
SCIENCE CHINA 
Life Sciences 

© The Author(s) 2013. This article is published with open access at Springerlink.com life.scichina.com   www.springer.com/scp 

                  
*Corresponding author (email: lilong@cau.edu.cn) 

• RESEARCH  PAPER • September 2013  Vol.56  No.9: 823–834 

Progress of Projects Supported by NSFC doi: 10.1007/s11427-013-4524-y  

Maize grain concentrations and above-ground shoot acquisition of 
micronutrients as affected by intercropping with turnip, faba bean, 

chickpea, and soybean 

XIA HaiYong1, ZHAO JianHua2, SUN JianHao2, XUE YanFang1, EAGLING Tristan3, 
BAO XingGuo2, ZHANG FuSuo1 & LI Long1* 

1Key Laboratory of Plant-Soil Interactions, Ministry of Education; College of Resources and Environmental Sciences, Center for Resources, 
Environment and Food Security, China Agricultural University, Beijing 100193, China; 

2Institute of Soils, Fertilizers and Water-Saving Agriculture, Gansu Academy of Agricultural Sciences, Lanzhou 730070, China; 
3Rothamsted Research, Harpenden, Hertfordshire AL5 2JQ, UK 

Received January 15, 2013; accepted May 7, 2013; published online July 26, 2013 

 

Most research on micronutrients in maize has focused on maize grown as a monocrop. The aim of this study was to determine 
the effects of intercropping on the concentrations of micronutrients in maize grain and their acquisition via the shoot. We con-
ducted field experiments to investigate the effects of intercropping with turnip (Brassica campestris L.), faba bean (Vicia faba 
L.), chickpea (Cicer arietinum L.), and soybean (Glycine max L.) on the iron (Fe), manganese (Mn), copper (Cu) and zinc (Zn) 
concentrations in the grain and their acquisition via the above-ground shoots of maize (Zea mays L.). Compared with mono-
cropped maize grain, the grain of maize intercropped with legumes showed lower concentrations of Fe, Mn, Cu, and Zn and 
lower values of their corresponding harvest indexes. The micronutrient concentrations and harvest indexes in grain of maize 
intercropped with turnip were the same as those in monocropped maize grain. Intercropping stimulated the above-ground 
maize shoot acquisition of Fe, Mn, Cu and Zn, when averaged over different phosphorus (P) application rates. To our 
knowledge, this is the first report on the effects of intercropping on micronutrient concentrations in maize grain and on micro-
nutrients acquisition via maize shoots (straw+grain). The maize grain Fe and Cu concentrations, but not Mn and Zn concentra-
tions, were negatively correlated with maize grain yields. The concentrations of Fe, Mn, Cu, and Zn in maize grain were posi-
tively correlated with their corresponding harvest indexes. The decreased Fe, Mn, Cu, and Zn concentrations in grain of maize 
intercropped with legumes were attributed to reduced translocation of Fe, Mn, Cu, and Zn from vegetative tissues to grains. 
This may also be related to the delayed senescence of maize plants intercropped with legumes. We conclude that turnip/maize 
intercropping is beneficial to obtain high maize grain yield without decreased concentrations of Fe, Mn, Cu, and Zn in the 
grain. Further research is required to clarify the mechanisms underlying the changes in micronutrient concentrations in grain of 
intercropped maize. 
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Intercropping, which is the cultivation of two or more crops 
on a single piece of land, has many advantages over mono-

cropping. It can increase yields, has fewer negative effects 
on the environment, and is more ecologically sustainable [1]. 
Maize-based intercropping, especially with legumes, is 
predominant among intercropping systems. This cultivation 
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practice is widespread in India, Southeast Asia, Latin 
America, Africa, and China [2]. The most significant bene-
fits of maize-based intercropping are increased yields of 
maize. This may result from direct or indirect growth pro-
motion by legumes or other crops, or from interspecific 
temporal and spatial niche complementarities. For example, 
legumes can directly facilitate nitrogen (N) or phosphorus 
(P) uptake by maize [3,4]. Beneficial microorganisms can 
also mobilize nutrients and indirectly facilitate their uptake 
by maize [3]. Maize can also capture more solar radiation 
and water and nutrient resources through interspecific dif-
ferences in above-ground plant height, belowground rooting 
depth, or seasonality (cool/warm) [4]. 

As a strategy-II plant, maize can secrete low-molecular- 
mass secondary amino acids (mugineic acids) known as 
‘phytosiderophores’ from its roots. These substances chelate 
sparingly soluble iron (Fe) for absorption and use [5]. Con-
sequently, intercropping of maize and legumes on neutral or 
alkaline soils could ease Fe uptake to correct Fe deficiencies 
and increase the concentration of Fe in legume seeds [6]. 
However, few studies have focused on the acquisition of 
micronutrients by above-ground plant parts, or on the con-
centrations of micronutrients in grain of intercropped maize. 
Very recently, there has been some research on maize inter-
cropping for bioremediation of heavy metal-contaminated 
soils, since maize is a hyperaccumulator of such metals [7]. 

Maize is a staple crop in many parts of the world, and is 
often targeted for micronutrient ‘biofortification’. The three 
micronutrients most often lacking from human diets and 
necessary for maize growth are Fe, zinc (Zn), and copper 
(Cu) [8]. Research on maize biofortification has included 
conventional breeding and genetic modification [9] or 
agronomy practices [10], but all of these strategies have 
focused on maize cultivated as a monoculture. Fe and Zn 
remain the most studied micronutrients in terms of bioforti-
fication, while only limited research has been conducted on 
Cu. Manganese (Mn) is one of the eight trace elements es-
sential for higher plants, but only a few studies have fo-
cused on Mn biofortification of maize [8]. 

The three most important factors for a successful biofor-
tification strategy are high concentrations of the micronu-
trient(s) in the edible part of the crop, high yield, and high 
profitability [11]. Water regimes (pre-anthesis drought vs. 
irrigation throughout the vegetation cycle) did not affect the 
mineral composition of tropical maize grain. Application of 
N fertilizer increased the concentration of Mn in the grain, 
but the higher grain yield resulting from N fertilization re-
sulted in a grain Zn ‘dilution’ effect [10]. Increasing N sup-
ply significantly improved the yield but had little effect on 
the grain Zn concentration in maize [12]. In addition, mod-
ern maize varieties with higher yields tend to contain lower 
concentrations of micronutrients in the grain, compared 
with those in grain of the lower-yield conventional varieties 
[10]. 

It is, therefore, important to know whether intercropping 

could be an effective agronomy practice to enhance or 
maintain concentrations of Fe, Mn, Cu, and Zn in the maize 
grain, alongside the higher yields of intercropped maize, or 
whether there will be a ‘dilution’ effect as reported in stud-
ies on monocultured maize [10]. In addition, continuous P 
application over recent decades has led to a cumulative sur-
plus of P in croplands. For example, the average Olsen-P 
has increased from 7.4 to 24.7 mg kg–1 during the last 30 
years in China [13]. This situation threatens both the quality 
of the environment and food security because of over-  
fertilization and limited reserves of phosphate rock [14]. 
Complex interactions of P with Fe, Mn, Cu, and especially 
Zn have been studied since the 1960s, using various crops 
cultivated under different systems [15]. P application can 
negatively affect grain Zn concentration in cereal crops 
[16]. 

The objective of this research was to analyze the effects 
of intercropping on the micronutrient concentrations in 
maize tissues. We intercropped maize with faba bean, 
chickpea, soybean, and turnip and analyzed the concentra-
tions of Fe, Mn, Cu, and Zn in above-ground maize grain 
and straw). Also, to determine the effects of P on these in-
teractions, we applied P at different rates to the various 
monocropping and intercropping systems. The four maize- 
based intercropping systems tested in this study are wide-
spread and produce high crop yields in irrigated areas of 
temperate zones in northwestern China. This intercrop-
ping-rich part of China generally has only one relatively 
short cropping season each year because of temperature 
limitation. 

1  Materials and methods 

1.1  Field location 

The field experiment was conducted in 2010 at Baiyun Ex-
perimental Station, Institute of Soils, Fertilizers and Wa-
ter-Saving Agriculture, Gansu Academy of Agricultural 
Sciences, Gansu Province, China. Baiyun Experimental 
Station (38°37′N, 102°40′E) is located 15 km north of 
Wuwei City, Gansu Province, at 1504 m above sea level. 
The annual mean temperature is 7.7C. The accumulated 
temperatures above 0C and 10C are 3646C and 3149C, 
respectively. The frost-free period is 170–180 d. Total solar 
radiation is 5988 MJ m–2 a–1, annual precipitation is 150 mm, 
and potential evaporation is 2021 mm. The area is classified 
as having a typical arid climate and the soil at the site is 
classified as Aridisol (serozem). 

1.2  Experimental design 

We used a split-plot design with three replicates. The main 
plot treatments comprised three P application rates (0, 40, or 
80 kg P hm–2, applied as triple superphosphate) and the 
split-plot treatments consisted of nine cropping systems: 
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maize (Zea mays L.) intercropping with turnip (Brassica 
campestris L.), faba bean (Vicia faba L.), chickpea (Cicer 
arietinum L.), or soybean (Glycine max L.), and corre-
sponding monocultures of each crop. 

Plants in all intercropping and monocropping plots were 
grown in an east-west row orientation. The area of the indi-
vidual plots was 4.0 m×5.5 m for monocropped maize, tur-
nip, faba bean, chickpea, and soybean, and 5.6 m×5.5 m for 
the intercropping systems (Figure 1). Each intercropped plot 
consisted of four strips, each 1.4-m wide. Two rows of 
maize alternated with three rows of legumes or turnip were 
planted in each strip; the inter-row distance was 40 cm for 
monocropped and intercropped maize and 20 cm for mono-
cropped and intercropped legumes or turnip. There was a 
30-cm gap between maize rows and associated crop rows in 
the intercropping systems. Theoretically, the row design of 
the intercropping system resulted in two maize rows occu-
pying 80 cm of the 140-cm wide strip, and the three rows of 
the companion crop occupying 60 cm. The inter-plant dis-
tance was 20 cm for maize and legume species. Turnip was 
planted by broadcast sowing in each row. The spacing was 
specifically designed to represent typical intercropping 
practices in the region. Maize rows occupied 80/140=57% 
of the intercropped area and the companion rows occupied 
60/140=43%. To compare intercropped with monocropped 
plants, the density of maize or other crops in the inter-
cropped plots was designed to be equal to that in the mono-
culture, based on the per unit of sown row area for maize or 
the companion crop. The experiment had a replacement 
design where the sum of relative sowing densities of the two 
species (sowing density in intercrop/sowing density in 
monocrop) was equal to one. 

Nitrogen fertilizer was applied at an identical rate (112.5 
kg hm–2 as urea) to all legume species and turnip. This 
amount was 50% of that applied to maize. No potassium (K) 
or organic manure was applied to any crop. All the P ferti-
lizer and 112.5 kg hm–2 of the N fertilizer were evenly  

broadcasted and incorporated into the upper 20 cm of the 
soil prior to sowing. The other half of the N fertilizer for 
maize was divided into two portions and applied by 
top-dressing along with irrigation at the maize stem elonga-
tion stage and the pre-tasseling stage. All plots were irri-
gated adequately and all plants were weeded manually dur-
ing the growing season. No fungicides were applied to  
either crop. At the peak flowering stage, omethoate (2-di- 
methoxyphosphinoylthio-N-methylacetamide; Dazhou Xing- 
long Chemical Co., Ltd., Dazhou, China) was used as a fo-
liar spray to control aphids on faba bean. 

The sowing dates were March 28 for faba bean, chickpea, 
and turnip and April 26 for maize and soybean. The harvest 
dates were June 28 for turnip when maize was at the elon-
gation stage, July 28 for faba bean and chickpea when 
maize was at the tasseling stage, August 31 for soybean 
when maize was at the grain-filling stage, and October 5 for 
maize. The maize harvest date was almost 3 months after 
the harvest date for turnip, 2 months later than those for 
faba bean and chickpea, and 1 month later than that of soy-
bean. 

1.3  Sample preparation and micronutrient analysis 

Grain and straw yields of intercropped and monocropped 
maize at maturity were measured by harvesting one inter-
cropping strip from each intercropping plot and two adja-
cent rows of maize from each monoculture plot. After har-
vesting, maize straw and grain samples threshed by hand 
were dried at 65–70C for 72 h after being washed rapidly 
with deionized water. Plant samples were ground with a 
stainless steel grinder (Model HY-04B, Beijing Xinhuanya, 
China) and subsamples were digested with HNO3:H2O2   
(6 mL:2 mL) in a microwave accelerated reaction system 
(CEM Corp., Matthews, NC, USA). The concentrations of 
Fe, Mn, Cu, and Zn in the digested solutions were deter-
mined by inductively coupled plasma atomic emission  

 

 
Figure 1  Diagram of strip intercropping field experiment. 
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spectroscopy (ICP-AES; OPTIMA 3300 DV, Perkin-Elmer, 
Norwalk, CT, USA). Blanks and international certified ref-
erence materials (IPE556 for grain and IPE883 for straw, 
Wageningen University, The Netherlands) were used in 
each batch of digestions to ensure analytical quality. 

1.4  Statistical analysis 

Data from the split-plot design experiment were subjected 
to analysis of variance (ANOVA) using SAS for Windows 
ver. 8 and mean values (n=3) were compared using the least 
significant difference (LSD) test at the 5% level. Linear 
regressions and Pearson correlations were used to analyze 
the relationships between maize grain Fe, Mn, Cu, Zn con-
centrations and grain yields or harvest indexes. All figures 
were drawn using SigmaPlot v. 10.0 (Systat Software Inc., 
San Jose, CA, USA). 

2  Results 

2.1  Maize grain Fe, Mn, Cu, and Zn concentrations 

The maize grain Mn concentration was higher in the 80 kg 
P hm–2 treatment than in the 0 kg P hm–2 treatment, aver-
aged over monoculture and intercropping systems (Figure 
2). Compared with the Fe concentration in monocropped 
maize grain, Fe concentration in intercropped maize grain 
was not significantly lower, except for maize intercropped 
with faba bean or soybean in the 80 kg P hm–2 treatment 
(Figure 2). Under all P treatments, Mn and Cu concentra-
tions were significantly lower in grain of maize inter-
cropped with faba bean, chickpea, and soybean than in grain 
of monocropped maize, except for the Mn concentration in 
maize intercropped with chickpea in the 80 kg P hm–2 treat-
ment (Figure 2). Compared with that in monocropped   

 

 

Figure 2  Concentrations of Fe, Mn, Cu, and Zn in grain of monocropped and intercropped maize under different P application rates. Different capital let-
ters indicate significant differences (at LSD0.05) among different P application rates. Different lowercase letters indicate significant differences (at LSD0.05) 
among different cropping systems under the same P application rate. F/M-M, C/M-M, S/M-M, T/M-M, and MM indicate maize intercropped with faba bean, 
chickpea, soybean, and turnip, and monocropped maize, respectively. 
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maize grain, the Zn concentrations were lower in grain of 
maize intercropped with faba bean in all P treatments, with 
chickpea in the 0 and 40 kg P hm–2 treatments, and with 
soybean with no P application (Figure 2). Therefore, P ap-
plication alleviated the decrease in Zn concentration of 
maize intercropped with chickpea and soybean, compared 
with that in monocropped maize grain (Figure 2). Intercrop-
ping with turnip did not significantly affect the Fe, Mn, Cu, 
and Zn concentrations in maize grain, compared with those 
in monocropped maize grain (Figure 2). Averaged over the 
three P application rates, intercropping with faba bean, 
chickpea, and soybean significantly decreased the concen-
trations of Fe, Mn, Cu and Zn in maize grain, while inter-
cropping with turnip did not (Figure 2). 

2.2  Maize grain Fe, Mn, Cu, and Zn acquisition 

There were no significant differences in maize grain Fe, Mn, 
Cu, and Zn acquisition among the different P treatments, 
averaged over maize monocropping and intercropping sys-
tems (Figure 3). Irrespective of P application rates, the Fe 
contents in grain of maize intercropped with faba bean, 
chickpea, soybean, or turnip were less affected by inter-
cropping than by monocropping (Figure 3). The contents of 
both Mn and Zn in maize grain were increased by interspe-
cific interactions between maize and the three legumes in 
the 40 kg P hm–2 treatment (Figure 3). However, interspe-
cific interactions did not significantly affect the maize grain 
Mn and Zn contents in the 0 and 80 kg P hm–2 treatments,  

 
 

 

Figure 3  Grain Fe, Mn, Cu, and Zn acquisition of monocropped and intercropped maize under different P application rates. Different capital letters indi-
cate significant differences (at LSD0.05) among different P application rates. Different lowercase letters indicate significant differences (at LSD0.05) among 
different cropping systems under the same P application rate. F/M-M, C/M-M, S/M-M, T/M-M, and MM indicate maize intercropped with faba bean, chick-
pea, soybean, and turnip, and monocropped maize, respectively. 
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except for maize intercropped with soybean, which showed 
a significant increase in Zn content of the grain in the 80 kg 
P hm–2 treatment (Figure 3). Compared with that in grain of 
monocropped maize, the Cu contents in grain of maize in-
tercropped with three legumes were decreased when no P 
fertilizer was applied, but were less affected by interspecific 
interactions with other crops in the 40 and 80 kg P hm–2 
treatments (Figure 3). In contrast, the contents of Mn, Cu, 
and Zn in grain of maize intercropped with turnip were in-
creased in the 0 and 40 kg P hm–2 P treatments, but not in 
the 80 kg P hm–2 treatment (Figure 3). 

2.3  Maize above-ground shoot (grain+straw) Fe, Mn, 
Cu, and Zn acquisition 

There were no significant differences in Mn, Cu, and Zn 
contents in above-ground shoots among the different P ap-

plication rates (Figure 4). Only the Fe content was signifi-
cantly increased in the 40 kg P hm–2 treatment, compared 
with that in the 0 kg P hm–2 treatment, averaged over 
monocropped and intercropped systems (Figure 4). Aver-
aged over all P application rates, the Fe, Mn, Cu, and Zn 
contents in above-ground shoots of monocropped maize 
were generally lower than those of maize intercropped with 
turnip, which were also generally lower than those of maize 
intercropped with legume crops (Figure 4). The Fe and Cu 
contents in above-ground maize shoots were significantly 
enhanced by interspecific interactions with faba bean or 
soybean in the 80 kg P hm–2 treatment, but their contents 
were not affected by interspecific interactions in the 0 and 
40 kg P hm–2 treatments (Figure 4). The Mn contents in 
above-ground shoots of maize intercropped with chickpea 
were significantly higher than those in above-ground shoots 
of monocropped maize in the 80 kg P hm–2 treatment (Fig-  

 

 

Figure 4  Fe, Mn, Cu and Zn acquisition via above-ground maize shoots (straw+grain) under different P application rates. Different capital letters indicate 
significant differences (at LSD0.05) among different P application rates. Different lowercase letters indicate significant differences (at LSD0.05) among differ-
ent cropping systems under the same P application rate. F/M-M, C/M-M, S/M-M, T/M-M and MM indicate maize intercropped with faba bean, chickpea, 
soybean, and turnip, and monocropped maize, respectively. 
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ure 4). The Mn contents in above-ground shoots of maize 
intercropped with faba bean and soybean were greater than 
those in monocropped maize in the 40 and 80 kg P hm–2 
treatments, respectively (Figure 4). The Zn contents in 
above-ground parts of maize intercropped with faba bean 
and chickpea were higher than those in above-ground shoots 
of monocropped maize in the 0 and 40 kg P hm–2 treatments 
(Figure 4). There was a significant difference in Zn content 
in above-ground shoots between monocropped maize and 
maize intercropped with faba bean in the 80 kg P hm–2 
treatment (Figure 4). Compared with that in above-ground 
shoots of monocropped maize, the Zn contents in above- 
ground shoots of maize intercropped with soybean were 

enhanced in the 40 and 80 kg P hm–2 treatments (Figure 4). 

2.4  Maize grain harvest indexes  

We analyzed the maize grain harvest indexes (HIs) of Fe 
(FeHI), Mn (MnHI), Cu (CuHI) and Zn (ZnHI). There were 
no significant differences in maize grain FeHI, MnHI, CuHI 
and ZnHI among the different P treatments, averaged over 
monocropped and intercropped systems (Figure 5). Aver-
aged over all of the P treatments, grain MnHI, CuHI, and 
ZnHI of monocropped maize and grain FeHI, MnHI, CuHI 
and ZnHI of maize intercropped with turnip were higher 
than those of maize intercropped with legume crops (Figure   

 

 

Figure 5  Harvest indexes (HIs) of grain Fe, Mn, Cu, and Zn of monocropped and intercropped maize under different P application rates. Different capital 
letters indicate significant differences (at LSD0.05) among different P application rates. Different lowercase letters indicate significant differences (at LSD0.05) 
among different cropping systems under the same P application rate. F/M-M, C/M-M, S/M-M, T/M-M, and MM indicate maize intercropped with faba bean, 
chickpea, soybean, and turnip, and monocropped maize, respectively. 
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5). The FeHIs of maize intercropped with faba bean and 
soybean were significantly lower than that of monocropped 
maize in the 80 kg P hm–2 treatment (Figure 5). The MnHIs 
of maize intercropped with faba bean in the 40 and 80 kg P  
hm–2 treatments and chickpea in the 40 kg P hm–2 treatment 
were significantly lower than that of monocropped maize 
(Figure 5). The CuHIs of maize intercropped with faba bean 
in the 0 and 80 kg P hm–2 treatments, chickpea in the 0 kg P  
hm–2 treatment, and soybean in the 80 kg P hm–2 treatment 
were significantly decreased by interspecific interactions, 
compared with the CuHI of monocropped maize (Figure 5). 
The ZnHIs of maize intercropped with faba bean in the 40 
and 80 kg P hm–2 treatments, chickpea in the 0 kg P hm–2 
treatment, and soybean in the 80 kg P hm–2 treatment were 
also significantly decreased by interspecific interactions, 
compared with the ZnHI of monocropped maize (Figure 5). 
There were no significant differences in FeHI, MnHI, CuHI, 
and ZnHI between monocropped maize and maize inter-
cropped with turnip, except that the FeHI and CuHI of 
maize intercropped with turnip was significantly higher than 
those of monocropped maize in the 0 kg P hm–2 treatment 
(Figure 5). 

2.5  Relationships between maize grain Fe, Mn, Cu, 
and Zn concentrations and grain yields 

The grain yields of intercropped maize were greater than 
that of monocropped maize, but the concentrations of Fe, 
Mn, Cu, and Zn were lower in intercropped maize grain 
than in monocropped maize grain (Figures 2 and 6). Maize 
grain Fe and Cu concentrations showed significant negative 
linear correlations with grain yields, irrespective of P appli-
cation rates and cropping systems (Figure 6). 

2.6  Relationships between maize grain Fe, Mn, Cu, 
and Zn concentrations and harvest indexes  

There were significant positive linear correlations between 
maize grain Fe, Mn, Cu, Zn concentrations and their respec-
tive HIs (Figure 7). 

3  Discussion 

3.1  Effects of phosphorus application rate 

The results of this study show that the effects of P applica-
tion rates on the concentrations of Fe, Mn, Cu, and Zn in 
maize grain, on the acquisition of Fe, Mn, Cu, and Zn via 
maize grain and total above-ground shoot, and on their cor-
responding harvest indexes, were generally not significant 
(Figures 2–5). The different P application rates did not af-
fect maize grain yields significantly (data not shown). This 
may be because of a higher cumulative surplus of P in soils 
from previous over-fertilization by local farmers. 

 

Figure 6  Relationships between maize grain Fe, Mn, Cu, Zn concentra-
tions and maize grain yields. NS indicates not statistically significant; *, 
significant at P<0.05. 

3.2  Grain micronutrient ‘dilution’ may not be caused 
by higher grain yields 

Previous studies showed that intercropping of maize, espe-
cially with legumes, led to higher grain yields of maize 
compared with that of monocropped maize [4]. To our 
knowledge, this is the first report that grain of maize inter-
cropped with faba bean, chickpea, and soybean shows dra-
matically decreased Fe, Mn, Cu, and Zn concentrations 
(Figure 2). One reason for this may be that the higher yields 
of maize led to a ‘dilution’ effect on micronutrients in the 
grain. In a previous study, N fertilization led to higher 
maize grain yield, which had a dilution effect on grain Zn 
concentration [10]. In another study, multiple regression 
analyses showed that both increasing yield and harvest in-
dex were significant factors explaining the downward trend 
in wheat grain mineral concentrations [17]. Similarly, yield 
stimulation caused by rising CO2 led to a decrease in Zn 
concentration in wheat grain [18].  

In the present study, the maize grain harvest index was 
not affected by intercropping (data not shown). Pearson 
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Figure 7  Relationships between maize grain Fe, Mn, Cu, Zn concentrations and their corresponding HIs. NS indicates not statistically significant; *, sig-
nificant at P<0.05; ***, significant at P<0.001; ****, significant at P<0.0001. 

correlation analyses showed there were no significant cor-
relations between harvest indexes of grain yields and grain 
Fe, Mn, Cu, Zn concentrations (Table 1). Higher grain 
yields of maize were also not sufficient to explain the dilu-
tion of grain Fe, Mn, Cu, and Zn. There were significant 
negative linear correlations between maize grain yields and 
grain Fe or Cu concentrations, but the negative correlations 
between maize grain yields and Mn and Zn concentrations 
were not significant (Figure 5, Table 1). Therefore, the ‘di-
lution’ effect caused by higher grain yields did not appear to 
be responsible for the reduction in maize grain Mn and Zn 
concentrations. In a previous study, N application increased 
the maize grain Mn concentration [10]. Another study 
showed that increasing the N supply significantly improved 

yield, but it had little effect on maize grain Zn concentration 
[12].  

Although the grain yield of maize intercropped with tur-
nip was greater than that of monocropped maize, it did not 
lead to a grain Fe, Mn, Cu, Zn ‘dilution’ effect; that is, the 
Fe, Mn, Cu, and Zn concentrations in grain of maize inter-
cropped with turnip were the same as those in monocropped 
maize grain (Figure 2). This phenomenon differed markedly 
from that observed in maize intercropped with legume crops. 
As shown in Figure 6, the data of maize intercropped with 
turnip deviated widely from data of maize intercropped with 
legumes; this resulted in insignificant negative linear corre-
lations between maize grain yields and grain Mn or Zn 
concentrations. If the data from maize intercropped with 
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Table 1  Pearson correlations between maize grain Fe, Mn, Cu, and Zn concentrations and grain yields or harvest indexes (HIs)a) 

Maize 
Grain yields 

Grain yields HIs of HIs of corresponding 

grain micronutrients excluding T/M-M grain yields Fe, Mn, Cu, or Zn 

Fe 0.610* 0.750** 0.195NS 0.549* 

Mn 0.458NS 0.751** 0.233NS 0.802*** 

Cu 0.629* 0.883*** 0.229NS 0.881**** 

Zn 0.424NS 0.722* 0.412NS 0.896**** 

a) T/M-M, maize intercropped with turnip; NS, not statistically significant; *, significant at P<0.05; **, significant at P<0.01; ***, significant at P<0.001; 
****, significant at P<0.0001. 

turnip were excluded, the negative linear correlations be-
came significant (Table 1).  

3.3  Lower concentrations of micronutrients in inter-
cropped maize were due to lower micronutrient harvest 
indexes and delayed maize senescence 

There were similar trends in maize grain Fe, Mn, Cu, and 
Zn concentrations (Figure 2) and their corresponding har-
vest indexes (Figure 5). This indicated that grain Mn, Cu, 
and Zn concentrations and their corresponding HIs of maize 
intercropped with faba bean, chickpea, and soybean were 
generally lower than those of monocropped maize and 
maize intercropped with turnip, irrespective of the P appli-
cation rate. Compared with the correlations between grain 
Fe, Mn, Cu, and Zn concentrations and grain yields, grain 
Fe, Mn, Cu, and Zn concentrations were more significantly 
and positively correlated with their corresponding harvest 
indexes (Table 1). 

There were no significant differences in HIs of grain 
yields between monocropped and intercropped maize. 
However, the Mn, Cu, and Zn HIs of maize intercropped 
with faba bean, chickpea, and soybean were lower than 
those of monocropped maize and maize intercropped with 
turnip (Figure 5). Thus, it is likely that the distribution or 
mobilization of Mn, Cu, and Zn from the vegetative tissue 
to the grain did not keep up with the distribution or translo-
cation of photosynthates in maize grown with faba bean, 
chickpea, and soybean. Research has shown that transloca-
tion or remobilization of micronutrients from vegetative 
tissues to the grain may play an important role in determin-
ing the concentrations of micronutrients in maize grain. For 
example, under high N and Zn application rates, about 60% 
of Zn and 40% of Fe initially stored in vegetative parts were 
remobilized to wheat grain. A high N application rate con-
tributed to uptake and remobilization of both Zn and Fe 
from wheat vegetative tissues under greenhouse conditions 
with sufficient irrigation and Zn supply [19]. Also, en-
hanced N supply increased grain Zn and Fe concentrations 
under field conditions [20]. There are several mechanisms 
that underlie the micronutrient ‘dilution’ effect. Because N 
and Zn are mainly located in the outer layers of maize ker-
nels, a higher proportion of endosperm to total grain weight 
explains the yield ‘dilution’ effect of grain weight [21]. In 

maize, the number of grains also contributes to yield ‘dilu-
tion’ effects. This is likely because a larger number of 
grains depend on the development of a larger proportion of 
distal grains, which typically have lower levels of minerals 
such as Zn [22]. In a previous study, grain weight and grain 
number showed significant negative linear correlations with 
grain Zn concentration [18]. Our results suggest that the 
decreased concentrations of Mn, Cu, Zn, and Fe in maize 
grain resulted from reduced translocation or remobilization 
of these micronutrients from straw to grain. This explana-
tion is more consistent with our results than is the ‘dilution’ 
effect caused by higher grain yield. 

Senescence induced Fe mobilization in source leaves of 
barley (Hordeum vulgare) [23]. The NAC gene product, 
which regulates senescence, was shown to increase grain 
protein, zinc, and iron concentrations in wheat, while a re-
duction in the transcript levels of multiple NAM homologs 
by RNA interference delayed senescence by more than three 
weeks and decreased concentrations of protein, Zn, and Fe 
in wheat grain by more than 30% [24]. Similarly, in our 
research, maize grain Fe, Mn, Cu, and Zn concentrations 
and their corresponding harvest indexes may be related to 
the initiation of senescence. At harvest, maize grown with 
faba bean, chickpea, and soybean had a larger portion of 
green leaves compared with that of monocropped and maize 
intercropped with turnip. The latter two maize crops 
reached senescence about one week earlier (Figure 8), and 
consequently showed higher grain Fe, Mn, Cu and Zn HIs 
than those of maize intercropped with legumes. This may 
explain the higher concentrations of Fe, Mn, Cu, and Zn in 
monocropped maize and maize intercropped with turnip, 
compared with those in maize intercropped with legumes. 
Consistent with our results, other studies also suggested that 
differences in micronutrient concentrations/bioavailability 
can be due to the environmental conditions from the flow-
ering to maturity stages, differences in the duration of the 
post-physiological maturity period during which the grain 
remains on the plant in the field, differences in genotypes, 
and/or differences in the harvest time [25,26]. Although 
appropriate N application may delay senescence [27], it can 
increase the maize grain Fe concentration [20]. The results 
of our research should be further verified under different 
conditions; for example, under different harvest times and 
different cropping seasons. There were higher contents of  
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Figure 8  Harvested above-ground shoots of maize grown under field 
conditions. Compared with maize intercropped with turnip and mono-
cropped maize, maize grown with faba bean, chickpea, and soybean ma-
tured later (visible as larger amounts of green leaves). MM, T/M-M, 
C/M-M, F/M-M, and S/M-M indicate monocropped maize and maize in-
tercropped with turnip, chickpea, faba bean, and soybean, respectively. 

Mn, Cu, Zn and Fe in the straw and lower translocation or 
remobilization ratios to grain in maize grown with legumes, 
compared with those in monocropped maize or maize inter-
cropped with turnip. The mechanisms underlying these 
physiological differences in nutrient accumulation and 
translocation should be explored in future research. 

3.4  Enhanced micronutrient acquisition by inter-
cropped maize and its possible mechanisms 

The concentrations of Fe, Mn, Cu, and Zn in grain of maize 
intercropped with faba bean, chickpea, and soybean were 
lower than those in grain of monocropped maize (Figure 2). 
However, the corresponding Fe, Mn, and Zn uptake by 
grain of intercropped maize with the legume species were 
not decreased, and even increased to some extent, when 
averaged over all P application rates (Figure 3). Maize in-
tercropped with legumes showed higher contents of Fe, Mn, 
Cu, and Zn in above-ground shoots, compared with those in 
above-ground shoots of monocropped maize, when aver-
aged over all P application rates (Figure 4). The Fe, Mn, Cu, 
and Zn contents in maize grain (Figure 3) and in the whole 
above-ground shoots of maize intercropped with turnip 
(Figure 4) were also higher than those in the respective tis-

sues of monocropped maize, when averaged over all P ap-
plication rates. 

There are two main reasons that may explain the in-
creased Fe, Mn, Cu, and Zn accumulation ability of inter-
cropped maize. One is that intercropping can enhance secre-
tion of acid phosphatase and organic acids from maize roots, 
and this may facilitate its absorption of soil micronutrients 
[4]. The other reason is that the longer life span and the 
larger space occupied by the roots of intercropped maize 
compared with those of monocropped maize may help in-
tercropped maize acquire adequate micronutrients [28]. The 
concentrations of heavy metals, especially Cr, were lower in 
intercropped maize grain than in monocropped maize grain 
[7]. This was consistent with our results for Fe, Mn, Cu, and 
Zn (Figure 2). For phytoremediation of heavy metal-   
contaminated soils, maize intercropping is a practical strat-
egy to obtain a crop that is safe for consumption [7]. For Fe, 
Mn, Cu, and Zn, intercropping of maize with faba bean, 
chickpea, and soybean may not be beneficial for ‘biofortifi-
cation’ of maize grain. In future research, it would be useful 
to evaluate which parts of the maize grain contain decreased 
concentrations of Fe, Mn, Cu, and Zn, and whether the bio-
availability and/or speciation of Fe, Mn, Cu, and Zn in 
maize grain is affected by intercropping. 

In the present study, different dates for sowing and har-
vesting were specified for the different crops, monocropped 
maize and maize intercropped with turnip, faba bean, 
chickpea, and soybean were sown on the same date and also 
harvested on the same date. Different types and varieties of 
companion crops with different sowing and harvest dates, 
may affect the micronutrient nutrition of maize. For exam-
ple, compared with the grain of monocropped maize, the 
grain of maize intercropped with legumes showed lower Fe, 
Mn, Cu, and Zn concentrations and lower corresponding 
harvest indexes, while those of maize intercropped with 
turnip were the same as those of monocropped maize. 

It was reported that growing maize alongside legumes on 
neutral and alkaline soils could facilitate Fe uptake to cor-
rect Fe deficiencies and increase the concentration of Fe in 
legume seeds [6]. The aim of this study was to investigate 
the effects of intercropping with different companion crops 
on maize grain Fe, Mn, Cu and Zn concentrations and cor-
responding above-ground shoot acquisition; therefore, we 
did not analyze the micronutrient concentrations in turnip, 
faba bean, chickpea, and soybean plants. In future research, 
it would be useful to analyze micronutrients in the compan-
ion crops as well as in the main crop. This would give a 
better understanding of the effects of intercropping on mi-
cronutrient nutrition of the whole cropping system. 
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