Fe0 Nitrogen fertilization ~ Nitrogen fertilization
without iron foliation ~ without iron foliation

N1-Fel Nitrogen fertilization ~ Nitrogen fertilization

with iron foliation with iron foliation
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Soluble sugars and starch quantification in
maize leaf

The content of soluble sugars (i.e., sucrose, glucose, and
fructose) in maize leaf content was determined by the anthrone
colorimetric method and the starch iodine colorimetric method
at the V9 growth stage. For soluble sugars, 0.2 g of the minced
fresh leaf of the maize crops was boiled in 5 ml of distilled water.
This process was repeated for about 30 min to collect 25 ml of
extract. Then, 0.125 ml of extraction solution was thoroughly
mixed with 1.87 ml of distilled water, 0.5 ml of anthrone ethyl
acetate reagent, and 5 ml of concentrated sulfuric acid. The
mixture was boiled in boiling water for 1 min after which it was
cooled at room temperature and the content of soluble sugar was
determined by a TU-1900 spectrophotometer at 630 nm (Du
et al,, 2020). For starch content, 0.5 g sample of fresh maize
leaf was minced with 2 mL of distilled water and 3.2 ml of
60% of perchloric acid. The above portion of the solution was
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collected and centrifuged at 5,000 g for 5 min. About 0.5 ml of
the supernatant (mixed with 3 mL of distilled water and 2 ml
of iodine reagent and the starch content) was determined by
spectrometry at 660 nm (Kuai et al., 2014).

Data analysis

The data were computed and formulated in Ms-Excel 2016
and statistically analyzed using the statistical analysis software
ms-Statistix 8.1. A two-way factorial ANOVA was performed
to test the significance level whereas the means were separated
using the least significance difference test at p < 0.05. The
fertilizer application (FA) and the planting patterns (PP) were
considered factors. Graphical and statistical software (GraphPad
Prism 6.1) was used to determine the relationship of Pn with the
grain yield, biomass dry matter, chlorophyll content, N content,
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PNUE, soluble sugars (i.e., sucrose, glucose, and fructose), and
starch content of the maize crops under monocropping and
intercropping systems.

Results
Physio-agronomic indices

The physio-agronomic indices of maize crops showed
significant changes under different planting patterns and
fertilization (Table 2). When compared to monocropping,
intercropping significantly improved the physio-agronomic
indices, such as plant height, stem diameter, grain yield,
and biomass dry matter. However, these indices were more
prominent under nitrogen fertilizer combined with foliar
application of iron. Compared to monocropping, intercropping,
the plant height (cm) increased by 3% at zero fertilizer
application, 4% under nitrogen fertilizer application, and by 6%
under nitrogen fertilization combined with foliar application
of iron. Similarly, intercropping increased the stem diameter
(mm) of maize by the respective values of 11, 13, and 15%.
Moreover, intercropping increased the grain yield and biomass
dry matter of maize by 24 and 8% without fertilizers application,
27 and 10% with nitrogen fertilization, and by 46 and 20%
with nitrogen fertilization combined with foliar application of
iron as compared to monocropping. Additionally, the LER value
of the intercropping system was always greater than 1 in all
treatment pots, indicating a yield advantage of intercropping
over monocropping.

Leaf characteristics of maize crops

Different planting patterns and fertilizer applications
significantly (p < 0.05) influenced the different leaf traits
of the maize crops, but had minimal effects on the specific
leaf mass (LMA) (Table 3). It was noticed that intercropping
significantly improved the different leaf traits (i.e., number of
leaves per plant, leaf area, leaf dry mass, leaf N content, and
N content per unit area of maize crops) when compared to
monocropping. However, these traits were more pronounced
under different fertilization. Compared to monocropping,
intercropping increased the number of leaves per plant by 13%
without fertilization, 11% with nitrogen fertilization, and 20%
with nitrogen fertilization combined with foliar application
of iron. Likewise, under intercropping, there were respective
increases by the values of 3, 3, and 6% for maize leafarea and 5, 7,
and 9% for leaf dry mass. Moreover, intercropping increased the
leaf N content and N content per unit area (Nyrea) of maize crops
by 7 and 13% without fertilization, 6 and 19% with nitrogen
fertilization, and 8 and 20% with nitrogen fertilization combined
with foliar application of iron, respectively.
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Chlorophyll, photosynthetic activities,
and photosynthetic nitrogen use
efficiency

The chlorophyll and photosynthetic indices (i.e., Pn, Gs, Tr,
and Ci) of maize varied significantly (p < 0.05) under different
planting patterns and fertilizer applications (Figure 3). When
compared with monocropping, intercropping increased the
chlorophyll SPAD values and photosynthetic indices but these
indices were further increased with the integration of different
fertilizer treatments. For instance, intercropping increased the
maize’s chlorophyll SPAD values by 8% without fertilization,
11% with nitrogen fertilization, and 13% with nitrogen
fertilization coupled with foliar application of iron (Figure 3A).
Furthermore, intercropping increased the Pn of maize crops by
4% without fertilization, 18% with nitrogen fertilization, and
21% with nitrogen fertilization combined with foliar application
of iron (Figure 3B). Similarly, under intercropping, there were
respective increases of 8, 46, and 52% for stomatal conductance
(Gs) (Figure 3C), and 3, 19, and 22% for transpiration
rate (Tr) (Figure 3D). Nonetheless, intercropping reduced
the intercellular CO, (Ci) by 11% without fertilization, 13%
with nitrogen fertilization, and 22% with nitrogen fertilization
combined with the iron foliar application (Figure 3E). In
contrast, under intercropping, there was increased PNUE by 14,
39, and 45% without fertilization, with nitrogen fertilization,
and with nitrogen fertilization combined with the iron foliar
application, respectively (Figure 3F).

Enzymes activities of maize leaf

The photosynthetic and nitrogen metabolism-associated
enzymes for maize indicated significant changes under
different planting patterns and fertilization (Figure 4). When
compared with monocropping, intercropping significantly
increased these enzyme activities of the maize crops. However,
these enzymes were enhanced further when intercropping
was practiced with different fertilizer applications. It was
noticed that intercropping increased the Rubisco activity of
maize crops by 6% without fertilization, 14% with nitrogen
fertilization, and 21% with nitrogen fertilization combined
with foliar application of iron (Figure 4A). Similarly,
intercropping increased the NR activity by 9% without
fertilization, 14% with nitrogen fertilization, and 20% with
nitrogen fertilization combined with foliar application of
iron (Figure 4B). Moreover, under intercropping, there
was increased NiR activity by 8, 13, and 17% without
fertilization, with nitrogen fertilization, and with nitrogen
fertilization combined with the iron foliar application,
respectively (Figure 4C). A similar observation was made
for GOGAT activity with the index increasing by 8% without
fertilization, 14% with nitrogen fertilization, and 19% with
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TABLE 2 Physio-agronomic indices of maize crops as influenced by nitrogen and iron fertilization under different planting patterns.

Fertilizer Planting Plant height  Stem diameter Grain yield Biomass dry Land Equivalent
application (FA) pattern (PP) (cm) (mm) (gpot™h) matter (g pot™1!) Ratio (LER)
NO-Fe0 MM 24575+ 2.75¢ 34.32£2.64¢ 10275 £5.79d 22385+ 11.05¢

IM 253.50 £3.41d 3820+ 1.25b 127.18 £7.51b 242.15 £ 4.19 be 1.23
N1-Fe0 MM 253.80 £ 2.64d 3712+ 1.92b 103.90 +7.15 cd 228.60 £ 9.01 de

M 264.32£3.17b 41.95+130a 131.52 +£2.53 b 250.73 £3.63b 1.26
NI1-Fel MM 258.70 £ 1.72 ¢ 3810+ 1.32b 112.30 £ 5.06 ¢ 236.95 £ 4.51 cd

M 274.15+3.84 2 43.70+1.92a 163.69 £3.29a 284.67 £7.31a 145
Significance levels
FA 0.00%* 0.00%4 0.00%4 0.00%**
PP 0.00%* 0.00%4 0.00%4 0.00*
FA x PP 0.06" 0.63" 0.00%4 0.00%**

The means with £ standard deviations (SD) having different lower-case letters are significantly different from each at the LSD test p < 0.05 level of probability. FA, fertilizers application;
PP, planting patterns; NO-Fe0, no nitrogen and iron application; N1-Fe0, nitrogen fertilizer without iron application; N1-Fel, nitrogen fertilizer with the iron application. **p < 0.001,

"p > 0.05.

TABLE 3 Leaf characteristics of maize crops as affected by nitrogen and iron fertilization under different planting patterns.

Fertilizers Planting No ofleaves  Leaf area Leafdry  Specific Leaf leaf N NMass Narea

application  patterns (cm?) mass Mass (LMA) content (%) (gkg™") (mg cm?)

(FA) (PP) (gleaf~!)  (gplant™!)

NO-Fe0 MM 970+082c  279.124672d  1.9940.08c¢ 0.71 2.8140.08d 560+0.19¢ 401+036¢
M 11004070 bc  288.35+647c  2.08+0.09b 0.72 300+£0.12bc  6264+033cd  453+033cd

N1-Fe0 MM 11.004+1.01bc  288.81+344c  2.03+0.10c 0.70 2924011cd  595+026de 4204039 de
IM 122540.82ab 29681 £329b  218+0.05b 0.73 310£012ab  6794024b 500£023b

N1-Fel MM 112540.82b 291404 151bc  2.15+0.05b 0.74 301+£011bc  650+0.28bc  4.8140.29 be
M 1350+ 0.51a 310135262  232+004a 0.75 32540062 7.62+0.14a 57640122

Significance

FA 0.00%* 0.00%* 0.00%* 0.13™ 0.00%* 0.13% 0.00%*

PP 0.00%** 0.00%* 0.00%* 0.14™ 0.00%** 0.14™ 0.00%**

FA x PP 0.47™ 0.08™ 0.46 0.73™ 0.83™ 0.21™ 0.38™

The means in the table with & standard deviations (SD) having different lower-case letters are significantly different from each at the LSD test p < 0.05 level of probability. FA, fertilizers
application; PP, planting patterns; NO-Fe0, no nitrogen and iron application; N1-Fe0, nitrogen fertilizer without iron application; N1-Fel, nitrogen fertilizer with the iron application.
*p <0.001, ™p > 0.05.

nitrogen fertilization combined with foliar application of with monocropping (Figure 5A). Moreover, intercropping

iron (Figure 4D). increased the glucose content by 7% without fertilization, 12%
with nitrogen fertilization, and 15% with nitrogen fertilization
combined with foliar application of iron (Figure 5B). Besides,

intercropping increased the fructose content by 11% without

Sugar and starch content of maize
crops

fertilization, 12% with nitrogen fertilization, and 15% with
nitrogen fertilization combined with foliar application of iron
Figure 5C). However, intercropping reduced the starch content
The sugar content (i.e., sucrose, glucose, and fructose) (Fig ) . PP g. . e
. ) e by 14% without fertilization, 9% with nitrogen fertilization,

and starch content of maize varied significantly (p < 0.05) . . o . L
and 11% with nitrogen fertilization coupled with foliar iron

under different planting patterns and fertilizer applications application (Figure 5D),

(Figure 5). However, the changes in sugars and starch contents
were more evident under different fertilization. The results
showed that although intercropping enhanced maize’s sugar
content, it reduced the starch content. There was higher Regression analysis
sucrose content of 4% without fertilization, 9% with nitrogen
fertilization, and 11% with nitrogen fertilization combined The linear regression analysis showed a significantly

with foliar application iron under intercropping compared strong relationship (~r>) of the Pn with the chlorophyll
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content ( ), leaf N content ( ), PNUE
( ) grain yield ( ), rubisco activity
( ), sucrose content ( ), glucose content
( ), and fructose content of maize crops ( ).
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Similarly, regression of PNUE with nitrogen metabolic enzymes
showed significant strong relationships ( ). However,
the starch content was negatively correlated with the Pn
( ). Further, the results indicated that PNUE was
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significantly and positively correlated with nitrogen metabolic
enzymes, such as NR (Figure 8A), NiR (Figure 8B), and
GOGAT (Figure 8C).

Discussion

In general, intercropping is practiced to improve crops
yield and better utilize the available natural resources (i.e.,
water, nutrients, light, and land) (Kheroar and Patra, 2013;
Latati et al., 2013; Nasar, 2018; Yang et al, 2018; Maitra
et al, 2020). However, due to the differences in plant
height in cereal-legume intercropping systems, the companion
crops compete for solar radiation and capture sunlight in
different directions. Such a phenomenon certainly changes the
chlorophyll SPAD values and photosynthesis of the companion
plants, with a direct effect on growth and yield (Nasar et al,
2020a). Moreover, the underlying interspecific competition for
nutrients makes the use of the post-intercropping nitrogen
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more complicated, which adversely affects the plant nutrients
uptake from the soil and its transport within the plant, thereby
reducing the nutrient content in plant leaves. As a result,
the plant cannot use the available nutrients more efficiently
(Nasar et al, 2021; Nyawade et al, 2021). However, these
negative effects of the intercropping system can be effectively
reduced with nitrogen and iron fertilization. Nitrogen is the
key component of chlorophyll content, enzyme content, and
enzymatic activity of plant leaves (Evans, 1983; Pan et al,
2021). Iron, moreover, plays an important role in plant
chlorophyll and photosynthesis, which gives plants oxygen
2017). This is
why iron-deficient plant shows chlorosis or a silky yellow

and healthy green coloration (Wang et al,

color on their leaves; thus, iron is a crucial element for
plant growth and development. In this study, we found
that intercropping significantly increased the physio-agronomic
indices of maize when compared to monocropping. However,
these indices were further improved when intercropping
was treated with nitrogen fertilizer combined with iron
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foliar applications. The improved physio-agronomic indices in
intercropping were mainly because of the better utilization
of the available natural resources (ie., land, water, light,
). The
previous results of maize-alfalfa intercropping supported our

and nutrients) ( , ; )

findings ( , ; , ; ,

). In another study iron foliar application either alone
or in combination with nitrogen has also been reported to
significantly improved the growth and yield of maize crops
during intercropping with soybean ( ,

» 2020).
Changes

>

the
characteristics can induce changes in the physiology and

in chlorophyll and photosynthetic
productivity of the plant ( N ;

, ). It is believed that the changes in the chlorophyll
content are expected to bring changes in the photosynthetic
activities of the plant ( R ; R ).
Moreover, the changes in plant leaf enzyme activities (i.e.,

rubisco activity) could also bring changes in the photosynthetic
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activities of the plant ( , ; R ). This
study demonstrated that intercropping induced changes in the
chlorophyll of the maize crops and rubisco activity, thereby
enhancing its photosynthetic characteristics. However, these
changes in the chlorophyll, rubisco activity, and photosynthetic
activities of maize were more evident when intercropping was
practiced under nitrogen fertilization combined with foliar
application of iron. There could be several reasons for these
changes, (i) the complementary interactions of intercrops,
where one plant promotes the growth, survival, and fitness of
)

(ii) nitrogen fertilization, which is the key component of

its counterpart plant ( , ; ,

chlorophyll content, enzyme content, and enzymatic activity
), and (iii)
Fe foliation or its improved nutrition of the plant caused

of the plant leaves ( , ; >

by the underlying mechanisms in the intercropping system
helps improve the chlorophyll content and rubisco activity,
thereby promoting the photosynthesis of the plant (

). Similar

> > > > >


https://doi.org/10.3389/fpls.2022.988055
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

Nasar et al.

10.3389/fpls.2022.988055

- MM
-
A ss ™ B -
R ooy | 2! 7] v=oo0tse3x+2725
__50 i <34 R? = 2558
0 > n
£ < s ="
S5 £ 3.24
] n o
k] £ -] []
3 S 3.0
(% 40 o . ] »Q
= z 2.84 °
5 3 .
% - agf:;':sz:o-“ = 264 Y=0.01785"X+ 2.538
: R?=0.3132
10 24 T v J
0 10 20 30 0 10 20 30
2 o1
Pn (umol CO, m2s™) Pn (pmol CO, m™ ™)
200 1801
¢ Y = 7.568"X -51.08 D Y =3.788*X+ 60.25
R2=0.9313 R?=0.7109
160
150
@ 3
- 8 < 1401
B >
wo °
2 E 100 £a
£ - S o120
5 [C]
£
2 1004 Y = 0.5631°X+ 94.34
2=
L4 Y = 4.475°X-13.74 R?=0.08285
R2=0.7100 80
0 10 20 30
0 10 20 30 Pn (pmol CO, m2s™)
Pn (pmol CO, m2s™)
E o2
Y =0.003516*X + 0.06892
R?=0.3567 L
0.20 -
2 a v
: .3
go 015 /
o °
g3 I
@ o010
3
©
0.05 ¥ = 0.005573*X+ 0.04610
R?=0.5235
0.
0 10 20 30
Pn (pmol CO, m28™)
FIGURE 6

Regression analysis of the photosynthetic rate with chlorophyll (Chl) (A), leaf N content (B), PNUE (C), grain yield (D), and biomass yield (E) of
the maize crops of maize during mono-cropping and intercropping. MM, maize mono-cropping; IM, maize intercropping.

results were also reported in maize-alfalfa intercropping
(Ning et al., 2018, Nasar et al., 2020a)
intercropping (Jiao et al., 2013).

and  maize-peanut

It is also well known that different leaf characteristics
of the plant are the main contributing factors affecting the
chlorophyll and photosynthetic characteristics (Zhang et al,
2016; Zhu et al,, 2018). Among the traits, the specific leaf area
plays a significant role in the improvement of chlorophyll and
photosynthesis (Zhang Y. et al,, 2017). However, the leaf N
content, leaf N5, and Nyrea contribute to the improvement
of plant leaf N content, thereby enhancing its PNUE (Da-
yong et al, 2012). In this study, we found that intercropping
significantly improved the different leaf characteristics, such as
the number of leaves, leaf area, leaf dry mass, leaf N content,
and Nyre, of the maize crops, as compared to monocropping.
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However, these indices were more pronounced under nitrogen
fertilization combined with foliar application of iron. This might
be attributed to the soybean facilitating the translocation of
the fixed N and other nutrients to their corresponding maize
crops during intercropping (Shao et al., 2020). In addition, such
a phenomenon could be ascribed to the productive utilization
of the available natural resources (i.e., water, light, nutrients,
and land) (Latati et al., 2016; Gitari et al., 2020; Nasar et al,,
2020b; Raza et al,, 2021). Also, nitrogen and iron are the two
important elements known for their major role in plant growth
and development; thus, their application could further improve
the leaf characteristics of maize (Nasar and Shah, 2017; Hu et al,,
2018). Moreover, the improved leaf N content, leaf Ny, and
Narea resulted in an improved PNUE of maize crops during
intercropping (Zhang et al., 2014; Nasar et al., 2021). Consistent
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with our findings, several other studies have shown similar
results in different cereal-legumes intercropping (Zhang et al,,
2014; Raza et al., 2019b; Nasar et al., 2020a, 2021). Furthermore,
the enzyme’s cofactor of plant leaves, such as rubisco enzyme,
NR, NiR, and GOGAT, are interrelated plant enzymes, which
potentially contributes to the plant photosynthetic activities
and nitrogen assimilation (i.e., uptake, translocation, and
utilization), thereby enhancing the plant leaf nutrient utilization
efficiency (PNUE) (Wang et al., 2012, 2017).

In this study, we found that intercropping increased the
rubisco activity and the nitrogen assimilatory enzyme activity,
such as NR, NiR, and GOGAT of the maize crops. The improved
rubisco activity in the intercropping system could be due to
the improved light conditions or strong light adaptability of
the intercropping system (Boussadia et al, 2010). However,
the changes in the nitrogen assimilatory enzymes might be
due to the underlying nutrient facilitation by the legume crops
to its corresponding cereal crops (Zhang H. et al, 2017) or
could be due to the root releasing chemicals or root exudation
(Thilakarathna et al, 2016). Nevertheless, these enzymatic
activities were more evident when intercropping was practiced
with nitrogen fertilization combined with foliar application of
iron. The increased nitrogen assimilatory enzymes such as NR,
NiR, and GOGAT activity in the intercropping system resulted
in an improved PNUE of the maize crops (Vaguseviciené et al.,
2013). These results are also consistent with the findings of
Jiao et al. (2013) who stated that maize-peanut intercropping
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showed improved efficiency of photosynthetic activities, PNUE,
and yield in maize crops under adequate nitrogen fertilization.
In another maize—peanut intercropping study, it was shown
that intercropping under appropriate nitrogen fertilization
improved the Pn and PNUE, thereby enhancing the maize yield
(Zhu et al., 2018).

Plant soluble sugar and starch content are important
indicators describing the physiological behavior of plants
(Oliveira et al, 2022). Any changes in such components
in a plant can bring changes in the physiological and
morphological indices (Qi et al, 2021). In this study,
we found that intercropping significantly improved the
plant’s soluble sugar content, but reduced its starch content.
However, the improvement in sugar content was more evident
when intercropping was practiced with nitrogen fertilization
combined with foliar application of iron. The increased soluble
sugar content in maize leaves under intercropping was mainly
due to the changes in the photosynthetic efficiencies because
sugar is the resultant product of photosynthesis (Yoon et al,
2019). In the same way, nitrogen and iron are the two key
elements known for their involvement in the improvement
of chlorophyll and photosynthesis efficiencies of the plant,
which results in increased sugar content in plant leaves (Ning
et al,, 2018; Karimi et al,, 2019). However, starch as a storage
carbohydrate an important indicator for plant growth does
not show any regulatory activities and can change in different
growth stages (Ning et al,, 2018). The decrease in starch content

frontiersin.org


https://doi.org/10.3389/fpls.2022.988055
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

Nasar et al. 10.3389/fpls.2022.988055
- MM
= M
A 14 B 165 - ”
Y = 0.002763*X + 0.6090 ¥=0.02413'X +7.143
| |
~ R?= 0.5859 H ~ 14 R?= 0.5548
< 1.2 o n
(2] n 5
2 ° 2 4.l
e 2 n
£ 1.0 £ e
| ] -
§ . S 104 ./{V'
[ ] = -
Z 0.3 Y = 0.004496*X + 0.5537 Fz-‘ . Y = 0.03923*X + 6.755
¢ o R%= 0.7678 84 ° R%= 0.7646
0 e 6 T T T 1
0 50 100 150 200 0 50 100 150 200
PNUE PNUE
140,

¢ Y =0.1911°X + 75.52

"o R?= 0.4848

o 1204 .

z .

>

£ 1004 L] | °

S [}

'E °

3 g0l . Y = 0.4029*X + 65.87

8 R2= 0.8322

60 T T T 1
0 50 100 150 200
PNUE
FIGURE 8

Regression analysis of the photosynthetic nitrogen use efficiency with NR activity (A), NiR activity (B), and GOGAT activity (C) of maize leaf
during mono-cropping and intercropping. MM, maize mono-cropping; IM, maize intercropping; PNUE, photosynthetic nitrogen use efficiency;

NR, nitrate reductase; NiR, nitrite reductase; GOGAT, glutamate synthase.

might be due to the starch synthesis competition with sucrose
synthesis for Triose-Pi, which is a shared substrate for the
two biochemical reactions (Stitt and Zeeman, 2012). Similar
findings were observed in a maize-soybean intercropping
system, where intercropping increased the soluble sugars
compared to monocropping (Liu et al,, 2017). It has also been
shown that the combined application of nitrogen and iron
can significantly increase the soluble sugar content in plant
leaves but reduce the starch content (Karimi et al.,, 2019), which
confirmed our results.

Taken together, our findings suggest that maize-soybean
intercropping under optimal fertilization can improve the
chlorophyll, photosynthetic activities, and associated enzymes,
thereby enhancing the growth, yield, and PNUE of the maize
crops. However, future research is still needed to explore
more of the facts about the photosynthetic nitrogen use
efficiency, particularly under the intercropping system. It will
be more interesting to see the effect of nitrogen fertilization
coupled with foliar application of iron and molybdenum on
the photosynthetic activities and PNUE of the plants under
intercropping given that both iron and molybdenum are
well known for their role in photosynthetic and nitrogen
metabolisms pathways. Moreover, it could also be much
better to explore the key genes related to the photosynthetic
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activities and nitrogen assimilation pathways within the
intercropping system.

Conclusion

The indicated that

significantly enhanced the physio-agronomic indices as

current findings intercropping
compared to monocropping. However, these indices were
pronounced when intercropping was practiced with nitrogen
fertilization combined with foliar application of iron. Moreover,
intercropping under the same fertilization regimes improves
the chlorophyll content, photosynthetic activities, its related
leaf traits, and enzymatic activities. Furthermore, intercropping
increased the enzymatic activities of nitrogen metabolism
in maize crops, particularly under nitrogen fertilization
combined with foliar application of iron. Such improvement
of photosynthetic activities and enzymatic activities of maize
crops coupled with fertilizer application resulted in improved
photosynthetic nitrogen use efficiency and soluble sugar
content, which eventually lead to better growth and higher yield
in intercropping than monocropping. Thus, this suggests that
intercropping under optimal nitrogen fertilization coupled with
the iron foliar application could be vital for improving the leaf

frontiersin.org


https://doi.org/10.3389/fpls.2022.988055
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

Nasar et al.

chlorophyll, photosynthetic characteristics, its related enzymes,
nitrogen use efficiency, and crops yield.
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