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Preface to “Management and Environmental

Factor Contributions to Maize Yield”

Agricultural production must increase substantially to meet the increasing per capita demand 
for food, feed, fuel, and fiber of a rising human census. The amount of arable land is limited due 
to soil type, weather, and ecosystem considerations; therefore it is necessary to increase yields on 
current fields. To obtain the greatest maize (Zea mays L.) yield, a farmer needs to nurture the crop as 
much as possible. Weather and nitrogen availability are well-known as two factors that normally have 
the greatest influence on maize yields and grain quality. Some management factors a producer may 
need to consider while growing a maize crop are mineral fertilization, genotype, plant population, 
and protection from insects and diseases. Additionally, there are numerous biological and chemical 
compounds that can stimulate plant growth, such as in-furrow mixes and foliar fungicides. Field 
management also plays a role in final grain yield, including crop rotation, tillage, soil pH and nutrient 
levels, weed control, and drainage.

This special issue highlights research that focuses on weather and other crop agronomic 
management factors and their relative independent and/or interactive influence on maize growth 
and yield. As maize is grown world-wide, this issue has contributions from Africa, Asia, and Europe, 
as well as North and South America. Global collaboration is essential for the most efficient progress 
towards the goal of sustainable increased agricultural production.

The editors wish to thank the contributors, reviewers, and the support of the Agronomy editorial 
staff, whose professionalism and dedication have made this issue possible.

Frederick E. Below, Juliann R. Seebauer

Special Issue Editors
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Weather During Key Growth Stages Explains Grain
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Abstract: Maize (Zea mays L.) grain yield and compositional quality are interrelated and are highly
influenced by environmental factors such as temperature, total precipitation, and soil water storage.
Our aim was to develop a regression model to account for this relationship among grain yield and
compositional quality traits across a large geographical region. Three key growth periods were used
to develop algorithms based on the week of emergence, the week of 50% silking, and the week
of maturity that enabled collection and modeling of the effect of weather and climatic variables
across the major maize growing region of the United States. Principal component analysis (PCA),
stepwise linear regression models, and hierarchical clustering analyses were used to evaluate the
multivariate relationship between weather, grain quality, and yield. Two PCAs were found that
could identify superior grain compositional quality as a result of ideal environmental factors as
opposed to low-yielding conditions. Above-average grain protein and oil levels were favored
by less nitrogen leaching during early vegetative growth and higher temperatures at flowering,
while greater oil than protein concentrations resulted from lower temperatures during flowering and
grain fill. Water availability during flowering and grain fill was highly explanatory of grain yield and
compositional quality.

Keywords: maize; grain quality; yield; climate; temperature; precipitation; data mining; principal
component analysis; crop models; corn

1. Introduction

Maize (Zea mays L.) is among the United States’ most valuable economic exports. In 2017,
the United States exported over $10.1 billion in maize alone [1]. Of all grains produced in the U.S.,
corn is the major feed grain and constitutes greater than 95% of feed grain production and use [2].
Given its frequent use as animal feed, exported maize grain quality is of utmost importance to
international buyers. Ideally, feed grain should have a relatively high protein concentration, should be
relatively free of broken kernels and foreign matter, and should have minimal levels of mycotoxins.
In response to the desires of their international stakeholders, the U.S. Grains Council has published a
short annual data summary report since 2011 [3]. However, these reports are typically not available
until a few months after the majority of the U.S. maize crop has been harvested. The ability to
predict maize grain quality prior to harvest would be of benefit to both international buyers and
domestic exporters. Furthermore, grain composition traits are known to be strongly intercorrelated and
responsive to weather conditions [4–6], but those relationships have not been explored on a multi-state
production basis. Rather, many models are state-specific [5,7]. This unique, comprehensive dataset,
when used in conjunction with weather, climatic, and yield databases, provides an opportunity to build
multivariate, multi-state predictive models which consider not just grain yield, but also grain quality.

Agronomy 2019, 9, 16; doi:10.3390/agronomy9010016 www.mdpi.com/journal/agronomy1
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Concurrent yield and compositional grain quality improvement has proven difficult in the past.
For the purposes of this study, we define compositional grain quality, or chemical compositional
quality, as maize grain having a superior concentration of protein and/or oil relative to other currently,
commercially produced, grain. Of the three main chemical components of maize grain, namely
starch, protein, and oil, starch is the most prevalent, with a typical range in values between 700
and 750 g/kg in the U.S. corn belt [3]. Maize yield, the trait which has traditionally been given the
utmost priority in U.S. corn production, is most closely related to the starch concentration [8]. Oil is a
valuable nutrient because of its relatively high energy density. Although previous studies, including
the Illinois Long Term Selection Experiments, have examined the potential for creating maize cultivars
with high concentrations of protein and oil, these studies have also shown that maize grain yield
decreases if the protein concentration is increased beyond approximately 110–120 g/kg, with efforts
to increase the grain oil concentration exhibiting a similar limitation [8–10]. Since only 14% of U.S.
maize is exported [3,11], grain composition traits often have been neglected in maize improvement
research [8,12]. The intercorrelated relationship among yield and these grain quality variables suggests
that any predictive models should use multivariate approaches to account for this relationship.

Final yield and grain quality in maize are a result of the interaction of genetic, environmental,
and agronomic management factors. Although the genotype has a large influence on final grain
composition [13], the temperature and available moisture throughout development, but especially
during key physiological growing periods, also plays a role. Specifically, this study focused on the
following three key periods: the three weeks following emergence (early growth), the week before to
two weeks after silking (flowering), and from five weeks after silking until physiological grain maturity
(grain fill). Early plant growth encompasses the time when the photosynthetic potential initiates and
the earshoot (panicle) is forming the ovules of the potential future grain [14]. A second critical growth
stage borders pollination, when temperature or water availability have a great influence on final
numbers of kernels per ear [15–17]. The third critical stage is when the grain is accumulating storage
materials, primarily starch and protein, which are sensitive to weather factors affecting photosynthesis,
including temperature and soil moisture [18–20].

Throughout the growing season, nitrogen (N) is necessary for optimum maize growth,
photosynthesis, grain formation and protein accumulation [21–25], and since maize plants require more N
than soils typically supply, it is common practice to apply nitrogen fertilizer. Nitrogen availability in the
soil, however, is dynamic, and varies due to many factors, including temperature and water status [26,27].

Additionally, due to different growing season lengths, planting dates, harvest dates, etc., these key
growth periods vary in time across the major corn-growing states. In the past, separate predictive
models have been built for each state, irrespective of the fact that seed companies market the same
hybrids in large, multi-state regions [28]. As such, knowledge of these critical growth periods, as a
function of emergence, silking, and maturity, could enable the construction of multi-state predictive
models for grain quality and yield.

The premise of this study is that while grain quality is of utmost importance to international
buyers, quality traits such as protein and oil composition are frequently secondary considerations in
domestic U.S. maize production. Subsequently, more research efforts have been devoted to the
development of predictive models for maize yield than for grain quality, and efforts to predict
grain quality and yield simultaneously are even more rare. However, the increasing willingness
of international buyers to pay a premium for improved grain quality, particularly higher protein
quality, suggests that grain composition should be a greater consideration in U.S. maize production.
The overall goal of this research was to identify general weather conditions during key points in the
maize growing season which influence grain quality. To accomplish this on a multi-state basis, a new
standardization technique was developed to quantitatively define weather conditions during the early
vegetative, flowering, and grain fill stages. Principal component analysis (PCA) was conducted to
understand the multivariate relationship in grain composition variables. These standardized weather
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variables and PCAs, along with yield, were then employed in predictive models to delineate the most
important weather factors that influence grain quality and yield simultaneously.

2. Materials and Methods

2.1. Data Compilation

From 2011 to 2017, a random set of grain elevators which were geographically representative
of the maize grain exported from the United States each year were selected for grain composition
analyses. Each elevator randomly sampled incoming truckloads, noted the location of origin, and sent
1100 g samples to the Illinois Crop Improvement Association’s Identity Preserved Grain Laboratory
(IPG Lab) in Champaign, Illinois, U.S.A. After arriving, samples were dried to a suitable moisture
content, if needed, and analyzed for grain compositional characteristics by near infrared transmission
(NIT) (Infratrec 1241; Foss, Hillerod, Denmark) and reported on a dry basis [29]. Test weight was also
determined as a measure of grain weight per standardized volume [29]. There were 2654 samples
total, comprised of 360, 160, 132, 629, 527, 624, and 222 samples from 2011, 2012, 2013, 2014, 2015, 2016,
and 2017, respectively (Figure S1). Yield data (15.5% moisture) by county of origin was collected from
USDA NASS [30].

Latitude and longitude coordinates for the centroid of each county of sample origin were
calculated using the coordinate data provided in the R maps package [31]. The code for this data
collection step can be found in the Supplementary Materials. The county centroid latitude and
longitude coordinates were submitted to the Nutrient Star TED Framework Tool [32]. This returned
information regarding the soil water storage (SWS), the aridity index (AI), and the typical number
of growing degree days (GDD) accumulated in a region. Briefly, each of these climatic variables are
ordinal in nature. The SWS has 7 classes ranging from 0–50 mm to greater than 300 mm by increasing
intervals of 50 mm. The greater the value for SWS, the greater the soil water storage capacity of the
soil. The AI is a unitless index calculated as a function of the ratio of typical annual precipitation to
evapotranspiration. It has 10 classes ranging from 0–2695 to greater than 12,877, with a smaller value
indicating a more arid environment. Lastly, GDD is the typical annual growing degree days (sum
of daily mean temperature above 0 ◦C) recorded for a region. It has 10 classes ranging from 0–2670
units to greater than 9851 units. The SWS, AI, and GDD were recorded for the county centroid GPS
coordinate. Typically, the TED framework tool returned three sets of SWS, AI, and GDD values per
county centroid. Since each ordinal class consists of a range of values, the median of these values
was recorded for each of these variables (e.g., the first class for SWS, that being 0–50 mm, was given
a median value of 25 mm). The modes of the SWS, AI, and GDD median values were recorded by
county, and these are the values that were used in the linear regression models.

The week of maize emergence, week of silking, and week of maturity for each growing season
were obtained from USDA NASS [30]. These weeks were defined as follows. The week of emergence
was recorded as the week of the year at which a given geographical location [state or Agricultural
Statistics District (ASD) [33] first exceeded 50% corn emergence. Likewise, the week of silking and
week of maturity were recorded as the week of the year in which 50% of the fields sampled in a
geographic area first exceeded 50% silking or full maturity, respectively. For the states of Iowa,
Kansas, Kentucky, Minnesota, Missouri, Nebraska, North Dakota, South Dakota, and Wisconsin,
these dates were recorded by state. The great difference in climatic conditions in the northern versus
southern counties of Illinois and Indiana dictated that these dates be recorded for individual ASDs.
These data were available by ASD for Illinois, but it was necessary to interpolate the emergence, silking,
and maturity dates for Indiana using the following algorithm. Sections of Indiana were broken into
three latitudes: northern (ASDs 10, 20, and 30), central (ASDs 40, 50, and 60), and southern (ASDs 70,
80, and 90) [34]. If ASDs occurred in the same latitude group, they were given the same emergence,
silking, and maturity dates. The northern region of Indiana was assigned values based on the average
of Illinois ASDs 20 and 50. The central region of Indiana was assigned values based on the average
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of Illinois ASDs 50 and 70. Lastly, the southern region of Indiana was assigned values based on the
average of Illinois ASDs 70 and 90. In the case of a non-integer mean for the week of emergence,
silking, or maturity, the mean was truncated (e.g., a mean of 39.5 would be truncated to 39 weeks).
This process was repeated annually for years 2011 through 2017.

Three critical growth intervals were established: early growth, flowering, and grain fill:

EG ∈ [E, E + 3 weeks]

F ∈ [S − 1 week, S + 2 weeks]

GF ∈ [S + 5 weeks, M]

where EG is the set of dates contained within the early growth stage, F is the set of dates contained
within the flowering growth stage, and GF is the set of dates contained within the grain fill growth
stage. In the sets above, E is the week of emergence, S is the week of 50% silking, and M is the week
of maturity, as defined previously. By specifying the three critical growth periods this way, no dates
overlapped between the critical growth periods (e.g., if the week of 50% silking was recorded as the
30th week of the year, F would contain the weather information between the 29th and the 32nd weeks,
and GF would contain the weather information between the 35th week and the week of maturity.

For each county sampled, the total precipitation and the average mean temperature of each of the
three growth intervals as well as the average minimum temperature during grain fill were obtained
from the National Weather Service in Lincoln, IL (NWSLI) through the Midwestern Regional Climate
Center (MRCC) Application Tools Environment (cli-MATE) [35]. In the instance that data were not
available for a particular county, data from a neighboring county, preferably to the east or west and
no closer to a large body of water than the county of question, were used. In the case that data were
recorded for multiple locations within the same county, the median of the locations was used. In the
instance that the county information for a sample was unknown, the median of all the counties in the
same ASD was used to impute the weather data.

2.2. Correlation and Principal Component Analyses

Once the database was assembled, Pearson correlation coefficients between all response and between
all putative explanatory variables were calculated using PROC CORR of SAS (version 9.4; SAS Institute,
Inc. Cary, NC, USA). Since the correlation coefficients among the explanatory variables were very weak
in most cases, stepwise regression analyses were conducted as described below to account for the rare
correlation among explanatory variables. Given the large number of samples, the p-value associated
with the correlation coefficient is nearly meaningless (i.e., the power to detect even slight differences
from r = 0 is extraordinary). Thus, the following thresholds for the absolute value of the correlation
coefficient were used to describe the strength of the relationship between variables:

0.0 < |r|≤ 0.3 indicated a weak relationship

0.3 < |r|≤ 0.7 indicated a moderate relationship

0.7 < |r| ≤ 1.0 indicated a strong relationship

Values of |r| ≥ 0.5 indicated a potential multicollinearity issue may arise between two predictor
variables. This was also used as the threshold for inclusion in the PCA of the response variables.

The PCA of the response variables exhibiting |r| ≥ 0.5 was conducted using PROC PRINCOMP
of SAS (version 9.4). The PCAs were calculated based on the correlation matrix. Only PCAs with
eigenvalues greater than 1 were maintained [36]. The PCA scores were output using the Output
Delivery System (ODS) in SAS. The PCAs were interpreted based upon their vector loadings.
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2.3. Stepwise Linear Regression and Remedial Measures

Separate models were built for PCA1, PCA2, and yield. Each model was an additive multiple
regression model such that:

Yi = β0 +
p−1

∑
k=1

βkXik

where Xik is the kth weather or climatic predictor variable.
A total of p − 1 = 11 possible weather and climatic predictor variables potentially could have been

entered into the model, although one of these predictor variables is a covariate that was identified
through the PCA. This covariate is described in more detail in the results and discussion section.
A general description of all predictor variables is provided in Table 1.

Table 1. Description of weather and climatic predictor variables and their utilization in models.

Xik Acronym General Description
Models Where Included

PCA1 PCA2 Yield

Xi1 EGP The total precipitation during the early vegetative
growth stage in inches Y N Y

Xi2 EGT The average daily temperature during the early
vegetative growth stage in ◦F N N N

Xi3 FP The total precipitation during the flowering growth
stage in inches N Y Y

Xi4 FT The average daily temperature during flowering in ◦F Y Y Y

Xi5 GFP The total precipitation during grain fill in inches Y N Y

Xi6 GFT The average daily temperature during grain fill in ◦F Y Y Y

Xi7 GFMT The average minimum daily temperature during grain
fill in ◦F N Y Y

Xi8 SWS Soil water storage, more positive values indicate a
greater soil water storage capacity N Y Y

Xi9 AI
The aridity index, smaller values indicate a more arid
environment as a function of average annual
precipitation and rate of evapotranspiration

Y Y Y

Xi10 GDD The average growing degree days for an area N N N

Xi11 D

A qualitative covariate accounting for the greater
protein content typical of hybrids grown in the
Dakotas. This variable was assigned a value of 0 if the
sample in question came from either ND or SD and a
value of 1 otherwise.

Y Y Y

Stepwise selection methods were used to build all three models in PROC REG. An entry rate
of 0.10 and a retention rate of 0.15 were used. Added variable plots were used in remedial measure
analysis to ensure the addition of interaction terms was not warranted. Assumptions of normality
were validated using QQ-plots produced in the diagnostics output of PROC REG. Assumptions
of homogeneity of variance were validated by examining plots of the semi-studentized residuals
versus the predicted values and versus the individual regressors. In the case that an issue with
homogeneity of variance presented itself, iterative weighted least squares (WLS) regression was used
in order to estimate the regression parameter values. Iterative WLS was continued until additional
iterations converged to the same parameter estimates within 5% for each of the previous parameter
estimates. Extreme outliers were removed based on semi-studentized residual values and leverage
values and thresholds calculated in PROC REG. Extremely influential points, as measured by Cook’s
D, were removed.
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2.4. Cluster Analyses and Imputation Methods

Due to sampling limitations, particularly in the earlier years of the study, not all ASDs were
represented each year. However, as a result of the extremely different growing conditions encountered
from 2011 to 2017, not including all years was initially found to penalize some ASDs more than others.
In particular, ASDs that were able to produce enough grain to be sampled in adverse years, such as the
drought conditions encountered in 2012, were more heavily penalized than ASDs that were not able
to provide samples during such conditions. Thus, it was necessary to impute certain Year-by-ASD
combinations before clustering analyses could be conducted.

Imputation was completed as follows. Each Year-by-ASD combination that was not measured
by the U.S. Grains Council was recorded. A typical county from that ASD that had been sampled in
multiple other years in the U.S. Grains Council dataset was identified. Yield data (wet basis) from
these counties were recorded from USDA NASS [30]. The SWS, AI, and GDD values had already been
recorded for those counties in a different year, and these values were reused for the imputation dataset.
Emergence, silking, and maturity dates were available for all states and ASDs, as previously described,
and these dates were matched to the counties in the imputation set. The precipitation and temperature
data were recorded for these counties as previously described. Then, PCA1 and PCA2 scores were
calculated for each Year-by-ASD combination in the imputation set using the regression parameters
estimated from the stepwise multiple linear regression models.

The observed values from the U.S. Grains Council database and the imputed dataset were
combined. The LSMEAN PCA1, PCA2, and yield values were calculated by first using PROC MEANS
of SAS 9.4 to take the mean values of each of these response values for each Year-by-ASD combination
and then again using PROC MEANS to take the mean of the resulting values by ASD. As an example,

LSMEANPCA1, ASDj =
∑7

i=1 YYeari ,ASDj

7

where YYeari ,ASDj corresponds to the mean PCA1 value in the ith year and the jth ASD.
The LSMEANs were then standardized using PROC STDIZE of SAS (version 9.4).

The standardized values were used to conduct a hierarchical clustering analysis, this being a form of
machine learning which identifies groups based on their level of dissimilarity. The approach used is
a slight modification of the approach presented in Butts-Wilmsmeyer et al. [37]. Briefly, the cluster
analysis was conducted in PROC CLUSTER of SAS using Ward’s Minimum Variance Approach.
When Ward’s method is employed, the number of clusters selected is left to the discretion of the
scientist. The following two guidelines were used. First, the number of clusters selected corresponded
with an R2 value greater than 80%. Second, if a large increase in the between cluster sums of squares
occurred when two clusters were joined, then clustering ceased and the number of clusters used prior
to the large increase in the between cluster sums of squares was selected.

3. Results and Discussion

3.1. Correlation and Principal Component Analysis

A moderate correlation existed between the average flowering temperature and both of the
grain fill temperature variables, the minimum and average temperature during the grain fill period
being strongly correlated (Table 2). The GDD were correlated with the average temperature during
early vegetative growth (r = 0.52), the average temperature during grain fill (r = 0.70), and the
minimum temperature during grain fill (r = 0.69). The presence of correlated predictor variables, while
somewhat infrequent, suggested that multicollinearity issues may arise. The use of PCAs as predictor

variables was considered, but only four of the possible

(
10
2

)
= 45 correlations exhibited values

above the threshold established as an indicator of multicollinearity. As such, it is not surprising that
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an exploratory PCA (results not shown) was only capable of reducing the number of explanatory
variables from ten to seven. Therefore, stepwise linear regression models were used to account for
the occasional intercorrelation between predictor variables, as previously described in the materials
and methods.

The starch concentration was negatively correlated with both the protein and oil concentrations,
with Pearson correlation coefficients of −0.54 and −0.60, respectively. Yield was not correlated with
any of the chemical composition traits above the established threshold, although it was moderately
negatively correlated with the protein concentration (r = −0.43; Table 3).

Correlations between test weight and the chemical composition variables, as well as between
test weight and yield, changed considerably depending on the year (Table S1). Given that these
correlations between test weight and the other response variables were not stable and that only 5.7% of
the samples had test weight values less than 69.9 kg/hL (56 lb/bushel), test weight was not included
in the subsequent analyses.

Table 2. Pearson correlation coefficients between weather and climate predictor variables. Correlations
which surpassed the threshold for multicollinearity concerns (|r| ≥ 0.50) are highlighted in orange.
Other correlations of moderate strength are shown in blue.

EGP † EGT FP FT GFP GFT GFMT SWS GDD AI

0.132 −0.175 −0.110 −0.019 −0.243 −0.193 0.006 −0.025 −0.004 EGP
−0.260 0.169 −0.058 0.221 0.213 −0.086 0.520 0.442 EGT

0.019 0.153 0.150 0.237 −0.060 −0.003 0.099 FP
−0.175 0.496 0.420 0.098 0.373 0.004 FT

0.084 0.203 0.024 0.049 0.207 GFP
0.953 0.029 0.701 0.261 GFT

0.001 0.693 0.346 GFMT
0.011 −0.178 SWS

0.479 GDD

† EGP, early growth precipitation; EGT, early growth temperature; FP, flowering period precipitation; FT, flowering
period daily average temperature; GFP, precipitation during grain fill; GFT, average temperature during grain fill;
GFMT, Average minimum temperature during grain fill; SWS, soil water storage capacity; GDD, average growing
degree days for an area; AI, aridity index.

Table 3. Pearson correlation coefficients between response variables. Correlations that surpassed the
threshold for inclusion in PCA (|r| ≥ 0.50) are highlighted in orange. Other correlations of moderate
strength are shown in blue.

Grain Concentration Test

Protein Starch Oil Weight PCA1 PCA2

Yield −0.431 0.063 0.248 0.176 −0.087 −0.488
Protein −0.544 −0.001 −0.018 NA† NA
Starch −0.599 0.176 NA NA

Oil −0.070 NA NA
Test Weight −0.126 0.034

PCA1 0.000
† NA, Not applicable.

The PCA indicated that greater than 93.6% of the variability in the chemical composition measures
could be explained using two PCAs, both of which had eigenvalues greater than 1. The vector
loadings for these PCAs can be found in Table S2. Generally, PCA1 can be described as a contrast
between the amount of protein and oil in a maize kernel in comparison to the starch concentration.
Furthermore, PCA2 can be described as a contrast between protein and oil concentration. Yield was not
correlated with PCA1, but the correlation between yield and PCA2 was moderate at r = −0.49 (Table 3).
These results suggested that these two PCAs might be capable of distinguishing the difference between
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higher protein concentration as a result better compositional quality versus as a result of reduced
starch deposition and lower yields.

When the starch-to-protein ratio was plotted by state (Figure S2), it was noted that both North
Dakota (ND) and South Dakota (SD) consistently had higher than average protein concentrations than
the other ten states included in the study. To adapt to an inherently shorter growing season than the
majority of the U.S. Corn Belt, the hybrids grown in the Dakotas purportedly were derived with a greater
proportion of flint germplasm [38]. Flint germplasm is characterized by early maturing hybrids which
are more resistant to the molds and adversely cooler temperatures encountered in the northern United
States, and it is also noted for its harder kernels in comparison to dent varieties [39]. Flint germplasm
has a higher ratio of horny to floury endosperm, and a higher protein concentration but less yield than
other germplasm sources, even under identical weather conditions [40–42]. To account for this genetic
difference between hybrids, a covariate was included in all stepwise models such that:

Xi11 =

{
0 if state ∈ D
1 otherwise

where D = {ND, SD}
Average yields, based on collected county information, were calculated for each of the seven

years included in the study (Table 4). Generally, 2014–2017 were high yielding years, with average
yields greater than 10.67 metric tons/hectare (170 bushels/acre) each. The year 2013 can be
characterized as moderate to moderately-high yielding, with an average yield of 10 metric tons/hectare
(159 bushels/acre). The year 2011 was less ideal, with severe flooding across much of the U.S. Corn
Belt during the early growing season and drought during flowering, but yields were still acceptable at
an average of 8.93 metric tons/hectare (142 bushels/acre). The year 2012, which was characterized
by prolonged drought and exceptionally high temperatures during much of the growing season, was
the worst yielding year among the seven years included in the study. The average yield in 2012 was
7.19 metric tons / hectare (114.5 bushels/acre), with some counties recording an average of 0 metric
tons / hectare yield to the USDA [30].

Table 4. Average maize grain chemical composition, PCA, and yield values between 2011 to 2017 for
U.S. Corn Belt samples with and without the Dakota states.

Grain Concentration

Year Protein Starch Oil PCA1 PCA2 Yield

————g/kg———— T/ha

All States Included

2011 87.2 734.7 36.7 −0.40 0.49 8.93
2012 94.4 731.6 37.5 0.42 1.03 7.19
2013 85.8 734.1 38.5 −0.17 0.03 10.00
2014 84.6 735.0 37.6 −0.43 0.07 10.86
2015 81.9 736.9 37.7 −0.75 −0.19 10.86
2016 85.7 724.7 40.4 0.84 −0.32 10.97
2017 86.2 723.2 41.2 1.09 −0.42 10.75

Excluding Dakotas

2011 86.8 734.8 36.8 −0.41 0.43 9.41
2012 94.3 731.6 37.5 0.41 1.01 7.46
2013 85.8 734.1 38.5 −0.17 0.03 10.00
2014 83.8 735.6 37.9 −0.50 −0.05 11.51
2015 81.0 737.4 37.8 −0.82 −0.29 11.00
2016 84.9 725.6 40.2 0.70 −0.36 11.22
2017 85.9 723.6 41.1 1.04 −0.43 11.45
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The years 2011 and 2012 were the two years studied which had the highest grain protein
concentration but reduced yields and grain starch deposition as a result of extremely adverse weather
conditions, especially during flowering [18,20]. The negative relationship between yield and protein
concentration in the adverse weather conditions did not extend to years characterized by moderate
or optimal weather conditions (2013–2017). Quite to the contrary, 2016 and 2017, both high-yielding
years, were also characterized by protein concentrations that were comparable to 2013, a moderate
year in terms of weather and, consequently, yield (Table 4). This observation remained true even after
accounting for the greater number of samples from the Dakotas in 2015–2017 as opposed to 2013 (data
not shown). Furthermore, the grain oil concentration was also relatively high in 2016 and 2017, but it
was at relatively similar levels in 2012, 2014, and 2015.

Collectively, these observations suggest that these two PCAs can be used as indices to distinguish
apparent improved chemical composition quality as a result of reduced yield and lower starch
deposition (unfavorable) from actual improved chemical composition in conjunction with higher
yields (favorable). Arithmetic means of the PCAs showed that positive mean values for PCA1 occurred
in 2012, 2016, and 2017, whereas positive mean values for PCA2 occurred in 2011–2013 (Table 4;
Figure 1). Four outliers from 2011 with extreme PCA2 values were discovered in the scatterplot and
were removed prior to stepwise regression analyses (Figure 1).

Figure 1. Scatterplot of PCAs by year. Different years are represented by different colors. Four outliers
were identified for removal based on the PCA, these being circled in red in the figure above. Years 2016
and 2017, represented by green and magenta points, respectively, were both high yielding years
characterized by higher protein and oil concentrations. These two years separate from the other
years in the scatterplot, suggesting that these two PCAs could be used to characterize improved
compositional grain quality and yield simultaneously.

3.2. Stepwise Regression with Weather and Climatic Variables

Linear regression models were fit for PCA1, PCA2, and yield. A summary of all variables included
in each of these three models can be found in Table 1. All three models included the covariate that
accounted for the protein-rich germplasm grown in the Dakotas, the AI, the average temperature at
flowering, and the average temperature during grain fill. None of the models included GDD or the
average temperature during early vegetative growth. It stands to reason that GDD would not likely be
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included in the regression models due to its collinearity with the average and minimum temperature
during grain fill, these latter variables often being included in the regression model. Given that the
covariate accounting for the Dakotas is somewhat correlated with the other weather and climatic
predictors, it was not interpreted in analyses below [43]. Rather, it is included in the model only to
improve the model’s predictive ability.

3.2.1. PCA1—High Grain Protein and Oil

More positive values of PCA1 were the result of higher protein and oil concentrations as opposed to
starch concentration, irrespective of whether that increase was due to actual grain quality improvement or
a reduced starch concentration and lower yields. More positive values of PCA1 are ideal if attempting to
determine which weather conditions lead to more favorable concentrations of protein and oil. The most
important predictor in explaining PCA1 was the total precipitation during early vegetative growth,
with a partial R2 of 5.1%. The addition of five other predictor variables, namely the average temperature
during flowering, the AI, the total precipitation during grain fill, the covariate accounting for the Dakotas,
and the average temperature during grain fill (in order of addition to the model using stepwise selection),
led to a final model R2 of 12.7%. Given that nothing is known of the specific production management
strategies employed or the specific hybrids used, this is a reasonably accurate model. Wet conditions
during early growth resulted in reduced PCA1 values, most likely due to nitrogen fertilizer leaching
or denitrification and a reduced grain protein concentration [44]. Hot mean temperatures during
flowering and grain fill as well as more arid climates resulted in more positive PCA1 values, likely
due to drought and heat stress reducing photosynthesis, resulting in reduced starch deposition [45–47].
However, PCA1 is a function of both protein and oil, and both of these constituents were found to be at
higher concentrations in the grain during favorable-yielding years. More positive values of PCA1 were
also observed when sufficient water was available during grain fill. Having an optimal balance of N
availability and photoassimilates in a non-water-limiting environment can lead to larger maize kernels
with a concurrent higher level of protein [48].

3.2.2. PCA2—High Grain Protein Over Oil

More positive values of PCA2 are the result of higher grain protein as opposed to oil concentration,
having already accounted for the chemical composition differences captured by PCA1. Thus, PCA2 is
instrumental in describing stressful conditions which influence compositional grain quality. More positive
values of PCA2 are indicative of a higher protein concentration as a result of stressful conditions, either
drought or heat stress, that decrease starch and oil deposition in the grain. Heat stress during grain fill has
been found to decrease kernel oil concentration in semi-dent hybrids [49]. As such, more negative values
of PCA2 are ideal for greater yield and oil, but this measure alone will not capture favorable protein
concentrations without also examining PCA1. The final regression model for PCA2 had a model R2 of
18.9%, which is moderate (multiple correlation coefficient = 0.453). More negative values of PCA2 were
the result of less arid environments where the SWS was also greater. More negative values of PCA2 were
also observed in environments with lower temperatures during flowering and grain fill and with greater
precipitation during flowering. The average minimum temperature during grain fill was also included in
the regression model to improve the predictive ability of the model, but was unnecessary due to the high
degree of multicollinearity between the two temperature variables during grain fill.

3.2.3. Yield

Interestingly, even though nothing is known of the specific production management strategies
used during the growing season of these samples, the regression of yield against the climatic and
weather predictor variables explained 47.7% of the total variability in yield, which is fairly high
(multiple correlation coefficient = 0.69). Nine of the eleven possible predictor variables were included
in the model, the two that were not included being the average temperature during early vegetative
growth and the GDD. In general, yield was higher under growing conditions where ample moisture

10



Agronomy 2019, 9, 16

was available during flowering and grain fill, and where drought was less likely to be a limiting factor
due to SWS, AI, or hot temperatures during flowering and grain fill. Too much precipitation early in
the growing season was found to decrease yield, likely due to the loss of nitrogen fertilizer from the soil
environment. The final model was capable of predicting the average county yields to within 0.89 metric
tons/hectare (14 bushels/acre), as a median (Table S3). An alternative measure of model accuracy,
the root mean square error (RMSE), was found to be 1.44 metric tons/hectare (23 bushels/acre) in this
study. By comparison, the USDA WASDE model, a computationally intensive model that makes use of
weather data and satellite imagery to compute multivariate non-linear predictive models for grain
yield, was recently shown to have an RMSE of 1.11 metric tons per hectare (18 bushels/acre) early in
the growing season [5].

Thus, even though the model we show here is computationally simple, it is similar in accuracy to
much more complex models such as the USDA WASDE. Furthermore, it highlights the importance of
minimizing drought stress at flowering and grain fill. Otherwise, both yield and grain quality will
suffer. Our linear models serve as a foundation for more complex models in the future by indicating
(i) maize yield and maize quality are dependent on a shared set of conditions during critical growth
periods, and (ii) these critical growth periods should be given greater weight in complex predictive
models for the multivariate prediction of yield and compositional quality. As a second consideration,
the more complex nonlinear models that are characterized by a higher predictive ability are also
characterized by predictor variables that are all highly intercorrelated, meaning that their parameter
estimates should not be interpreted [43]. Given that one of our goals was to identify which of the
putative critical growth stages are important influencers of grain yield and chemical composition,
it was imperative to build models that were characterized by both low multicollinearity and adequate
predictive ability. The models presented here, particularly those for PCA2 and yield, accomplish
that goal.

3.3. Multivariate Clustering Analysis by ASD

Cluster analysis using Ward’s Minimum Variance Approach indicated that the 76 ASDs used
in this study could be subdivided into 10 clusters based on their standardized average PCA1, PCA2,
and yield values. These clusters are indicated by different colors in Figure 2.

Figure 2. Multivariate clustering analysis by ASD. The ASDs with the same color fall in the same
cluster and have similar maize yield and compositional quality. A color-spectrum approach was used
to represent the clusters, with purple being high yielding ASDs with lower protein content. Blue is
high yielding with decent compositional quality. The greens and yellows are used to describe ASDs
with moderate yield and compositional quality values. Lastly, the orange and progressively red ASDs
represent areas where protein concentration is higher, but at the expense of yield.
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In Figure 2, a color-spectrum approach was used to visualize the multivariate presentation of yield
and the PCAs, as is described in more detail in Table 5. No one cluster of ASDs was ideal; all had their
advantages and disadvantages (Table 5). While Cluster 1 (purple) and Cluster 2 (blue) undeniably had
the highest yielding averages, the samples from Cluster 2 had somewhat better chemical composition
quality overall but slightly less yield.

Table 5. Means of response variables and number of ASDs included for each cluster of maize grain
quality and quantity relationship to weather from 2011–2017. Blue cells represent more desirable means
and orange cells represent less desirable means for PCA1 (relatively high protein and oil concentrations),
PCA2 (more protein than oil), and yield. Yield is presented in metric tons per hectare with bushels per
acre in parentheses.

Cluster Color ASD † Count PCA1 PCA2 Yield

1 Purple 13 −0.44397 0.09525 11.214
(178.644)

2 Blue 14 0.1441 −0.17026 10.840
(172.674)

3 Green 12 0.19138 0.33464 9.186
(146.339)

4 Dark
Green 7 −0.07588 −0.10005 9.063

(144.381)

5 Yellow 9 −0.73882 0.43401 10.184
(162.237)

6 Orange 8 0.72065 0.59974 8.638
(137.604)

7 Gold 3 1.52549 0.54987 6.980
(111.195)

8 Salmon 6 0.4815 0.82565 6.564
(104.568)

9 Brick
Red 3 1.30486 1.15527 9.190

(146.394)

10 Red 1 −1.78707 0.90478 6.362
(101.340)

† ASD—Agricultural Statistics District.

Overall, ASDs clustered together as one might expect based on similar weather and climatic
conditions. The historically high-yielding regions of Iowa, Illinois, and Southern Minnesota fell into
Clusters 1 and 2, and ASDs from clusters described by moderate values of all three response variables
(green and yellow clusters) falling adjacent to these regions. The ASDs in the Plains States in the west
typically fell into more protein rich clusters, but at the expense of reduced yield and oil concentration.
Given the aridity of these regions and the frequency of drought conditions, this is to be expected.
However, there were three ASDs (NE 30, NE 50, and MO 90) that fell into clusters that were somewhat
different than might be expected given their geographical location and the cluster assignments of the
neighboring ASDs. Upon further examination, it was noted that these three ASDs all lie in regions
where cropland is heavily irrigated (Figure S3). Therefore, it is probable that the improved yields and
chemical composition of the grain sampled from these ASDs is due in at least part to the presence of
irrigation [50]. Other ASDs of interest are KY 20, IN 90, and OH 50. These ASDs fell into Cluster 2,
this cluster typically being reserved for ASDs in the major maize growing regions of Iowa and Illinois.
All three of these ASDs are located in areas with a greater presence of rivers than is typical of most of
the ASDs included in this study [51]. Thus, these observations lead us to conclude that grain yield
and grain chemical composition can be modeled and improved simultaneously, and the key factor
involved is non-limited water conditions during flowering and grain fill.

Based on these results, it is apparent that water availability as a function of total rainfall,
temperature, AI, and SWS is a major predictor of grain compositional quality and yield. Too much
rainfall during early vegetative growth leads to reduced protein concentration and yield, most likely
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as a result of nitrogen leaching or denitrification. On the other hand, water availability during the
two critical growth stages of flowering and grain fill is largely responsible for both grain yield and
compositional quality, as indicated by both the multiple regression models and clustering analyses
used in this study. Previous studies have also found that irrigation has a greater impact on maize
yield than temperature over the season [50]. These findings may be used to predict when weather
conditions may hinder yield and/or compositional quality of the grain and could also be used to
build more sophisticated models (e.g., nonlinear multivariate models, spatial error models, etc.) that
have a stronger weight on the weather conditions at the identified critical growth stages. Ultimately,
these findings indicate that both yield and grain compositional quality can be monitored and improved
simultaneously, that improved maize grain chemical composition as a result of favorable environmental
conditions can be distinguished from superficial, apparent improvement as the result of low-yielding
environmental conditions, and that the key limiter to improving grain yield and compositional quality
is access to water.
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Figure S1: Sampling information by ASD, Figure S2: Plot of starch-to-protein ratio by state, Figure S3: Map of
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Abstract: Maize grain yield is considered to be highly associated with ear and leaf carbohydrate
dynamics during the critical period bracketing silking and during the fast grain filling phase.
However, a full understanding of how differences in N availability/plant N status influence
carbohydrate dynamics and processes underlying yield formation remains elusive. Two field
experiments were conducted to examine maize ear development, grain yield and the dynamics
of carbohydrates in maize ear leaves and developing ears in response to differences in N availability.
Increasing N availability stimulated ear growth during the critical two weeks bracketing silking
and during the fast grain-filling phase, consequently resulting in greater maize grain yield. In ear
leaves, sucrose and starch concentrations exhibited an obvious diurnal pattern at both silking and
20 days after silking, and N fertilization led to more carbon flux to sucrose biosynthesis than to starch
accumulation. The elevated transcript abundance of key genes involved in starch biosynthesis and
maltose export, as well as the sugar transporters (SWEETs) important for phloem loading, indicated
greater starch turnover and sucrose export from leaves under N-fertilized conditions. In developing
ears, N fertilization likely enhanced the cleavage of sucrose to glucose and fructose in the cob prior to
and at silking and the synthesis from glucose and fructose to sucrose in the kernels after silking, and
thus increasing kernel setting and filling. At the end, we propose a source-sink carbon partitioning
framework to illustrates how N application influences carbon assimilation in leaves, transport, and
conversions in developing reproductive tissues, ultimately leading to greater yield.

Keywords: grain yield; nitrogen; nonstructural soluble carbohydrate (NSC); starch; sucrose; Zea mays L.

1. Introduction

Maize (Zea mays L.) is one of the world major crops and an important food source for the
growing population [1]. Generally, maize yields are strongly correlated with amounts of nitrogen (N)
fertilizer applied to the crop. The grain yield of maize is considered to be greatly dependent on ear
growth during the critical period bracketing silking [2,3], that is, around 1 week before to 2 weeks
after silking [4–6]. At this stage, carbon assimilation in leaves, photoassimilate (mainly sucrose)
transport in the phloem, and carbohydrate interconversion and transport between the maternal tissues
and developing kernels are important steps which determine grain filling and yield formation [7,8].
Therefore, a better understanding of N effects on carbohydrate dynamics in leaves and the developing
ear is pivotal to improve maize N use efficiency as well as yields under N-deficient conditions.

Over the past decades, numerous studies have been conducted to examine the effects of N
supply on leaf growth and photosynthetic capacity [9–12], leaf carbohydrate concentrations [13–15],
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sucrose loading and transport in the phloem [8], and ear growth and carbohydrate dynamics [13–16],
and how these factors influence yield and yield components. For instance, increased grain yield in
response to N application was associated with greater leaf area [9–11], ear dry weight (DW) [13–15],
and developing kernel number per ear [17]. Enhanced maize yield with N fertilization has been
positively associated with increased leaf total and soluble protein concentrations [9,14,18,19], as well as
kernel soluble protein [16,20] and starch concentrations [16,21], but yield improvement was negatively
related to increasing soluble carbohydrate concentrations in the developing kernels [16,21]. Although
these studies have advanced our knowledge of the mechanism underlying yield increases in maize
in response to N applications, questions remain about how N status influences the carbohydrate
dynamics in leaves, sucrose transport from source to developing sink and carbohydrate conversion in
the maternal tissues and growing kernels, and their correlations with yield production.

To address some of these questions, we conducted two field experiments to examine carbohydrate
dynamics at early stages of ear development and the fast grain filling phase in response to three N
application levels (zero-N, medium and high N levels). In Experiment I, we measured ear growth and
nonstructural soluble carbohydrate (NSC) dynamics in developing ears from 10 days before silking
(DBS) to physiological maturity. In Experiment II, we examined the diurnal dynamics of the NSC in
maize ear-leaves at silking and 20 days after silking (DAS), and the associated expression of genes
involved in sucrose export and starch turnover. Based on these results, we present a framework of
how N application affects leaf carbohydrate assimilation, sugar export from leaves, and carbohydrate
conversion and transport in maternal tissues and developing kernels, ultimately leading to enhanced
grain yield.

2. Materials and Methods

2.1. Site Description

Field experiments were performed at the University of Missouri Bradford Research Center,
Columbia, MO, USA (38◦53′ N; 92◦12′ W) in 2010–2011 and 2015 on a Mexico silt loam (Fine, smectitic,
mesic Aeric Vertic Epiaqualf) soil. Experiments in the three years were performed in different field
plots. The soil chemical properties in the three years were as follows: pH 6.7, 6.6 and 6.5, organic
matter 21, 28 and 31 g kg−1, total-N 1.3 g kg−1 (2010) and 1.6 g kg−1 (2011), mineral N 12 mg kg−1

(2015), Bray-I P 11.5, 14.5 and 6.4 mg kg−1, NH4OAc extractable K 124, 93 and 78 mg kg−1, respectively.
Precipitation during the maize growing season in May, June, July, August and September was 108, 84,
204, 105 and 176 mm in 2010, 136, 83, 59, 61 and 46 mm in 2011, and 140, 129, 204, 106 and 21 mm in
2015, respectively.

Prior to sowing, fields were disked to approximately 0.15 m depth, followed by a single pass
with a harrow. Maize hybrid ‘Pioneer 32D79’ was selected for the study and was sown in rows 0.76 m
apart on 25 May 2010, 9 May 2011, and 8 May 2015 to achieve a stand density of 78,000, 72,000,
and 78,000 plants ha−1, respectively. A randomized complete block design with four replications
was used each year. Weeds were controlled by pre-emergence herbicide application (Atrazine plus
S-metolachlor) followed by manually hoeing as needed. Other aspects specific to each of the two
experiments are described below.

2.2. Experiment I

Phosphorus and K fertilizer was applied before sowing in 2010 (105 kg ha−1 P2O5 and 105 kg ha−1

K2O) and in 2011 (85 kg ha−1 P2O5 and 110 kg ha−1 K2O). Three N treatments were imposed in 2010
and 2011, i.e., (i) N0, 0 kg N ha−1 as control; (ii) N150, 150 kg N ha−1 applied at planting (N150); and
(iii) N300, 150 kg N ha−1 applied at planting, 75 kg N ha−1 applied at V6 (6th leaf fully expanded),
and 75 kg N ha−1 applied at V10 (10th leaf fully expanded). Nitrogen was broadcast applied as urea
with an over-the-shoulder broadcast spreader. Individual plots were 9.14 m long and 6.1 m wide in
both years.
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Developing ears were sampled at 10 and 6 days before silking (DBS), silking, 8 days after silking
(DAS) and 63 DAS (R6) in 2010, and 6 DBS, silking, 8, 18, and 57 DAS (R6) in 2011. All plant samplings
were performed between 11:00 AM and 1:00 PM. At each sampling, whole ears and ear leaves of
eight consecutive plants in a row were removed from each plot and four of them were immediately
flash-frozen in liquid N and stored at −80 ◦C. Ear DW was determined based on the remaining four
ears. Ears were separated into cobs and kernels (after silking). Prior to carbohydrate analyses, frozen
samples were lyophilized and ground with a coffee grinder and mortar and pestle to obtain a fine
powder for carbohydrate assay.

The NSC (glucose, fructose, sucrose) and starch concentrations were assayed as previously
described [14,15,22]. Briefly, approximately 30 mg freeze-dried and ground tissue was extracted three
times with 1 ml 80% EtOH at 80 ◦C in a water bath for 15 min. The three supernatants were combined
in a test tube and brought to a final volume of 10 ml with 80% (v/v) EtOH. A clear aliquot of 25 μL of
supernatant was mixed with 250 μL glucose assay kit (Sigma G3293, Sigma-Aldrich, St. Louis, MO,
USA) (a mixture of adenosine tri-phosphate, oxidized nicotinamide adenine dinucleotide, hexokinase,
andglucose-6P dehydrogenase), and incubated for 15 min at 30 ◦C, and absorbance at 340 nm was
read with a spectrophotometer (GENESYS 10 UV, Thermo Electron Corporation, Madison, WI, USA)
to quantify glucose. Fructose was quantified by adding phosphoglucose isomerase (Sigma P9544) to
the above aliquots, and determining the amount of glucose released. Finally, invertase (Sigma I4504)
was added to obtain the combined concentration of glucose + fructose + sucrose. The pellet remaining
after the above extraction was used to determine starch by enzymatic hydrolysis and subsequent
quantification of the amount of glucose released [14,15,22]. Alpha-amylase (Sigma-Aldrich, A3403,
Sigma-Aldrich, St. Louis, MO, USA) and amyloglucosidase (Sigma-Aldrich, A3042, Sigma-Aldrich,
St. Louis, MO, USA) were used to hydrolyze the pellets. The supernatant from enzymatic hydrolysate
was assayed for glucose as described above, and starch was calculated from the glucose concentration
in the tissue residue.

Maize grain yield was determined each year by hand-harvesting and weighing ears from the
central 9.12 m2 of each plot at physiological maturity. Six randomly selected ears from each plot
were shelled and moisture content and kernel percentage were determined. Grain yield per plot was
estimated based on kernel percentage and expressed at 15.5% moisture content.

2.3. Experiment II

In 2015, three N levels were included as follows: (i) N0, no N fertilizer as control; (ii) N200,
200 kg N ha−1 split equally at emergence and V8 stages (because yield increase in response to the
N150 treatments in Experiment I were modest, 200 kg N ha−1 was applied instead in 2015); and (iii)
N300, 200 kg N applied as described for the N200 treatment, and an additional 100 kg N ha−1 applied
one week before silking. Each plot consisted of eight 6.1 m long rows, and N was applied manually in
the form of urea. Ear leaves from three plants were sampled every 4 h starting at 08.00 h at silking and
20 DAS. The middle (~10 cm) of the leaf blade was dissected to remove the midrib, and the leaf blade
tissues from the two sides of the midrib were separated into two groups and immediately immersed
into liquid N2. One part was stored at −80 ◦C and destined for gene expression analysis, and the other
one was lyophilized for carbohydrate analysis.

The freeze-dried ear leaves were ground using a coffee grinder and further processed with a
Geno/Grinder 2010 (SPEX SamplePrep, Metuchen, NJ, USA). Sugars (glucose, fructose, and sucrose)
were extracted and starch solubilized and converted to glucose as described for Experiment I,
but quantified by HPLC (Shimadzu Corp., Kyoto, Japan) with a refractive index detector (Model
RID-10A) as previously described [8].

Ear leaf samples from the collections at 12:00 at silking and 20 DAS were selected to investigate
the expression pattern of genes involved in sucrose and starch metabolism as described previously [8].
Briefly, frozen leaves were ground in liquid N2, and total RNA was extracted using a RNeasy Plant Mini
kit (QIAGEN, Hilden, Germany). Reverse transcription was performed according to the manufacturer’s
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instructions. Quantitative real-time PCR was conducted with β-Tubulin as a reference gene [23] on an
ABI 7500 real-time PCR system with universal cycling conditions (95 ◦C for 2 min, 40 cycles of 95 ◦C for
15 s, and 60 ◦C for 1 min) following the manufacturer’s instructions. Primers were designed as follows:
Tpt (forward, 5′-GGA GAA AAG GAA AAA GAG CGC AT-3′; reverse, 5′-ACG ATG TTG TTG TTG
TGT CCC-3′); Agpsl1 (forward, 5′-TGG GAC AGT TAT ATG AAG CGG A-3′; reverse, 5′-TCC ATG
ATC TCC AGC ACA CTG-3′); Agpll1 (forward, 5′-TCC TAA ACC TTC TAA GAT GGC G-3′; reverse,
5′-AAA CTG AAC CTT GGA GGC TGT-3′); Ss1 (forward, 5′-GCT ATT GGC TCC ATT GCT CC-3′;
reverse, 5′-TTC AAA ACT GTC GTT CGG CT-3′); Bmy3 (forward, 5′-CCC ATG AGG ACG ACC TGC
CA-3′; reverse, 5′-TTT ATC ACC CGC CCG TTT ATT TTG-3′); Mex1-like (forward, 5′-GGT TGG ACA
GCC ACA CTT CT-3′; reverse, 5′-TGC AGA ACC AGT GAA CCA CA-3′); Sps1 (forward, 5′-CGT TCC
TCA TCA AAG ACC CCC-3′; reverse, 5′-ACG GAA AGA TAC CTG AGT GCC T-3′); Sus2 (forward,
5′-CCA ACC GCA GTA GTA ATG GC-3′; reverse, 5′-CGG CTT GCC AGC AAA GAA AT-3′); Sweet13a
(forward, 5′-CTG GGC GTT TGC TTT CG-3′; reverse, 5′-ACT TGC TCT TGT AGA TGC GGT A-3′);
Sweet13b (forward, 5′-TGC GTA CTG CGT AGT TCC AT-3′; reverse, 5′-GGA GAT GAC GTT GCC
TAG GAG-3′); Sweet13c (forward, 5′-CAA GAG TTT GAG ACA GCA GAG G-3′; reverse, 5′-CCA
GGA AGG TCA TGA AGG AG-3′); Sut1 (forward, 5′-GGC ACA AGT GGT TTC CGT TC-3′; reverse,
5′-TTT GCC TTT GTG GGG AGG TT-3′); Sus1 (forward, 5′-CGT ACA CCG AGT CGC ACA AGA
G-3′; reverse, 5′-TCC ACC AGC CCA GTC AAG TTC T-3′); β-Tubulin (forward, 5′-CTA CCT CAC
GGC ATC TGC TAT GT-3′; reverse, 5′-GTC ACA CAC ACT CGA CTT CAC G-3′). Relative expression
values were calculated according to the Pfaffl method [24], and expressed as ratios relative to values of
normal N supply (N200) at time 00:00 h at silking as shown in [8].

2.4. Statistical Analysis

Analysis of variance was employed to examine N treatment effects and treatment means were
compared based on least significant difference (LSD) at the 0.05 level of probability. The ANOVA of
repeated measurements presented in Figure 2 and Pearson correlations presented in Figure 5 were
performed in R. For gene expression in Figure 3, the effects of N treatment and stage (and their
interaction) were analyzed with the MIXED procedure in SAS (SAS Institute Inc., Cary, NC, USA).
The stage and N treatment factors were considered as fixed and replication as random factors.

3. Results

3.1. Dry Matter Accumulation in Developing Ear (or Kernels) and Final Grain Yield

To provide context for the NCS and gene expression data, grain yield data are presented in Figure 1
(adapted from [8] and [13]). Briefly, compared to the N0 and N150 treatments, the final grain yield
of the N300 treatment was increased by 2.1–4.3 fold in 2010 and by 1.2–2.0 fold in 2011, respectively,
and significant differences were detected between N0 and N150 in 2010 (Figure 1). Similarly, in 2015,
1.3–1.8 fold increase of grain yield in N200 and N300 treatments was observed in comparison with N0.
A 19.3% lower yield was observed in N300 relative to N200 in 2015.

In agreement with the grain yield, N application resulted in greater ear dry matter accumulation
from pre-silking to maturity (Table 1). Significant N treatment effects on ear dry weight were observed
at −6, 0, and 8 DAS. Particularly during the fast grain filling phase (i.e., from 18 to 57 DAS), dry matter
accumulation rate in developing ears was much greater in N300 treatment than N0 and N150 (1.76
vs. 0.57–0.98 g plant−1 day−1) in 2011. The accumulation rate under 200 and 300 kg N ha−1 was also
markedly higher than that in the N0 control (3.13–3.86 vs. 1.82 g plant−1 day−1) from 20 to 51 DAS in
2015. Compared to normal N supply (N200), the N300 treatment had 17–18% lower ear dry weight at
20 and 51 DAS in 2015.
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Figure 1. Maize grain yield in response to different nitrogen treatments in 2010 (a), 2011 (b), and 2015
(c) (adapted from [8] and [13]). N0, N150, N200 and N300 represent N treatments that received a total
of either 0, 150, 200, or 300 kg N ha−1. Nitrogen was applied as single application (N150) or as split
applications (N200, N300). Vertical bars represent the standard error of four replications. Different
letters above column indicate significant differences between nitrogen levels by LSD test (p < 0.05).

Table 1. Ear dry weight in response to N treatment in 2010, 2011, and 2015. N0, N150, N200, and N300
represent N treatments that received a total of either 0, 150, 200, or 300 kg N ha−1 in the form of single
or split fertilizer applications.

Year Treatment
Days after Silking

−10 −6 0 8 63

2010

N0 n.d. 0.1 ± 0.0 b 1.6 ± 0.4 b 4.6 ± 0.4 b - 37.7 ± 3.9 b
N150 0.1 ± 0.06 b 0.4 ± 0.2 ab 3.0 ± 1.6 b 8.9 ± 2.5 b - 56.2 ± 8.2 b
N300 0.21 ± 0.08 a 1.3 ± 0.4 a 11.6 ± 2.7 a 38.0 ± 4.4 a - 175.4 ± 5.5 a

−6 0 8 18 57

2011

N0 - 0.6 ± 0.0 b 1.1 ± 0.0 b 4.9 ± 0.9 c 7.9 ± 1.4 c 46.2 ± 6.0 b
N150 - 0.9 ± 0.1 b 2.2 ± 0.4 b 13.4 ± 1.3 b 34.4 ± 2.5 b 56.7 ± 11.0 b
N300 - 1.5 ± 0.2 a 5.1 ± 0.7 a 35.4 ± 2.4 a 84.2 ± 8.9 a 152.9 ± 6.3 a

0 20 51

2015

N0 - - 0.9 ± 0.1 b - 13.4 ± 1.8 c 70.0 ± 6.2 c
N200 - - 2.2 ± 0.6 a - 71.3 ± 2.9 a 191.0 ± 7.2 a
N300 - - 2.1 ± 0.5 a - 59.2 ± 6.4 b 156.1 ± 13.0 b

N0, N150, N200 and N300 represent N treatments that received a total of either 0, 150, 200, or 300 kg N ha−1. Nitrogen
was applied as single application (N150) or as split applications (N200, N300). Values indicate mean ± standard
error (n = 4); Different letters within column within each stage and year indicate significant differences between
nitrogen level by LSD test (p < 0.05). Unit: g per ear.

3.2. Diurnal Changes of Carbohydrate in Ear Leaves

Pronounced diurnal pattern were observed for sucrose and starch concentrations in ear leaves at
both silking and 20 DAS, while glucose and fructose concentrations changed to a lesser extent or did
not change significantly during the 24-h periods (Figure 2). Sucrose levels reached the peak at 12:00 to
16:00 and then decreased, while starch accumulated over the course of the day to reach a maximum at
20:00, and was degraded during the night (Figure 2e–h).

Concentrations of all four non-structural carbohydrates were highly responsive to N availability
(p < 0.001; Figure 2). Nitrogen deficiency (N0) caused lower leaf concentrations of glucose, fructose,
and sucrose compared to N fertilized treatments, with particularly strong effects observed for glucose
(0 and 20 DAS) and for fructose at 20 DAS. In contrasting to the soluble sugars, starch accumulation
was much greater in the N-deficient leaves than in those from N200 and N300 treatments, implying
preferential allocation of photoassimilates to starch than to sugars under N starvation.
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Figure 2. Diurnal dynamics of glucose, fructose, sucrose and starch concentrations in ear leaf at silking
(a,c,e,g) and 20 days after silking (b,d,f,h) in 2015. Vertical bars represent the standard error of four
replications. N0, N200, and N300 represent N treatments that received a total of either 0, 200, or
300 kg N ha−1 applied as split applications. N, N treatment; T, timepoint.

3.3. Relative Transcript Abundance of Genes Involved in Sucrose and Starch Metabolism in the Ear Leaf

Significant impacts of N availability on relative transcript abundance pattern were observed for all
genes at silking or at 20 DAS or at both stages, except for ZmSus2 (Figure 3). The transcript abundance
of the phosphate/triose-phosphate translocator (ZmTpt) gene was lower in the N0 leaves than in the
N200 and N300 leaves at both 0 and 20 DAS (Figure 3a), hinting that greater starch concentrations could
in part be a result of reduced triose-phosphate export from the chloroplast. In agreement with the lower
sucrose levels in N-deficient leaves, the relative transcript abundance of sucrose-phosphate synthase
(ZmSps1) in N0 leaves was suppressed when compared to the N-fertilized treatments (Figure 3b).
In contrast, the relative abundance of sucrose synthase (ZmSus2) transcripts was not significantly
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affected by N treatment (Figure 3c). Of the three Sweet13 genes (responsible for sucrose export to
apoplast), the expression levels of Sweet13a and Sweet13b were elevated in N-fertilized treatments at 20
DAS and relative transcript abundance of Sweet13c was higher in N300 than N0 at both silking and 20
DAS (Figure 3d–f). Relative transcript abundance of the sucrose transporter (ZmSut1) responsible for
sucrose loading into the phloem increased with increasing N availability at silking, but the differences
between N treatments were not different at 20 DAS (Figure 3g).

Figure 3. Relative transcript abundance of genes involved in the sucrose and starch metabolism in
maize ear leaves sampled at 12:00 h at silking and 20 days after silking (DAS) in 2015. (a) ZmTpt,
triose-phosphate translocator; (b) ZmSps1, sucrose-phosphate synthase1; (c) ZmSus1, sucrose synthase;
(d–f) ZmSweet13, sugars will be eventually exported transporter 13; (g) ZmSut1, sucrose transporter1;
(h) ZmAgpsl1, ADP glucose pyrophosphorylase small subunit leaf1; (i) ZmAgpll1, ADP glucose
pyrophosphorylase large subunit leaf1; (j) ZmSs1, starch synthase1; (k) ZmBmy3, beta-amylase3;
(l) ZmMex1-like, maltose exporter1-like; Vertical bars represent the standard error of four replicates.
Different letters above column indicate significant differences between treatments across nitrogen level
and stage by LSD test (p < 0.05). N0, N200, and N300 represent N treatments that received a total of
either 0, 200, or 300 kg N ha−1 applied as split applications. Adapted from [8].

Of the genes encoding enzymes of starch biosynthesis, significant treatment effects were observed
between N0 and N200 at silking for ZmAgpsl1 (Figure 3h). Additionally, the relative transcript
abundance of ZmAgpll1 increased significantly in N-fertilized treatments at both silking and 20 DAS,
while that of ZmSs1 was significantly higher in the N300 compared to the N0 treatment at silking but
not at 20 DAS (Figure 3i,j). Relative transcript level abundance of beta-amylase (ZmBmy3) exhibited an
inconsistent response to N treatment at silking and did not differ at 20 DAS (Figure 3k). In contrast,
the relative RNA levels of the maltose exporter gene (ZmMex1-like) were greater in the N300 than the
N0 treatment at both silking and 20 DAS (Figure 3l).

22



Agronomy 2018, 8, 302

3.4. NSC Dynamics in Developing Ears and Kernels

Over the course of ear development, the glucose, fructose, sucrose and starch concentration trends
were consistent across N treatments and years (Figure 4). While glucose and fructose concentrations
increased (Figure 4a–d), the concentrations of sucrose and starch decreased as the developing ear
approached silking (Figure 4e–f). However, while glucose, fructose and sucrose concentrations were
greater, starch concentrations were lower in kernels sampled 8 DAS than in mature kernels. Glucose
and fructose concentrations in developing kernels decreased dramatically from 8 DAS to 18 DAS, and
coincided with a steep increase in starch concentration during the same time period. Significantly
negative relationships were observed between the hexoses and sucrose or starch (Figure 5b,c).

Figure 4. Temporal dynamics of glucose, fructose, sucrose and starch concentrations in the developing
ear and kernels in 2010 (a,c,e,g) and 2011 (b,d,f,h). Day 0 indicates silking. Vertical bars represent the
standard error of four replicates. Please note that carbohydrate concentrations were measured in the
developing ears before and at silking, and in the kernels after silking. N0, N150, and N300 represent N
treatments that received a total of either 0, 150, or 300 kg N ha−1, with fertilizer in the N300 treatment
applied as split application.

23



Agronomy 2018, 8, 302

Figure 5. Pearson correlation coefficients between soil N availability and carbohydrate (a), between
glucose and sucrose or starch (b), and between fructose and sucrose or starch (c) in developing ear in
2010 and 2011. Dots = not measured. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Prior to silking, the responses of glucose and fructose concentrations in developing ears to N
supply were opposite to those of sucrose and starch. That is, while sucrose and starch concentrations
in developing ears decreased with increasing N supply, glucose and fructose concentrations increased
with additional N (all p < 0.05; Figure 4), which were consistent with the positive response to N supply
(Figure 5a). However, in the growing kernels at 8 DAS, glucose and fructose concentrations in the
N300 treatments were lower than in the N0 and N150 treatments (both p < 0.05). These results reveal
a tendency towards an inverse relationship among N treatments and the concentrations of glucose
and fructose when compared to pre-silking dynamics. Few differences in sucrose concentrations of
the developing and mature kernels were found among N treatments in either year. In 2010, starch
concentrations in kernels at 8 DAS were greater in the N300 treatment than the N0 and the N150
treatments, but at maturity, kernel starch concentration were lowest in N300, intermediate in N150, and
highest in N0 (p < 0.05). In 2011, N fertilized treatments also had greater kernel starch concentrations
in developing kernels (p < 0.05), and consistent with 2010, kernel starch concentration decreased with
increasing N availability at the final harvest (N300 < N150 < N0; p < 0.05). In both years, kernel starch
concentration at maturity was negatively correlated with N availability (Figure 5a).

4. Discussion

4.1. Nitrogen Application Increases Sugar Biosynthesis and Export from Leaves

Maize grain yield greatly depends on post-silking carbon assimilation in source leaves and
allocation to developing ears [25–27]. It has been well documented that N starvation can dramatically
suppress carbohydrate biosynthesis through leaf area development and photosynthesis [9,11,12].
At the same time, under N deficiency, leaves accumulate large amounts of carbohydrate as starch
in the bundle sheath cells, at the expense of sugar export for growth [8,14,15,28,29]. Therefore, it is
crucial to investigate the diurnal pattern of sugar and starch in leaves in response to N availability,
particularly at the early and fast grain filling phase.

Of the four types of carbohydrate examined in this study, ear leaf glucose and fructose exhibited
relatively weaker diurnal pattern, and largely much lower concentrations, than sucrose and starch
at both silking and 20 DAS (Figure 2a–f), which was in agreement with a previous report [14].
The maximum sucrose concentration in ear leaves during the diurnal cycle occurred about 12:00 h to
16:00 h while starch accumulated almost linearly from morning until 20:00 h, regardless of N treatment
(Figure 2e–h). The low levels and weak diurnal patterns in glucose and fructose are consistent with
rapid assimilation of hexoses into sucrose and starch over the course of the day.

As expected, compared to N deficiency, N fertilization stimulated glucose, fructose, and sucrose
biosynthesis as indicated by the greater ear leaf concentrations in N200 and N300 treatments (Figure 2).
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Coupled with the lower starch concentrations in response to N fertilization, these results indicate a
noticeable change in carbon allocation, including carbon flux into starch and sucrose, as a function of
plant N status [8]. Triose-phosphate/phosphate translocators located at the inner envelope membrane
of chloroplasts are key regulators of carbon flux from chloroplast to cytosol [30,31]. The increased
transcript abundance of ZmTpt in N fertilized plants suggests is consistent with greater carbon
movement to the cytosol for sucrose synthesis, and reduced carbon retention in the chloroplast for
starch synthesis. In parallel, the expression of the gene encoding sucrose-phosphate synthase (ZmSps1)
was up-regulated by N fertilization. Interestingly, unlike in other plants such as duckweed [28],
the expression of some of the genes related to starch biosynthesis was upregulated in response to
high N fertilization, which stands in contrast to the lower starch concentrations in N-sufficient leaves
(Figure 2h–j). However, the transcript abundance of the maltose exporter (ZmMex1-like) was elevated
by N fertilization, pointing toward greater carbon mobilization from starch and export from the
chloroplast. As a storage carbohydrate, starch does not demonstrate regulatory activities, but it is
a major integrator in the regulation of plant growth and generally is negatively correlated to plant
biomass [32]. The lower starch levels and greater mobilization under sufficient N supply suggests an
enhanced starch turnover, which increases the carbon availability for export and biomass production.

Sucrose export from leaves involves symplastic transport (plasmodesmata between mesophyll
cells, bundle sheath cells, and vascular parenchyma cells), and phloem loading from the
apoplast [33,34]. Previously, it has been shown that both the N-deficient and N-sufficient plants
had conspicuous and visually normal plasmodesmata appearances between different types of cells
in leaves, indicating an open symplastic route [8]. As to the sucrose phloem loading, the process
mainly involves sugar transporters including SWEETs which are responsible for the sucrose efflux from
vascular parenchyma cells to the apoplast [35,36], and SUTs for the sucrose uptake from apoplastic
space [37]. Of the three Sweet13 genes examined, expression of Sweet13a and Sweet13c was responsive
to N availability, with greater transcript abundance observed under sufficient N supply (Figure 3),
which may indicate greater SWEET protein abundance and enhanced sucrose efflux into apoplastic
space. Compared to silking, transcription of Sweet13 genes was more responsive to N availability at
20 DAS when fast grain filling occurs, suggesting a regulatory mechanism of Sweet13 expression that
accounts for carbon demand. In addition, ZmSut1 transcript abundance increased in response to N
fertilization (Figure 3g). Taken together, the results suggest that, despite reduced photosynthetic rates
under N deficiency [14], sugar export from N-deficient ear leaves is impaired even during the grain
filling phase.

4.2. Nitrogen Application Influences Carbohydrate Interconversions in Developing Ears

Concentrations of the four examined carbohydrates in ears pre-silking and kernels post-silking
differed considerably in response to N applications (Figure 4). Opposing trends in glucose and fructose
compared to sucrose and starch concentrations at pre-silking to silking suggest that sucrose unloaded
from the phloem may be cleaved to glucose and fructose in the cob prior to transport to the kernels.
After moving to the kernels, the monosaccharides appear to be synthesized (transiently) into sucrose
(sucrose concentration increased shortly after silking, Figure 4) and into starch. These findings are
supported by the Shannon hypothesis that the 14C labeled sucrose is cleaved to fructose and glucose
by acid invertase in the maternal pedicel and placento-chalazal tissue of kernels before being absorbed
by the basal endosperm transfer cells in maize. Fructose and glucose are then used to form sucrose
in the endosperm which in turn is used to synthesize starch in the amyloplasts [7,38–40]. Nitrogen
fertilization may enhance the cleavage of sucrose to glucose and fructose in the cob prior to and at
silking and the synthesis from glucose and fructose to sucrose shortly after silking (Figure 4), and thus
increase kernel setting and filling. The distinct functions of these carbohydrates in processes leading to
kernel set and early kernel growth, as well as a regulatory role of N status, is possibly mediated by the
ratio of key amino acids such as asparagine and glutamine [5].
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Shortly after silking, maize kernel glucose, fructose and sucrose concentrations exhibited
a generally negative relationship with increasing N application (Figure 4a–f). However, starch
accumulation in the developing kernels was positively correlated with N applications at 8 DAS
and 18 DAS (Figure 4g,h). These results are consistent with studies by others that showed that
increasing N supplies decreased the levels of C metabolites (sucrose and reducing sugars) in the
developing kernels cultured in vitro at 20 days after pollination [16], and greater starch accumulation
in developing kernels at 14 DAS in high compared to low N supply [41]. These interactions of carbon
and N metabolism largely may be regulated by enzymes such as invertase, sucrose synthase and
ADP-glucose pyrophosphorylase (AGPase) [16,42]. For instance, external N supply can increase
AGPase activity, a limiting step in starch synthesis [16]. In any case, future studies are necessary to
elucidate the molecular processes regulating carbohydrate movement, conversion and deposition in
developing ears in response to various N regimes.

4.3. Source-Sink Carbon Partitioning and Grain Yield

Based on plant growth, sugar and starch dynamics, and ear development measured in this
study and in the literature, we propose a conceptual model of the effect of N fertilization on
source-sink carbon partitioning leading to greater grain yield (Figure 6). Although a critical value
may exist (between 150 kg to 200 kg ha−1 applied N in this 3-yr study) beyond which grain yield
tends to decrease, N fertilization generally increases N availability and stimulates shoot growth,
especially leaf area development [9,11]. The enhanced soil N availability also results in higher
leaf N content, driven by increased N assimilation [18,19]. In turn, this brings about greater
leaf photosynthetic capacity in N fertilized maize [9,11,12], which enhances primary carbohydrate
assimilation, i.e., triose-products. The increased carbohydrate assimilation offers precursors or carbon
skeletons for amino acid biosynthesis, which in turn favors photosynthesis. On the other hand,
greater triose production supplies the substrates for both sucrose and starch biosynthesis [30], while
N fertilization increases the triose-phosphate/phosphate translocator activity, as well as ZmSps1,
thus promoting more carbon flux to cytosol for sucrose synthesis, and lower carbon retention in the
chloroplast as starch. The increased ZmMex1-like expression may further accelerate transient starch
turnover or mobilization, and stimulate sucrose synthesis. Upregulation of Sweet and Sut1 expression
would lead greater abundance of SWEET and SUT1 proteins in turn mediating enhanced sucrose
export from source leaves via phloem. At the early stages of ear development, especially the two weeks
bracketing silking [6], N application enhances the cleavage of sucrose to glucose and fructose in the
cob prior to and at silking and the synthesis from glucose and fructose to sucrose in the kernels shortly
after silking. During the fast grain filling phase, generally from 18 DAS on [5], increased conversion of
sugars to starch indicates greater filling rate in N-fertilized vs. no N treated maize kernels. In turn,
the greater carbon demand imposes a feedback regulation stimulating carbon assimilation and export
from leaves (Figure 6).
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Figure 6. Schematic of a proposed metabolic pathway showing the source-sink carbon partitioning in
determining the grain yield in maize under nitrogen fertilization.

5. Conclusions

In summary, greater leaf C assimilation and mobilization to the developing sink, and faster
carbohydrate conversion in cobs and kernels as well as higher kernel starch accumulation around
silking and during fast grain filling stages lead to the improvement of grain yield in N-fertilized maize
plants. Further studies are needed to investigate the responses of key molecular players involved in
sugar movement from maternal tissues to filial kernels to both low and high N availability, and their
involvement in grain filling processes and yield formation.
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Abstract: The impact of nitrogen (N)-limiting conditions after silking on kernel yield (KY)-related
traits and whole plant N management was investigated using fifteen maize lines representative of
plant genetic diversity in Europe and America. A large level of genetic variability of these traits
was observed in the different lines when post-silking fertilization of N was strongly reduced. Under
such N-fertilization conditions, four different groups of lines were identified on the basis of KY
and kernel N content. Although the pattern of N management, including N uptake and N use was
variable in the four groups of lines, a number of them were able to maintain both a high yield and
a high kernel N content by increasing shoot N remobilization. No obvious relationship between
the genetic background of the lines and their mode of N management was found. When N was
limiting after silking, N remobilization appeared to be a good predictive marker for identifying maize
lines that were able to maintain a high yield and a high kernel N content irrespective of their female
flowering date. The use of N remobilization as a trait to select maize genotypes adapted to low N
input is discussed.

Keywords: genetic diversity; maize; nitrogen; remobilization; silking; uptake; 15N-labeling

1. Introduction

The application of mineral nitrogen (N) fertilizers is one of the main agricultural practices used to
maintain and restore soil fertility. It is able to stabilize or even increase yield for the majority of crop
plants, including cereals such as maize. The applied mineral N is particularly soluble for easy uptake
by plants, allowing the rapid assimilation of N during root and shoot vegetative growth [1], and thus
ensuring the production of food for the constantly-growing world population [2].

Consequently, there has been, over the past 70 years, an almost five-fold increase in the total
N applied to crops. In contrast, in harvestable material, such as grains used for human food and
animal feed, the protein content has only increased by a factor of 3. This indicates that there was a 30%
decrease in N-use efficiency (NUE), which can be defined as the yield obtained/unit of available N in
the soil (supplied by the soil + N fertilizer) [3].

Plant NUE is the product of N-uptake efficiency (amount of N taken up/quantity of available N)
and of the N-utilization efficiency (yield/absorbed N), [4]. There is large genetic variability of both
N-uptake efficiency and N-utilization efficiency in many crops, notably in maize [5,6]. However, when
examining the contribution of these two biological processes to the overall plant NUE, it has often
been observed that the best performing maize varieties at high N fertilization input are not the best
ones when the N fertilizer supply is lowered [7,8]. Such poor of performance under low N fertilization
input is partly due to the occurrence of interactions between the genotype and the level of N present
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in the soil, but notably because most of the previous breeding strategies have been conducted under
non-limiting N fertilization conditions. Therefore, the opportunities of selecting for high-yielding
maize varieties when the N fertilization conditions are low have been missed, or not fully exploited [5].

Although it has been shown that maize productivity can be maintained under low-N input [9],
high N fertilization rates have been, and are still, used in most high-yielding intensive agricultural
maize production systems [10] and in breeding strategies [11,12]. However, under such high N
fertilization inputs, over 50% and up to 75% of the mineral N applied to the field is not taken up
by the plant and is lost by leaching into the soil [13]. Such a N loss leads to the eutrophication of
freshwater and marine ecosystems [14–16] and to the emissions of N2O (nitrous oxide), which has a
global warming potential almost 300 times that of CO2 [17]. The chemical synthesis of N fertilizers
also increases crop production costs [18,19]. Altogether, both energy input for N fertilizer production
and NUE are considered to be important indicators for the environmental impact of the production of
most conventional food and energy crops such as maize [20].

It is estimated that an increase in agricultural production by at least 70%, will be necessary in order
to feed the 9 billion people projected for the world population in 2050 [21]. Therefore, developing more
sustainable agricultural practices based on fertilizer use rationalization and selecting or producing
genetically-engineered genotypes exhibiting improved NUE [22,23] are possible ways of overcoming
the detrimental impact of the overuse of N fertilizers [1,6].

In maize, 45–65% of the grain N, which acts a source of proteins for both humans and animals, is
provided from pre-existing N in the stover before silking. Nitrogen translocation from the stover to the
grain is very dependent upon the environmental conditions and/or the genotype [7]. The remaining
35–55% of the grain N originates from post-silking N uptake [7,24,25]. Therefore, to identify or select
maize genotypes that exhibit improved N uptake before and after silking, it will be necessary to
improve our understanding of the physiological and genetic determinants that govern these two
biological processes. Such an improved understanding can be obtained using lines or hybrids for
which their relative contribution is variable, and then proposing strategies to provide N when the
plant needs it most.

In previous studies, remarkably large genetic variability was observed in the leaf metabolite
content, leaf enzyme activities, leaf biomass-related components and KY of a core collection of maize
lines [26], including races originating from different northern and southern countries of both America
and Europe [27]. Therefore, in the present study, we have exploited the large genetic variability of
these maize lines to examine the impact of N deprivation after silking on plant N uptake and plant
productivity. Only a limited number of studies were undertaken to determine whether compensatory
mechanisms such as N remobilization occur in genetically-distant maize lines when there is reduction
in N availability during the grain filling period [7,24,25]. Whether these compensatory mechanisms
could be used to select maize lines with improved NUE when there is a shortage of N after silking
is discussed.

2. Materials and Methods

2.1. Plant Material

Seeds of the 15 maize inbred lines selected for the experiment were obtained from the core
collection used for association genetics studies [27,28] of the Institut National de la Recherche
Agronomique (INRA), Saint-Martin-de-Hinx, France. These inbred lines were classified into five
main maize groups: Tropical (2 lines: EML1201 and P465P), European Flint (3 lines: Lo3, Lo32 and
FV2), Northern Flint (3 lines: NYS302, C105 and ND36), Corn Belt Dent (6 lines: ND283, Mo17,
FV252, SA24U, MBS847 and HP301) and Stiff Stalk (1 line: B73) [27]. This original classification was
organized on the basis of genome sequence polymorphism of lines using Simple Sequence Repeat
(SSR) microsatellite markers, and later on using Single Nucleotide Polymorphism (SNP) markers as
previously described [27,29]. The group named Tropical contained lines from Argentina, Mexico and
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Spain, whereas the Corn Belt Dent lines mostly originated from North America and contained two
Popcorn lines (HP301 and SA24). Line FV252 also belonged to the Corn Belt Dent lines but originated
from France. In the lines classified as European Flint, there were lines from France and Italy, whereas
all the Northern Flint lines were from North America. The 15 maize lines were grown in a glasshouse
at INRA, Versailles, France (N 48◦48.133′, E 2◦04.942′), until maturity without any additional light or
heat from April 5th to September 19th, 2012. Seeds were first sown on coarse sand and after 2 weeks,
when 2 to 3 leaves had emerged, 8 individual seedlings of each line of a similar height were transferred
to pots for 15N-labeling experiments and yield measurements. Each plant was transferred to a separate
pot (diameter and height of 22 cm, volume 7l) containing clay loam soil and grown until maturity in the
glasshouse. Clay loam soil was composed of a mixture of loam (washed fine silt with no minerals) and
loam balls of ~0.5 cm diameter that ensured sufficient aeration of the roots and allowed the growth of
the plant until maturity without lodging. Clay loam soil also allowed a constant flow of the provided
nutrient solution.

All plants were watered four times a day with a complete nutrient solution containing 10 mM N
(8 mM NO3

− + 2 mM NH4
+) [30]. The complete nutrient solution (N+) contained 5 mM K+, 3 mM Ca2+,

0.4 mM Mg2+, 1.1 mM H2PO4
−, 1 mM SO4

2−, 1.1 mM Cl− 21.5 μM Fe2+ (Sequestrene; Ciba-Geigy,
Basel, Switzerland), 23 μM B3+, 9 μM Mn2+, 0.3 μM Mo2+, 0.95 μM Cu2+ and 3.5 μM Zn2+. The variation
in the silking date between the 15 lines was approximately 5 weeks, starting from June 4th, 2012.

15N-labeling was carried out on May 30th during vegetative growth, at the beginning of stem
elongation (8 visible leaves, Biologishe Bundesanstalt Bunderssortenamt und Chemicshe Industrie
(BBCH) 17) of the lines exhibiting the earliest development. Into each pot, 150 mL of a solution of
30 mM KNO3

− containing 2% 15N atom excess was applied to each pot in order to distribute on
average 1.25 mg 15N per plant. After silking, the plants were separated into 8 groups of 1 plant for each
of the 15 lines. Four groups were watered with a complete nutrient solution (N+) and the other four
groups with a low N (N−) solution. The eight groups were randomly distributed in the greenhouse to
ensure homogenous plant growth irrespective of the line and the N treatment. The composition of
the low N solution (N−) was similar to that of the complete nutrient solution except that 8 mM NO3

−

+ 2 mM NH4
+, 1 mM SO4

2− and 1.1 mM Cl− were replaced by 0.3 mM NO3
−, 2.2 mM SO4

2− and
2.3 mM Cl− respectively. Kernel yield (KY), kernel number (KN), thousand kernel weight (TKW) and
kernel N content (%NK) were determined according to the methods described in [31] using individual
plants from N+ and in N− in each of the 8 groups, making four replicates in total for each of the two N
feeding conditions.

2.2. Determination of N Content and 15N-Abundance

Plants were harvested when all the kernels were matured. Plant samples were separated in two
different batches one corresponding to the shoots (leaves + stalk + sheaths + husk = SDW (Shoot Dry
Weight)) and the other to the ear (cob + kernels). After the drying (70 ◦C in an oven) and weighing of
shoots and kernels, the material was ground to obtain a homogeneous fine powder. A sub-sample
of 1 mg was used to determine total N content and 15N-abundance by an elemental automated
analyser (Roboprep CN, SERCON Europa Scientific Ltd, Crewe, UK) coupled to an isotope ratio
mass spectrometer (Tracermass, PDZ Europa Scientific Ltd, Crewe, UK) calibrated for measuring
15N-natural abundance. As the amount of N present in the cobs is very low at plant maturity [32],
it was not considered in calculating the plant N budget.

15N abundance was calculated as atom per cent (A%), and defined as A% = 100 × (15N)
(15N + 14N), both in labeled plant samples and in unlabeled control plants. A% in the unlabeled control
plants was close to 0.36634%, a value which corresponds to the natural abundance of atmospheric
dinitrogen (N2). 15N enrichment (E%) of the plant samples was then defined as (A% sample − A%
control). The amount of 15N contained in the sample (Q) was calculated on a dry weight (DW)
basis using the following formula: Q = DW × E% × N% with N% being the concentration of N in
the sample. The amount of 15N present in the kernels compared to that present in the whole plant
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(shoots + ear) was calculated using the following formula: Q kernels/ (Q kernels + Q shoots) and
named 15N-Harvest-Index (15NHI). The 15NHI represents the proportion of 15N that is absorbed at the
vegetative stage and further remobilized to the kernels at the reproductive stage after silking. Roots
were not considered to calculate the 15NHI, since in previous studies [33], it was shown that under
experimental conditions such as those employed in the present study the amount of 15N present in the
roots represents less than 5% of the total 15N present in the whole plant.

2.3. Statistical Analysis

Statistical analysis of data was performed using the Student t-test functions of the XLStat-Pro 7.5
software, 2013 (Addinsoft, Bordeaux, France). Pearson correlation coefficients between yield-related
traits, N accumulation before silking and the amount of N remobilized from the shoots to the kernels
were calculated in order to identify their possible relationship. Yield, yield components, biomass
accumulation and the N budget of the 15 lines grown in the two contrasting N feeding conditions,
are presented as mean values for 4 plants with standard errors (SE) (SE = SD/

√
n), where SD is the

standard deviation and n is the number of samples).

3. Results

3.1. Plant Agronomic Performances

Variations in KY in the glasshouse ranged from 27.3 g for line Lo32 to 105.8 g for line MBS847,
with a mean of 67.3 g for all the lines. In previous field experiments [26], the variations in KY ranged
from 32.5 g for line ND36 to 75.9 g for line MBS847, with a mean of 47 g for all the lines. The 15
lines grown in the glasshouse had a higher yield compared to those grown in the field, (40% higher)
on average, explained by a higher KN and a higher TKW (20% on average). Correlation studies
showed that between the glasshouse and the field experiment, there was a strong correlation of 0.8
(p-value < 0.0001) for KN and a good correlation of 0.63 (p-value < 0.01) for KY. In high-yielding lines
(H) KY was >50 g and up to 120 g per plant and in low-yielding lines (L) KY was <50 g and down to
30 g per plant. Such a finding indicates that plant growth conditions were optimal in the glasshouse.
Among the 15 lines examined, a large genetic variability was observed for the traits related to yield
and plant N management. When a two-way ANOVA was performed, we found a significant genotypic
effect (p < 0.0001) for all the measured traits. The variation in KY between the lowest and the highest
yielding lines when the plants were grown either in N+ or in N− was up to 4-fold. When a comparison
was made between N− or N+ conditions, two groups of lines could be identified on the basis of kernel
production (Figure 1). One group did not show any significant reduction in KY in N−, whereas in
the other group, a decrease in KY ranging from 20% in line FV252 to 80% in line B73 was observed
(Table 1). Interestingly, following growth in N−, KY was not reduced in the two tropical lines EML1201
and P465P. For the Corn Belt, European Flint, Northern Flint lines and Stiff Stalk lines there was no
clear relationship between their genetic characteristics and kernel production in N−. As shown in
Table 1, the decrease in KY was due to a decrease in KN, whereas the reduction in N fertilization after
silking did not have any marked impact on TKW. In agreement with a number of previous reports
on maize kernel production and its genetic variability [34], our data showed that in N+ there was a
positive correlation between KY and KN (r = 0.75, p < 0.001), whereas KY or KN and TKW were not
correlated (r =0.42, p < 0.115 and r = 0.26, p < 0.359 respectively).

Following the reduction in post-silking N fertilization, four groups of lines were identified when
kernel N content (%NK) was considered. The first group was represented by four lines (EML201, Lo3,
NYS302 and ND283), which exhibited no change in KY and %NK. The second group (lines P465P,
C105, Mo17, Lo32) exhibited on average a 10–15% decrease in kernel N and a concomitant decrease in
KY. In the third group, there were six lines (FV252, ND36, SA24U, MBS847, HP301 and B73), which
exhibited a decrease in KY and no change in the %NK. Only line FV2 was representative of group 4,
in which there was a marked decrease of KY (71%) and an increase in % NK content of 19%.
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There was no clear relationship between the four groups of lines defined in the present study on
the basis on their agronomic performance in N− and the five genetic groups they belong to (European
Flint, Northern Flint, Corn Belt Dent, Tropical and Stiff Stalk; See Figure 1). Nevertheless, in the group
of lines exhibiting a decrease in KY with no change in %NK in N− (group 3 in Figure 1), there are four
lines out of the six that belong the Corn Belt genetic group.

In most of the lines, total shoot biomass production at maturity (SDW) including stems, leaves,
tassels and husks was unaffected following growth in N− compared to N+, except for lines NYS302,
C105 and FV252, for which a 30% decrease was observed.

3.2. Plant Nitrogen Management

It can be seen that compared to the N+-grown plants, most of the lines showed a significant
reduction in the amount of Nt under N− conditions, ranging from 15% in line Lo3 to 56% in line ND36.

We observed that there were no significant differences between the amount of total plant N (Nt)
accumulated following growth in N− (Table 1) and the Nt before siliking in N+. This indicates that
negligible amounts of N were later taken up by the plants under post-silking N-limiting conditions.
There was an almost three-fold range of variation for Nt in N− (Table 1).

The amount of N accumulated by the plants that was further translocated to the kernels via the
remobilization process (15N-Harvest index, 15NHI) was estimated using the 15N. In four lines (NYS302,
P465P, C105 and ND36) an increase of up to 40% in the 15N kernel content was observed in N−. Such
an increase was reduced to 20% in lines EML1201, Lo3 and FV252. In other lines such as ND283, Mo17,
Lo32, SA24U, MBS847 and HP301, low N fertilization after silking did not have any significant impact
on shoot N remobilization. Only in lines B73 and FV2 were lower amounts of 15N (50%) translocated
to the kernels, after the labeling period.

As shown in Figure 1, it was observed that neither the silking date nor KY had any direct
relationship with the capacity of a line to take up or remobilize N. For example, only high yielding
lines (H) such as EML1201 or low yielding lines (L) such as ND36 were able to remobilize more N
under N limiting conditions after silking. We also observed that silking in line ND36 occurred much
earlier compared to line EML1201.
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Figure 1. Schematic representation of the distribution of the 15 maize inbred maize lines originating
from Europe and America in relation to their agronomic performance and their mode of N management
under post-silking N-limiting conditions. On the left of the panel (Line), colored boxes represent the
five groups of maize lines obtained from different countries of Europe and America (Tropical: pale
green; European Flint: Blue; Northern Flint: dark green; Corn Belt Dent: yellow and Stiff Stalk: orange).
Kernel yield (KY), kernel number (KN) and kernel N content (%NK) were determined for the 15 maize
lines grown in the glass house (Table 1). For the different measured traits including KY, %NK, N
remobilization (NRem) and N uptake (NUp) the red background color indicates an increase (+), the
green background color a decrease (-) and the blue background color no change (=) under N-limiting
conditions after silking until plant maturity. Groups 1, 2, 3 and 4 represent the four groups of lines
identified on the basis of KY and %NK. Class corresponds to a proposed ranking of the lines based on
their N management response when post-silking N fertilization is reduced. On the right of the panel,
the period for the silking date (Sd) is shown. E = early (from 4th to the 18th of June); M = medium
(from the 19th to the 29th of June); L = late (from the 30th of June to the 6th of July), along with the
level of kernel yield in N+ (KYL N+) and in N− (KYL N−); H = High > 50 g and up to 120 g per plant;
L= low < 50 g and down to 30g per plant. Detailed yield data are presented in Table 1.

4. Discussion

Studying the genetic and physiological basis of N uptake and N utilization efficiency in maize
could help to improve our understanding of how these two processes contribute to the agronomic
performance of maize. These studies could further improve N use efficiency in this crop, which is
of major economic importance worldwide [35]. Genetic variability in maize still remains to be fully
exploited, in particular when there is a shortage of N during key steps in the developmental cycle,
such as the post-silking period. In this investigation, using a core collection of 15 maize inbred lines
representative of the genetic diversity of both America and Europe, we examined the impact of N
limiting conditions on N uptake and N remobilization in maize, following the silking process.

At the beginning of stem elongation, maize plants were labeled with 15NO3
− in order to estimate

the proportion of N remobilized from the vegetative tissues by measuring the 15N content in the
kernels. In a previous study, it has been shown that 15N-labeling at the beginning of rapid stem growth
appears to be a useful tool for investigating the genetic variability of N remobilization using a large
number of genotypes, as the proportion of N taken up after silking significantly contributed to the
N budget of the whole plant [32]. Under agronomic conditions, residual N present in the soil could
interfere with the estimation of the amount of N remobilized after silking [32]; therefore, plants were
grown in large pots in a glasshouse and watered with a nutrient solution. Such semi-controlled growth
conditions, allowed a good development of the roots both during the vegetative phase under N+

conditions and following the post-silking N-limiting period. In agreement with this, we observed

36



Agronomy 2018, 8, 309

that in the glasshouse, KY was on average 40% higher compared to plants grown in the field. This is
likely due to more favorable environmental conditions, including temperature and mineral nutrient
availability, which have a greater effect on the lines of tropical origin.

Total plant N at maturity (shoots + kernels) was also measured in order to quantify the amount
of N taken up by the plants and whether N limiting conditions after silking had any impact on the
total plant N content at maturity. For most lines, N limiting conditions after silking had a negative
impact on whole plant N uptake (30% decrease on average), except in lines ND283 and Lo32. Similar
amounts of N were taken by these two lines− until maturity and there was no marked impact on KY.
Kernel yield, represents sink-strength and was much lower in ND283 and Lo32 compared to the other
lines (Figure 1). Such a finding suggests that the two lines were able to take up enough N before the
silking period, and were, in turn, more tolerant to a post-silking N-deficiency. It has been previously
reported that inbred lines can be tolerant to N-deficiency as their KY remains practically unchanged
under N limiting conditions, which indicates that they have a higher NUE [8]. In contrast, in a survey
describing the adaptation of maize to low N environments, it was concluded that such an adaptation
was due to the ability of modern hybrids to accumulate more N after silking while maintaining their
productivity in terms of KY [36]. Such results confirm that compared to lines, hybrids are able to
take up more N after silking [32]. Whether, the ability of lines ND 283 and Lo32 to take up enough N
before silking is due to the root architecture [37] or to a higher efficiency of the inorganic N transport
system [38] is currently under investigation.

An interesting result was the finding that N-limiting conditions during the post-silking period
had, for most of the lines used in the present investigation, no impact on shoot biomass production. In
maize hybrids, the occurrence of a linear relationship between post silking N uptake and the stover
dry weight was previously reported. However, such a positive relationship was found only in old
hybrids released before 1991 [36]. We did not observe such a genotypic-dependent control of dry
matter accumulation and partitioning during the grain filling period. This is likely because lines
produce, in general, less biomass compared to hybrids, and because, even if post-silking N uptake is
reduced, there is still enough N to sustain shoot growth and development until maturity.

When examining plant performance in terms of KY and kernel N content, four main groups were
identified. The first was represented by five lines belonging to the Tropical, European, Northern Flint
and Corn Belt Dent genetic groups, in which no changes in KY and kernel N content were observed.
The finding that both KY and kernel quality remained unchanged can be explained by the fact that
more N was remobilized after silking in order to compensate for the shortage in N during the grain
filling period. Therefore, we have classified these lines as being tolerant to a post-silking N stress
(Figure 1).

In the second group, lines from four different genetic groups (Tropical, European, Northern Flint
and Corn Belt Dent), were also present. Kernel Yield was not reduced, and three of them (P465P, C105,
Mo17) were among the most highly productive, although there was a decrease in kernel N content.
Two lines belonging to group 2 (P465P and C105) were characterized by an increase in N remobilization.
However, in these two lines, such an increase was presumably not sufficient to compensate for the
decrease in kernel N content resulting from the lack of N after silking. However, as KY was not
reduced, the four lines belonging to group 2 were classified as semi-tolerant to a post-silking N stress.

In the third group of lines represented mostly by Corn Belt Dent lines (4 out of 6 lines in total),
N-limiting conditions after silking led to a decrease in KY without any marked changes in the kernel
N content. In two lines belonging to this group (FV252 a corn Belt Dent line and ND36 a Northern
Flint line), N remobilization was higher, but apparently was not able to compensate for the decrease in
KY. However, unlike two lines of group 2 (P465P and C105), the kernel N content remained similar to
that of plants grown under non-limiting post-silking N conditions.

Group 4 was represented only by the Europen Flint line FV2 (Table 1). In this line, under
N-conditions, there was a marked decrease in KY (more than 3-fold), which moved the ranking in
terms of yield from a high yielding line to a low yielding line. Line FV2 was also unique in terms of
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response to post-silking N-limiting conditions, as both N uptake and N remobilization were lower,
while kernel N content was higher. Such an increase in kernel N content can be explained by the
strong sink strength limitation compared to most of the other lines (four-fold reduction in KN). The N
concentration increased in the reproductive organs as the amount of available N in the shoots (although
reduced in N−) remained relatively high (Table 1). A similar pattern of N management strategy was
observed for line B73, except that under our experimental conditions, the increase in kernel N content
(%NK), although visible, was not significant. Such findings are in agreement with those of Rajcan
and Tollenaar 1999 [39], who showed that the proportion of N in the maize grain can be variable,
depending on post-silking N uptake and on the source: sink ratio.

In most of the studies aimed at investigating the effect of N application rates on KY and kernel N
content, only a limited number of genotypes (mostly represented by hybrids) have been studied. In
some cases, it has been observed that the kernel N content was higher when more N was remobilized
from the shoots [40]. In other studies, it was proposed that enhancing post-silking N uptake, rather
than N remobilization, was a possible way to increase kernel N accumulation [41]. When QTLs for
post-silking N uptake were investigated, only low genetic variations for this trait were generally
observed, and thus, a low number of chromosomal regions involved in the control of this trait were
detected [42]. Such findings are consistent with the results obtained in the present study, as line FV2,
which was used to produce the inbred line population for the detection of QTLs for post-silking N
uptake, is one of the least efficient lines in terms of total plant N uptake either in N+ or in N− (Table 1,
Figure 1).

Although it has been shown that N−remobilization can be maximized if a large amount of N is
accumulated before silking, there was no correlation between N accumulation before silking and the
amount of N remobilized from the shoots to the kernels, under either N+ or in N− conditions (r = 0.31,
p = 0.26 and r = 0.16, p =0.57 respectively). This finding indicates that such a positive correlation
between these traits, and one that is representative of N management, is not necessarily found when
considering genetically-distant maize lines.

It can therefore be concluded that for metabolic traits [26] in maize lines exhibiting a large genetic
variation, N management strategies are much more diverse compared to those found in genotypes
originating from a closely-related genetic background and selected in specific areas of the world.
Such a large genetic diversity can be exploited irrespective of plant female flowering date and of KY
potential, as late-flowering, high yielding lines are able to maintain their agronomic performance even
when there is a post-silking N deficiency stress.

5. Conclusions

Exploiting more extensive maize genetic diversity using lines of different geographical origin
appears to be a promising way to select lines and then to produce hybrids that are able to maintain high
agronomic performance, notably when less N is available during the post-silking period. Although
such an exploitation of maize genetic resources could be limited by the fact that a number of these
lines may be adapted to specific environmental conditions either in tropical or in temperate regions, it
will help to improve our understanding of how these lines are able to maintain high yields under low
N conditions. Such knowledge, combined with the benefit of modern genetic techniques, could be
used for future breeding strategies, which up to now have generally been conducted under high N
fertilization input [5], using genotypes originating from specific areas in the world.
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Abstract: Acidic soils hamper maize (Zea mays L.) production, causing yield losses of up to 69%.
Low pH acidic soils can lead to aluminum (Al), manganese (Mn), or iron (Fe) toxicities. Genetic
variability for tolerance to low soil pH exists among maize genotypes, which can be exploited in
developing high-yielding acid-tolerant maize genotypes. In this paper, we review some of the most
recent applications of conventional and molecular breeding approaches for improving maize yield
under acidic soils. The gaps in breeding maize for tolerance to low soil pH are highlighted and an
emphasis is placed on promoting the adoption of the numerous existing acid soil-tolerant genotypes.
While progress has been made in breeding for tolerance to Al toxicity, little has been done on Mn
and Fe toxicities. More research inputs are therefore required in: (1) developing screening methods
for tolerance to manganese and iron toxicities; (2) elucidating the mechanisms of maize tolerance
to Mn and Fe toxicities; and, (3) identifying the quantitative trait loci (QTL) responsible for Mn
and Fe tolerance in maize cultivars. There is also a need to raise farmers’ and other stakeholders’
awareness of the problem of Al, Mn, and Fe soil toxicities to improve the adoption rate of the
available acid-tolerant maize genotypes. Maize breeders should work more closely with farmers at
the early stages of the release process of a new variety to facilitate its adoption level. Researchers are
encouraged to strengthen their collaboration and exchange low soil pH-tolerant maize germplasm.

Keywords: maize; low soil pH; toxicity; breeding; tolerance

1. Introduction

Maize (Zea mays L.) is among the most widely grown crops in the world after rice (Oriza sativa L.)
and wheat (Triticum aestivum L.). It forms the basis for food security in some of the world’s poorest
regions in Africa, Asia, and Latin America and is produced on nearly 100 million hectares in 125
developing countries [1]. One of the major abiotic constraints of maize production is the occurrence
of acidic soils, caused by a low potential of hydrogen (pH). Considerable grain yield reductions of
maize under low soil pH have been reported in numerous studies. Dewi-Hayati et al. [2] reported that
grain yield reduction in acid soils varied from 2.8 to 71%, whereas Tandzi et al. [3] found maize yield
reduction under acid soils to be up to 69%. The variation in yield reduction under low soil pH is based
on the level of acidity in the soil, the agro-climatic conditions of the environment, and the genetic
potential of maize genotypes. Improving grain yield under acidic soil conditions is a major objective of
maize breeding programs in many regions of the world. An estimated 3950 million ha, or 30% of global
arable land, is covered by acidic soils [4–6]. The largest amount of potentially arable acid soils exists in
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the humid tropical zones, and comprises about 60% of the acid soils of the world [5]. The poor fertility
of acidic soils is due to a combination of mineral toxicities (Al, Mn, and Fe) and nutrient deficits caused
by the leaching or decreased availability of phosphorus (P), calcium (Ca), magnesium (Mg), sodium
(Na), and micronutrients such as molybdenum (Mo), zinc (Zn), and boron (B) [7].

The development of high-yielding maize cultivars has been the target of selection and breeding
procedures in tropical and subtropical regions with acid soils. Grain yield is often the product of
interactions between plant genotypes and the environment during the cropping cycle [8]. A high
level of heterosis and good combining ability are prerequisites for developing good, economically
viable maize hybrids [9]. Conventional breeding, based on testcross data, has been widely used
to estimate heterosis between populations or inbred lines, and used to assign inbreds to heterotic
groups [10–15]. Combining ability analyses assess the potential value of inbred lines and identify
the nature of gene action controlling various quantitative characters. This information is essential
for maize breeding focusing on developing hybrids, synthetics, and improved open pollinated
cultivars [16] under low soil pH. The advent of molecular genetics has enabled the use of DNA
markers to tag genomic regions associated with tolerance to low soil pH, and the subsequent utilization
of marker-assisted selection (MAS) to enhance the efficiency of maize breeding programs [17].
Additionally, the identification of key physiological processes associated with yield improvement and
the determination of gene-to-phenotype associations can potentially increase the efficiency of breeding
for acid tolerance, either through traditional or molecular methods [18].

This paper reviews maize improvement for tolerance to acidic soils using conventional and
molecular technologies, with a special focus on the experimentations that have improved the acid
tolerance of some maize genotypes. It also reviews the genetic, physiological, and biochemical
mechanisms by which plants tolerate low soil pH stress. The adoption of existing and improved
acid-tolerant maize genotypes is also taken into account. Challenges faced in breeding for acid
tolerance are identified and suggestions for overcoming them are provided. Areas with limited
information and research attention are also identified. The intensification of research efforts to fill
the identified gaps in information could improve on the efforts already made in the development of
high-yielding and high-quality acid-tolerant maize cultivars.

2. Acid Soils

2.1. Distribution of Acidic Soils

Acidic soils occur mainly in two global belts: the northern belt, with a cold, humid temperate
climate, and the southern tropical belt, with warm and humid conditions [5,6,19]. The global
distribution of acid soils is as follows: 40.9% in the Americas, 26.4% in Asia, 16.7% in Africa, 9.9% in
Europe, and 6.1% in Australia and New Zealand. About 67% of the acid-soil area is under forests, 18%
under savannas and prairie vegetation, 4.5% under arable lands, and less than 1% under perennial
tropical lands [5]. In Cameroon, acid soils cover 75% of arable land [20,21], whereas in Kenya they
cover only 13% of the total land area [22]. In South Africa, 5 million ha of soils are severely acidified
with an estimated 11 million ha being moderately acidic [23]. In KwaZulu Natal, 85% of soils have
pH < 5 and about half of these have an acid saturation of >10% [24]. The distribution of low soil pH
(pH < 5) in the world is presented in Figure 1.
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Figure 1. World distribution of soil pH (modified from [25]).

2.2. Acidification of Soils

Acidic soils are defined as soils with pH < 5.5 in the top layer [4–6]. The amount of hydrogen
cation (H+) activity in the soil solution determines the soil pH and is influenced by edaphic, climatic,
and biological factors. High rainfall affects the rate of soil acidification when rainfall washes away
bases (Ca2+, Mg2+, K+, Na+, and carbonate ion (CO3

−2)) from the soil. Hydrolysis results in a reduction
in soil pH when a metal is dissolved in water, releasing protons. The hydrolytic displacement of base
cations and the provision of additional acids from oxidation reactions are the main natural causes of
soil acidification, which lead to base-deficient, aerated sands under strong leaching conditions such
as high rainfall and drainage [26]. Poor agricultural practices (use of ammonium fertilizers and crop
removal) also contribute to the acidification of the soil [27]. Soil acidification is intensified by the
removal of cations through the harvesting of crops and by acid precipitation from polluted air [28,29].

2.3. Toxification of Acid Soils

Acid soil toxicity is caused by a combination of high solubility of toxic heavy metal elements
(iron, copper, manganese, zinc, and aluminum), a lack of essential nutrients (phosphorus, magnesium,
calcium, potassium, sodium), and low soil pH [30,31]. Low soil pH can therefore generate excesses
of aluminum, iron, and manganese, which hamper crop production [32]. High Al and Fe oxides and
hydroxide in low soil pH are responsible for P fixation, making it unavailable to plants [33–35]. All of
these toxicities (Al, Mn, and Fe) should be considered when breeding for maize tolerance to low soil
pH around the world.

2.3.1. Aluminum Toxicity

Al toxicity limits agricultural productivity by preventing crops to reach their yield
potential [36–39]. Al toxicity (60 to 300 μg per liter of water in soil) can cause 25–80% yield losses
in various crop plants [40]. Under Al toxicity, nitrogen (N), P, and potassium (K) uptake, which are
essential nutrients responsible for the stimulation of root growth [41], become unavailable. Strong
subsoil Al toxicity reduces plant rooting depth, increases susceptibility to drought, and decreases the
use of subsoil nutrients [28]. Al toxicity effects result in root damage, which hamper nutrient uptake
ability, resulting in nutrient deficiency in the plant [42,43]. Under Al toxicity, P deficiency leads to
stunted plant growth, and thin and spindly stems with purpling leaves, which results in the reduction
of grain yield [44,45]. The determination of the content of available Al (exchangeable and in the soil
solution) is essential for an evaluation of the risk for plant production in acid soils. While most of the
attention on acidic soils has been focused on Al toxicity, limited attention has been placed on Fe and
Mn toxicities.
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2.3.2. Iron Toxicity

Iron is the fourth most abundant mineral in the earth’s crust after oxygen (O2), silicon (Si), and Al.
Fe toxicity is a disorder associated with large concentrations of reduced iron (Fe2+) in the soil solution,
which occurs in flooded soils [46]. The hydrolysis of Fe is more acidic than Al hydrolysis. Acidity
resulting from Fe toxicity is normally buffered by Al hydrolysis reactions. However, once most of the
soil Al ions have reacted, Fe hydrolysis takes over, leading to a profound decrease in soil pH [47].

In low soil pH, the anaerobic bacteria provide very high amounts of ferrous ion, which become
toxic to plants. Acid soils that are poorly aerated or compacted can increase iron content to the point
of toxicity. A high concentration of Fe2+ in the rhizosphere has antagonistic effects on the uptake of
essentials nutrients (P, K, and Zn) by the plants, causing the accumulation of harmful organic acids or
hydrogen sulphides, and consequently leading to plant yield reduction [48]. Yield reductions of 12 to
100% have been previously observed in rice growing in iron toxic soils [49–51], depending on the level
of iron toxicity, genetic background of genotypes, and soil fertility status. High iron availability in the
soils can also lead to direct or indirect toxicity in the plants [52]. High toxic levels of accumulated Fe in
plants can damage lipids, proteins, and deoxyribonucleic acid (DNA). Direct effects of iron toxicity
also include damage to cell structures leading to reduced plant growth and injury to foliage [53–56].
In tolerant genotypes, excess iron is known to precipitate on roots, forming an iron plaque that acts as
a barrier against iron while ensuring the utilization of essential nutrients by those plants (a process
known as indirect iron toxicity). In contrast, an imbalance of nutrients has been observed in susceptible
plants growing in soils with toxic levels of iron [48,57,58]. The critical concentration of iron toxicity
symptoms varies from 10 to 500 mg/L depending on the nutrient status in the plants and the presence
of the reduction products in the environment [51].

2.3.3. Manganese Toxicity

Manganese (Mn) is an essential trace element throughout all stages of plant development, which
becomes toxic when taken up in excessive quantities. Mn is deficient in maize plants when its level is
less than 15 ppm; it is low when it is between 15 and 25 ppm; sufficient between 26 and 150 ppm; high
between 151 and 200 ppm; and excessive or toxic when its concentration is higher than 200 ppm [59].

Mn toxicity is associated with Al and Fe hydrolysis, the primary reactions causing soil acidity.
Soil acidification further enhances the solubility of Mn, and thus increases its bioavailability to toxic
levels in natural and agricultural systems [60,61]. The effects of Mn toxicity are more pronounced
in sensitive plants with a decrease in soil pH, which further increases the solubility of Mn [47,61].
The first symptoms of Mn toxicity appear on the oldest leaves of plants as chlorosis, which later
progresses to necrosis [62]. In addition, plants exposed to excess Mn exhibit a very strong inhibition of
chloroplast structure and functions, reduced photosynthetic and transpiration rates, and inhibition of
carbon dioxide (CO2) fixation as a result of stomatal closure [63,64]. To date, there is a very limited
number of published reports on manganese toxicity in plants. Therefore, this area of study requires
more investigations.

2.4. Management of Acidic Soils

A number of management practices are used to correct low soil pH. Liming is the most commonly
recommended management practice [65–67]. Kisinyo [68] found that the application of both lime
and P fertilizer are important for P and N fertilizer recovery efficiencies necessary for healthy maize
growth under acid soils. However, the application of lime and/or fertilizer is not always affordable for
small-scale farmers and is not environmentally friendly [12,69]. Additionally, liming affects the topsoil
and does not remove acidity in the subsoil, where it poses a severe problem to developing roots [70,71].
Mwangi et al. [72] reported that farm yard manure is a better amendment for correcting soil pH because
it has a strong buffering capacity that contains both soil acidity and alkalinity. However, the general
recommendations are very high (10 tons per hectare) and the manure is not always available [73].

45



Agronomy 2018, 8, 84

The addition of crop residues to soils can result in an increase in soil pH [74–76]. Hoyt and Turner [74]
found an increase in soil pH of about 0.5 of a pH unit when lucerne meal was added to acid soil, but
observed a decline of pH 20 days after incubation. It has been generally observed that the addition of
residues causes an initial rise in soil pH, which is then followed by a decline in pH [75,77]. The use of
acid-tolerant maize cultivars constitutes an efficient and permanent alternative to increase yields in
acidic soils [78].

3. Mechanisms of Tolerance to Low Soil pH

The mechanisms of tolerance to low soil pH occur at physiological, biochemical, and molecular
levels. However, some of the mechanisms are still poorly understood, and thus require more research.
Knowledge of the mechanisms of tolerance of maize genotypes to Al, Fe, and Mn toxicities could
facilitate the development of acid soil-tolerant genotypes.

The exclusion of Al in the root apoplast as well as intracellular tolerance to Al toxicity [79,80]
have been suggested as important mechanisms for Al tolerance in maize [36–38]. Aluminum exclusion
is related to the ability of Al-tolerant plants to excrete organic acids (predominantly citric acid and
oxalate in maize) and phenolics from the root apex [37,81,82]. The secreted organic anions (OA)
bind with Al to form a complex (Al–OA) which protects the root apex, thus allowing it to continue
growing [38,80,81]. The exudation of other organic compounds may be important for the chelation
of Al in the root apex [38], even though little is known about their mechanisms of action [79]. Other
ligands released in the root apex include phenolic compounds, flavonoids, succinates, phosphates,
uridine diphosphate-glucose, and polysaccharides in the form of mucilages [38,79–81,83,84]. Mucilage
is a gelatinous material made of high molecular weight polysaccharides exuded from the most external
layers of the root apex and is an important mechanism of resistance to metals [79,85].

Physiological, molecular, and biochemical studies have shown that the modification of the cell
wall composition imparts resistance to Al toxicity to some genotypes [79,84–86]. The most important
internal tolerance mechanisms are Al-binding proteins, the chelation of Al using organic acids (such
as citric acid) and other organic ligands in the cytosol, the compartmentalization or sequestration of
Al in the vacuoles, the evolution of Al-tolerant enzymes (such as Nicotinamide adenine dinucleotide
phosphate—specific isocitrate dehydrogenase), elevated enzyme activity [37,86,87], and the Al-induced
synthesis of callose (such as 1, 3-glucan) [78,88]. The phospholipid composition of the plasma
membrane plays an important role in Al toxicity since it creates a negative charge on the surface
of the membrane and increases the sensitivity to Al [79,89].

The mechanisms of tolerance to Mn toxicity are not clearly established [64]. Different plant
species and genotypes respond differently for tolerance to Mn toxicity [64,90]. The tolerance of
maize plants to Mn toxicity has been attributed to tolerance to high tissue concentrations of Mn [63].
Stoyanova et al. [64] evaluated four cultivars of maize under high and toxic concentrations and
found that the most tolerant genotype, Kneja 434, expressed a stronger internal capacity of protection
against the phytotoxicity of Mn and a higher potential of Mn detoxification. More research is needed
to better understand the mechanisms of plant tolerance to Mn and Fe toxicities. Connolly and
Guerinot [53] stated that cells store iron with specialized iron-storage proteins called ferritins, which
play an important role in iron homeostasis, but the significance of this finding remains unclear.

4. Breeding Maize for Tolerance to Low Soil pH

Tolerance to mineral elements can be defined as the ability of a plant to grow better, produce dry
matter, develop fewer deficiency symptoms when grown at low or toxic levels of the mineral element,
and give better yield [91,92]. The breeding of maize for tolerance to low soil pH has largely used
conventional and molecular approaches, as elucidated in the following sections.
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4.1. Conventional Breeding Methods

Breeding programs place emphasis on the grain and forage production of maize plants for
human consumption and animal feed. Selection is therefore directed toward the improvement of
plant growth characteristics under stress conditions. Conventional breeding makes use of heterosis,
heterotic patterns, and heterotic groups, and combinability to develop improved maize hybrids with
tolerance to low soil pH. Screening for tolerance to low pH can be performed in the laboratory using
hematoxylin and nutrient culture assays [93–96], in the greenhouse or glasshouse [97,98], and under
field conditions in sites that are characterized as ‘hot spots’ for soil acidity [3,12,99–101]. However,
the use of nutrient growth solution is a poor predictor for genetic selection under Al toxic soils in
the field. Ouma et al. [94] found that the nutrient culture screening for Al toxicity can predict field
selection under Al toxic soils with an accuracy of 24 to 35%, depending on the saturation level of Al
in a particular soil and the level of available phosphorus. Under low soil pH, Al ions tend to form
highly stable complexes with phosphorus [102]. Under these conditions, maize cultivars with high P
use efficiency have a good acid soil tolerance capacity.

4.1.1. Heterosis, Heterotic Patterns, and Heterotic Groups for Maize Tolerance to Low Soil pH

Heterosis (hybrid vigor) is the phenomenon in which the progeny of crosses between inbred lines or
pure-bred populations perform better than the expected average of the two parents (mid parent heterosis)
for particular traits [103] or better than the best parent (high parent heterosis). There are three probable
causes of heterosis and none involves additive variance. The dominance hypothesis involves the action
and interaction of favorable dominant alleles. The over dominance hypothesis proposes that heterozygous
loci are superior to homozygous loci. The epistasis hypothesis involves the interaction of alleles from
different loci, which is what occurs with regulatory loci that can turn other genes on or off. Ceballos
et al. [104] found in their study in Mexico that in acidic soils, dominance was the most important source
of variation, accounting for about 55% of the total variation. Additive and epistatic variance components
each accounted for 22.5% of the total genotypic variation in the same study. Heterosis has been efficiently
used in the development of high-yielding maize hybrids tolerant to low soil pH.

Inbreds can be classified into specific heterotic groups or patterns depending on their similarity
in combining ability and heterotic response when crossed with genotypes from other genetically
distinct groups [103]. Twenty-eight maize open pollinated cultivars (OPVs) were crossed in all
possible combinations and the 378 varietal hybrids derived from the crosses were evaluated in 10
environments with acid soils in Brazil. From that study, the cultivars were classified into four heterotic
groups based on combining ability data. The consistency of the proposed heterotic groups was
confirmed by comparing intra- and inter-group first generation progeny (F1) values and mid parent
heterosis [105]. More often, significant differences have been recorded among environments and
line x tester interaction across environments, which have highlighted the different responses of
genotypes in various environments [12,13,15,106]. Four distinct heterotic groups were identified under
acid soil and across environments in Cameroon based on the specific combining ability and yield
superiority of F1 hybrids over the best hybrid check from inbred line x tester crosses conducted in
2012–2014 [15]. In India, six parental inbreds were classified into three heterotic groups based on their
specific combining ability for yield under low soil pH. In this case, the superior heterotic pattern was
flint × dent [107].

The standard public sector view of heterosis is based on statistical estimates and often presents a
complex view of heterosis and heterotic groups that is different from most private sector programs.
In most private sector programs, breeders develop heterotic groups by using elite inbred lines as testers.
The general process is to cross two inbreds with different desirable traits but which both combine
well with an elite tester. The F1 of this cross is selfed to produce a source population from which new
inbreds are developed. The new inbreds are selected by the evaluation of hybrids between them and
the tester. Any tester hybrids that outperform the best check hybrid by 10% or more are advanced and
the new inbred is classed into an anti-tester heterotic group [15]. In practice, commercial maize hybrids
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consist of crosses of two unrelated inbreds, each derived from different families or heterotic groups.
The diversity increases on pooling germplasm from different heterotic groups. The application of these
methods could be useful in developing high-yielding maize genotypes with tolerance to low soil pH.
Several research studies [12,13,15,103–107] have been conducted during the past few years under low
soil pH conditions using conventional methods (including combinability and heterotic grouping) with
the goal of developing high-yielding and tolerant maize genotypes. Despite the efforts and progress
made by researchers, the grain yield loss of maize due to low soil pH is still very high. This might be
because low soil pH is associated with others stresses such as water stress and poor soil fertility, thus
making the selection process more complex.

4.1.2. Combining Abilities and Heritability of Maize Genotypes for Tolerance to Low Soil pH

The concept of combining ability is important in hybrid development, where you compare the
performance of lines in hybrid combinations. Combining ability or productivity in crosses is defined
as the ability of a parent or an inbred line to transmit desirable traits to a hybrid. There are two types
of combining ability: general (GCA) and specific (SCA). SCA is the interaction of genes of two parents
involved in a cross with a specific inbred in relation to its contributions in crosses with an array of
other inbreds. It relates to non-additive gene effects and depends on how genes from each inbred
complement the other [108]. Meanwhile, GCA refers to the average performance of a given genotype
or parent in a series of hybrid combinations.

The nature and magnitude of gene action is an important factor in developing an effective breeding
program [16]. In Cameroon, the evaluation of 121 testcross hybrids under acid soil environments showed
that three parental inbred lines (Cam Inb gp1 17, 4001, and 9450) produced hybrids with the best specific
combining ability [15]. Pandey et al. [99] found that parents versus crosses mean squares of grain yield
were highly significant, indicating the importance of heterosis and non-additive gene effects for grain
yield under acidic soil environments. Under low soil pH, Parentoni et al. [109] and Chen et al. [110] also
found the non-additive gene effects to be more important than the additive effects for tolerance to low
P. Moreover, Ouma [96] detected both additive and non-additive gene effects under high and low P in
Kenyan acid soils. Under low soil pH, the yield-related traits are generally controlled by additive and
non-additive gene effects with the predominance of non-additive gene effects. The breeding value and
gene effects of maize genotypes for tolerance to low soil pH are presented in Table 1.

Table 1. Gene effects for maize tolerance to low soil pH.

Type of Maize Genotype Combining Abilities in Low Soil pH References

Hybrids Importance of both additive and non-additive gene effects for yield and
yield components in acid soil environments. [100,101,103,111]

F1 progenies Both additive and non-additive gene actions with the predominance of
non-additive effects were observed under acid soils. [11,12,15,99]

Maize populations Epistasis accounts for the higher proportion of the total variability of
the total sum of squares in acid soil locations. [104]

Maize hybrids (single and
top cross)

Tolerance to Al toxicity in soil acidity was controlled by additive as well
as non-additive gene effects, with the preponderance of additive effects. [111–117]

Single cross hybrids In acid soil with manganese toxicity, the contribution of non-additive
gene effects was greater than the additive effects of genes. [116,117]

Testcross hybrids
At Nkolbisson in Cameroon, where the soil acidity contains Mn toxicity,
the effect of additive genes was higher than the effect of non-additive
genes.

[14]

Grain yield is the most important quantitative trait and it involves multiple genetic effects. In the
development of high-yielding maize hybrids, it is important to know the gene actions and their
relative contribution in the expression of yield-related traits. Under low soil pH, yield is controlled
by additive and non-additive gene actions [100,101,114] with the predominance of non-additive gene
effects [11,12,15,99,103]. It is difficult to select for yield directly so the yield components that are
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usually controlled by additive gene effects are evaluated. Several researchers have reported high
heritability and high genetic variance for different yield components in maize [118,119]. Rafique
et al. [118] reported high heritability (>80%) for all of the traits collected (plant height, ear height, ear
length, ear diameter, grain yield, kernel per row) showing heritable variation among genotypes. Rafiq
et al. [119] found high heritability estimates (>80%) for all of the traits indicating the preponderance of
additive gene action. Bello et al. [120] reported high phenotypic and genotypic coefficient of variations
as well as high heritability for the number of grains per ear, ear weight, and plant and ear heights, and
found that these traits were under the control of additive gene effects. Therefore, effective selection
could be possible for the improvement of these yield components under normal conditions. Khan
et al. [121] reported moderate heritability estimates under normal conditions for plant height (38.5%),
ear height (32.6%), days to 50% tasseling (48.4%), 100-kernels weight (42.3%), ear length (49.5%), ear
diameter (40.0%), and cob diameter (28.5%). Opposingly, Tandzi et al. [3] observed low heritability for
all of the agronomic traits (anthesis-silking interval (9%), plant height (27%), ear height (40%), ear per
plant (14%), ear aspect (28%), plant aspect (17%), and yield (8%)) recorded under low soil pH.

4.1.3. Secondary Traits Associated with Tolerance to Acidic Soils

The identification of secondary traits is very useful in breeding maize for tolerance to low soil pH due
to their correlations with yield. Since yield is mostly controlled by non-additive gene action, secondary
traits could be used as indirect predictors of yield in acid soil environments. In addition, secondary traits
can also be useful for the genotypic characterization of plants in response to low soil pH stress. Baligar
et al. [122] reported that at 41% Al saturation, tolerant maize genotypes produced high shoot and root
weight as well as high nutrient efficiency ratio (NER) for P, Ca Mg, and Fe. The greater grain yield of
newer acid-tolerant Argentinean maize hybrids was mainly related to an increase in harvest index [123].
Increased harvest index was more associated with a greater increase in grain yield components including
kernel number and/or kernel weight than with an increase in shoot biomass. The characteristic most
frequently associated with genetic yield improvement in maize under stress conditions is delayed leaf
senescence or “stay green” [124,125]. Different secondary traits associated with tolerance to low soil pH
at different stages of maize development have been identified over the years (Table 2). Welcker [101]
observed moderately strong to strong correlations of anthesis-silking interval, plant height, and ears per
plant with yield under low soil pH conditions. However, Tandzi et al. [3] observed weak to moderately
weak correlations of anthesis-silking interval and plant height with yield, suggesting the unreliability of
these traits as predictors of performance under low soil pH conditions. Leaf area, photosynthetic rate,
stress tolerance index, and stress susceptibility index showed strong correlations with yield (Table 2);
these traits could be reliable predictors of yield due to their probable stability across environments. Some
secondary traits are specific to certain mineral toxicities in the soil. For instance, chlorophyll content could
be a useful secondary trait under Mn toxicity [64].

Table 2. Secondary traits associated with tolerance to low soil pH.

Secondary Traits * References

Anthesis silking interval (−0.65 in 1999 and −0.66 in 2000), plant height (+0.65 in 1999, +0.71 in 2000), and
ears per plant (+0.50 in 1998, +0.74 in 1999 and +0.74 in 2000) were strongly related to yield. [101]

Leaf area (+0.75) and photosynthetic rate (+0.78) were highly and positively correlated with grain yield. [101]

Seminal root length measured at leaf stage 4 appeared to be the most sensitive trait for tolerance to low pH
under laboratory conditions. [12,101]

Relative Net Root Growth (RNRG) was found to predict field performance under Al toxic soils by between
24% and 35%. [96]

Plant height (0.36), ear height (0.28), and stress tolerance index (0.94) were highly and positively correlated
with yield.
Anthesis-silking interval (−0.13), plant aspect (−0.4), ear aspect (−0.47), and stress susceptibility index
(−0.90) were negatively correlated with yield.

[3]

* Values in brackets refer to correlation coefficients between yield and secondary trait.
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4.2. Application of Molecular Tools in Breeding for Maize Tolerance to Acidic Soils

Molecular approaches have led to significant achievements of higher tolerance and the
identification of genes responsible for acidic soil tolerance, specifically Al tolerance [29]. Molecular
markers have been used in maize breeding to map blocks of genes associated with economically
important traits, often termed as quantitative trait loci (QTL) [126]. Molecular markers are modern
diagnostic tools, which may therefore help breeders to develop cultivars with tolerance to Al, Fe, and
Mn toxicities. Molecular markers could be used in marker-assisted selection (MAS) [127], once genes
linked to each of these toxicities have been identified.

Members of two different families of transporters, ALMT (Al-activated malate transporter) and
MATE (multidrug and toxic compound extrusion), have been identified to facilitate organic acid
anion efflux in Al-tolerant plants [128–131]. Using maize association mapping population and
three independent F2 populations derived from the crosses B73 × CML247, B73 × CML333, and
B73 × NC350, Krill et al. [131] identified six candidate genes, including ALMT2, in response to
Al toxicity. However, only four of the candidate genes, Zea mays AltSB like (ZmASL), Zea mays
aluminum-activated malate transporter2 (ALMT2), S-adenosyl-L-homocysteinase (SAHH), and Malic enzyme
(ME), were identified by both the association and linkage mapping studies. Froese and Carter [132]
found that the positive allele of marker wmc331 linked to ALMT1 was not widely present in the winter
wheat germplasm used in their study but was present only in the most tolerant cultivar. In addition to
Al tolerance, genes in the ALMT family are also known to influence other physiological processes such
as guard cell regulation, fruit quality, and seed development [102].

The MATE gene has been cloned and identified in several crops such as Arabidopsis [55],
barley [133], wheat [134], sorghum [129], rice [135], bean [136], poplar [137], soybean [138], and
maize [130,131] (Table 3). The Al-tolerant allele for the MATE1 locus was found to contain a tandem
gene triplication and to have higher levels of gene expression compared to the sensitive allele with a
single gene copy [131]. A gene-specific marker, Cit7, was developed based on sequence of the barley
HvMATE gene to improve the marker-assisted selection of barley genotypes under Al toxicity [139].
The presence of three copies of MATE1 in Al-tolerant maize lines, Al237, C1006, and IL677a, originating
from regions of highly acidic soils in South America and Africa underscores the role of gene copy
number variation in the adaptation of plants to acidic soils, and further suggests that genome structural
changes may be a rapid evolutionary response to new environments [131].

Mattiello et al. [140] identified 44 candidate genes located within or near intervals of QTL for
Al tolerance, with several functions such as cyclins (RNA binding protein, a protease inhibitor) and
xyloglucan endo transglycosylase protein 8 precursor that may work together and contribute to
maintaining root growth in acid soil with toxic levels of Al. The use of more powerful genomic
technics such as the Hi-C sequencing method could provide new evidence for the existence of spatial
Al-tolerant gene clusters [141].

To date, there are no reports on genes or QTL associated with tolerance to Fe and Mn toxicities.
The identification of QTL linked to secondary traits correlated with yield performance under conditions
of either Fe or Mn toxicity could further enhance the efficiency of maize breeding for tolerance to low
soil pH. QTL associated with secondary traits such as days to silking, anthesis-silking interval, and
stay green characteristic under stressed environments [142,143] could have the potential to be utilized
as indirect molecular predictors of performance of plants exposed to Fe and Mn toxicities. Moreover,
it is relevant to check whether any of the previously identified genes or QTL for Al tolerance have
pleiotropic effects for tolerance to Fe and Mn toxicities. Also, there is need for the application of the
recent advances in proteomic and metabolomics to provide a greater understanding of the mechanisms
involved in the tolerance of plants to low soil pH.
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Table 3. Genes associated with Al tolerance in different crops.

Gene Crop Reference

MATE (multidrug and toxic compound extrusion)

Maize [129–131]
Arabidopsis [55]
Sorghum [129]

Rice [135]
Bean [136]

Poplar [137]
Soybean [138]

Zea mays AltSB like (ZmASL),
Zea mays aluminum-activated malate transporter2 (ALMT2),

S-adenosyl-L-homocysteinase (SAHH),
Malic enzyme (ME)

Maize [139]

HvMATE Barley [135,139]

ALMT (Al-activated Malate Transporter) Wheat, rice, tobacco, barley [128,132,134,144,145]

BnALMT1 and BnALMT2
GmALMT1
ScALMT1

Rape
Soybean

Rye
[146–148]

MsALMT1
HlALMT1

Medicago sativa
Holcus lanatus [149,150]

5. Successes in Breeding for Low Soil pH-Tolerant Maize Genotypes

The International Maize and Wheat Improvement Center (CIMMYT), in collaboration with several
National Agricultural Research Systems (NARS) all over the world, have developed soil acidity-tolerant
maize cultivars to increase maize productivity per unit area. Acid soil-tolerant maize populations
have undergone recurrent selections to improve these populations for grain yield under both acid and
normal soils [151].

Significant progress has been made in the development of tolerant maize genotypes to low soil
pH since 1997. Case studies showing grain yield improvements of some maize genotypes under
acidic soil conditions are summarized in Table 4. Means of yield, percentage yield reduction, and
percentage yield increase of the genotypes (general, hybrids, single cross, best single cross, three-way
cross, best three-way cross, OPV, and the best commercial check) are summarized in Table 4. The
mean yield reduction percentage of genotypes varied from 36 to 51% in Latin America and Asia, and
from 37 to 40% in Cameroon. These variations were influenced by several factors such as the level
of acidity, the agro-climatic conditions, and the tolerance status of the genotypes to low soil pH. The
average grain yield of acid soil-tolerant OPVs such as Sikuani was 3.2 t/ha when evaluated across
13 acid soil environments. On the other hand, top cross hybrids developed in 1995 from crosses of
OPVs and inbred lines had an average grain yield of 3.84 t/ha when evaluated across six acid soil
environments [151]. Reference [103] reported that an addition of 60 kg ha−1 of phosphorus did not
produce a significant grain yield difference for the acid soil-tolerant cultivar ATP-SR-Y but significantly
increased the grain yield of the susceptible cultivar, Tuxpeno Sequia, indicating that ATP-SR-Y is a
P-efficient cultivar. In Cameroon, a maize yield increase of 51% was obtained with some varieties
under low soil pH, while a general yield reduction of 37% was observed in other varieties [3,12]. In
Kenya, some single cross hybrids (KML 036 × MUL 863, KML 036 × S39615-1, MUL 863 × MUL 1007,
MUL 125 × POOLB 26-1, MUL 817 × MUL 125) expressing superior tolerance to Al toxicity were
identified [98]. The most common standard acid-tolerant maize cultivar developed in CIMMYT is
CIMCALI 97 Balopia SA4, referred to as 97BASA4 [95].
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Table 4. Case studies showing grain yield improvements of some maize genotypes evaluated under
selected acidic soil environments from 1998 to 2015.

Genotype

Latin America and Asia (1997–2000) Cameroon (1996–2014)

Mean

Yield
(t/ha)

% Yield
Reduction

% Yield
Increase

Yield
(t/ha)

% of Yield
Reduction

% Yield
Increase

General 2.62 44.6 19.5 3.15 37.3 5.7
Hybrids 2.64 44.9 20.1 3.0 39.5 1

Single cross 2.56 46.7 17.6 3.38 39.5 12.1
Best single cross 2.86 50.8 26.2 6.5 39 51.2
Three-way cross 2.70 41.6 21.8 - - -

Best three-way cross 3.10 41.3 31.9 - - -
OPV 2.11 35.9 - 2.97 36.9 -

Best commercial check - - 3.17 40 6.3

General = overall mean of genotypes, % yield reduction = the proportion of the yield that is lost under low soil pH
compared to the control environment, % yield increase = proportion of yield gain under low soil pH compared to
the check. Sources: [3,12,99].

Even though the expected yield of maize genotypes that are tolerant to low soil pH is still low
compared to normal conditions, several OPVs and hybrids tolerant to this stress have already been
developed and made available to producers. In addition to a high level of expression of the Al tolerance
gene MATE1, some Maize cultivars such as Cateto also contain high copy numbers of the gene [129].
Several inbred lines and hybrids have been developed from crosses involving the cultivar Cateto.
Perentoni et al. [45] classified two maize hybrids (L3 × Cateto and 228-3 × L22) as being P-use efficient
based on their mean yield under low and high P environments. These single cross hybrids could
be highly tolerant to low soil pH since they are capable of efficiently using phosphorus in a stress
environment. Collaborative research should be encouraged in the regions where low soil pH is a major
problem to maize production, as this may lead to improvements in the commercialization of low soil
pH-tolerant cultivars.

6. Adoption of Acid Soil-Tolerant Maize

The adoption of improved maize cultivars remains an important issue in developing countries.
Some acid soil-tolerant maize cultivars have not been adopted by farmers even when available, because
farmers’ selection criteria are generally not considered in the breeding process [51]. About 80% of
farmers recycle improved cultivars, including hybrids, contrary to the recommendations [152] in
most African countries. Although the superiority of hybrids compared to OPVs has been reported,
OPVs will continue to be more important than hybrids under acid soils over the coming years due to
the limited resource-base of smallholder farmers [151]. For instance, several high-yielding, low soil
pH-tolerant top crosses and hybrid maize genotypes have been identified in Cameroon but have not
yet been released [3,12].

Numerous studies have provided insight into the selection criteria of farmers in different parts of
Africa. Tolerance to acidic soils was never mentioned in these studies, despite the prevalence of the
problem. In the bimodal humid forest area of Cameroon, smallholder farmers are willing to adopt
high-yielding maize cultivars tolerant to poor soil fertility if they produce good quality grain and
are soft and sweet tasting [68]. Regression analysis showed that household size, level of education,
contact with extension agents, access to credit, and yield of improved maize cultivars were the factors
that influence the adoption of improved maize cultivars in Nigeria [153]. Gender, age, farm size,
income, and lack of access to extension influenced the low adoption rate of maize technologies in
Western Kenya. Therefore, it has been recommended that policies should consider household structure,
empower smallholder farmers economically, and improve access to extension services to enhance the
adoption of improved maize in the country [154]. The provision of social infrastructure, especially
access roads to market centers, and the extension of agricultural education to farmers would increase
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the spread of improved maize cultivars in Kenya [155]. The use of these approaches might also
facilitate the adoption of acid-tolerant cultivars.

Farmers, in most cases, are not aware when breeders release new high-yielding cultivars with
tolerance to low soil pH. More demonstration plots combined with farmer training and farmer field
days could enhance the adoption rate of improved cultivars. Researchers should apply participatory
selection approaches in maize breeding to share knowledge with farmers and other stakeholders who
regularly interact with farmers. It is not clear whether the majority of researchers actually believe in
involving farmers when evaluating new cultivars. Without famer involvement, practitioners end up
issuing blanket recommendations that are not context-specific. Researchers should organize some
workshops explaining practical aspects to be taken into account to deal with the problem of soil acidity.
This could involve designing simpler ways in which farmers could measure soil pH, as well as the
identification of indicator plants that grow in acidic soils. The adoption of acid-tolerant cultivars
can be expected to improve once farmers have a good appreciation of the problem, as well as simple
ways of detecting soil acidity in their fields. Farmers could also be encouraged to share seeds of some
Al-tolerant cultivars to facilitate their widespread use.

7. Conclusions

Low soil pH is often combined with other stresses such as drought, low N, low P in the soil, and
poor soil fertility. Several maize genotypes with different levels of tolerance to acidic soils have been
developed and commercialized throughout the world, but the yield losses to soil acidity still remain
high. Tailoring the crop to fit acidic or less fertile soils is more effective and more economically and
environmentally friendly than changing the soil to fit the crops. There is a need to use combining ability
and heterosis to efficiently develop high-yielding and more adapted acid-tolerant maize genotypes.
The integrated use of molecular tools such as marker-assisted selection already applied in some areas
is highly encouraged. In countries, mostly in Africa, where the application of molecular markers is
non-existent or very limited due to lack of facilities, financial resources, and skilled personnel, the
establishment of modern state-of-the-art laboratories and the training of human resources are critical.
Researchers are encouraged to strengthen their collaboration through the sharing of data, findings,
and germplasm exchange. The availability of maize germplasm with a broad genetic base for tolerance
to low soil pH would increase the potential for the development of high-yielding cultivars with high
levels of tolerance to low soil pH as well as toxicities of Al, Fe, and Mn. The mechanisms of Mn
and Fe tolerance in maize are still not clearly established. More research should be devoted to maize
tolerance to Mn and Fe toxicities. To raise the level of adoption of improved maize cultivars under
acidic soils, farmers should be involved in the selection process through participatory breeding and
selection approaches.
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Al aluminum
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Fe iron
pH potential of hydrogen
QTL quantitative trait locus
P phosphorus
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Ca calcium
Mg magnesium
Na sodium
Mo molybdenum
Zn zinc
B boron
DNA deoxyribonucleic acid
ha hectare
H+ hydrogen cation
Ca2+ calcium cation
Mg2+ magnesium cation
K+ potassium cation
Na+ sodium cation
(CO3)−2 carbonate ion
O2 oxygen
Si silicon
ppm parts per million
CO2 carbon dioxide
OA organic anion
OPVs open pollinated cultivars
SCA specific combining ability
GCA general combining ability
F1 first generation progeny
ALMT aluminum-activated malate transporter
MATE multidrug and toxic compound extrusion
F2 second generation progeny
CML CIMMYT maize line
CIMMYT International Maize and Wheat Improvement Center
NARS National Agricultural Research Systems
t/ha tons per hectare
ATP-SR-Y acid tolerant population streak resistant yellow
ZmMATE zea multidrug and toxic compound extrusion
HvMATE Hordeum vulgare multidrug and toxic compound extrusion
AltSB aluminum tolerant in sorghum
ALMT2 aluminum-activated malate transporter 2
SAHH S-adenosyl-L-homocysteinase
ME malic enzyme
RNA ribonucleic acid
ALMT1 aluminum-activated malate transporter 1.
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Abstract: Nitrogen (N) is one of the most important nutrients required for high productivity of
the maize plant. In most farmers’ fields in Sub-Saharan Africa (SSA), there is low availability of
N in the soil mainly due to continuous cultivation of the land, crop residues removal, little or no
application of fertilizers and rapid leaching. There is a need to develop low N tolerant and adapted
maize genotypes. Evaluation of maize genotypes under different nitrogen conditions would therefore
be useful in identifying genotypes that combine stability with high yield potential for both stress
and non-stress environment. Eighty maize hybrids were evaluated at Mbalmayo and Nkolbisson
in Cameroon, during 2012 and 2013 minor and major cropping seasons across 11 environments
under low and high N conditions. The objectives of the study were: (i) to determine the effect of
genotype x environment interaction (G × E) on grain yield and yield stability of single cross maize
hybrids across low N and optimum N environments and (ii) to identify genotypes to recommend
for further use in the breeding program. Yield data of 80 hybrids were analyzed initially and the
analysis of 20 best performing genotypes was further performed for a better visualization and
interpretation of the results. Combined analysis of variance showed highly significant G × E effects
for grain yield. The GGE biplot analysis divided the study area into three mega environments:
one related to the major cropping season while the two others were related to the minor cropping
season. The grain yield of the 20 highest yielding hybrids ranged from 4484.7 to 5198.3 kg ha−1.
Hybrid 1368 × 87036 was the highest yielding in the minor season while the most outstanding hybrid,
TL-11-A-1642-5 × 87036 was the best for the major season. The latter hybrid showed the potential
for production across environments and should therefore be further tested in multiple environments
to confirm consistency of its high yield performance and stability, and to facilitate its release as a
commercial hybrid. High yielding but not stable hybrids across environments could be recommended
for the specific environments where they performed well.

Keywords: Maize; hybrids; genotype × environment; stability

1. Introduction

Maize is one of the most important cereals in Sub-Saharan Africa (SSA) and a staple food for an
estimated 50% of the population. It is an important source of carbohydrate, protein, iron, vitamin B,
and minerals [1] and accounts for about 15% of the caloric intake of the population [2]. In Cameroon,
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maize is the most consumed cereal, much more than sorghum, rice and wheat [3]. Maize is grown
in all the five agro ecological zones of the country, namely: Sudano-Sahelian Zone, High Guinea
Savanna, Humid Forest Zone and the Western Highlands with a mono-modal rainfall pattern and
the Humid Forest Zone with a bimodal rainfall pattern [4]. These agro-ecological zones are within an
altitude ranging from zero and 4095 m above sea level. The crop is grown both by small and large
scale farmers [3,4] under a wide range of conditions such as different soil types, soil fertility levels,
moisture levels, different temperatures and cultural practices.

Low soil nitrogen (low N) limits maize yield production in diverse arable land. It is also one of
the most important environmental constraints contributing to yield instability of maize. Ajala et al. [5]
found large genotypic and phenotypic variances for maize grain yield under low and high N
environments with low heritability estimates but with yield gain of more than 25% in all environments.
Therefore, selection for grain yield and correlated traits under low N may result in improving maize
performance under low N soil environments. Because of the high genotype × environment interactions
involved, stressed experiments often produce rankings that differ significantly from one experiment to
another, making it difficult to identify the best germplasm [6]. In general, maize yields are considerably
low under the smallholders farming systems of the tropics than other environments predominantly
due to lack of well-adapted and improved cultivars and due to genotype by environment (G × E)
interaction [7]. Most farmers, especially small scale farmers usually grow varieties based on many
criteria, but they usually do not consider the suitability of the variety to the environment which is
usually influenced by many biotic and abiotic stresses among which is low soil nitrogen. Consequently,
this always results in low yields compared to yields obtained in research stations [3]. In the bimodal
forest zone of Cameroon, the average maize yield ranged from 0.8 to 1 t ha−1 at farmer level [8].
These low yields obtained by farmers are probably due to poor and unstable environmental conditions.
Environmental conditions can fluctuate as a result of drought, reduced soil fertility, pressure from
insects and diseases [9]. It has also been reported [9] that environmental conditions can further
be amplified by socio-economic constraints faced by small scale farmers that result in suboptimal
input application. The farmers usually have limited access to technology and inputs, especially
fertilizer, irrigation facilities and pesticides and have no means to modify or condition the production
environment [9]. The authors found that including selection under high priority abiotic stresses, such
as drought and low N, in a routine breeding program and with adequate weighting can significantly
increase maize yields in a highly variable drought-prone environment and particularly at lower
yield levels.

Large genotype by environment interactions (G × E) commonly occur under stress conditions;
consequently a variety which performs well in one environment during one season or year may not
perform well in a different period or in a different site within the same region [10]. This is because
genotypes exhibit different levels of phenotypic expression under different environmental conditions
resulting in crossover performances [11]. Genotype × environment interaction is also the result
from differences in the sensitivities of genotypes to the conditions in the target environment [11].
Genetic × environment interactions (G × E) are of major importance in developing improved
genotypes across different environments. When G × E interaction effects are non-significant, means
of evaluated varieties across environments are adequate indicators of genotypic performance across
the environments. In this situation, the varieties are said to be stable across the environments [12].
Significant G × E indicates that selections from one environment may often perform differently in
another and the variety is not stable across the environments [12]. Therefore, information on G × E
may help in determining a breeding strategy. When G × E exists, it is necessary to determine whether
there are important crossovers, i.e., rank changes of the genotypes in different environments, such that
different winners are picked up in different environments [13]. When there is no change in rank of
genotypes over environments, there is non-crossover type of interaction effects, and genotypes with
superior means can be recommended for all the environments [13]. Breeders can also use information
on G × E to choose appropriate locations for selection [13].
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Maize growers need cultivars that are reliable and consistent across a wide array of stress
conditions and have high yield potential that may be expressed when conditions become more
favorable [14]. Plant breeders should therefore develop cultivars capable of withstanding unpredictable
environmental variations [14]. In addition, the varieties developed should be stable across
environments in order to be widely accepted by farmers throughout a region [14–17]. It is, therefore,
important for newly improved maize cultivars to be evaluated at many sites and for a number of years
before release [18,19]. Unfortunately, in these multi-location trials, varietal selection is often inefficient
due to G × E and relative rankings of varieties usually differ across environments [15,17,18,20,21].
As a result, it becomes difficult to demonstrate the superiority of any single variety. This can be
done through the use of various statistical models [19,20]. These statistical analyses give information
on adaptability and stability of varieties across target environments. It would then be possible to
identify varieties that are appropriate for a specific environment and those with stable performance
across environments.

Many stability analysis models exist: joint regression analysis proposed by Eberhart and
Russell [22] to estimate the average performance of a genotype in different environments relative to
the mean performance of all genotypes in the same environment; multivariate analysis among which
are the additive main effects and multiplicative interaction (AMMI) and the genotype and genotype
by environment interaction (GGE) biplot analysis [19,20]. The AMMI model [23–25] and GGE biplot
analysis [26] are the most common statistical tools used for the analysis of multi-environment trials
(METs) [18,19]. The AMMI model combines analysis of variance for the genotype and environment
main effects with principal components analysis of the G × E interactions [27]. The AMMI method
captures a large portion of the G × E interaction sum of squares [28]. The AMMI can also help
in informing important decisions in breeding programs, such as which genotypes exhibit specific
adaptation and in selecting the testing environments [28]. This is important for new breeding programs
that have not yet optimized their genotype testing networks. The results of an AMMI analysis are often
presented in a biplot, which displays both the genotype and environment values and their relationships
using the singular vector technique [29]. The GGE integrates the genotypic main effect with the G × E
interaction effect (Yan et al., 2000). A GGE biplot can help in grouping mega-environments [27]. It can
also help to identify more representative environments for cultivar evaluation [30] and to compare and
rank genotypes using mean yields and stability [31]. The objectives of the study were to determine the
effect of G × E on grain yield and yield stability of maize single cross hybrids across low N stress and
optimal environments.

2. Materials and Methods

2.1. Germplasm

Eighty single-cross hybrids were used in this study with four of them serving as hybrid checks.
The 76 hybrids were selected from 117 F1 developed by crossing thirty nine tropical inbred lines
with three testers using a line × tester mating scheme [4]. The selection of hybrids was based on
seeds availability. The lines included inbred lines from IRAD Cameroon, IITA, CIMMYT and lines
from other African maize breeding programs. Of the 39 inbred lines, six were tolerant to low N,
four to drought, five to acid soils and four to aluminum toxicity. The testers are parental lines
of high yielding hybrids used as checks in this study. The four checks comprised three hybrids
(87036 × Exp1 24, 9071 × Exp1 24, 87036 × 9071) from crosses among the 3 testers and hybrid
88069 × Cam inb gp1 17 a promising yellow hybrid of the national breeding program. The hybrid
87036 × Exp1 24 is a high yielding hybrid released in Cameroon and adapted to the Humid Forest
Zone of Cameroon. Exp1 24 × 9071 is also a high yielding hybrid, developed from a cross between
tropical lowland × temperate converted lines. Genotypes names and codes are presented in Table 1.
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Table 1. Names and codes of 80 single cross hybrids evaluated across 11 environments in 2012 and 2013.

Genotypes Code Genotypes Code

CLYN246 × 87036 G1 88069 × 87036 G39
TL-11-A-1642-5 × 87036 G2 ATP S8 30 Y-3 × 87036 G40

CLWN201 × Exp1 24 G3 CML 254 × Exp1 24 G41
J16-1 × Exp1 24 G4 CLYN246 × 9071 G42

1368 × 87036 G5 CLWN201 × 9071 G43
CLQRCWQ26 × Exp1 24 G6 CML343 × Exp1 24 G44

TL-11-A-1642-5 × Exp1 24 G7 CLQRCWQ26 × 9071 G45
TZ-STR-133 × 87036 G8 ATP S9 30 Y-1 × Exp1 24 G47
CLWN201 × 87036 G9 ATP S6-20-Y-1 × 9071 G48

ATP S6-20-Y-1 × Exp1 24 G10 J16-1 × 9071 G49
CLA 18 × Exp1 24 G11 CML 358 × Exp1 24 G50

ATP S6-20-Y-1 × 87036 G12 Entrada 3 × 87036 G51
Cam inb gp1 17 × 87036 G13 CML494 × 87036 G52

J16-1 × 87036 G14 J18-1 × 87036 G53
4001STR × 87036 G15 CML 444 × 87036 G54
CML343 × 87036 G16 Cam inb gp1 17 × 9071 G55
CLA 18 × 87036 G17 ATP S5 31 Y-2 × 9071 G56

CML395 × Exp1 24 G18 V-481-73 × Exp1 24 G57
CML451 × 87036 G19 Cla 17 × Exp1 24 G58
CML343 × 9071 G20 5057 × Exp1 24 G59

88069 × 9071 G21 ATP S8 30 Y-3 × Exp1 24 G60
CLQRCWQ26 × 87036 G22 KU1414 × Exp1 24 G61

ATP S6 20 Y-2 × Exp1 24 G23 TZ-STR-133 × Exp1 24 G62
4001STR × 9071 G24 ATP S5 31 Y-2 × Exp1 24 G63

ATP S5 31 Y-2 × 87036 G25 ATP S6 20 Y-2 × 9071 G64
ATP S9 30 Y-1 × 87036 G26 Cla 17 × 87036 G66

1368 × Exp1 24 G27 ATP S8 30 Y-3 × 9071 G67
CML165 × 87036 G28 CML 254 × 87036 G68
CML 358 × 87036 G29 88094 × 87036 G69
KU1414 × 87036 G30 TZ-STR-133 × 9071 G70

Entrada 29 × Exp1 24 G31 CML451 × 9071 G71
CML494 × 9071 G32 CML 254 × 9071 G72

CML 444 × Exp1 24 G33 TZMI 102 × 87036 G73
88069 × Exp1 24 G34 TZMI 102 × Exp1 24 G74

Cam inb gp1 17 × Exp1 24 G35 Ku1409 × 9071 G75
CLYN246 × Exp1 24 G36 Entrada 3 × 9071 G76

1368 × 9071 G37 5012 × 87036 G77
Ku1409 × 87036 G38 Ku1409 × Exp1 24 G78

Checks
87036 × Exp1 24 G46 87036 × 9071 G79
Exp1 24 × 9071 G65 88069 × Cam inb gp1 17 G80

2.2. Experimental Sites

The 80 hybrids were evaluated at two locations (Mbalmayo and Nkolbisson) of the Humid Forest
Zone of Cameroon with a bimodal rainfall pattern. These locations are among the maize growing
areas of the Humid Forest Zone of Cameroon where are located the principal experimental sites of the
Institute of Agricultural Research of Cameroon. Nkolbisson is located at 11◦36′ E and 3◦44′ N, 5 km
from the main capital city ‘Yaoundé’. The altitude is 650 m above sea level (a.s.l.). The mean annual
rainfall is 1560 mm with bimodal distribution. The average daily temperature is 23.5 ◦C. The soil is
sandy clay [32]. Mbalmayo is located at 11◦30′ E and 3◦31′ N. The altitude is 641 m a.s.l. The mean
annual rainfall varies from 1017 to 1990 mm with bimodal distribution. The mean monthly temperature
varies from 25 ◦C to 22 ◦C. The soil is sandy clay [33]. Based on the results of soil analysis in 2012 and
2013, the soil in Mbalmayo had a pH of 5.97 which is moderately acidic, while at Nkolbisson, pH was
4.54 and the soil classified as strongly acid.

The main cropping system in Nkolbisson is maize/groundnut/cassava in sole cropping or
mixed cropping while in Mbalmayo, other cultivated crops include banana, melon, plantain and
vegetables [32]. The hybrids were evaluated in a total of 11 environments. Each environment
was assigned a code and consisted of a combination of site × year × season × nitrogen level
(Table 2). The soil management consisted of two nitrogen levels; Low N (20 kg ha−1) and Optimum
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N (100 kg ha−1). The geographical coordinates, climatic conditions of the localities and the
11 environments are described in (Table 2).

Table 2. Description of the eleven environments used to evaluate the 80 hybrids.

Site
Latitude, Longitude

and Altitude
Environments

Code
Year Season

Soil
Management

Average Rain Fall

Mbalmayo 3◦31′ N, 11◦30′ E,
641 m a.s.l.

E1 2012 Minor Low N 488.87 mm
E2 2012 Minor Optimum N 488.87 mm
E5 2013 Major Low N 583.46 mm
E6 2013 Major Optimum N 583.46 mm
E9 2013 Minor Low N 499.66 mm

E10 2013 Minor Optimum N 499.66 mm

Nkolbisson 3◦ 44 N, 11◦36 E,
650 m a.s.l.

E3 2012 Minor Low N 281 (October–November) *
E4 2012 Minor Optimum N 281 (October–November) *
E7 2013 Major Low N 936 mm
E8 2013 Major Optimum N 936 mm

E11 2013 Minor Optimun N 662 mm

a.s.l. = above sea level; Low N = low soil nitrogen; Rainfall data were collected at Mbalmayo by IITA and at
Nkolbisson by the Rice Project PRODERiP; Major season: From March to June; Minor season: From September to
November; * Data for the entire season in this environment were not available.

2.3. Site Preparation and Soil Analysis

The soil was depleted of available Nitrogen by high density maize cropping without fertilizer
application, and complete removal of organic matter after harvest [6], in order to establish low N
plots in Mbalmayo and Nkolbisson [4]. This was done at Mbalmayo thrice between 2010 and 2011
and at Nkolbisson for six growing seasons between 2008 and 2012. To ensure the low N status of
the sites [32], composite soil samples were collected before each cropping season and analyzed at the
soil laboratory of the International Institute of Tropical Agriculture (IITA) Cameroon [4]. Soils were
air-dried and ground to pass through a 2 mm sieve. Soil pH in water was determined in a 1:2.5 (w/v)
soil: water suspension. Organic C was determined by chromic acid digestion and spectrophotometric
analysis [34]. Total N was determined from a wet acid digest [35] and analyzed by colorimetric
analysis [36]. Exchangeable Ca, Mg, K, and Na were extracted using the Mehlich-3 procedure [37] and
determined by atomic absorption spectrophotometry. Exchangeable Al extracted using 1N KCl [38] and
analyzed using the pyrocatechol violet method described by Mosquera and Mombiela [39]. Available
P was extracted by Bray-1 procedure and analyzed using the molybdate blue procedure described by
Murphy and Riley [40]. P expressed in ppm or μg/g; Al, Ca, Mg, K, and Na reported as cmol(+)/kg or
me/100 g. Organic C and Total N expressed as % particle size (three fractions) was determined by the
hydrometer method. The results of soil analysis are presented in Table 3.

Table 3. Soil characteristics at Mbalmayo and Nkolbisson before the trials in 2012 and nitrogen level
in 2013.

Chemical Characteristics
Mbalmayo Nkolbisson

0–10 cm 10–20 cm 0–10 cm 10–20 cm

Exchangeable Ca2+ (cmol kg−1) 5.92 2.58 1.53 0.88
Exchangeable Mg2+ (cmol kg−1) 1.15 0.63 0.77 0.46

Exchangeable K+ (cmol kg−1) 0.11 0.06 0.38 0.24
Cation Exchange Capacity (cmol kg−1) nd nd 10.55 9.37

Organic Carbon % 1.30 0.58 1.87 1.51
C/N 9.90 8.03 15.90 12.94

Bray Phosphorus (mg kg−1) 2.11 0.99 13.85 3.10
pH 1:1 (H2O) 5.97 5.04 4.54 4.36

Total Nitrogen %
In 2012 0.13 0.07 0.12 0.12
In 2013 0.11 0.15 0.06 0.11

nd = Not determined.
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2.4. Experimental Design

The experiment was established in two replicates of single row experimental units with an
8 × 10 alpha lattice design using 80 maize hybrids [4]. Rows were 5 m long in Mbalmayo and 4 m long
at Nkolbisson. Between row spacing was 0.75 m while spacing between hills within the same row was
0.5 m. At planting, each hill received three seeds which were later thinned to two plants for a final
density of 53,330 plants per hectare. Split fertilization, weed and pest control were done on each plot
as described in Mafouasson et al. [4].

2.5. Data Collection

Data for grain yield was obtained as follows: grains were harvested at maturity from each row.
The total number of ears and ear weight was recorded for each plot. Five ears were then randomly
selected from each plot and their grains were shelled. The “Dickey John” moisture tester was used
to measure the percent grain moisture at harvest. Grain yield ((kg ha−1) for every entry from the
data of fresh ear weight per plot (adjusted to 15% grain moisture) was calculated using the following
formula [4]:

Grain yield
(

kg ha−1
)
=

Fresh ear weight (kg/plot)× (100 − MC)× 0.8 × 10,000
(100 − 15)× Area harvested/plot

where:

MC = moisture content in grains at harvest (%)
0.8 = Shelling coefficient
10,000 m2 corresponds to 1 hectare
15% = moisture content required in maize grain at storage

2.6. Statistical Analysis

Data obtained was subject to combined analysis of variance (ANOVA) with the PROC GLM
procedure in SAS [41] using the RANDOM statement set to the TEST option. Environments were
considered as random effects while genotypes were treated as fixed effects. Entry means were
adjusted for block effects with reference to lattice design [42]. Each environment was defined as
year × season × site × nitrogen treatment and the means were separated using Tukey’s test at
p < 0.05 [4].

The AMMI statistical analysis of yield data was performed with Breeding View in the Integrated
Breeding Platform Breeding Management System version 2.1 [43].

GGE biplot analysis was performed using Genstat 15th edition in order to identify genotypes
that were suitable for the different environments as well as genotypes stable across the various
environments, and to identify the different mega-environments. It was difficult to present the eighty
hybrids on the AMMI and GGE biplot. Therefore, for a better visualization and interpretation of
AMMI and GGE biplot, the top 20 best performing hybrids across environments and four checks were
used for this analysis.

3. Results

3.1. Analysis of Variance for Grain Yield across Environments

The results of the combined ANOVA across environments for the 80 hybrids showed that genotype
main effect (G), environment main effect (E) and G × E were all highly significant (p < 0.001) for grain
yield (Table 4). The test environments contributed 60.13% of the total variation in the sum of squares
for grain yield, while G and G × E sources of variation accounted for 6.81% and 33.05% of the total
variation, respectively. The ratio of genotype (G) effect over genotype + genotype × environment
(G + G × E) was 0.17.
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Table 4. Combined analysis of variance for grain yield of 80 hybrids across eleven environments.

Source df Sum of Squares % Contribution to Sum of Squares Mean Square Pr > F

Env 10 2,447,399,522 60.13 244,739,952 <0.0001
Rep (Env) 11 127,598,961 11,599,906 <0.0001

Block (Env × Rep) 220 382,845,773 1,740,208 0.0001
Genotype 79 277,051,837 6.81 3,506,985 <0.0001

Env × Genotype 790 1,345,460,727 33.05 1,703,115 <0.0001
Error 649 767,427,967 1,182,478

Corrected Total 1759 6,096,183,487
CV 26.15
R2 0.87

Env = Environment; Rep= Replication; CV = Coefficient of variation; Pr = probability.

3.2. Yield Performance of the 20 Best Performing Hybrids and Four Checks across Eleven Environments

The 20 best performing hybrids were selected from the 80 hybrids evaluated across environments
based on their highest mean yields across the 11 environments. The four checks were added
to the 20 hybrids. Yield performance data of these 24 hybrids across eleven environments is
presented in Table 5. The overall mean across the 11 environments for the 20 selected hybrids
ranged from 4484.7 kg ha−1 to 5198.3 kg ha−1. The highest yielding hybrid across environments was
TL-11-A-1642-5 × 87036 with a yield of 5198 kg ha−1. All the 20 hybrids selected yielded higher than
the four checks. The best check across environments was Exp1 24 × 9071 (3912.4 kg ha−1) followed by
87036 × Exp1 24 (3908.9 kg ha−1). The bold and underlined mean yields are for those hybrids that were
the highest yielding in each environment. TL-11-A-1642-5 × 87036 was the highest yielding in two
optimum environments E4 and E8 with 9531 kg ha−1 and 8874 kg ha−1. TL-11-A-1642-5 × Exp1 24 was
the best performing in E2 (optimum) and E3 (low N) with 6427 and 5402 kg ha−1 respectively. Entrada
29 × Exp1 24 was also the highest yielding in two environments, E9 (low N) and E11 (optimum).
One of the hybrid checks (87036 × Exp1 24) was not the best in any environments but was among
the five highest yielding hybrids in E6 (optimum), E9 (low N) and E10 (optimum) with grain yield of
4232 kg ha−1 and 6410 kg ha−1 respectively (Table 5).

Table 5. Mean grain yield (kg ha−1) of 20 hybrids and four checks across 11 environments in Mbalmayo
and Nkolbisson in 2012 and 2013.

Genotypes
E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 Mean

AcrossLO OP LO OP LO OP LO OP LO OP OP

1368 × 87036 4790 6118 2547 8253 3956 4953 2038 5876 3247 4419 3734 4546
TZ-STR-133 × 87036 4382 5665 1508 8269 2225 5507 3604 7397 1602 5129 4166 4499

CLQRCWQ26 × Exp1 24 4253 4817 1520 6324 5404 6317 2778 6816 2163 5570 5110 4639
CLWN201 × 87036 4093 4739 2799 4987 5293 7657 3318 6535 2545 3223 4779 4540
CLYN246 × 87036 3979 4782 1327 7809 5157 7437 3175 7017 3922 5880 4940 5040

TL-11-A-1642-5 × Exp1 24 3940 6427 5401 7311 2807 4755 2987 3773 3718 4828 4449 4583
CML343 × 9071 3911 4774 1234 5672 3810 6142 2910 6011 4257 5062 5672 4486

CML395 × Exp1 24 3896 4396 1024 6999 3749 6599 2989 5127 3595 5742 6342 4572
CLQRCWQ26 × 87036 3557 4088 2546 5711 2144 7155 3646 5188 4550 5081 5783 4485

CLA 18 × Exp1 24 3426 4745 2317 7627 4370 5485 2358 5906 2911 5785 5376 4567
J16-1 × Exp1 24 3290 4707 2531 6424 4315 6054 2782 5789 4664 7270 3724 4694

CML451 × 87036 3284 4478 1528 6569 2879 5796 4916 7004 2847 4799 6569 4590
ATP S5 31 Y-2 × 87036 3198 4407 1425 6711 4636 5877 2554 6812 3240 4604 7038 4571
ATP S6-20-Y-1 × 87036 3076 4951 2447 6167 3171 4555 4717 8184 2655 4973 4829 4518

Cam inb gp1 17 × 87036 3043 4332 761 6957 3809 6089 3923 5703 4604 5624 4663 4499
ATP S6 20 Y-2 × Exp1 24 3036 3336 3651 6138 3684 5448 4337 6321 3074 4527 7549 4621

Entrada 29 × Exp1 24 2989 3667 1536 4077 4092 5742 3085 5846 4905 5981 9114 4602
CLWN201 × Exp1 24 2889 4491 1209 6464 5707 7568 3212 6532 4059 5708 4380 4750

TL-11-A-1642-5 × 87036 2734 3303 1448 9531 4985 6231 3531 8874 3230 5006 8619 5198
ATP S6-20-Y-1 × Exp1 24 2554 3220 2376 7367 4641 6739 4697 7719 2558 3281 7458 4761

Checks

87036 × Exp1 24 2887 3801 623 2765 3241 6826 3350 6045 4232 6410 2710 3909
87036 × 9071 2175 2511 699 6253 1903 3273 2375 4011 3986 5968 2067 3211

Exp1 24 × 9071 1791 3475 984 4559 2850 5635 2281 7950 3778 4692 5155 3912
88069 × Cam inb gp1 17 782 1280 1799 4049 1804 2754 2783 4600 1952 4424 5032 2823

Means 3066 4132 1661 5882 3719 5413 3130 5832 3208 4993 4738

LO = Low N environment; OP = Optimum environment.
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3.3. Additive Main Effect and Multiplicative Interaction (AMMI) Analysis of 24 Hybrids for Grain Yield

The results of AMMI biplot analysis of the 24 hybrids evaluated in 11 environments showed that
environment accounted for 59.82% of the total variation in the sum of squares, while genotype and
genotype by environment interaction accounted for 7.89% and 32.28 % of variation observed in grain
yield respectively (Table 6).

Table 6. Analysis of variance for additive main effects and multiplicative interaction model for grain
yield of 24 hybrids across 11 environments.

Source df
Sum of
Squares

Mean
Squares

Contribution to Total
Variation (%)

F
Probability

Genotypes 23 67,848,890 2,949,952 7.891443 <0.001
Environments 10 514,356,619 51,435,662 59.82435 <0.001

Interactions (G × E) 230 277,572,490 1,206,837 32.2842
IPCA 1 32 80,827,507 2,525,860 29.22 <0.001
IPCA 2 30 58,189,285 1,939,643 20.96 <0.001

Residuals 168 138,555,699 824,736

df = degree of freedom; G × E = Genotypes × Environment; IPCA = Interaction Principal Component Axis.

In the AMMI biplot (Figure 1) the genotype and environment main effects for grain yield are
on the x-axis while the IPCA1 (Interaction Principal Component Axis 1) scores are on the y-axis.
The vertical line is the grand mean for grain yield and the horizontal line (y-ordinate) represents the
IPCA1 value of zero.

Figure 1. AMMI Biplot for grain of 24 maize hybrids showing genotypes and environments (E1-E11)
plotted against their IPCA1 scores. (Codes for environments in Table 2).
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In the AMMI biplot, the IPCA scores of a genotype are an indication of the stability of the
genotype across environments. The more the IPCA score is close to zero, the more stable the genotype
is across environments. The greater the IPCA scores, either positive or negative, the more specifically
adapted a genotype is to certain environments. Accordingly, ATP S6-20-Y-1 × 87036 (G12) and
CML395 × Exp1 24 (G18) had their IPCA1 close to zero and can be considered to have small interaction
with the environments and to be the most stable hybrids (Figure 1). CML395 × Exp1 24 (G18)
and ATP S6-20-Y-1 × 87036 (G12) had grain yield above the grand mean and CML395 × Exp1 24
(G18) was higher yielding than ATP S6-20-Y-1 × 87036 (G12) even though the difference was small.
Among the 24 hybrids selected, 87036 × Exp1 24 (G46), Exp1 24 × 9071 (G65), 87036 × 9071(G79)
and 88069 × Cam inb gp1 17 (G80) had grain yield response below the grand mean. The other 20
hybrids had grain yield above the grand mean. Among these 20 hybrids, TL-11-A-1642-5 × 87036
(G2) had the highest grain yield, followed by CLYN246 × 87036 (G1), ATP S6-20-Y-1 × Exp1 24
(G10) and CLWN201 × Exp1 24 (G3). TL-11-A-1642-5 × 87036 (G2) had a negative interaction with
IPCA1. In contrast, TL-11-A-1642-5 × Exp1 24 (G7), 1368 × 87036 (G5) and J16-1 × Exp1 24 (G4)
had yield above the grand mean with high positive IPCA1 scores. CLYN246 × 87036 (G1) and
CLWN201 × Exp1 24 (G3) had comparable IPCA1 score and small interaction with environments.
TL-11-A-1642-5 × 87036 (G2) was higher yielding than CLYN246 × 87036 (G1), but CLYN246 × 87036
(G1) was more stable than TL-11-A-1642-5 × 87036 (G2). ATP S6-20-Y-1 × Exp1 24 (G10), Entrada
29 × Exp1 24 (G31), ATP S6 20 Y-2 × Exp1 24 (G23), ATP S5 31 Y-2 × 87036 (G25) and CML451 × 87036
(G19) had grain yield above the grand mean and had negative interaction with IPCA1, and therefore
negative interaction with the environments. Among the four low yielding hybrids, 88069 × Cam inb
gp1 17 (G80) was the lowest yielding, followed by 87036 × 9071 (G79) which was the least stable
among them.

G1 = CLYN246 × 87036; G2 = TL-11-A-1642-5 × 87036; G3 = CLWN201 × Exp1 24;
G4 = J16-1 × Exp1 24; G5 = 1368 × 87036; G6 = CLQRCWQ26 × Exp1 24; G7 = TL-11-A-1642-5 × Exp1 24;
G8 = TZ-STR-133 × 87036; G9 = CLWN201 × 87036; G10 = ATP S6-20-Y-1 × Exp1 24; G11 = CLA
18 × Exp1 24; G12 = ATP S6-20-Y-1 × 87036; G13 = Cam inb gp1 17 × 87036; G18 = CML395 × Exp1 24;
G19 = CML451 × 87036; G20 = CML343 × 9071; G22 = CLQRCWQ26 × 87036; G23 = ATP S6 20
Y-2 × Exp1 24; G25 = ATP S5 31 Y-2 × 87036; G31 = Entrada 29 × Exp1 24; G46 = 87036 × Exp1 24;
G65 = Exp1 24 × 9071; G79 = 87036 × 9071; G80 = 88069 × Cam inb gp1 17.

In AMMI biplot (Figure 2), environments are distributed from lower yielding in quadrant A
(top left) and C (bottom left) to the higher yielding in quadrants B (top right) and D (bottom right).

This graph identified E1, E3, E5, E7 and E9 as low yielding environments. These were all low N
environments in Mbalmayo and Nkolbisson in 2012 and 2013. Environments E4, E6, E8, E11 were
identified as high yielding. These were optimum N plots in both locations in 2012 and 2013. The lowest
yielding optimum environment was E2. The highest yielding environment was E4 (optimum N, minor
season of 2012 at Nkolbisson) while the lowest was E3 (low N, minor season of 2012 at Nkolbisson).

The four highest yielding hybrids selected by AMMI for each environment are presented in
Table 6. TL-11-A-1642-5 × 87036 (G2) appeared as the best hybrid in four (E5, E7, E8 and E11) out of
11environments. TL-11-A-1642-5 × 87036 (G2) was followed by TL-11-A-1642-5 × Exp1 24 (G7) which
was the best in three environments (E1, E2 and E3) and 87036 × Exp1 24 (G46) was the highest yielding
in two environments (E9 and E10). CLYN246 × 87036 (G1) appeared as the third in three environments
and as fourth in three other environments. CLWN201 × Exp1 24 (G3) appeared as second, third and
fourth in three different environments while ATP S6-20-Y-1 × Exp1 24 (G10) appeared as second in
two environments and as third and fourth in two different environments.
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Figure 2. Biplot of the additive main effects and multiplicative interaction (AMMI) showing the
relationship among 11 testing environments (E1–E11). (Codes of genotypes in Table 1 and environments
in Table 2).

3.4. GGE Biplot Analysis of Best 20 Hybrids and Four Checks

The polygon view of the genotypes in the GGE biplot for 24 genotypes is presented in Figure 3.
Primary (PC1) and secondary (PC2) scores were significant and explained 29.98% and 21.44% of
the variation, respectively. Together they explained 51.42% of the genotype main effect and G × E
interaction for the grain yield of maize hybrids evaluated in the 11 environments at Mbalmayo and
Nkolbisson in 2012 and 2013.

The polygon view of a GGE biplot displayed the “which-won-where” pattern (Figure 3).
The vertices of the polygon were the genotype markers located farthest away from the biplot origin
in various directions, such that all genotype markers were contained within the resulting polygon.
The biplot was divided into six sectors and three mega-environments and showed five vertex cultivars
1368 × 87036 (G5), TL-11-A-1642-5 × 87036 (G2), Entrada 29 × Exp1 24 (G31), 87036 × 9071 (G79)
and 88069 × Cam inb gp1 17 (G80). The first mega-environment comprised E1, E2, E3 and E4 and
had 1368 × 87036 as the highest yielding hybrid. These four environments were low N (E1and
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E3) and optimum N (E2 and E4), minor season of 2012 at Mbalmayo and Nkolbisson. The second
mega-environment consisted of E5, E6, E7, E8 and E11 and had TL-11-A-1642-5 × 87036 (G2) as the
highest yielding hybrid. These environments were low N (E5 and E7) and optimum N (E8 and E11) of
major season in 2013 at Mbalmayo and Nkolbisson plus E11 which is optimum N plot of minor season
of 2013 at Nkolbisson. The third comprised E9 and E10 (low N, and optimum N plots of minor season
in 2013 at Mbalmayo), with the highest yielding hybrid as 87036 × 9071 (G79). This mega-environment
contained 87036 × Exp1 24 (G46). No environment fell within the sector with Entrada 29 × Exp1 24
(G31) and 88069 × Cam inb gp1 17 (G80), indicating that these hybrids were not the best in any of the
mega-environments, or they were the poorest cultivars in some or all of the environments. Genotypes
within the polygon were less responsive than the vertex genotypes.

Figure 3. A “which won where” biplot based on grain yield of 24 single hybrids evaluated in
11 environments.

G1 = CLYN246 × 87036; G2 = TL-11-A-1642-5 × 87036; G3 = CLWN201 × Exp1 24;
G4 = J16-1 × Exp1 24; G5 = 1368 × 87036; G6 = CLQRCWQ26 × Exp1 24; G7 = TL-11-A-1642-5 × Exp1 24;
G8 = TZ-STR-133 × 87036; G9 = CLWN201 × 87036; G10 = ATP S6-20-Y-1 × Exp1 24; G11 = CLA
18 × Exp1 24; G12 = ATP S6-20-Y-1 × 87036; G13 = Cam inb gp1 17 × 87036; G18 = CML395 × Exp1 24;
G19 = CML451 × 87036; G20 = CML343 × 9071; G22 = CLQRCWQ26 × 87036; G23 = ATP S6 20
Y-2 × Exp1 24; G25 = ATP S5 31 Y-2 × 87036; G31 = Entrada 29 × Exp1 24; G46 = 87036 × Exp1 24;
G65 = Exp1 24 × 9071; G79 = 87036 × 9071; G80 = 88069 × Cam inb gp1 17.

Ranking of genotypes based on both mean grain yield and stability performance of the 20
best genotypes and four checks is presented in Figure 4 in order to identify the highest yielding
and stable genotypes (Figure 4). Genotypes that are located at the center of the concentric circles
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are the ideal (highest yielding and stable). The GGE biplot identified CLYN246 × 87036 (G1) and
TL-11-A-1642-5 × 87036 (G2) as superior since they were located close to the center of the concentric
circles. Both were high yielding but TL-11-A-1642-5 × 87036 (G2) was the highest yielding and
therefore the most desirable genotype. These hybrids were followed by CLQRCWQ26 × Exp1 24 (G6)
and CLWN201 × 87036 (G9) (Figure 4).

Figure 4. Comparison view of 24 hybrids with the ideal genotype based on average grain yield and
stability for grain yield across 11 environments in 2012 and 2013.

G1 = CLYN246 × 87036; G2 = TL-11-A-1642-5 × 87036; G3 = CLWN201 × Exp1 24;
G4 = J16-1 × Exp1 24; G5 = 1368 × 87036; G6 = CLQRCWQ26 × Exp1 24; G7 = TL-11-A-1642-5 × Exp1 24;
G8 = TZ-STR-133 × 87036; G9 = CLWN201 × 87036; G10 = ATP S6-20-Y-1 × Exp1 24; G11 = CLA
18 × Exp1 24; G12 = ATP S6-20-Y-1 × 87036; G13 = Cam inb gp1 17 × 87036; G18 = CML395 × Exp1 24;
G19 = CML451 × 87036; G20 = CML343 × 9071; G22 = CLQRCWQ26 × 87036; G23 = ATP S6 20
Y-2 × Exp1 24; G25 = ATP S5 31 Y-2 × 87036; G31 = Entrada 29 × Exp1 24; G46 = 87036 × Exp1 24;
G65 = Exp1 24 × 9071; G79 = 87036 × 9071; G80 = 88069 × Cam inb gp1 17. The four checks were low
yielding compared to the 20 hybrids selected. Hybrid 88069 × Cam inb gp1 17 (G80) was located far

74



Agronomy 2018, 8, 62

from the vertical axis at the left and far from the center of the concentric circle, therefore it was the
most inferior hybrid in both mean grain yield and stability of performance.

4. Discussion

The greater variation contributed by environment than those from genotype and
genotype × environment interaction indicated that the test environments were highly variable.
This result is in agreement with Badu-Apraku et al. [18] who reported that contribution of test
environments are much greater than from the other sources of variation in most multi-environmental
trials. The highly significant G × E interaction for grain yield justified the use of AMMI and GGE
biplots to decompose the G × E interactions and to determine the yield potential and stability of the
evaluated single cross hybrids.

The results of the AMMI biplot analysis of the 24 hybrids evaluated in 11 environments also
showed that environment effects accounted for 59.82% of the total variation in the sum of squares
and was the highest value compared to the other components. The AMMI biplot revealed large
variability among the 11 environments, but the yield range among the 24 hybrids was narrow.
This is probably because the 20 hybrids were the best selected. ATP S6-20-Y-1 × 87036 and
CML395 × Exp1 24 have IPCA1 scores near zero and therefore had small interaction with the
environments. This small interaction with environments suggested that these hybrids are stable
across environments [13].TL-11-A-1642-5 × 87036 was identified as the highest yielding hybrid. It was
followed by CLYN246 × 87036, ATP S6-20-Y-1 × Exp1 24 and CLWN201 × Exp1 24. All these hybrids,
except ATP S6-20-Y-1 × Exp1 24 are crosses between CIMMYT and IRAD lines. Acquaah [44] indicated
that the development of adapted high yielding hybrids requires that the varieties used as parents are
genetically divergent. The high yields obtained between CIMMYT and IRAD lines could therefore
imply that they are genetically diverse. The negative interaction of TL-11-A-1642-5 × 87036 with
the IPCA1 suggests that this hybrid was less sensitive to environmental changes and was likely
to be adapted to unfavorable environments as indicated by Badu-Apraku et al. [18]. In contrast,
TL-11-A-1642-5 × Exp1 24, 1368 × 87036 and J16-1 × Exp1 24 had large positive interaction with
IPCA1 and might be more sensitive to environmental changes, and probably more adapted to
favorable environments.

TL-11-A-1642-5 × 87036 was higher yielding than CLYN246 × 87036, but CLYN246 × 87036 was
more stable than TL-11-A-1642-5 × 87036. Hybrids ATP S6-20-Y-1 × Exp1 24, Entrada 29 × Exp1 24,
ATP S6 20 Y-2 × Exp1 24, ATP S5 31 Y-2 × 87036 and CML451 × 87036 had grain yield above the grand
mean and negative interaction with the environments. Therefore, these hybrids were less sensitive to
variation in the environments. They are also most likely to be adapted to unfavorable environments
which in this study are low N environments.

AMMI biplot displayed the distribution of environments from low to high yielding in different
quadrants of the graph. This graph placed all low N environments (E1, E3, E5, E7, E9) in the quadrants
of lower yielding genotypes and showed the optimum environments (E4, E6, E8, E11) in quadrants of
high yielding genotypes as expected.

The GGE biplot analysis of grain yield response and stability of 24 hybrids showed that PC1
explained 29.98% of total variation while PC2 explained 21.44% and together, the two axes accounted
for 51.42%. This suggested that the biplot of PC1 and PC2 adequately approximated the environment
centered data. The biplot for 24 hybrids was divided into six sectors and three mega-environments in
which different cultivars should be selected and deployed to similar environments as suggested by
Yan and Tinker [45]. According to Yan and Rajcan [46] a mega-environment is defined as the subset of
locations that consistently share the best set of genotypes across years and the growing regions are
relatively homogeneous with similar biotic and abiotic stresses and cropping system requirements.

In the polygon view, the vertex genotype in each sector represents the highest yielding genotype
in the location that falls within that particular sector [13,26,45]. Accordingly, the biplot identified five
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vertex genotypes: 1368 × 87036, TL-11-A-1642-5 × 87036, Entrada 29 × Exp1 24, 87036 × 9071 and
88069 × Cam inb gp1 17.

Two out of the three mega-environments identified by the GGE biplot included both low
and optimum N plots of the two locations, but they were related to different years and different
growing seasons. The third mega-environment was related to one specific season of one specific
year, but included two nitrogen treatments of one site. This could imply that the mega-environments
constructed are based on growing seasons (minor or major) and not on different sites, or different
nitrogen treatments. This suggests that seasons and years may have accounted more for significant
environmental differences and to different genotypic responses to environments as indicated by
Sibiya et al. [10]. It might probably be due to similar variation in rainfall amount and distribution
as well as biotic stresses within seasons of each year which might have caused the 24 genotypes to
have similar relative performance from one environment to another in the mega-environments. In the
Bimodal Humid Forest Zone of Cameroon, there are two growing seasons, the major season and the
minor season. During the minor season, the total rainfall was lower, the duration of the rainy period is
usually shorter than in the major season. Moreover, during the minor season there is prevalence of
many diseases such as fungal diseases (e.g., Maize leaf blight caused by Exserohilum turcicum) and
maize stem borers among which the main species is Busseola fusca Fuller [47,48].

The results obtained suggest that highest yielding hybrids identified for each mega-environment
should be proposed for environments similar to those of these mega-environments. Therefore, hybrids
1368 × 87036 could be proposed for the minor season and TL-11-A-1642-5 × 87036 for the major season.
However, this should be done after further evaluation of hybrids in more environments including
more locations, years and seasons as recommended by Yan and Tinker [45] who indicated the need for
crossover interactions to be repeatable across the years so that target environments can be divided
into mega-environments and genotypes be recommended based on METs (multi-environment trials).
Yan and Tinker [13] indicated that an ideal genotype should be one that combines both high mean yield
performance and high stability across environments; it should be on average environmental coordinate
(AEC) on positive direction and have a vector length equal to the longest vector of the genotype as
indicated by an arrow pointed to it. Accordingly, the GGE biplot identified TL-11-A-1642-5 × 87036
and CLYN246 × 87036 as closest to the ideal genotype. According to Badu-Apraku et al. [14], in
the process of selecting for broad adaptation in maize production, an ideal genotype should have
both high mean performance and high stability. TL-11-A-1642-5 × 87036 and CLYN246 × 87036
which were the highest yielding and the most stable hybrids across environments could therefore
be selected for broad adaptation (production across environments). These hybrids were followed by
CLQRCWQ26 × Exp1 24 and CLWN201 × Exp1 24. The top 20 hybrids performed better than the
checks. The poor performance of the check 87036 × Exp1 24, a commercial hybrid, compared to the
other hybrids might be due to the fact that it was developed many years ago and might not be adapted
to changes (climatic, diseases) that might have occurred in the environments.

5. Conclusions

This study revealed that genotypes, environments and genotype × environment interaction were
significant for grain yield. The genotypes therefore performed differently with respect to yield in
each of the eleven test environments and their relative performance varied from one environment to
another. AMMI analysis showed that environment effects accounted for a larger proportion of the total
variation in the sum of squares for grain yield than genotype effects and genotype × environment
effects. The AMMI biplot showed large variability among the environments but a narrow range
for yields among hybrids. The GGE biplot classified the study area into three mega-environments.
These mega-environments seemed to be related to the two growing seasons of the year (minor and
major). High yielding hybrids were identified for each mega-environment and could be proposed for
release for production in similar conditions. These hybrids are 1368 × 87036 for mega-environment 1,
which is related to the minor season and TL-11-A-1642-5 × 87036 for Mega environment 2, which is
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related to the major season. The most outstanding hybrid was TL-11-A-1642-5 × 87036. This hybrid
has the potential for production across environments and should therefore be tested further in multiple
environments to confirm consistency of its high yield performance and stability to facilitate its release
as a commercial hybrid. Hybrids which were selected as high yielding, but were not stable across
environments could be recommended for the specific environments where they performed well.
The results of this study should therefore be confirmed through further evaluation of hybrids at
different locations of the Bimodal Humid Forest Zone during both minor and major seasons for
several years.
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Abstract: In China, there is an increasing need for greater genetic diversity in maize (Zea mays L.)
germplasm and hybrids appropriate for mechanical harvesting. In order to test and distinguish
American maize inbred lines with exceptional combining ability, four Chinese maize inbred lines
(Chang7-2, Zheng 58, four-144 and four-287) were used to judge the combining ability and heterosis of
16 USA inbred lines by a NCII genetic mating method. The results showed that among the American
inbred lines, 6M502A, LH208, NL001, LH212Ht, PHW51, FBLA and LH181 expressed good GCA
for yield characteristics; while RS710, PHP76, FBLA, and PHJ89 showed excellent GCA for machine
harvesting characteristics. Five hybrids (NL001 × Chang7-2, LH212Ht × Chang7-2, FBLA × four-144,
LH181 × four-287, PHK93 × four-287) had better SCA values for yield characteristics, at 1.69, 1.07,
1.48, 1.84 and 1.05, respectively; while NL001 × Chang 7-2, 6M502A × Chang7-2, LH212Ht ×
Chang7-2, LH181 × four-287, PHW51 × Chang7-2 had better TCA values for yield characteristics,
at 3.03, 2.80, 2.41, 2.19 and 1.91, respectively; NL001 × Chang7-2, 6M502A × Chang7-2, LH212Ht
× Chang7-2, LH181 × four-287, PHW51 × Chang7-2 showed excellent Control Heterosis values,
with 21.48%, 19.64%, 15.93%, 14.05% and 11.60% increases, respectively, compared to the check and
potential for future utilization in Inner Mongolian corn production.

Keywords: USA inbred lines; combining ability; machine harvesting characteristics; yield
characteristics; control heterosis

1. Introduction

The genetic diversity of maize germplasm in China is decreasing, due to fewer inbreds being used
to produce modern, high-yielding maize hybrids. At the same time, the change of corn planting
patterns in China has greatly increased the demand for full mechanization, which requires the
improvement of maize varieties to be suitable for the machine harvesting of the grain. However,
the lack of maize germplasm suitable for mechanical harvesting that has high combining ability,
strong disease and pest resistance, and wide adaptability has become a bottleneck for maize breeding
development in China [1–4]. North American germplasm plays an important role in China’s corn yield
potential, and their genetic contribution to Chinese corn has been increasing [5,6]. Using American
maize germplasm is an effective way to improve the diversity of Chinese maize germplasm and
screened favorable allele donors due to its clear genealogical origin and abundant genetic variation [7].
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Previous studies have shown that the growth period, the silking stage, the ear height, the plant
height, and the kernel moisture concentration at the R6 stage (physiological maturity) could be used to
determine a maize germplasm suitable for mechanical harvesting [8]. General combining ability (GCA)
is determined by the additive effects of genes, and can distinguish the genetic component of an inbred
line and reflect its potential for utilization. Specific combining ability (SCA) is determined by the
non-additive effect of genes, which is easily affected by the environment and cannot be stably inherited.
It is used as a reference when sifting through hybrid combinations. The total combining ability (TCA)
effect value is determined by the parental inbred GCA and SCA, it can be used as an index to evaluate
combined hybrid performance. Control heterosis (CH) is considered to be the yield-increasing index
for corn varieties in the national standard of China, the best hybrid combination can be selected by
analyzing the control heterosis. The research used 16 inbreds from the expired Plant Variety Protection
Act (ex-PVP) germplasm adapted to the USA Corn Belt and germplasm currently used in Chinese
production as the basic materials. The present study aimed to determine the germplasm most suitable
for mechanical harvesting, and with the most favorable agronomic traits and yield-related traits, as
well as the combining abilities of the lines, by analyzing their GCA, SCA, TCA and CH, so as to clarify
the breeding potential of USA germplasm in the Inner Mongolian Maize production area, and provide
a reference for its utilization.

2. Materials and Methods

2.1. Germplasm and Experimental Sites

Sixteen diverse maize expired Plant Variety Protection Act (ex-PVP) inbred germplasms adapted
to the USA Corn Belt were acquired from the North Central Regional Plant Introduction Station
(http://www.ars-grin.gov/npgs, verified 24 August 2016), through the Maize Industrial Technology
System Construction of Modem Agriculture of China by international communication.

The classification and pedigree sources of the sixteen USA inbreds and the four China inbreds
are shown in Table 1. The China heterotic group A is similar to the USA heterotic group of stiff stalk
synthetic (SS), while the China heterotic group B is similar to the USA heterotic group of non-stiff stalk
synthetic (NSSS).

Table 1. Genealogical origin of USA maize inbred lines and China testers.

Number Germplasm Heterotic Group Genealogical Origin

1 RS 710 NSS 1202 × 1250
2 LH191 SS LH132 × Pioneer 3184
3 LH192 SS LHE137 × LHE136
4 PHN34 SS SC359 × PH157 specifically (SC359/PH157)X#4221
5 PHP76 NSS (G50/PHEJ8)X812X
6 PHW51 SS (PHDF2/PHG41)RXB333X
7 FBLA SS (B14////Mt42).A656(B14//Mt42)
8 6F629 NSS 88051B/4608H
9 6M502A NSS MAWU.4913
10 NL001 SS 1089HT × A634HT/B73
11 LH181 NSS LH58 XL H122
12 LH208 SS LH74 × CB59G
13 LH212Ht NSS LH123Ht × (LH123Ht X LH24)
14 Lp215D NSS Mo17 × Lp216D
15 PHJ89 NSS PHT77 × PHG47

16 PHK93 NSS PHB72 × PHT60 specifically
(PHB72/PHT60)6K41K111K211

17 Zheng58 A Ye 478improved line
18 Chang7-2 B V59 × Huangzaosi
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Table 1. Cont.

Number Germplasm Heterotic Group Genealogical Origin

19 four-144 A VMA724 improved line
20 four-287 B four-444 × 255

A is generally suitable to be the female parent with high yield, and A is similar to SS, B is generally suitable to be
the male parent with more pollen, and B is similar to NSS.

The trials were conducted in 2015 at the two main Maize production areas of Inner Mongolia
in China—Hohhot and Tongliao. The weather condition of 2015 and basis soil fertilizer are as below
(Tables 2 and 3).

Table 2. Weather condition of 2015 in Hohhot and Tongliao.

Experimental Sites Latitude Longitude
Solar Radiation Average Temperature Precipitation

h per Year ◦C mm per Year

Hohhot 40◦33′ N 110◦31′ E 1780.5 17.8 275.4
Tongliao 43◦42′ N 122◦32′ E 1224.7 20.5 433.2

Table 3. Basis fertilizer of soil in Hohhot and Tongliao.

Experimental Sites
Organic Matter Available N Available P Available K

Soil Type
g/kg mg/kg mg/kg mg/kg

Hohhot 18.9 44.8 16.2 120.4 Sandy loam

Tongliao 20.4 55.6 18.2 167.9 Meadow
chernozemic soil

2.2. Experimental Design

Hybrids were produced using the sixteen USA maize inbred lines as female parents and the four
China test species as male parents. In a NC-II genetic mating design, 64 hybrid combinations were
produced at Hainan province Ledong county experimental base (18◦45′5.38′′ N, 109◦10′10.22′′ E) in
the winter of 2014.

In 2015, the 64 hybrid combinations and one control hybrid (Zhengdan 958) were planted at
Hohhot and Tongliao. An α-lattice block design was used with five replications, 0.6 m row spacing,
0.25 m plant spacing, 40 plants per plot, with a density of 66,670 plants/ha. Two row plots. The rate of
NPK fertilizer applied was N: 200 kg/ha, P2O5: 105 kg/ha and K2O: 62 kg/ha. Phosphate fertilizer
and potash fertilizer were applied as basal fertilizer once before planting and nitrogen fertilizer was
applied by 30% (60 kg/ha) at V6 stage (six leaves with collars visible) and 70% (140 kg/ha) at V12
stage (twelve leaves with collars visible), respectively. Irrigation and other management measures
during the whole growth period were similar to local farmer practices.

2.3. Measurements and Production Indicators

The days from field emergence to 50% silking and to maturity were recorded for each plot.
During plant maturation, 10 plants were randomly selected, and their total height and ear height
were measured.

Plant stand counts were tallied to confirm plant populations at the R6 plant growth stage, and ear
stand counts were tallied to confirm ear number per ha. The two rows of each plot were manually
harvested for determination of grain yield at physiological maturity, corn ears were tallied and
weighed, the grain was removed manually to analyze for moisture content using seed moisture meter
(PM-8188-A, KETT ELECTRIC LABORATORY, Tokyo, Japan), 300 randomly selected kernels were
weighed to estimate average individual kernel weight. According to the average weight of the ear,
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select 10 ears of each plot to assess the number of rows per ear and grain number per row. The kernel
weight and the yield were presented at 14% moisture content.

2.4. Data Statistical Analysis

Variance analysis of all the traits collected including the General and Specific Combining Abilities
was performed by GLM of SAS software version [9], linear model was as followed [10]:

Yijk = μ + mi + fj + (m × f)ij + eijk (1)

where Yijk is the k observational value of the progeny of parents i and j, μ is the universal mean, mi is
i-th paternity effect, fj is j-th maternal effect, (m × f)ij is the interaction effect, eijk is the error term.

TCAij = Gi + Gj+ Sij (2)

where TCAij is Total Combining Ability of the progeny of parents i and j, Gi is General Combining
Ability of parent i, Gj is General Combining Ability of parent j, Sij is Special Combining Ability of the
progeny of parents i and j.

CHij = (YFij − YC)/YC × 100% (3)

where CHij is the Control Heterosis of the progeny of parents i and j, YFij is the average yield of an
individual hybrid combination by parents i and j, YC is the average yield of the control Zhengdan 958.

3. Results

3.1. Field Characteristic and Adaptability of the Trial Inbreds

Throughout the 2014 trial of field adaption, the sixteen USA ex-PVP inbred germplasms showed
excellent adaption characteristics to the weather and soil condition in the two main production areas
of Maize in Inner Mongolia—Hohhot (Table 4) and Tongliao (Table 5).

From Table 4, it can be seen that the days to silking of the Sixteen USA inbreds was 63–82 days,
respectively, after the emergence, the days to maturity of the sixteen inbreds were 111–126 days,
respectively; the plant height of the sixteen inbreds was 120–260 cm, respectively; the ear height was
39–100 cm, respectively; ASI (anthesis–silking interval) was −1 to −3, respectively, and the overall
merit of adaptability was 4–8, respectively. From Table 5, we can see that the days to silking of the
sixteen USA inbreds was 51–67 days, respectively, after emergence; the days to maturity of the sixteen
inbreds was 112–123 days, respectively; the plant height was 140–246 cm, respectively; the ear height
was 34–100 cm, respectively; the ASI was 0 to −3, respectively; and the overall merit of adaptability
was 4 to 8, respectively. The field characteristics of the sixteen USA inbreds in Hohhot and Tongliao
were suitable for acting as a hybrid parent together with the four China inbreds, and based on the
adaptability of the sixteen inbreds to the conditions in Hohhot and Tongliao, the inbreds can adapt
to grow in the Inner Mongolian maize production areas, so this study select the sixteen USA ex-PVP
inbred germplasms and the 4 China test lines as trial materials.

3.2. Phenotypic and Grain Yield Traits

The machine-harvest characteristics of the maize hybrids in the different locations varied greatly.
At Hohhot, the days to maturity between hybrids differed by 13, while at Tongliao hybrids matured
over 33 days. The days to silking at Hohhot varied by 18 days, but that at Tongliao by 12 days.
Plants were shorter, but with less variability at Hohhot, ranging from 159.5 to 278.8 cm. Meanwhile,
at Tongliao, plant height ranged from 202.0 to 324.0 cm. Ear height of the hybrids at Hohhot was
47.5–116.0 cm, and that at Tongliao was 71.0–158.0 cm. At harvest time, the grain moisture content
varied from 18.6% to 38.6% at Hohhot, and from 24.2% to 35.3% at Tongliao (Table 6).
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A basic statistical analysis of the hybrid yield-based indicators of ear row number, kernel grains
per row, 100-kernel weight and grain yield carried out at Hohhot and Tongliao (Table 7) showed that
the extremes, average, standard deviation and variable coefficient of the measured traits at the different
locations varied greatly. There was a greater range in kernel grains per row at Hohhot—from 29.5 to
46.5—compared to 32.1 to 42.6 at Tongliao. At Hohhot, ear row number varied from 11.6 to 18.0, with
slightly more at Tongliao, from 12.8 to 18.4.
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3.3. Analysis of Variance of Main Characteristics

Table 8 shows that the variances of five traits relating to the suitability of harvesting (the days to
maturity, days to silking, plant height, ear height and moisture content at harvest) in paternal tester’s
heterosis, general combining ability (GCA) and specific combining ability (SCA) of maternal lines were
all significant or highly significant. The environmental and gene interaction effects of all traits were
highly significant.

Table 8. Analysis of variance for the machine-harvesting characteristics of the hybrids derived from
USA maize inbred lines crossed with China inbred testers grown in two locations in 2015.

Variation Source DF
Days to

Maturity
Days to
Silking

Plant
Height

Ear Height
Grain

Moisture at
Harvest

Environment 1 50,669.1 ** 23,531.3 ** 290,554.0 ** 115,065.8 ** 155.3 **
Line 15 166.2 ** 134.8 ** 3133.8 ** 801.0 ** 49.4 **

Tester 3 467.4 ** 158.4 ** 22,005.8 ** 15,824.8 ** 118.3 **
Line × Tester 45 56.6 ** 12.3 ** 390.0 ** 350.8 ** 22.3 **

Line × Environment 15 69.6 ** 30.1 ** 516.3 ** 167.3 ** 29.3 **
Tester × Environment 3 316.5 ** 2.7 * 2255.1 ** 344.4 ** 19.6 **

Line × Tester × Environment 45 55.3 ** 8.6 ** 504.9 ** 363.0 ** 30.2 **

* and ** in the column represents significance at the 0.05 and 0.01 probability level, respectively.

The four grain yield characteristics (kernel grains per row, the ear row number, 100-kernel weight
and grain yield) expressed significant differences for line, tester, environment, and between the
interaction (Table 9).

Table 9. Analysis of variance for the yield characteristics of the hybrids derived from USA maize inbred
lines crossed with China inbred testers grown in two locations in 2015.

Variation Source DF
Kernel

Number per
Row

Kernel Row
Number

100-Kernel
Weight

Grain Yield

Environment 1 29.4 ** 248.7 ** 755.0 ** 16.0 **
Line 15 60.8 ** 4.7 ** 47.8 ** 14.5 **

Tester 3 187.4 ** 41.6 ** 279.4 ** 36.6 **
Line × Tester 45 12.6 ** 1.7 ** 18.9 ** 3.7 **

Line × Environment 15 16.2 ** 2.8 ** 17.3 ** 4.4 **
Tester × Environment 3 32.2 ** 1.6 ** 14.6 ** 2.7 **

Line × Tester × Environment 45 6.7 ** 0.7 ** 18.0 ** 2.6 **

** in the column represents significance at the 0.01 probability level, respectively.

3.4. General Combining Ability (GCA) Effect of USA Inbred Lines Suitable for Machine-Harvest Indexes and
Grain Yield Characters

The GCA effect of both days to maturity and days to silking were significantly negative for RS710,
PHP76, FBLA, 6F629, NL001, Lp215D and PHJ89, indicating that hybrids derived from these inbred
lines had faster development, with shorter days to silking and to maturity (Table 10). Hybrids made
from RS710, PHP76, FBLA, or PHJ89 resulted in shorter plants with lower ear heights, displaying lower
GCA effect values. Additionally, the negative GCA effect values of grain water content at harvest of
RS710, PHP76, FBLA, 6F629, LH208 and PHJ89, indicates that hybrids derived from these inbred lines
had a faster grain dehydration rate (Table 10).
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Number of rows per ear, number of kernel per row, and 100-kernel weight are important factors
for grain yield composition. The evaluation of the 100-kernel weight revealed positive and significant
GCA values for the USA inbred lines LH191, FBLA, LH181, LH212Ht, Lp215D and PHK93. The GCA
effect values of the number of rows per ear were positive and significantly different for LH191, LH192,
and NL001, indicating that hybrid combinations obtained by these inbred lines could increase the
number of rows per ear; the GCA effect values of kernels per row indicated significant increase due to
many inbreds, including LH192, PHN34, PHP76, 6F629, 6M502A, LH208, PHJ89 and PHK93. Hybrid
combinations obtained by these inbred lines could increase kernels per row. For total grain yield, the
positive and significant GCA coefficient indicated that hybrids developed from the corresponding
inbreds may achieved higher than average grain yield (Table 10).

3.5. General Combining Ability (GCA) Effect of China Tester Lines Suitable for Machine-Harvest Indexes and
Grain Yield Characters

From Table 11, we can see that the kernel number per row, row number per ear and grain yield
GCA effect values of chang7-2 were positively significant. The GCA effects of plant height and ear
height of Zheng58 were negatively significant, but the GCA effect of 100-kernel weight was positively
significant. The results indicate that Zheng58 would be beneficial in hybrids for mechanized harvest.

The GCA effect values of days to maturity, days to silking, plant height and grain moisture
content at harvest were all negative significant, and GCA effect values of kernel number per row
were positively significant for the tester four-144. The GCA effect values of days to maturity, days to
silking, plant height, ear height and grain moisture content at harvest of four-287 were all significantly
negative, and the GCA effect of 100-kernel weight was positively significant. The results showed that
the hybrid combination with four-287 was easy to possess the characteristics of earlier maturity, fewer
days to silking, low plant height, low ear, low moisture content at harvest, and high 100-kernel weight.

3.6. Specific Combining Ability (SCA) of Hybrid Combination

Among the 64 hybrid combinations, 16 had positive and significant SCA effects for yield.
(Table 12). The A × A cis-hybrid combinations with good yield included LH191 × Zheng58,
PHN34 × Zheng58, LH208 × Zheng58 and FBLA × four-144. The B × B cis-hybrid combinations
producing increased yield included 6M502A × Chang 7-2, LH212Ht × Chang 7-2, Lp215D × Chang
7-2, RS710 × four287, LH181 × four-287 and PHK93 × four-287. Meanwhile, the A × B trans-hybrid
combinations with yield increases included PHW51 × Chang 7-2, NL001 × Chang 7-2 and LH208 ×
four-287. The B × A trans-hybrid combinations with yield increases included 6M502A × Zheng 58,
PHP76 × four-144 and 6F629 × four-144.

Conversely, 18 had negative SCA values, which indicated decreased yields (Table 12). The
A × A cis-hybrid combination with significantly decreased yield included NL001 × Zheng58 and
LH208 × four-144. The B × B cis-hybrid combinations with significantly decreased yield included
6F629 × Chang7-2, LH181 × Chang7-2, PHK93 × Chang7-2, PHP76 × four-287, 6M502A × four-287,
LH212Ht × four- 287. The A × B trans-hybrid combinations with significantly decreased yield
includes PHN34 × Chang 7-2, FBLA × Chang7-2, PHN34 × four-287, PHW51 × four-287, FBLA ×
four-287 and NL001 × four-287. Meanwhile, the significantly decreased yield performers in the B × A
trans-hybrid combinations included RS710 × Zheng58, LH181 × Zheng58, Lp215D × four-144 and
PHJ89 × four-144.
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There were 15 of the hybrid combinations with significantly negative SCA effect values for both
days to maturity and days to silking. The A × A cis-hybrid combinations with short growth stage
included LH191 × Zheng58, LH192 × Zheng58, PHN34 × four-144 and NL001 × four-144. The B × B
cis-hybrid combinations with short growth stage included RS710 × Chang7-2, LH181 × Chang7-2,
PHJ89 × Chang7-2, PHP76 × four-287 and LH181 × four-287. The more early maturing A × B
trans-hybrid combinations included LH212Ht × Zheng58, PHK93 × Zheng58, RS710 × four-144 and
6F629 × four-144. Meanwhile, the B × A trans-hybrid combinations with rapid development included
LH192 × four-287 and PHW51 × four-287.

There were 14 hybrid combinations with significant negative SCA effect values for both plant
height and ear height. The A × A cis-hybrid combinations with lower plants and ears included LH192
× Zheng58, NL001 × Zheng58 and LH208 × Zheng58; the B × B cis-hybrid combinations included
RS710 × Chang7-2, PHP76 × Chang7-2, PHK93 × Chang7-2, 6M502A × four-287, LH212Ht × four-287
and PHJ89 × four-287; the A × B trans-hybrid combinations included PHN34 × four-287; the B × A
trans-hybrid combinations included RS710 × Zheng58, PHJ89 × Zheng58, LH212Ht × four-144 and
Lp215D × four-144.

There were 20 of the hybrid combinations with significant negative SCA values for grain moisture
content at harvest stage. The A × A cis-hybrid combinations with more rapid grain moisture dry down
rate included LH192 × Zheng58, PHN34 × Zheng58, PHW51 × Zheng58, NL001 × Zheng58, FBLA ×
four-144 and LH208 × four-144. The B × B cis-hybrid combinations with lower grain moisture content
included Lp215D × Chang7-2, PHJ89 × Chang7-2, LH181 × four-287 and PHK93 × four-287. The A ×
B trans-hybrid combinations with decreased grain moisture content at harvest stage included LH191 ×
Chang7-2, PHN34 × four-287, PHW51 × four-287 and FBLA × four-287. While the B × A trans-hybrid
combinations which produced drier grain included LH212Ht × Zheng58, RS710 × four-144, 6F629 ×
four-144, 6M502A × four-144, Lp215D × four-144 and PHJ89 × four-144.

3.7. Total Combining Effect (TCA) and Control Heterosis (CH) for Yield Trait

As can be seen from Table 13, the TCA value of the yield characters in the worst to best hybrid
combinations ranged from −2.62 to 3.03. The TCA effect values of the 30 best-yield and least-yield
hybrid combinations were similar to the control heterosis rankings.
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Among the top fifteen TCA effect values, there were two A × A cis-hybrid combinations,
seven B × B cis-hybrid combinations, five A × B trans-hybrid combinations, and one B × A
trans-hybrid combination. The TCA effect values that increased yield can be divided into the following
three categories:

(1) Both parental GCA and hybrid SCA effects were large, for hybrid combinations NL001 ×
Chang7-2, 6M502A × Chang7-2, LH212Ht × Chang7-2, PHW51 × Chang7-2, Lh181 × four-287 and
LH208 × four-287.

(2) Complementary parental GCA effects with a positive hybridization combination SCA effect
as observed for the hybrids 6M502A × Zheng58, LH208 × Zheng58, Lp215D × Chang7-2, FBLA ×
four-144, PHJ89 × Chang7-2, PHK93 × four-287 and LH192 × Chang7-2.

(3) Parental GCA effect values were large with small SCA values, as found in the hybrids LH208
× Chang7-2 and 6M502A × four-287.

The 15 hybrids with the lowest TCA effect values can be divided into the following four categories:
(1) The complementary value of parental GCA effect value and the large value for the SCA effect

of hybrid combination, such as for RS 710 × four-287.
(2) The complementary value of parental GCA effects and a small value for the SCA effect of

hybrid combination, such as LH181 × Zheng58, PHN34 × four-287, LH208 × four-144, PHP76 ×
four-287, and RS710 × Chang7-2.

(3) Both parents with small GCA effect values and hybrid combinations with positive SCA effect
values, such as hybrids PHK93 × four-144, LH192 × four-144, and RS710 × four-144.

(4) Both parents with small GCA and hybrid with low SCA effect values, such as LH192 ×
Zheng58, 6F629 × Zheng58, Lp215D × four-144, PHJ89 × four-144, LH191 × four-144, and RS710
× Zheng58.

In Table 13, all the control heterosis values were the mean values of two locations, and ranged
from −26.89% to 21.48%. There were 15 hybrid combinations with positive heterosis, 2NL001 ×
chang7-2, 6M502A × chang7-2, LH212Ht × chang7-2, LH181 × four287, PHW51 × chang7-2, 6M502A
× Zheng58, LH208 × chang7-2, LH208 × Zheng58, lh215d × chang7-2, FBLA × four-144, PHJ89 ×
chang7-2, 6M502A × four287, PHK93 × four287, LH192 × chang7-2 (Table 13), indicating that these
hybrids had better yield than the standard of Zhengdan 958.

4. Discussion

4.1. Improvement and Utilization of USA Germplasm

The introduction of exotic germplasm was an important way to enrich genetic diversity for China
maize crop production. It has been stated that the potential utilization of inbred lines cannot be judged
according to the strengths and weaknesses of the inbred plant growth, but needs to be identified based
on the analysis of combining ability [11–13]. From Tables 10 and 11, we can see that the North American
inbred lines are genetically distinct from the inbred lines of China, and there was a wide regional gap
between them. There were significant differences in GCA effect values of the inbred when grown at
different locations, which indicates that American inbred lines perform well in comprehensive traits
such as yield. In the process of improving, selecting, and matching inbred lines to make improved
hybrids, the target traits can be selected according to the GCA, and the grouping of American inbred
lines can be determined. On the basis of plant growth, development, and heterotic patterns, according
to the principle of complementary characteristics of the same group, successful maize production
populations have been constructed with superior inbred lines, and the frequency of superior alleles
has been improved by selective repetitive breeding [14–17].

4.2. Classification of USA Germplasm

By analyzing the SCA effect value of 64 hybrid combinations, it was found that there were both
cis and trans combinations of heterotic groups in which the yield SCA effect value was positive and
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significant. Heterosis existed between the USA inbred lines SS group and the China A group, and
between the USA inbred lines NSS group and the China B group. This was due to the differences in
the Germplasm Foundation of the China A group and the B group, and also the SS group and NSS
group in the United States. When using the USA inbred lines, the combining ability of USA inbred
lines must be determined on the basis of local indigenous inbred lines. To identify the classification of
American inbred lines, and the heterosis group of USA inbreds, in breeding the second-cycle inbred
line, the cis hybrid combination is usually used to improve the group.

4.3. Combining Ability and Control Heterosis of USA Germplasm

The TCA effect value of a hybrid was the same trend as its ranking compared to control heterosis.
The TCA values of hybrid combinations with yields greater than the control hybrid were all positive,
and the TCA values of hybrid combinations yielding less than the control were all negative. The value
of TCA can be used as an index in hybrids selection [18,19]. In the top 15 TCA value hybrid
combinations, the SCA effect value was mostly positive. There were 8 hybrid combinations with
positive GCA values of parental yield, and 8 hybrid combinations with positive and negative GCA
values of parental yield. The results showed that hybrid combinations with high heterosis required
higher SCA and GCA effect values [20]. The selection of GCA effect value of parental yield should be
paid attention to in heterotic crossing combinations, ensuring that at least one parent yield GCA effect
value is positive, and SCA effect value should not be too low.

5. Conclusions

The best combiner inbred lines from USA were RS710, PHP76, FBLA, and PHJ89. These materials
had great potential for breeding early maturing, had high density tolerance, and were suitable for
machine-harvest hybrids. The best USA inbred lines with high GCA in yield traits were 6M502A,
LH208, NL001, LH212Ht, PHW51, FBLA, and LH181. These inbred lines had great potential in
breeding high-yield hybrids. The use of parental combining ability information will ease the process
of making superior hybrids. The inbred line Chang7-2 promoted a high-yield hybrid combination
ability. Meanwhile, the inbred line four-287 led to hybrid combinations suitable for machine harvesting.
The TCA value could be used as an index to evaluate the heterosis of hybrid combinations without
growing the control hybrid for comparison. The best hybrid combination were NL001 × Chang7-2,
6M502A × Chang7-2, LH212Ht × Chang7-2, LH181 × four-287, PHW51 × Chang7-2, 6M502A ×
Zheng58, LH208 × Chang7-2, LH208 × four-287, LH208 × Zheng58, Lp215D × Chang7-2, FBLA ×
four-144. Furthermore, these hybrid combinations have potential for further commercial development.
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Abstract: Examining the soil microbiome structure has great significance in terms of exploring the
mechanism behind plant growth changes due to maize (Zea mays L.) and soybean (Glycine max Merr.)
crop rotation. This study explored the effects of soil microbial community structure after soybean and
maize crop rotation by designing nine treatments combining three crop rotations (continuous cropping
maize or soybean; and maize after soybean) with three fertility treatments (organic compound
fertilizer, chemical fertilizer, or without fertilizer). Soil was sampled to 30 cm depth the second year
at approximately the middle of the growing season, and was analyzed for physical, chemical, and
phospholipid fatty acid (PLFA) profiles. Bacteria was found to be the predominant component of
soil microorganisms, which mainly contained the PLFAs 16:0. Crop rotation with organic compound
fertilizer application reduced the percentage of fungi in the soil by 24% compared to continuous
maize and soybean with the same fertilizer application. The combination of crop rotation with organic
fertilizer can reduce the percentage of fungi/bacteria to the greatest degree. In addition, the content
of soil aggregate and organic matter had great influence on Gram-positive bacteria and actinomyces.
In conclusion, soybean and maize crop rotation improve the soil nutrient content primarily by
influencing the composition of bacterial community, especially the Gram-positive bacteria.

Keywords: crop rotation; maize; soybean; microbial community structure

1. Introduction

The quality of soil is one of the most important factors affecting crop growth because it is not only
one of the major components of the environment but also is necessary for the survival of field crops.
Maize is the world’s largest grain crop and thus has high economic value. However, the continuous
planting of maize leads to the lack of soil nutrient uniformity and intensifies the occurrence and
transmission of soil diseases in the same plot. In order to relieve the land pressure, knowledge of the
effects of crop rotation patterns of maize and other crops on soil properties is important. Owing to the
long-term economic and ecological benefits of Leguminosae crops and Gramineae crops, crop rotation
patterns between the two plant families has long been considered the optimal system for maintaining
the soil nutrient cycle. A great deal of research has been done on inserting exotic Leguminosae into
various crop rotation patterns. For example, the three-course cropping of ancient Greece and Rome
(three plot of field, fallow land, spring sowing land, autumn (winter) sowing land respectively, and
rotate in the same order, so in three years, each plot can fallow one time), the British Norfolk 4-year
rotation model (red clover-wheat/rye-feeding turnip/sugar-beet-two-rowed barley/red clover) in
1730 and the American 6-year rotation model initiated in 1794 were both examples of legume and
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non-legume crop rotation [1]. However, there have been few studies on the ecological effects of crop
rotation, most of which focus on crop yield and the effect on physical and chemical soil properties.
Furthermore, the detection and analysis of the change of soil microbial community structure before
and after crop rotation has not been common.

Microorganisms are an important component of the material cycle and energy transformation
process in a soil ecosystem. Due to the effect of fertilization, soil microorganisms not only affect the
physical and chemical properties of soil but also affect the effectiveness of fertilizers on plants [2].
Fertilization mainly affects soil microorganisms by changing the physical and chemical properties
of soil as well as its nutrient contents. Fertilization affects soil microorganisms mainly by changing
the physical structure and nutrient content of soil and the amount of root and aboveground litter
of crops [3]. The rhizosphere is the microenvironment in which plants come into contact with soil.
The soil microbial community composition is an important limiting factor of soil processes, and the
composition and activity of a microbial community largely determine biogeochemical cycles, metabolic
processes of soil organic matter, and soil fertility and quality [4,5]. In addition, soil microorganisms are
closely related to the stability and health of the soil ecosystem. Soil microorganisms are more sensitive
to changes in external conditions, such as land use change, management measures, and cultivation than
other soil physical and chemical indexes. Therefore, soil microbial biomass, community composition,
and diversity are often used as indicators of soil quality changes [6,7].

Phospholipid fatty acid (PLFA) spectrogram technology was used to analyze biological community
structures in the 1980s [8,9]. This method of analysis relies on fatty acid spectrograms to quantify the
entire microbial community without the need for soil enrichment or cultivation, and therefore is quicker
and more reliable than traditional approaches [10]. Although this method cannot identify the specific
microbial species at the strain level, PLFA does not depend on the influence of the plant culture system,
but can directly provide information and quantitatively describe the whole microbial community.
This method also has the advantages of objective and reliable test results, simple operation of test
conditions, and multiple test functions and has been used widely in the field of cycle microbiology.
In order to clarify the effects of crop rotation and fertilization on soil microbial community structure,
PLFA was used to analyze the microbial community composition of soil samples.

2. Materials and Methods

2.1. Study Survey and Design

The experiments were conducted at Chifeng Academy of Agricultural and Animal Husbandry
Sciences, Inner Mongolia Autonomous Region, northeastern China (42◦15′ N, 118◦72′) in 2016 and 2017.
The study area has a temperate semi-arid continental climate, with an average annual temperature of
6.5 ◦C and an average annual precipitation of 380 mm, with the precipitation mainly concentrated in
July and August. The sunshine time is generally at least 2800 to 3200 h/year. The main crops grown in
the area are maize, buckwheat (Fagopyrum esculentum Moench.), and millet (Panicun italicun L.). The
previous crop in the farmland was maize.

A randomized block design was used in this experiment with three replications. There were
nine cropping designs for the study including (1) continuous cropping of maize with organic
compound fertilizer (CM + OF), (2) continuous cropping of maize with chemical fertilizer Nitrogen
and Phosphorus (CM + NP), (3) continuous cropping maize without fertilizer (CM + 0), (4) maize
after soybean with organic compound fertilizer (SM + OF), (5) maize after soybean with chemical
fertilizer Nitrogen and Phosphorus (SM + NP), (6) maize after soybean with no fertilizer (SM + 0),
(7) soybean continuous cropping with organic compound fertilizer (CS + OF), (8) continuous cropping
soybean with chemical fertilizer Nitrogen and Phosphorus (CS + NP), and (9) continuous cropping
soybean without fertilizer (CS + 0). The annual planting date was 18 May, and the amount of fertilizer
applied per year was consistent. According to the local recommendation, 300 kg/ha of chemical (NP)
fertilizer diammonium phosphate (N 13%, P2O5 44%) were applied for maize, 150 kg/ha of chemical
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(NP) fertilizer diammonium phosphate (N 13%, P2O5 44%) were applied for soybean, and the rate of
organic compound fertilizer for maize and soybean is 900 kg/ha. The chemical fertilizer and organic
compound fertilizer were applied when sowing. The rotation area was planted with soybeans in 2016
and maize in 2017. The field management measures are similar to local management measures. Drip
irrigation was carried out after sowing to ensure seedling emergence rate. Beginning on 29 June, every
30 days, field weeds were removed up until the crops were harvested. Sowing rate of soybean and
maize rotation in trial plots 2016–2017 is shown in Table 1.

Table 1. Sowing rate of soybean and maize rotation in trial plots 2016–2017.

Plants Varieties
Sowing Rate Plant Spacing Row Spacing

Plant/ha cm cm

maize Fengdan 189 67,500 33 45
soybean Red bean 3 210,000 12 40

2.2. Samples Collection

The soil samples of the study area were obtained during the vigorous growth of crops on
8 August 2017. In each plot, three points located 5 cm from the root were randomly selected from the
rhizosphere of maize and soybean. Soil samples, which were taken at the soil depth of 0–30 cm, were
separated into two samples. One sample was dried to analyze the soil physical structure and chemical
properties, the other sample was stored in a freezer at −20 ◦C for the determination of soil microbial
community structure.

2.3. Soil Physical and Chemical Properties

The content of soil macroaggregates (SA) was measured by mechanical sieving method. Soil pH
(pH) in water was measured at a soil/water ratio of 2:5 (w:v) after 1 h in suspension for water. Soil
available nitrogen (AN) was determined using the alkaline diffusion method; soil available phosphorus
(AP) and soil organic matter (SOM) were measured by NaHCO3 leaching molybdenum-antimony
anti-absorption spectrophotometry and potassium dichromate volumetric method, respectively [11–13].

2.4. Determination of Soil Microbial Community Structure

Soil microorganisms PLFAs were extracted by Bligh-Dyer modified method and esterified
C19:0 was used as the internal standard [14]. Briefly, the processes of extraction, purification, and
analysis consisted of measuring 2 g freeze-dried soil, then 20 mL chloroform-methanol-citric acid
buffer (1:2:0.8, v/v/v) was added to extract total PLFAs of the samples. The extracted PLFAs were
subsequently separated by silica gel column (SPE-SI), and consisted of neutral fatty acids, sugar
fatty acids, and phosphatidic acid. Phospholipid acid was dissolved in methanol/toluene (1:1, v/v)
solution, then 0.2 mol/L KOH was added, the solution was esterified at 37 ◦C for 15 min, then
separated by GC-MS (gas chromatograph-mass spectrometry) analyzer, and then separated by bacterial
fatty acid standards and commercial MIDI system (Microbial Identification System) to identify and
quantify phospholipid fatty acids. Soil microbial phospholipid fatty acid profiles were obtained by
analyzing the corresponding microbial communities, and the structural diversity of soil microbial
communities were judged by statistical analysis [15]. Phospholipid fatty acids were determined
based on Frostegard et al. [16]: [i/a/cy/br/10Me (delspray with methyl in the 10th carbon atom)]
X:Y ω Z (OH/cis/t), where X represents the total number of C atoms of fatty acid molecule, Y indicates
the number of unsaturated olefin bonds, ω represents the position of the olefinic bond from the
carboxyl group, Z represents the position of the olefin bond or cyclopropane chain. The prefix “i”
(iso) represents the isomeric methyl branched chain (the third carbon atom from the methyl end),
“a” (anteiso) represents the pre-isomeric methyl branched chain (the third carbon atom from the
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methyl end), “cy” represents the cyclopropyl group, and “br” represents the unknown position of the
methyl chain.

The suffixes “cis” and “trans” represent cis and trans isomers, respectively, and the number before
“OH” denotes the position of hydroxyl groups (counted from the carboxyl end, the second carbon is
alpha, and the third carbon is beta). Characterization of microbial PLFA is shown in Table 2 [17–23].

Table 2. Phospholipid fatty acid (PLFA) characterization of microorganisms.

Microbial Type Phospholipid Fatty Acid Labelled

Bacteria in general (B) i14:0, i15:1, i15:0, a15:0, i16:0, i17:0, a17:0, 16:1 ω 7cis, 16:1 ω 9cis, 17:1 ω 7cis,
17:1 ω 8cis, 18:1 ω 7cis, 18:1 ω 5cis, cy17:0, cy19:0, 16:12 OH, 16:0, 18:0

Gram-positive bacteria (G+) i14:0, i15:1, i15:0, a15:0, i16:0, 16:0, i17:0, a17:0

Gram-negative bacteria (G-) 16:1 ω 7cis, 16:1 ω 9cis, 17:1 ω 7cis, 17:1 ω 8cis, 1:1 ω 7cis, 18:1 ω 7cis,
18:1 ω 5cis, cy17:0, cy19:0, 16:12 OH

Actinomycetes (Act) 10Me16:0, 10Me17:0, 10Me18:0
Fungi (Fug) 16:1 ω 5cis, 18:1 ω 9cis, 18:2 ω 6cis, 18:2 ω 9cis, 18:3 ω 6cis

2.5. Data Analysis

The data in this paper were analyzed by variance analysis, principal component analysis (PCA),
and nonlinear dimensionality reduction analysis (RDA) in Excel (Microsoft Office 2016, Microsoft:
2015, Washington, WA, USA), SPSS 25.0 (Statistical Product and Service Solutions. International
Business Machines Corporation (IBM), 2017, Chicago, IL, USA), and R (R Foundation for Statistical
Computing 3.5.1, R Core Development Team, 2018, Vienna, Austria). Excel was used to calculate the
mean and standard deviation of all data. The principal component analysis of phospholipid fatty acid
data was carried out using SPSS 25.0. The relationship between soil microbial community structure
and characteristics of environmental soil factors was redundantly analyzed by R language vegan
package, and the correlation between them was further analyzed by R language corrplot package.

3. Results

3.1. Effects of Each Treatment on the Composition and Content of Phospholipid Fatty Acids

Altogether, 20 kinds of phospholipid fatty acids were checked from the soil samples treated by the
different rotation and fertilizer treatments. There were seven kinds of phospholipid fatty acids among
the 20 kinds of phospholipid fatty acids with significant effects with regard to the rotation treatment or
interaction between rotation treatment and fertilizer treatment. From Table 3, we can see that seven
kinds of phospholipid fatty acids were mainly detected in this study, in which 16:0 (Gram-positive
bacteria) had the maximum content, accounting for 11.6–12.7% of the total phospholipid fatty acids.
These seven kinds of phospholipid fatty acids belonged to Gram-positive bacteria, Gram-negative
bacteria, AM Fungi, Actinomycetes, and other bacteria.

The rotation treatment had a significant effect on the content of a15:0, 16:0, 16:1ω5c, and 18:0 at
p ≤ 0.01, had a significant effect on 17:1 ω 7c and 10Me18:0 at p ≤ 0.05, and did not have a significant
effect on i16:0. The fertilizer treatment had no significant effect on the content of the above phospholipid
fatty acids, there were significant effect on the content of i16:0 at p ≤ 0.05 in the interaction between
rotation treatment and fertilizer treatment, no significant differences were observed between the others
as a result of the interaction between the treatment of rotation and fertilizer.

For a15:0, soybean continuous cropping with chemical fertilizer applied resulted in significantly
higher numbers than that maize continuous cropping with organic fertilizer and chemical fertilizer
applied. For another Gram-positive bacteria (i16:0), there was significant interaction between fertilizer
and cropping system (p = 0.047). For 17:1 ω 7c, continuous cropping of maize without fertilizer was
remarkably higher than soybean continuous cropping with organic fertilizer and without fertilization.
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Cropping system had a significant effect on its content at 0.05 level (p = 0.018). Cropping system had
an extremely significant influence on 16:1 ω 5c (AM Fungi (Arbuscular Mycorrhizal Fungi)) at the
0.01 level (p = 0.000); its numbers were significantly lower in soybean continuous cropping than maize
continuous cropping and soybean-maize rotation.

The content of 10Me18:0 presented a significant difference under the SM + OF, which displayed
significantly higher content than all of the other treatments, and there was no significant difference
between the other treatments. The 18:0 displayed a significant difference under the CS + OF, CS + NP,
and CS + 0, although there was no significant difference observed between CS + OF, CS + NP, and
CS + 0, all of which displayed significantly higher content than all the other treatments.

Table 3. The percentage of phospholipid fatty acids under different treatments in soil (%). Values are
the average ± 1 standard error.

Treatment
G+ G- AMF Act OB

a15:0 16:0 i16:0 17:1 ω 7c 16:1 ω 5c 10Me18:0 18:0

CM + OF † 4.4 ± 0.2 bc † 11.7 ± 1.0 bc † 3.9 ± 0.3 a † 2.1 ± 0.3 ab † 3.9 ± 0.1 a † 1.9 ± 0.2 b † 2.1 ± 0.2 c
CM + NP 4.4 ± 0.1 c 11.6 ± 0.3 c 3.6 ± 0.1 c 2.0 ± 0.3 ab 3.9 ± 0.1 a 1.8 ± 0.1 b 2.1 ± 0.1 c
CM + 0 4.4 ± 0.0 abc 11.8 ± 0.5 abc 3.7 ± 0.0 abc 2.2 ± 0.4 a 3.9 ± 0.2 a 1.9 ± 0.1 b 2.2 ± 0.2 bc

SM + OF 4.7 ± 0.1 abc 11.6 ± 0.4 c 3.8 ± 0.1 abc 1.9 ± 0.2 ab 3.9 ± 0.1 a 2.2 ± 0.2 a 2.3 ± 0.2 bc
SM + NP 4.6 ± 0.3 abc 11.7 ± 0.2 bc 3.9 ± 0.1 ab 1.9 ± 0.1 ab 3.7 ± 0.1 a 1.9 ± 0.1 b 2.3 ± 0.1 ab
SM + 0 4.7 ± 0.3 ab 12.0 ± 0.4 abc 3.8 ± 0.1 abc 1.9 ± 0.1 ab 3.7 ± 0.2 a 2.1 ± 0.4 ab 2.2 ± 0.2 bc

CS + OF 4.6 ± 0.2 abc 12.7 ± 0.6 a 3.6 ± 0.1 bc 1.8 ± 0.1 b 3.2 ± 0.2 b 1.8 ± 0.1 ab 2.5 ± 0.1 a
CS + NP 4.8 ± 0.1 a 12.7 ± 0.1 ab 3.8 ± 0.1 abc 2.0 ± 0.1 ab 3.1 ± 0.2 b 1.8 ± 0.1 b 2.5 ± 0.1 a
CS + 0 4.6 ± 0.1 abc 12.1 ± 0.4 abc 3.8 ± 0.1 abc 1.8 ± 0.2 b 3.1 ± 0.1 b 1.8 ± 0.1 b 2.5 ± 0.1 a

Cropping system ** ** — * ** * **
Fertilizer — — — — — — —

Interaction effect — — * — — — —

† Means within a column followed by the same letter are not significantly different at p ≤ 0.05, and the different
letters are significantly different at p ≤ 0.05. ‘**’ Means significant at the 0.01 probability level, ‘*’ means significant
at the 0.05 probability level, ‘—’ means not significant. AMF: Arbuscular Mycorrhizal Fungi; G+: Gram-positive
bacteria; G-: Gram-negative bacteria; Act: Actinomycetes; OB: other bacteria; CM + OF: continuous cropping of
maize with organic compound fertilizer; CM + NP: continuous cropping of maize with chemical fertilizer Nitrogen
and Phosphorus; CM + 0: continuous cropping maize without fertilize; SM + OF: maize after soybean with organic
compound fertilizer; SM +NP: maize after soybean with inorganic fertilizer Nitrogen and Phosphorus; SM + 0:
maize after soybean with no fertilizer; CS + OF: soybean continuous cropping with organic compound fertilizer;
CS + NP: continuous cropping soybean with inorganic fertilizer Nitrogen and Phosphorus; CS + 0: continuous
cropping soybean without fertilizer.

The rotation treatment had a significant effect on the content of Gram-positive bacteria (G+)
and the other bacteria at p ≤ 0.01; had a significant effect on Gram-negative bacteria (G-), fungi,
and fungi/bacteria at p ≤ 0.05; but did not have a significant effect on Actinomycetes. The fertilizer
treatment had no significant effect on the content of the above phospholipid fatty acids, only the
content of Gram-positive bacteria (G+) showed significant differences at p ≤ 0.05 in the interaction
between rotation treatment and fertilizer treatment. Table 4 shows that bacteria accounted for 69%
to 71% of the total amount of soil microorganisms, and thus represented the main component of the
soil microorganisms. While fungi only accounted for about 3% of the total amount of microorganisms,
other bacteria accounted for 8.1–9.9% of the total amount. Cropping system had a significant effect on
the composition of the soil microbial community and had a significant effect on Gram-positive bacteria
(p = 0.008) and other bacteria (p = 0.006). For Gram-positive bacteria, there was an obvious interaction
between fertilizer and farming system (p = 0.034).

Analysis of variance for the fertilizer treatment showed that the content of Gram-negative bacteria
(G-) was significantly affected by fertilizer application under the condition of continuous maize
cropping system at the 0.01 level. The content of Gram-positive bacteria (G+) was significantly affected
by fertilizer application under the condition of soybean-maize rotation system at the 0.01 level (Table 5).
Under the condition of continuous maize cropping system, the content of Gram-negative bacteria (G-)
treated by organic fertilizer and chemical fertilizer application was significantly higher than that of no
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fertilizer treatment at the level of 0.01, and there was no significant difference between the organic
fertilizer and chemical fertilizer application treatments. Under the condition of the soybean-maize
rotation system, the content of Gram-positive bacteria (G+) treated by organic fertilizer application
and no fertilizer was significantly higher than that of chemical fertilizer application at the 0.01 level,
and there was no significant difference between the organic fertilizer application and no fertilizer.

Table 4. Influence of each treatment on soil microbial community structure (%). Values are the average
± 1 standard error.

Treatment

Gram-Positive
Bacteria

Gram-Negative
Bacteria Fungi Actinomycetes Other Bacteria Fungi/Bacteria

G+ G-

CM + OF † 37.3 ± 0.5 bc † 33.2 ± 0.3 ab † 3.4 ± 0.3 ab † 17.5 ± 0.8 a † 8.3 ± 1.3 ab † 0.049 a
CM + NP 36.2 ± 0.6 c 33.6 ± 0.4 ab 3.4 ± 0.5 a 17.0 ± 1.5 a 9.7 ± 0.4 a 0.050 a
CM + 0 37.0 ± 0.4 bc 32.1 ± 0.6 b 3.0 ± 0.5 abc 18.1 ± 0.3 a 9.9 ± 0.5 a 0.043 ab

SM + OF 38.1 ± 0.8 ab 32.4 ± 0.8 b 2.6 ± 0.1 c 17.7 ± 0.5 a 9.2 ± 0.6 ab 0.036 b
SM + NP 37.5 ± 0.8 ab 32.7 ± 0.5 b 2.9 ± 0.3 abc 17.1 ± 0.6 a 9.7 ± 1.0 a 0.041 ab
SM + 0 38.0 ± 0.9 ab 32.3 ± 0.8 b 2.6 ± 0.3 bc 18.1 ± 0.8 a 9.0 ± 0.6 ab 0.037 b

CS + OF 37.0 ± 0.7 bc 34.4 ± 0.3 a 3.4 ± 0.8 ab 16.9 ± 0.8 a 8.3 ± 0.6 b 0.048 ab
CS + NP 38.5 ± 0.7 a 32.7 ± 1.6 b 2.6 ± 0.2 bc 18.1 ± 0.5 a 8.1 ± 0.4 b 0.037 b
CS + 0 37.8 ± 0.7 ab 33.6 ± 1.5 ab 2.8 ± 0.5 abc 17.3 ± 1.0 a 8.5 ± 0.4 ab 0.039 ab

Cropping system ** * * — ** *
Fertilizer — — — — — —

Interaction effect * — — — — —

† Means within a column followed by the same letter are not significantly different at p ≤ 0.05, and the different
letters are significantly different at p ≤ 0.05. ‘**’ Means significant at the 0.01 probability level, ‘*’ means significant
at the 0.05 probability level, ‘—’ means not significant.

Table 5. Influence of fertilizer treatment on Gram-negative bacteria and Gram-positive bacteria (%).
Values are the average ± 1 standard error.

Treatment
Gram-Negative Bacteria

Treatment
Gram-Positive Bacteria

G- G+

CM + OF † 33.2 ± 0.3 aA SM + OF † 38.1 ± 0.8 aA
CM + NP 33.6 ± 0.4 aA SM + NP 37.5 ± 0.8 bB
CM + 0 32.1 ± 0.6 bB SM + 0 38.0 ± 0.9 aA

† Means within a column followed by the same lowercase letter or capital letter are not significantly different at
p ≤ 0.05 and at p ≤ 0.01, respectively, and the different lowercase and capital letters are significantly different at
p ≤ 0.05 and p ≤ 0.01, respectively.

3.2. Principal Component Analysis of Microbial Fatty Acids in Soil by Each Treatment

The principal component analysis of the microbial fatty acids in soil is presented in Figure 1, where
explanation variances of the first principal component (PC1) and the second principal component are
34.76% and 28.98%, respectively (Figure 1). Indeed, PC1 is highly related with i17:0, a17:0, and i15:0,
which all belong to Gram-positive bacteria, and their component matrix coefficients are 0.932, 0.911,
and 0.876, respectively (Figure 1, Table 6). Meanwhile, PC2 displays the more obvious correlations
with 18:1 ω 9c, cy17:0 ω 7c, and 16:1 ω 5c, with corresponding component matrix coefficients of 0.866,
0.846, and 0.802, respectively (Figure 1, Table 6). However, there are some lower correlations between
PC1 and 18:0, 16:0, and 17:1 ω 7c, which have corresponding component matrix coefficients of −0.053,
−0.030, and −0.080, respectively. Moreover, the component matrix coefficients of i17:0, a17:0, and
10Me16:0 to PC2 are also lower, with corresponding values of 0.064, 0.054, and 0.062, respectively
(Figure 1, Table 6).
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Figure 1. Principal component analysis (PCA) of microbial fatty acids in soil. This figure is a principal
component analysis based on the phospholipid fatty acid structure nomenclature. PC: Principal Component.

Table 6. Principal component analysis component matrix.

Phospholipid Fatty Acid
Component

1 2

a17:0 0.932 0.054
i17:0 0.911 0.064
i15:0 0.876 −0.086

10Me18:0 0.757 0.216
16:1 ω9c 0.752 0.309
18:2 ω6c −0.728 0.448
10Me16:0 0.670 0.062
17:1 ω8c −0.667 0.310
18:1 ω7c −0.655 −0.003

i16:0 0.592 0.401
16:1 ω7c −0.475 0.161

18:0 −0.053 −0.917
18:1 ω9c −0.083 0.866

cy17:0 ω7c 0.138 0.846
16:0 −0.030 −0.829

16:1 ω5c 0.173 0.802
a15:0 0.687 −0.695

cy19:0 ω7c 0.507 0.648
17:1 ω7c −0.080 0.636

15:0 −0.352 0.453

3.3. Relationship between Soil Microbial Community Structure and Soil Properties

Relationships among soil microbial community structure and soil properties were investigated by
redundancy analysis (RDA) and correlation analysis in Figure 2, where AP showed a significant
negative effect on OB, and inversely positively affected GP with R2 = 0.80 and 0.51 (p < 0.05),
respectively. There were significant correlativity between SA with Fug and GN, as well as GP (p < 0.05),
with R2 values of −0.92, −0.65, and 0.95, respectively (Figure 2). GP was also dramatically positively
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influenced by SOM (R2 = 0.78, p < 0.05) and AN (R2 = 0.68, p < 0.05), besides SA and AP. There were no
soil properties significantly affecting Act (p < 0.05).

Figure 2. Effects of environmental factors on soil microbial community structure. (A) Redundancy
analysis (RDA) of environmental factors on soil microbial community structure. (B) Correlation
analysis of soil environmental factors and soil microbial community. GP: Gram-positive bacteria; GN:
Gram-negative bacteria; Fug: Fungi; Act: Actinomycetes; OB: other bacteria. SA: soil macroaggregate
content; AP: available phosphorus; AN: soil available nitrogen; SOM: soil organic matter.

4. Discussion

Microorganisms play a vital role in the material cycle and energy transformation of the soil
ecosystem, and the soil microbial community structure represents an important aspect to consider
when investigating the effect of different crop planting patterns on soil properties. In this study, the
results showed that bacteria were the main components of the soil microbial community, which mainly
included Gram-positive bacteria and Gram-negative bacteria under the three crop planting patterns
(Tables 3 and 4). Some previous research that suggested that bacteria are the main content of soil
microorganisms is in agreement with our results [24]. Many types of bacteria have high environmental
resistance, such as Gram-positive bacteria and Gram-negative bacteria, which have spores and thicker
cell walls and adjust their cell wall structure to adapt to environmental changes [24–26]. Hence
variation of bacteria community structure has a significant effect on soil properties [25]. However,
some differences in the bacteria community structure were observed under the three crop planting
patterns (see Table 4).

Crop rotation has a significant impact on the composition of soil microbial community. Previous
studies have shown that complex crop rotation can improve soil quality and crop productivity,
including studies on perennial plants [27], and cover crops such as oat, radish, and vetch could increase
the bacterial content in PLFA, especially the content of Gram-positive bacteria [28]. In this study, there
were some obvious variations observed with Gram-positive bacteria. Gram-positive bacteria presented
a significant negative correlation with Gram-negative bacteria (Figure 2). The percentage of Fungi
content was reduced in other treatments in comparison to maize continuous cropping (Table 4).
Bin Zhang’s study had a similar conclusion as the results of this study: short-time rotation has
a significant impact on soil fungi community structure, especially arbuscular mycorrhizal fungi,
short-time rotation can significantly reduce the content of soil fungi, which resulted in higher biomass
of fungi in continuous cropping of maize than rotation. Bacteria account for a large proportion of the
soil microbial community, and continuous cropping can increase the content of fungi in soil, which
leads to the intensification of soil-borne diseases, but fungi play an important role in the decomposition
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of recalcitrant compounds in corn residues at later stages [29]. Chavarría et al. suggested that microbial
community structure would not change during short-time rotations, which is not supported from the
results of this research [28].

Fertilizer application had a significant impact on the content of Gram-negative bacteria (G-) under
the cropping system of continuous maize, and showed no significant difference under the cropping
system of soybean-maize rotation and continuous soybean. It is possible that the function of nitrogen
fixation by soybean fertilized the soil, which covered the response of the Gram-negative bacteria (G-)
to the fertilizer application. Fertilizer application had a significant impact on Gram-positive bacteria
(G+) under the soybean-maize rotation system, but no significant differences were observed under
either the continuous maize or continuous soybean cropping systems. Under the soybean-maize
rotation system, the organic fertilizer application treatment and no fertilizer treatment showed a higher
content of Gram-positive bacteria (G+) than that of the chemical fertilizer application treatment. The
reason for this may be that the Gram-positive bacteria (G+) can be promoted by the organic fertilizer,
and be restrained by the chemical fertilizer, due to the supplement of organic fertilizer by nitrogen
fixation of no fertilizer application treatment, the effect of promotion and restraining was affected by
the soil condition of rotation system, continuous maize system and continuous soybean system. The
mechanism(s) behind the response of Gram-negative bacteria (G-) and Gram-positive bacteria (G+) to
soil characteristics and fertilizer application should be explored in future research.

The relationship between environmental factors and soil microbial community structure is rather
complicated. In our exploration, bacteria (Gram-positive bacteria) primarily improve soil nutrient
content, which includes soil available phosphorus, soil available nitrogen, and soil organic matter
(Figure 2), Our results also indicated that the Gram-positive bacteria is primarily composed of i17:0,
a17:0, and i15:0 (Figure 1). The principal reason for this phenomenon is microbial decomposition.
The role of specific species of bacteria needs further study.

5. Conclusions

This study clearly demonstrates the effects of soil microbial community structure under three crop
planting patterns on soil properties. The specific conclusions are as follows: (1) bacteria were the main
components of the soil microbial community, which mainly included 16:0 (Gram-positive bacteria)
under the three crop planting patterns; (2) crop rotation changed the microbial community structure,
especially Gram-positive bacteria, which was significantly impacted by the interaction between crop
rotation and fertilizer application; (3) Gram-positive bacteria have significant beneficial effects on the
soil nutrient content, including the soil available phosphorus, soil available nitrogen, and soil organic
matter after soybean and maize crop rotation. In conclusion, soybean and maize crop rotation can
improve the soil nutrient content primarily by influencing the composition of bacterial community.
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Abstract: Yield reductions occur when corn (Zea mays L.) is continuously grown compared to when
it is rotated with soybean [Glycine max (L.) Merr.]; primarily due to soil nitrogen availability, corn
residue accumulation, and the weather. This study was conducted to determine if a combination
of agronomic practices could help overcome these causative factors of the continuous corn yield
penalty (CCYP) to obtain increased corn yields. Field experiments conducted during 2014 and 2015 at
Champaign, IL, U.S.A. assessed the yield penalty associated with continuous corn verses long-term
corn following soybean. Agronomic management was assessed at a standard level receiving only
a base rate of nitrogen fertilizer, and compared to an intensive level, which consisted of additional
N, P, K, S, Zn, and B fertility at planting, sidedressed nitrogen fertilizer, and a foliar fungicide
application. Two levels of plant population (79,000 verses 111,000 plants ha−1) and eight different
commercially-available hybrids were evaluated each year. Across all treatments, the CCYP was 1.53
and 2.72 Mg ha−1 in 2014 and 2015, respectively. Intensive agronomic management improved grain
yield across rotations (2.17 Mg ha−1 in 2014 and 2.28 Mg ha−1 in 2015), and there was a 40 to 60%
greater yield response to intensive management in continuous corn verses the corn-soybean rotation,
suggesting intensified management as a method to mitigate the CCYP. With select hybrids, intensive
management reduced the CCYP by 30 to 80%. Agronomic management and hybrid selection helped
alleviate the CCYP demonstrating continuous corn can be managed for better productivity.

Keywords: continuous corn yield penalty (CCYP); corn-soybean rotation; hybrid; intensive management;
maize; population

1. Introduction

Crop rotation is a decision that can affect the productivity and profitability of agriculture
production systems. Global trade tentions and crop demand can alter commodity prices that can allow
grain price to offset typical lost productivity of corn monocropping. The grain yield reduction when
corn is grown continuously (corn grown after previous-crop corn, i.e., continuous corn) compared
to when it is rotated with soybean has been widely reported [1–10]. Factors primarily contributing
to the continuous corn yield penalty (CCYP) are soil nitrogen availability or immobilization, residue
accumulation, and the weather [9]. The consequence of adverse environmental effects are more
determential on continuous corn grain yield than corn grown in rotation with soybean [9,11,12].
Environments with minimal rainfall have been documented to increase the magnitude of the
CCYP [1,3,13,14], along with cooler than average spring temperatures [12], and excessive warmth
during the summer [9,12]. Although weather cannot be controlled, there are many crop inputs that
increase yields, and may mitigate the CCYP, including hybrid selection, plant population, fertilizer,
and foliar fungicides.

Yield potential is greater with modern corn hybrids as a result of improved tolerance to the
stresses, such as those associated with increased plant population, reduced soil nitrogen, and low
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soil moisture [15–20]. Hybrids vary in their growth and yield response to different management
factors, including crop rotation [2,21]. Yet, the greatest yield potential cannot be achieved with
newer corn genetics unless grown at higher plant populations than older corn genetics [18,22].
Nitrogen (N) and phosphorus (P) use efficiency [23,24], water-use efficiency [25], and the value
of fungicide and insecticide applications, have been shown to improve with increased planting
population. Future improvement of corn yield will focus on increased tolerance to even higher plant
populations, due to corn’s inadequate input use at lower plant populations [17]. However, increased
plant population results in a more stressful environment, which could exacerbate the yield-reducing
effects of continuously-grown corn.

Nitrogen is the nutrient required in the greatest quantities for corn [26] and is the most frequently
limited nutrient for corn production [27]. After N, the second highest quantity of mineral nutrient
acquired by corn during the growing season is potassium (K) [26]. Additionally, phosphorus (P) is
the least mobile macronutrient and least available in the soil [28]; however, P has the highest nutrient
removal rate from the field at harvest with corn grain [26]. Other nutrients found to limit U.S. Corn
Belt yields are sulfur (S), zinc (Zn), and boron (B) [29–34].

A more recent tool for increasing grain yields is through foliar fungicide applications [35,36].
Strobilurin fungicides are effective against fungal pathogens that induce foliar fungal diseases
in susceptible corn germplasm [37]. Corn residue on the soil surface from previous crops can
serve as an overwintering inoculum for several important foliar diseases, such as grey leaf spot
(Cercospora zeae-maydis) and northern leaf blight (Exserohilum turcicum) [38]. Residue accumulation can
increase through continuous corn rotations [2,9], no- or reduced-tillage [39], higher plant density [40],
and greater grain yields [41]. Furthermore, foliar protection by a strobilurin fungicide has also been
documented to increase grain yield even when fungal disease is not present [35].

Intelligent intensification of agronomic management, including hybrid selection, and additional
plant population, fertilizer, and fungicide application, may offset the negative causative effects of
continuously grown corn [5,42] and promote greater yields [43]. The objectives of this research were
to (i) demonstrate the CCYP and quantify the impact of different crop management practices on the
reduction of the CCYP, (ii) determine the effect of these management factors on in-season biomass
accumulation and plant health, and (iii) assess the effect of these practices on yield components to
ascertain when these yield responses are occurring. To achieve these objectives, multiple corn hybrids
were grown under two crop rotations (previous crop corn verses soybean), at two population densities
and crop management levels (standard verses intensive). In this trial, intensive management (i.e., high
input) encompassed additional nitrogen fertilizer, broadcast (i.e., K and B source) and banded (i.e., P, S,
Zn and N source) fertility, and a foliar fungicide.

2. Materials and Methods

2.1. Agronomic Practices

Field experiments were conducted in 2014 and 2015 at Champaign, IL, U.S.A. using a long-term
site dedicated to crop rotation. Due to the rotation treatment in this study, two comparable field sites
of approximately 2 ha each were established within 4.5 km of each other and predominantly (>75%)
consisted of a Flanagan silt loam (a fine, smectitic, mesic Aquic Argiudoll) with 0 to 2% slope. The sites
were tile drained and unirrigated. The preplanting soil properties at the 0- to 15-cm depth for 2014 and
2015 included, respectively, 39 and 41 g kg−1 organic matter, pH 6.1 and 5.5, 19 and 37.1 mg kg−1 P,
and 101 and 126 mg kg−1 K. The minerals P and K were extracted using Mehlich III solution. The study
alternated between the two field sites each year, generating for this study 11th (2014) or 13th (2015) year
continuous corn vs. long-term corn following soybean rotation. The 11th and 13th year continuous
corn were considered as similar treatments in line with other rotational experiments [3,14]. The setup
site (the site not used for the current year) established the replicated blocks of corn and soybean that
served as the previous crop for the following year’s experiment. The corn and soybean blocks in
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the setup site were maintained with minimal crop management inputs through maturity, harvested,
and tilled in preparation for the upcoming year’s study. Individual experimental plots consisted of
four rows, 5.3-m in length with 76-cm spacing, and planted with a precision ALMACO SeedPro 360
research plot planter (Nevada, IA, USA). Treatments were arranged in a split-split plot in a randomized
complete block design with four replications; crop rotation was the main plot and the subplot was
hybrid with a factorial arrangement input level and population at the sub-sub plot level.

The hybrids evaluated represented a range of maturities (106- to 113-day relative maturity; RM),
as well as two seed brands, that represented varying genetic backgrounds and potential tolerance
to continuous corn. In 2014, the hybrids grown included DKC58-87SSRIB (108 RM), DKC60-67RIB
(110 RM), DKC62-08 RIB (112 RM), DKC64-87RIB (114 RM), DKC63-33RIB (113 RM), 209-53STXRIB
(109 RM), 212-86STXRIB (112 RM), and DKC63-55RIB (113 RM) [Bayer, Leverkusen, Germany]; hybrids
grown in 2015 included 5415SS (106 RM), 5887VT3P (108 RM), 5975VT3P (109 RM), 6110SS (110 RM),
6065SS (111 RM), 6265SS (112 RM), 6594SS (113 RM), and 6640VT3P (113 RM) [WinField United, LLC.,
Arden Hills, MN, USA].

Tillage included a chisel plow in fall with field cultivations in spring for entire seedbed
preparation. Plots were planted on 27 April 2014 and 24 April 2015 to achieve an approximate
final stand of 79,000 or 111,000 plants ha−1, denoted as standard and high density, respectively.
All plots received an in-furrow application of tefluthrin ((1S,3S)-2,3,5,6-tetrafluoro-4-methylbenzyl
3-((Z)-2-chloro-3,3,3-trifluoroprop-1-en-1-yl)-2,2-dimethylcyclopropanecarboxylate) at a rate
of 0.11 kg a.i. ha−1 for additional control of seedling insect pests. Weed control consisted
of a pre-emergence application of S-metolachlor (2-chloro-N-(2-ethyl-6-methylphenyl)-N-
(2-methoxy-1-methylethyl)acetamide), atrazine (6-chloro-N-ethyl-N′-(1-methylethyl)-1,3,5-triazine-
2,4-diamine), and mesotrione ([2-[4-(methylsulfonyl)-2-nitrobenzoyl]- 1,3-cyclohexanedione), and a
post-emergence application of glyphosate [N-(phosphonomethyl)glycine].

One week before planting, 202 kg N ha−1 as urea ammonium nitrate was applied to all plots
and incorporated by shallow cultivation. The standard management treatment only received this N
fertilizer. The additional products utilized in the intensive management system included additional
fertilizer (containing N, P, K, S, Zn, and B) and a foliar fungicide application. Immediately prior
to planting the intensive management plots, 112 kg P2O5 ha−1 was banded (10–15 cm beneath
the row) by a toolbar fitted with Dawn Equipment 6000 Series Universal Fertilizer Applicators
(Dawn Equipment, Sycamore, IL, USA) as MESZ [MicroEssentials SZ; 12-40-0-10S-1Zn] (The Mosaic
Company, Plymouth, MN, USA) supplying an additional 34 kg N ha−1, 28 kg S ha−1, and 2.8 kg
Zn ha−1. Additionally at planting, 84 kg K2O ha−1 was broadcast applied (Aspire, 0-0-58-0.5B,
The Mosaic Company, Plymouth, MN, USA) supplying an additional 0.4 kg B ha−1. At the V6
growth stage (six fully formed leaves), a side-dress application of 67 kg N ha−1 was applied
to these plots as urea with urease inhibitors [CO(NH2)2 + n-(n-butyl) thiophosphoric triamide;
Agrotain urea; 46-0-0] (Koch Agronomic Services, LLC, Wichita, KS, USA) on 6 June 2014 and
4 June 2015. When plants were approximately between the VT to R1 growth stages (tasseling to
silk emergence) (6 June 2014 and 13 July 2015), intensive management plots received an application of
Headline AMP (BASF, Florham Park, NJ, USA), a product containing pyraclostrobin (carbamic acid,
[2-[[[1-(4-chlorophenyl)-1H-pyrazol-3-yl]oxy]methyl]phenyl]methoxy-, methyl ester) and metconazole
(5-[(4-chlorophenyl)methyl]-2,2-dimethyl-1-(1H-1,2,4-triazol-1-ylmethyl)cyclopentanol), at the labeled
rates of 0.15 and 0.06 kg a.i. ha−1, respectively. The fungicide was applied using a CO2-pressurized
backpack sprayer via an aqueous suspension at 140 L H2O ha−1 and mixed with the surfactant
MasterLock (WinField Solutions, LLC, St. Paul, MN, USA) at 0.45 kg ha−1.

2.2. Plant Biomass Samplings, Health Assessment, and Harvest

To evaluate seasonal aboveground biomass, plants were sampled at two growth stages: V6 (six
leaves with collars visible) and R6 (physiological maturity) [44]. Corn tissue sampling was conducted
on 2 June 2014 (V6), 3 June 2015 (V6), 9 September 2014 (R6), and 31 August 2015 (R6). Sampling
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consisted of manually excising plants from the outer two rows at V6 (10 plants per plot), and from the
center two rows of each plot at R6 (6 plants per plot) to determine biomass. Plants at the V6 growth
stage were dried to 0% moisture and weighed. The plants at R6 were partitioned into grain and stover
(including husk) components, and biomass was determined by weighing the total fresh stover then
processing it through a wood chipper (BC600XL, Vermeer Corporation, Pella, IA, USA) to obtain
representative stover subsamples. The stover subsamples were immediately weighed to determine
aliquot fresh weight, and then weighed again after drying to 0% moisture in a forced air oven at 75 ◦C,
to determine subsample aliquot dry weight and calculate dry biomass. Corn ears were dried and then
weighed to obtain grain and cob weight. The grain was removed using a corn sheller (AEC Group,
St. Charles, IA, USA) and analyzed for moisture content using a moisture reader (Dickey John, GSF,
Ankeny, IA, USA). Cob weight was obtained by difference, and dry stover and cob weights were
summed to calculate the overall R6 stover biomass. All biomass and grain weight measurements are
presented on a 0 g kg−1 moisture concentration basis.

To assess treatment effects on plant health, leaf greenness was measured at the R2 growth stage
(kernel blister) (29 July 2014 and 20 July 2015) using a Minolta SPAD-502 chlorophyll meter (Spectrum
Technologies, East-Plainfield, IL, USA), on the lamina at the midleaf region of five ear leaves (with
no lesions) per plot. SPAD values were used to estimate differences in leaf N concentration among
treatments, given that N is a main element in chlorophyll molecules, and therefore related to leaf
greenness [45].

Plant stand counts were tallied to confirm plant populations at the R6 plant growth stage.
The center two rows of each plot were mechanically harvested for determination of grain yield
at physiological maturity, and yield values are presented at 0% moisture. Grain subsamples from each
plot were collected from the plot combine at harvest and 300 randomly selected kernels were weighed
to estimate average individual kernel weight, also expressed at 0% moisture. Kernel number was
estimated by dividing grain yield by the average individual kernel weight of each plot.

2.3. Statistical Analysis

Biomass accumulation, leaf greenness, grain yield, and yield Fcomponents (kernel number and
kernel weight) were analyzed using the PROC MIXED procedure [46]. All units are expressed on a
0 g kg−1 moisture concentration basis. Rotation, hybrid, agronomic management, and population were
included as fixed effects and replication as a random effect. Due to differences in years of continuous
corn and hybrid, years were analyzed separately. Least square means were separated using the PDIFF
option of LSMEANS in SAS PROC MIXED. Unless indicated, fixed effects were considered significant
in all statistical calculations if p ≤ 0.05. Pearson’s correlation coefficient was used to evaluate the
linear association between grain yield and measured parameters across all treatments and within each
rotation, using the CORR procedure of SAS.

3. Results and Discussion

3.1. Temperature and Precipitation

The weather conditions of 2014 and 2015 in Champaign, IL resulted in varied temperatures
and levels of precipitation (Table 1). In 2014, temperatures were below-average with above-average
precipitation, particularly in June and July. Temperatures were at or below normal in July, August,
and September of 2014. Illinois experienced a warm April and May in 2015, with a cooler than
average June, July, and August. Rainfall in May 2015 was slightly above average in Champaign, but in
June, the whole state of Illinois experienced rainfall amounts breaking records that date back to 1886.
Champaign received 122.7 mm of rainfall above the 30-year average. Pollination and grain-filling
conditions were good with a drier July and August. Overall, the 2014 and 2015 production years
experienced very little weather-induced heat or moisture stress. As a result, conditions were generally
conducive to favorable grain yields.
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Table 1. Monthly weather data for Champaign, IL, USA during the production seasons of 2014 and 2015.
Temperature is the average daily air temperature and precipitation is the average monthly accumulated
rainfall. Values were obtained from the U.S. National Oceanic and Atmospheric Administration and
values in parentheses are the deviations from the 30-year average (1981–2010).

Year
Month

April May June July Aug. Sept.

2014

Temperature, ◦C 11.5 (0.4) 17.7 (0.8) 22.8 (0.4) 21.0 (−2.8) 23.0 (0.0) 18.1 (−0.9)
Precipitation, mm 100.1 (6.6) 111.3 (−13) 208.5 (98.3) 221.2 (101.9) 38.6 (−61.2) 87.4 (7.9)

2015

Temperature, ◦C 12.0 (1.1) 18.6 (1.7) 22.2 (−0.1) 23.0 (−0.8) 22.1 (−0.9) 21.0 (2.0)
Precipitation, mm 91.9 (−1.5) 154.2 (30.0) 232.9 (122.7) 107.2 (−12.2) 80.3 (−19.6) 163.6 (84.1)

3.2. Plant Biomass Accumulation and Plant Health Assessment

Agronomic input level significantly impacted early season (V6 growth stage) biomass
accumulation (Table 2). Compared to standard input, intensive management led to 42 to 56% greater
aboveground biomass accumulation when averaged across both planting densities and rotations
(Table 3). A significant increase in corn early season biomass accumulation with increased fertilizer
inputs is well known [27,47]. Since this sampling was completed immediately prior to the additional
sidedressed N, management responses were primarily from the broadcasted K and B and banded P, N,
S, and Zn supplied at planting.

Table 2. Tests of fixed sources of variation on early and late season biomass accumulation, in-season
leaf greenness, final grain yield, and yield components for the continuous corn trial conducted at
Champaign, IL during 2014 and 2015. Rotation (R), hybrid (H), management (M), and population (P)
served as fixed effects.

Year/Fixed Effect V6 Biomass R2 SPAD R6 Stover Grain Yield
Kernel

Number
Kernel
Weight

p > F

2014
Rotation (R) 0.3407 0.0004 0.1487 <0.0001 0.0670 0.0121
Hybrid (H) 0.0015 0.0186 0.0827 <0.0001 <0.0001 <0.0001

R × H 0.0270 0.4260 0.1861 0.0057 0.0205 0.1536
Management (M) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

R × M 0.4083 <0.0001 0.6366 <0.0001 0.0003 0.1309
H × M 0.1088 0.5741 0.4072 0.0971 0.4142 0.3174

R × H × M 0.0302 0.1897 0.7955 0.0665 0.1201 0.4127
Population (P) <0.0001 <0.0001 0.0053 0.0093 0.0104 <0.0001

R × P 0.4215 0.0133 0.8181 0.2644 <0.0001 <0.0001
H × P 0.2080 0.7575 0.6459 0.0998 0.0635 0.5584

R × H × P 0.8140 0.7686 0.6102 0.8172 0.0474 0.0786
M × P 0.1084 0.2811 0.0919 0.6485 0.2868 0.4939

R × M × P 0.2410 0.0795 0.1966 0.6369 0.9993 0.7101
H × M × P 0.5074 0.5361 0.9915 0.6744 0.8588 0.9917

R × H × M × P 0.0442 0.6956 0.9135 0.1519 0.3386 0.6266

2015
Rotation (R) 0.0469 0.0099 0.1655 0.0018 0.0016 0.0022
Hybrid (H) 0.0150 0.1512 0.0278 0.0453 <0.0001 <0.0001

R × H 0.5081 0.6912 0.7316 0.1713 0.0587 0.1215
Management (M) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

R × M 0.1449 <0.0001 0.2669 0.0015 0.0013 0.0228
H × M 0.0223 0.0154 0.6895 0.4599 0.1188 0.0017

R v H × M 0.1975 0.3037 0.1246 0.2247 0.0265 0.6136
Population (P) <0.0001 <0.0001 <0.0001 0.0026 <0.0001 <0.0001

R × P 0.4649 0.3326 0.5698 0.7829 0.9614 0.0960
H × P 0.5189 0.3828 0.5145 0.0997 0.1563 <0.0001

R × H × P 0.8911 0.2649 0.3833 0.0915 0.3801 0.2294
M × P 0.7745 0.5340 0.2152 0.0140 0.0025 0.6258

R × M × P 0.9055 0.6813 0.9914 0.2584 0.5078 0.3064
H × M × P 0.5882 0.3390 0.5763 0.9153 0.7468 0.7456

R × H × M × P 0.7129 0.1925 0.9442 0.1882 0.0234 0.3173
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Table 3. Aboveground biomass accumulation as influenced by crop rotation, hybrid, agronomic
input level, and population at Champaign, IL in 2014 and 2015. All values are reported at 0 g kg−1

moisture concentration.

V6 Shoot Biomass R6 Stover Biomass

Input Level §

Standard Intensive Standard Intensive

Year/ Planting Density (× 1000 plants ha−1) ¶

Rotation † Hybrid ‡ 79 111 79 111 79 111 79 111

————————————————— kg ha−1 ————————————————–

Cont. Corn 2014
209-53STX 382 513 557 789 9561 11,180 12,710 12,118
212-86STX 332 516 651 855 11,224 12,942 12,750 12,650
DKC58-87 366 452 565 754 10,552 12,009 12,176 11,483
DKC60-67 316 548 653 683 9276 10,774 11,711 12,037
DKC62-08 391 570 852 864 12,038 11,061 12,357 10,543
DKC63-33 407 417 741 874 9144 10,334 11,638 11,321
DKC63-55 362 480 657 763 10,337 12,096 12,150 12,923
DKC64-87 423 525 630 836 9170 11,226 11,331 13,034

2014
Means

372 503 663 802 10,163 11,453 12,103 12,014

2015
5415SS 279 332 661 931 8073 9337 9973 11,581

5887VT3P 315 372 614 890 7728 8655 8743 9034
5975VT3P 290 372 793 827 8500 8523 9303 10,623

6065SS 310 379 719 986 9400 9705 11,717 11,205
6110SS 333 400 843 1025 8628 7933 9640 10,652
6265SS 421 587 963 1017 8799 8813 10,327 11,404
6594SS 485 565 680 1036 7648 9130 9570 10,853

6640VT3P 332 474 789 940 6849 7684 10,070 11,100

2015
Means

346 435 758 957 8203 8722 9918 10,806

Corn-Soybean 2014
209-53STX 357 473 630 817 9082 9416 11,814 12,731
212-86STX 321 402 671 809 10,769 11,096 11,438 12,962
DKC58-87 322 407 559 684 10,771 11,601 11,637 12,728
DKC60-67 315 370 598 751 9745 11,940 10,921 12,088
DKC62-08 361 413 569 712 10,943 12,799 13,470 12,799
DKC63-33 395 486 712 751 10,206 10,363 12,890 12,599
DKC63-55 295 431 618 819 10,761 11,618 11,901 13,019
DKC64-87 423 541 706 887 11,523 11,356 12,211 12,268

2014
Means

349 440 633 779 10,475 11,274 12,035 12,649

2015
5415SS 327 376 812 785 9210 9814 10,489 10,709

5887VT3P 217 316 658 958 8525 8262 10,581 10,324
5975VT3P 287 317 747 880 8264 8435 9160 11,466

6065SS 269 376 651 829 9512 9942 11,232 11,547
6110SS 336 361 747 921 8323 8907 8787 10,009
6265SS 314 361 785 913 9018 9484 10,535 10,544
6594SS 404 432 673 952 9054 8815 11,254 11,270

6640VT3P 296 412 693 760 8896 9977 9882 11,789

2015
Means

306 369 721 875 8850 9205 10,240 10,957

† Rotation V6 LSD (p ≤ 0.05) = nonsignificant (NS) in 2014 and 54 kg ha−1 in 2015; Rotation R6 LSD (p ≤ 0.05) = NS.
‡ Hybrid V6 LSD (p ≤ 0.05) = 48 kg ha−1 in 2014 and 68 kg ha−1 in 2015; Hybrid R6 LSD (p ≤ 0.05) = NS in 2014 and
900 kg ha−1 in 2015. § Input level V6 LSD (p ≤ 0.05) = 19 kg ha−1 in 2014 and 34 kg ha−1 in 2015; Input level R6
LSD (p ≤ 0.05) = 455 kg ha−1 in 2014 and 291 kg ha−1 in 2015. ¶ Plant density V6 LSD (p ≤ 0.05) = 19 kg ha−1 in
2014 and 34 kg ha−1 in 2015; Plant density R6 LSD (p ≤ 0.05) = 455 kg ha−1 in 2014 and 292 kg ha−1 in 2015.
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When assessed at V6, accumulation of biomass was comparable, but tended to be greater in
the continuous corn rotation relative to the corn-soybean rotation, similar to previous reports [48].
Regardless of rotation, the 40% greater planting population of the high population treatment increased
the early season biomass accumulation per area by 19 to 20% in both years. Hybrid selection influenced
early season biomass accumulation; there was a difference of 108 kg ha−1 and 127 kg ha−1 in 2014 and
2015, respectively, between the smallest and largest hybrids at V6.

At the R2 growth stage, the corn-soybean rotation led to enhanced ear leaf greenness compared
to continuous corn (Table 4). In 2014 and 2015, leaf greenness was 59.1 vs. 52.9 and 62.5 vs. 57.9
SPAD relative units from corn-soybean rotation vs. continuous corn, respectively (Table 4). Intensive
management increased leaf greenness in continuous corn, but not of those plants grown in the
corn-soybean rotation. Increased population reduced the leaf greenness levels. When averaged
across the hybrids, the least leaf greenness was measured in continuous corn cultivated with standard
agronomic management and the higher planting density.

Table 4. Leaf greenness for hybrids as influenced by crop rotation, agronomic input level,
and population at the R2 growth stage of the ear leaf. Hybrids were grown in continuous corn
and following soybean rotations at Champaign, IL in 2014 and 2015.

Crop Rotation ‡

Continuous Corn Corn-Soybean

Input Level §

Standard Intensive Standard Intensive

Year/ Plant Density (plant ha−1) ¶

Hybrid † 79,000 111,000 79,000 111,000 79,000 111,000 79,000 111,000

———————————————— SPAD relative unit ————————————————

2014
209-53STX 58.1 50.1 60.6 56.2 61.9 59.4 63.0 59.4
212-86STX 56.1 47.1 60.0 57.1 62.4 57.9 63.0 59.4
DKC58-87 50.5 46.4 59.1 54.1 59.5 57.8 58.6 57.2
DKC60-67 54.1 50.5 57.6 55.1 59.6 55.9 60.0 57.5
DKC62-08 51.4 44.2 51.3 50.3 60.6 58.2 60.8 57.4
DKC63-33 51.5 43.8 57.3 55.0 59.7 59.0 59.5 57.7
DKC63-55 48.7 44.5 57.1 51.1 58.1 57.5 59.3 56.2
DKC64-87 52.9 49.6 58.0 52.4 60.8 55.9 61.6 56.0

2014
Means

52.9 47.0 57.6 53.9 60.3 57.7 60.7 57.6

2015
5415SS 59.3 55.6 65.3 60.4 64.7 62.8 65.6 64.1

5887VT3P 57.3 53.5 62.4 55.3 64.7 62.5 64.3 62.4
5975VT3P 54.6 50.1 62.0 57.7 63.0 58.1 62.2 60.4

6065SS 61.4 55.8 62.1 60.7 63.6 63.2 64.3 60.6
6110SS 60.7 57.9 60.0 58.9 65.0 60.7 62.4 61.1
6265SS 54.0 53.8 60.7 58.3 64.0 60.5 62.8 60.1
6594SS 55.7 57.2 61.1 58.5 62.5 59.8 63.5 60.8

6640VT3P 56.9 49.2 59.2 57.2 65.4 61.1 64.2 61.0

2015
Means

57.5 54.1 61.6 58.4 64.1 61.1 63.7 61.3

† Hybrid LSD (p ≤ 0.05) = 2.7 SPAD unit in 2014 and nonsignificant (NS) in 2015. ‡ Rotation LSD (p ≤ 0.05) = 0.7
SPAD unit in 2014 and 2.5 SPAD unit in 2015. § Input level LSD (p ≤ 0.05) = 0.8 SPAD unit in 2014 and 0.6 SPAD
unit in 2015. ¶ Plant density LSD (p ≤ 0.05) = 0.8 SPAD unit in 2014 and 0.6 SPAD unit in 2015.

Hybrid selection also impacted these R2 measurements, thirteen of the sixteen hybrids had
significantly reduced ear leaf greenness when grown following corn rather than after soybean, while the
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other hybrids exhibited that tendency. Greater leaf chlorophyll concentrations and boosted levels of
plant N have also been found when corn was rotated with soybean compared to grown continuously,
which have been attributed to the greater N availability observed in non-continuous corn systems [49].
Leaf chlorophyll concentration, photosynthetic potential of the plant, and leaf N nutrient status are
closely related [50–52]. These treatment-induced differences in leaf chlorophyll resulting from cropping
system and management level changes suggest that N uptake and N availability play a key role in the
continuous corn yield penalty and indicate potential ways to mitigate it.

Stover biomass accumulation at the R6 growth stage was 11% and 17% greater from the intensive
management when compared to the standard input level, in 2014 and 2015 respectively (Table 4).
On an individual plant basis, the intensive input level led to an additional 17 g plant−1 of dry weight
in 2014 and 18 g plant−1 of dry weight in 2015 (data not shown). The increased population treatment
provided an additional 32,000 plants ha−1 and resulted in increased overall biomass production per
area (Table 4). Conversely, individual plants’ R6 stover accumulation at the two populations were
139 and 125 g plant−1 when grown at 79,000 plants ha−1 compared to 110 and 100 g plant−1 when
grown at 111,000 plants ha−1 in 2014 and 2015, respectively (data not shown). Previous crop minimally
(p = 0.15 and p = 0.17), or slightly increased final stover biomass with alternating rotation. It has been
previously reported that 75% of the time, corn grown after soybean produced greater dry matter than
when grown following corn [53]. Combined with the data presented here, these results indicate that
corn stover grown with crop rotation will often produce at least similar, if not greater, stover biomass,
than when grown continuously.

3.3. Grain Yield and Yield Components

Rotation, hybrid, management, and population treatments significantly influenced grain yield
(Table 2). When averaged across all treatment combinations, the CCYP associated with continuous
corn compared to first year corn following soybean was 1.53 Mg ha−1 (−13%; p < 0.0001) in 2014 and
2.72 Mg ha−1 (−22%; p = 0.0018) in 2015 (Table 5). Although increased planting densities decreased
yield by an average of 0.19 and 0.36 Mg ha−1 in 2014 and 2015, respectively, the continuous corn
rotation did not magnify this response as originally predicted. Unexpectedly, the yield reduction
associated with increased planting densities tended to be greater in the corn-soybean rotation vs.
continuous corn. The increased inter-plant competition of higher planting densities tended to reduce
corn yield more when grown under standard management (−0.22 Mg ha−1 in 2014 and −0.65 Mg ha−1

in 2015) compared to when grown under the high input management (−0.16 Mg ha−1 in 2014 and
−0.06 Mg ha−1 in 2015, non-significant) when averaged across rotations. The lowest yield was
observed when corn was grown after corn with standard agronomic management and the higher
plant density.

Intensive agronomic management significantly improved grain yield when averaged across crop
rotations (2.17 and 2.28 Mg ha−1 in 2014 and 2015, respectively), but the effect was 40–60% greater in
continuous corn vs. the corn-soybean rotation (2.65 vs. 1.69 Mg ha−1 in 2014 and 2.67 vs. 1.90 Mg ha−1

in 2015) (Table 5). These findings are consistent with other studies that found additional fertilizer
inputs are needed to achieve continuous corn yields that approach or are similar to rotated corn
yields [1,27,54]. These data indicate that the continuous corn yield penalty can be ameliorated with
agronomic management. Although the highest yields were consistently achieved in the corn-soybean
rotation using intensive management and low planting densities, individual hybrids were found
to respond differently to management. Select hybrids, for example, were able to nearly overcome
the CCYP when grown with intensive management (Figure 1). The CCYP was reduced by 0.89 to
1.93 Mg ha−1 with intensive management for seven hybrids: 6265SS (34%), DKC58-87 (37%), 6640VT3P
(38%), DKC64-87 (54%), 212-86STX (72%), 209-53STX (75%), and DKC63-55 (77%).
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Table 5. Corn grain yield for hybrids as influenced by crop rotation, agronomic input level,
and population. Hybrids were grown in continuous corn and following soybean rotations at
Champaign, IL in 2014 and 2015. All values are reported at 0 g kg−1 moisture concentration.

Crop Rotation ‡

Continuous Corn Corn-Soybean

Input Level §

Standard Intensive Standard Intensive

Year/ Plant Density (plant ha−1) ¶

Hybrid † 79,000 111,000 79,000 111,000 79,000 111,000 79,000 111,000

—————————————————— Mg ha−1 ——————————————————

2014
209-53STX 9.65 9.81 12.60 12.62 11.59 10.82 12.93 13.02
212-86STX 8.71 8.52 11.67 12.13 10.69 11.27 12.99 12.11
DKC58-87 8.44 8.60 11.20 11.23 10.75 11.16 12.38 13.13
DKC60-67 9.46 9.00 11.76 12.11 11.10 10.61 12.58 12.63
DKC62-08 8.00 8.10 9.84 9.27 10.32 9.59 11.86 11.50
DKC63-33 9.04 8.80 11.59 11.23 11.56 11.10 13.23 12.89
DKC63-55 8.75 8.55 11.53 11.04 10.48 10.05 11.90 11.39
DKC64-87 9.25 9.07 12.37 12.04 11.88 11.05 13.48 13.05

2014
Means

8.92 8.81 11.57 11.46 11.04 10.71 12.67 12.47

2015
5415SS 9.46 8.05 11.42 11.40 10.74 10.88 13.03 12.97

5887VT3P 9.15 7.08 10.57 9.66 11.63 9.83 13.07 12.80
5975VT3P 8.24 7.97 11.23 10.44 11.44 10.16 13.49 12.94

6065SS 9.82 9.62 11.24 12.27 11.68 11.06 13.37 13.30
6110SS 10.01 9.09 11.68 12.19 12.05 12.58 13.47 13.53
6265SS 7.73 6.75 10.71 10.01 12.02 12.31 13.46 13.72
6594SS 7.85 8.58 11.10 11.69 12.08 10.48 13.84 13.74

6640VT3P 6.91 5.99 9.14 10.21 11.51 11.43 13.33 12.20

2015
Means

8.65 7.89 10.89 10.98 11.64 11.09 13.38 13.15

† Hybrid LSD (p ≤ 0.05) = 0.35 Mg ha−1 in 2014 and 1.05 Mg ha−1 in 2015. ‡ Rotation LSD (p ≤ 0.05) = 0.06 Mg ha−1

in 2014 and 0.81 Mg ha−1 in 2015. § Input level LSD (p ≤ 0.05) = 0.14 Mg ha−1 in 2014 and 0.23 Mg ha−1 in 2015. ¶

Plant density LSD (p ≤ 0.05) = 0.14 Mg ha−1 in 2014 and 0.23 Mg ha−1 in 2015.

Grain yield is derived from yield components (i.e., kernel number and individual kernel
weight) that may be altered by changes in fertility, planting population, and germplasm [23,55,56].
The improved grain yields as a result of intensified agronomic management increased both kernel
number and kernel weight (Table 6). Similarly, the consistently greater yields resulting from
the corn-soybean rotation compared to the continuously grown corn yields were derived from a
combination of increased kernel number and kernel weight.
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Table 6. Grain yield components as influenced by crop rotation, hybrid, agronomic input level,
and population at Champaign, IL in 2014 and 2015. All values are reported at 0 g kg−1

moisture concentration.

Kernel Number Kernel Weight

Input Level §

Standard Intensive Standard Intensive

Year/ Planting Density (× 1000 plants ha−1) ¶

Rotation † Hybrid ‡ 79 111 79 111 79 111 79 111

——————— m−2 ——————— —————– mg kernel−1 —————–

Cont. Corn 2014
209-53STX 4394 4736 4779 5346 219 207 264 236
212-86STX 3984 4169 4618 5200 218 204 253 233
DKC58-87 4047 4307 4632 5032 208 199 241 223
DKC60-67 4146 4455 4533 5031 228 202 259 241
DKC62-08 3398 3852 3629 3866 235 210 271 240
DKC63-33 4155 4800 4897 5512 219 183 237 204
DKC63-55 4341 4433 4986 5331 201 193 231 207
DKC64-87 4597 4704 5374 5388 201 192 230 226

2014
Means

4133 4432 4681 5088 216 199 248 226

2015
5415SS 4749 5102 4962 5485 199 171 230 207

5887VT3P 4441 4522 4584 5015 206 177 230 209
5975VT3P 4129 4670 4978 5252 199 169 226 198

6065SS 4307 4741 4555 5378 228 202 247 228
6110SS 4320 4649 4782 5603 230 195 244 217
6265SS 3352 3197 4129 4120 230 209 258 241
6594SS 4335 4750 5117 5923 184 180 217 196

6640VT3P 3424 3226 4095 5203 199 183 220 195

2015
Means

4132 4357 4650 5247 209 186 234 212

Corn-Soybean 2014
209-53STX 5282 4844 5101 5027 220 227 253 263
212-86STX 4390 4612 4923 4460 243 246 264 273
DKC58-87 4280 5022 4873 5549 251 222 254 237
DKC60-67 4442 4375 4355 4583 250 244 289 277
DKC62-08 4025 3752 4526 4203 257 259 263 274
DKC63-33 5375 4784 5084 4936 215 234 260 261
DKC63-55 4512 4514 4958 4731 232 222 240 241
DKC64-87 5690 4912 5585 5598 209 227 244 234

2014
Means

4750 4602 4926 4886 235 235 258 257

2015
5415SS 5009 5410 5189 5738 214 201 251 227

5887VT3P 4779 4567 4865 5566 243 215 269 230
5975VT3P 4861 5078 4936 5851 236 199 273 221

6065SS 4636 4721 4988 5499 252 234 268 242
6110SS 4797 5858 5084 5729 251 213 265 236
6265SS 4224 4558 4507 4799 284 270 298 286
6594SS 5488 5316 5786 6251 220 197 239 220

6640VT3P 4646 5222 5143 5275 247 219 258 230

2015
Means

4805 5091 5062 5589 243 218 265 236

† Rotation kernel number LSD (p ≤ 0.05) = nonsignificant (NS) in 2014 and 161 m−2 in 2015; Rotation kernel weight
LSD (p ≤ 0.05) = 9.0 mg kernel−1 in 2014 and 10.2 mg kernel−1 in 2015. ‡ Hybrid kernel number LSD (p ≤ 0.05) =
198 m−2 in 2014 and 297 m−2 in 2015; Hybrid kernel weight LSD (p ≤ 0.05) = 8.7 mg kernel−1 in 2014 and 11.2 mg
kernel−1 in 2015. § Input level kernel number LSD (p ≤ 0.05) = 98 m−2 in both 2014 and 2015; Input level kernel
weight LSD (p ≤ 0.05) = 4.4 mg kernel−1 in 2014 and 2.3 mg kernel−1 in 2015. ¶ Plant density kernel number LSD
(p ≤ 0.05) = 99 m−2 in both 2014 and 2015; Plant density kernel weight LSD (p ≤ 0.05) = 4.4 mg kernel−1 in 2014 and
2.3 mg kernel−1 in 2015.
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Figure 1. The yield penalty (yield difference between corn-soybean and continuous corn rotation)
as influenced by two levels of management (standard vs. intensive) at Champaign, IL during 2014
(hybrids 1–8) and 2015 (hybrids 9–16). Hybrids 1–16 follow the order hybrids were presented in
Tables 3–6. Values represent the average of two planting populations. * CCYP (continuous corn yield
penalty) significantly different at p ≤ 0.05, due to crop management for each hybrid.

When combined, the 40–60% greater yield response in continuous corn vs. corn-soybean rotation
when grown with high input management was linked to a greater production in the amount and
weight of those kernels. When plants in continuous corn were cultivated with intensive management,
kernel weight was equivalent to that of the corn rotated with soybean managed with standard input
levels. It has been previously documented that corn in rotation with soybean, regardless of if they
were nodulated or non-nondulated, resulted in both larger and more numerous kernels compared to
when grown continuously [57]. These results indicate that throughout much of the growing season
corn in rotation was more successful at setting and maintaining yield potential than corn following
corn. As early as the V5 (five leaf) growth stage, the number of kernel rows is determined, followed by
spikelet pairs that produce kernels at V6, with the number of ovules (potential kernels) and the size of
the ear set at V12 (12 leaves) [44]. Kernel number can be altered by the quality of pollination or through
kernel abortion in response to any stress from environmental conditions or plant competition [58].
Later in the season, the size of the individual kernels is set (R2) followed by the expansion and filling of
those kernels with starch [44]. Rotation of corn with soybean increased the grain-filling period or rate
of grain-filling that resulted in heavier kernels. Part of this response can be attributed to the additional
N availability in rotated corn compared to corn on corn [9,49], which influences both the production
and size of kernels [59].

Increased planting populations resulted in minimal yield reductions regardless of the previous
crop (Table 5). Under high input management, the yield penalty from the continuous corn rotation
was not magnified with the higher planting density. Regardless of rotation, the increased kernel
numbers produced per area from higher planting densities was offset by lesser kernel weights (Table 6).
These compensatory patterns resulted in no overall yield advantage from the increased planting
population. Kernel number produced per area was greater at the plant population that resulted in
more grain yield. While individual kernel number per plant has been found to be reduced as plant
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population was increased, there was, however, a greater kernel number per unit area produced as a
result of more harvestable ears at the higher plant population [60].

3.4. Correlations between Crop Growth and Final Grain Yield

Early season plant growth assessments at the V6 growth stage, had a stronger positive correlation
to final grain yield in the corn-soybean rotation than in continuous corn (Table 7). Leaf greenness
at the R2 growth stage was strongly positively correlated to final grain yield in continuous corn.
Similar to previous findings, leaf greenness had this stronger correlation to grain yield when assessed
in continuous corn compared to corn in rotation with soybean [61]. Kernel number had a strong
to very strong positive correlation to grain yield in the continuous corn plots. Setting the highest
potential kernels and decreasing kernel abortion is essential in maintaining and improving grain
yield [43]. When corn was rotated with soybean, kernel weight was moderately correlated to grain
yield and the correlation was strong when grown continuously. Harvest index, the ratio of grain to
total aboveground biomass, was strongly correlated to grain yield in continuous corn. Overall, these
correlations show the importance of interactions within the crop throughout the growing season to
maintain grain yield potential; with kernel number being determined earlier in the growing season
and kernel weight later in crop development.

Table 7. Pearson correlation coefficients and associated significance level for final grain yield between
selected corn growth parameters as influenced by crop rotation and averaged across all other treatments.

Corn Parameter
2014 2015

CC † CS CC CS

V6 Biomass 0.69 *** 0.76 *** 0.42 *** 0.57 ***
R2 SPAD 0.70 *** 0.12 0.72 *** 0.09

Harvest Index 0.64 *** 0.46 *** 0.65 *** 0.36 ***
Kernel Number 0.76 *** 0.59 *** 0.84 *** 0.49 ***
Kernel Weight 0.55 *** 0.24 * 0.62 *** 0.56 ***

*** Significant at the 0.001 probability level. * Significant at the 0.05 probability level. † CC, Continuous Corn; CS,
Corn-Soybean Rotation.

4. Conclusions

In central Illinois, cropping rotation, hybrid selection, agronomic management, and plant
population all significantly influenced the measured parameters in corn, with numerous interactions.
The highest yields of this study were achieved in the corn-soybean rotation grown with intensive
management and at the standard planting density. The data presented here suggest that the CCYP can
be mitigated with intensified management. Without enhanced fertility (i.e., standard management)
continuous corn production yielded significantly less grain than corn grown following soybean.
Intensive agronomic management increased grain yield by enhancing both kernel number and kernel
weight. Through growth responses both pre-and post-pollination, there was a 40–60% greater yield
response to intensive management in continuous corn compared to the corn-soybean rotation. As a
result of certain genetic predispositions, corn germplasm varied in growth and yield response and
magnitude of responses to rotation, input level, and population, emphasizing the importance of hybrid
selection in continuous corn acres. When population was increased, continuous corn grain yields were
maintained when treated with the high input level. Improvement in crop health (i.e., leaf greenness and
biomass accumulation) and productivity was made using both crop rotation and intensive management.
Enhanced fertility and leaf protection (i.e., intensive management level) in combination with select
hybrids resulted in a multifaceted approach to reduce the CCYP and increase yields.
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Abstract: Maize producers transitioning to an organic cropping system must grow crops organically
without price premiums for 36 months before certification. We evaluated conventional and organic
maize with recommended and high seeding and N rates in New York to identify the best organic
management practices during the transition. Conventional versus organic maize management
differences included a treated (fungicide/insecticide) Genetically Modified (GM) hybrid versus a
non-treated non-GM isoline; side-dressed synthetic N versus pre-plow composted manure; and
Glyphosate versus mechanical weed control, respectively. Organic versus conventional maize yielded
32% lower as the entry crop (no previous green manure crop). Grain N% and weed densities explained
72% of yield variability. Organic and conventional maize, following wheat/red clover in the second
year, yielded similarly. Organic maize with high inputs following wheat/red clover and conventional
maize with high inputs following soybean in the third year yielded the highest. Grain N% and maize
densities explained 54% of yield variability. Grain crop producers in the Northeast USA who do
not have on-farm manure and forage equipment should plant maize after wheat/red clover with
additional N (~56 kg N/ha) at higher seeding rates (~7%) during the transition to insure adequate
N status and to offset maize density reductions from mechanical weed control.

Keywords: organic cropping system; maize; maize densities; weed densities; grain N%;
yield components

1. Introduction

Recent downward trends in crop prices have prompted some cash crop producers, who
practice maize (Zea mays L.)-soybean {Glycine max (L.) Merr.} or maize-soybean-wheat/red clover
(Triticum aestivum L./Trifolium pretense L.) rotations, to contemplate transitioning from a conventional to
an organic cropping system. The United States Department of Agriculture (USDA), however, requires
a 36-month transition period that prohibits the use of GM crops, synthetic fertilizer, pesticides, and so
on before a field can be certified as organic and eligible for the organic price premium [1]. Furthermore,
comprehensive survey data indicate that organic maize, despite higher profits because of the price
premium, had lower yields and higher per-hectare production costs when compared with conventional
maize [2]. Consequently, a major deterrent for potential organic crop producers is a loss in profit
during the transition because of higher production costs, lower yields, and the absence of a price
premium. Organic maize has proved particularly challenging during the transition because of its high
N requirement and marginal competitiveness with weeds [3,4]. The identification of best management
practices for organic maize could help grain crop producers minimize yield and profit losses during
the transition period.

Agronomy 2018, 8, 113; doi:10.3390/agronomy8070113 www.mdpi.com/journal/agronomy125
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Organic compared with conventional maize yielded 34% lower during the transition years in a
maize-soybean rotation in a Minnesota study established in 2002 [3]. Organic maize yielded lower
mostly because of the lack of available soil N, associated with low N content of the solid dairy manure
applied to organic maize. In another Minnesota study, organic compared with conventional maize
in a maize-soybean rotation yielded 24% lower from 1993–2007 [5]. In the same study, however,
organic maize in a four-year oat/alfalfa-alfalfa-maize-soybean rotation compared with conventional
maize in a maize-soybean rotation yielded ~8% lower during the transition years [6], but similarly
from 1993–2007 [5]. Both authors concluded that with a diversified rotation, organic compared with
conventional maize can have comparable yields. A study in Iowa confirmed this conclusion as organic
maize in a more diversified maize-soybean-oat/alfalfa-alfalfa rotation yielded similarly compared
with conventional maize in a maize-soybean rotation during the transition period [7] and in the second
phase of the study [8].

A meta-analysis study indicated that organic crop yields are low in the first years after
conversion and gradually increase over time, owing to improvements in soil fertility and management
skills [9]. In a cropping system study established in Maryland, however, organic maize in a maize-
soybean-wheat/hairy vetch (Vicia velossa) rotation yielded 28% lower compared with conventional
no-till (NT) maize in a maize-soybean-wheat/soybean rotation during the transition years, and
40% lower after the transition, mostly because of low soil N availability [10]. Also, in a long-term
Wisconsin study, conventional maize in a NT maize-soybean rotation had a ~150 kg/ha/year
yield trend compared with only a ~100 kg/ha/year yield trend for organic maize in the organic
maize-soybean-wheat rotation [11]. The difference in yield trends was attributed to either technology
advances in the conventional cropping system and/or increased weed competition in the organic
cropping system [12]. Another meta-analysis study indicated that organic compared with conventional
maize yields were typically ~25% lower [13]. Furthermore, the Agricultural Resource Management
Survey (ARMS) data for maize (794 conventional and 451 organic farms) in 2010 reported that organic
maize in diversified rotations compared with conventional maize yielded 27% lower [2]. The use of
diversified rotations thus may not eliminate the yield gap between organic and conventional maize.

A major deterrent to adoption of organic crop production is the uncertainty associated with
selection of the best entry crop and subsequent rotation during the 36-month transition period during
which organic premiums do not exist [3]. Another deterrent is that novice organic crop producers
are uncertain of the best organic management practices to use during the transition and beyond [4].
Two objectives of this study are as follows: (1) to compare organic and conventional maize in different
sequences of the maize-soybean-wheat/red clover rotation to identify the best year to plant maize
during the transition period and (2) to evaluate recommended and high input management practices
(high seeding and high N rates) to determine if high input management increases weed competitiveness
and improves soil N availability for organic maize.

2. Materials and Methods

We initiated a cropping system study at a Cornell University research farm near Aurora,
New York, (42◦44′ N, 76◦40′ W) in 2015 to evaluate three sequences of the maize-soybean-wheat/red
clover rotation. Three contiguous experimental fields (220 m × 40 m) with similar tile-drained silt
loam soil (fine-loamy, mixed, mesic, Glossoboric Hapludalfs) but different previous crops in 2014
(spring barley, maize, and soybean) were used in the study. The experimental design is a split-split plot
(four replications) with previous crops as whole plots, cropping systems (conventional and organic) as
sub-plots, and management inputs (recommended and high inputs) as sub-sub plots. The entire 40 m
lengths were planted to maize, soybean or winter wheat in each field, but plot length was shortened
to 30 m to allow for 5 m borders on the north and south sides of the plots. Also, 3 m borders were
inserted between sub-plots (cropping systems) to minimize spray drift or fertilizer movement from
conventional into organic plots. Likewise, 3 m border plots were inserted between each sub-subplot to
minimize border effects from each crop, which differed in height. Whole plot dimensions were 216 m
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wide and 30 m long, sub-plot dimensions were 27 m wide and 30 m long, and sub-subplot dimensions
were 3 m wide and 30 m long.

Winter wheat was not planted in the fall of 2013 before the onset of the study so red clover was
not inter-seeded in the spring of 2014. Instead, red clover was seeded in mid-July of 2015 into bare
soil to ensure a green manure crop for the 2016 maize crop. In addition, soybean developed green
stem and did not shed all its leaves in the fall of 2016 delaying harvest until 9 November, which is too
late to plant winter wheat in this environment. Consequently, maize in 2017 followed the intended
wheat crop (planted after soybean harvest in the fall of 2015, inter-seeded with red clover in March
of 2016, and harvested in July of 2016) as well as an unintended soybean crop. Our three sequences
from 2015 to 2017 thus included red clover-maize-soybean, soybean-wheat/red clover-maize, and
maize-soybean-maize. This paper will focus exclusively on maize in each year.

The fields were moldboard plowed from 16–19 May in all three years, followed by secondary
tillage the following day. Maize was planted in 0.76 m row spacing immediately after secondary tillage
in all three years. The maize planting date, which was delayed so some early-season weeds could
emerge before plowing in the organic cropping system, remained within the optimum planting date
range (25 April–20 May) at this site [14]. We used different rates of composted poultry manure (5-4-3 N,
P, K analysis, respectively), depending upon the year and previous crops, as an N source for organic
maize. The composted manure was applied one day before plowing. We estimated that 50% of the N
from the composted poultry manure would be mineralized and available to organic maize.

Table 1 lists the management inputs for maize for the 3 years. Major differences between
conventional and organic maize include (a) a treated (insecticide/fungicide seed treatment) GM
hybrid versus the non-treated, non-GM isoline, (b) starter fertilizer of 10-20-20 (N, P, K analysis)
versus composted manure (5-4-3), (c) injected-side-dressed liquid N (32-0-0 N, P, K analysis) versus
composted poultry manure applied pre-plow as the N source, and (d) Glyphosate application versus
mechanical weed control, respectively. Seeding rates of ~73,110 kernels/ha were used in recommended
input and ~87,810/ha in high input management of both cropping systems. Nitrogen rates in the
recommended and high input management varied according to previous crops and years (Table 1).
We selected a non-GM isoline for organic maize instead of an organically developed and produced
hybrid so we could determine how management practices (and not hybrid selection) affected yield
and yield components.

127



Agronomy 2018, 8, 113

T
a

b
le

1
.

Pl
an

tin
g

ra
te

,s
ee

d
tr

ea
tm

en
t,

hy
br

id
,s

ta
rt

er
fe

rt
ili

ze
r,

N
fe

rt
ili

ze
r,

an
d

w
ee

d
co

nt
ro

lp
ra

ct
ic

es
fo

r
co

nv
en

tio
na

la
nd

or
ga

ni
c

m
ai

ze
w

ith
re

co
m

m
en

de
d

(R
ec

.)
an

d
hi

gh
in

pu
tm

an
ag

em
en

ta
tA

ur
or

a,
N

ew
Yo

rk
in

20
15

,2
01

6,
an

d
20

17
.

P
ra

ct
ic

e
s

2
0

1
5

2
0

1
6

2
0

1
7

R
e

c.
H

ig
h

R
e

c.
H

ig
h

R
e

c.
H

ig
h

C
o

n
v

e
n

ti
o

n
a

l

Pl
an

ti
ng

ra
te

(s
ee

ds
/h

a)
73

,1
10

87
,8

10
73

,1
10

87
,8

10
73

,1
10

87
,8

10

Se
ed

Tr
ea

tm
en

t
Fu

ng
ic

id
e/

in
se

ct
ic

id
e

H
yb

ri
d

P9
67

5A
M

X
T

St
ar

te
r

Fe
rt

.(
kg

/h
a)

30
5

kg
/h

a
(1

0-
20

-2
0,

N
,P

,K
an

al
ys

is
)

N
fe

rt
ili

ze
r-

si
de

-d
re

ss
(k

g
N

/h
a)

13
5

kg
N

/h
a

(l
iq

ui
d)

18
0

kg
N

/h
a

(l
iq

ui
d)

N
on

e
56

kg
N

/h
a

(l
iq

ui
d)

56
kg

N
/h

a
(f

ol
lo

w
in

g
w

he
at

/R
C

)a
nd

11
1

kg
N

/h
a

(f
ol

lo
w

in
g

so
yb

ea
n)

11
1

kg
N

/h
a

(f
ol

lo
w

in
g

w
he

at
/R

C
)a

nd
15

5
kg

N
/h

a
(f

ol
lo

w
in

g
so

yb
ea

n)

W
ee

d
C

on
tr

ol
G

ly
ph

os
at

e
(S

in
gl

e
Po

st
-a

pp
lic

at
io

n)

O
rg

a
n

ic

Pl
an

ti
ng

ra
te

(k
er

ne
ls

/a
cr

e)
73

,1
10

87
,8

10
73

,1
10

87
,8

10
73

,1
10

87
,8

10

Se
ed

Tr
ea

tm
en

t
N

on
e

H
yb

ri
d

P9
67

5

St
ar

te
r

Fe
rt

ili
ze

r
36

5
kg

/h
a

co
m

po
st

ed
po

ul
tr

y
m

an
ur

e
(5

-4
-3

)

Pr
e-

pl
an

tN
fe

rt
ili

ze
r

(k
g

N
/h

a)
13

5
kg

N
/h

a
co

m
po

st
ed

m
an

ur
e

18
0

kg
N

/h
a

co
m

po
st

ed
m

an
ur

e
N

on
e

56
kg

N
/h

a
co

m
po

st
ed

m
an

ur
e

56
kg

N
/h

a
(f

ol
lo

w
in

g
w

he
at

/r
ed

cl
ov

er
an

d
11

1
kg

N
/h

a
(f

ol
lo

w
in

g
so

yb
ea

n)
co

m
po

st
ed

m
an

ur
e

11
1

kg
N

/h
a

(f
ol

lo
w

in
g

w
he

at
/r

ed
cl

ov
er

an
d

15
5

kg
N

/h
a

(f
ol

lo
w

in
g

so
yb

ea
n)

co
m

po
st

ed
m

an
ur

e

W
ee

d
C

on
tr

ol
R

ot
ar

y
ho

e
+

cl
os

e
cu

lt
iv

at
io

n
+

in
-r

ow
cu

lt
iv

at
io

ns
(3
×)

128



Agronomy 2018, 8, 113

Red clover biomass was estimated a few days before plowing in 2016 and 2017 by sampling three
regions of each sub-subplot with a quadrat (0.8 m2). The samples were oven-dried for three days
at 60 ◦C, ground, and then analyzed for total N by combustion (LECO CN628 Nitrogen Analyzer,
LECO Corporation, St. Joseph, MI, USA). Maize densities were taken immediately before rotary
hoeing (~1–2 days after 90% emergence) and again at the ninth leaf stage (V9 stage, [15]), after the
completion of mechanical weed control practices, by counting all the plants along the 30 m plot
length of the two harvest rows. The first maize density measurement was taken to determine if the
treated GM maize hybrid and non-treated non-GM maize isoline differed in emergence rates and
plant establishment. The second measurement was taken to determine the extent of maize damage by
mechanical weed control practices (rotary hoeing, a close cultivation, and three in-row cultivations)
in organic maize. Weed densities were also determined by counting all the weeds taller than 5 cm in
height along the 30 m length of the two harvest rows at the V14 stage, the end of the critical weed-free
period in maize in this environment [16]. Predominant weed species, which did not differ among
previous crops or between cropping systems, included Polygonum convovulus L., Chenopodium album L.,
Echinochloa crus-galli (L.) Beauv., Polygonum pensylvanicum L., Setaria vidis L., Ambrosia artemisiifolia L.,
and Amaranthus retroflexus L.

Yield components were determined a few days before harvest by hand-harvesting all the plants
in a 1 m length of the two harvest rows every 10 m along the 30 m-length of the sub-subplot for a
total of three sampling regions or 25–35 plants. Whole plants were air-dried in a greenhouse for a
few weeks; counted (reported as plants/m2) and weighed; ears were removed and counted; kernels
were hand-threshed and counted with a seed counter (Old Mill Co., Savage, MD, USA); kernels were
weighed; kernels were then ground and brought to the lab to determine grain N concentrations by
combustion (LECO CN628 Nitrogen Analyzer, LECO Corporation, St. Joseph, MI, USA). Total kernel
weight was divided by total kernel number (3000–20,000) to determine individual kernel weight; and
divided by total plant weight to determine harvest index (HI) values.

The three 10 m lengths in each sub-subplot were harvested with a small plot Almaco combine
(Nevada, IA, USA) in late October or early November in each year when grain moistures were ~18%.
The three yields in each sub-subplot were then pooled and averaged. An approximate 1000 g sample
was collected from each sub-subplot to determine grain moisture. Yields were adjusted to 15.5%
moisture. Grain moisture differences were less than 1% between cropping systems, and thus will not
be reported.

Maize had different previous crops in 2015 (small grain, maize, and soybean) compared with 2016
(red clover) and 2017 (wheat/red clover and soybean), which resulted in different N application rates
across years and within a year (2017). Consequently, we analyzed each year separately. Previous crop
(2014 crops), cropping systems (conventional and organic), and management inputs (recommended
and high) were considered fixed and replications random for statistical analyses for individual years
using the REML function in the MIXED procedure of SAS (version 9.4; SAS Institute Inc., Cary, NC,
USA). Previous crops showed significance for yield, grain N%, and kernel weight in 2015 (higher in
the field following soybean compared with maize), but did not have significant two-way or three-way
interactions in any of the years (Table 2). Consequently, the data will be pooled across previous
crops (the three contiguous fields) for each year. Least square means of the main effects (cropping
system and management inputs) were computed and means separations were performed on significant
effects using Tukey’s studentized range test (HSD) test, with statistical significance set at p < 0.05.
Differences among least square means for cropping system interactions were calculated also using
Tukey’s HSD test. Two-way interactions (cropping system by management inputs) were detected for
some variables so the interaction comparisons will be presented. Simple correlations (Pearson) among
all measurements within each year were calculated using CORR in SAS. Also, the PROC STEPWISE
REG SAS procedure was used to build statistical models to explain yield variability using data from
the entire plot (maize densities, weed densities, and grain N% concentrations) or from the sampling
area (plants/m2, ears/plant, kernels/ear, kernel weight, and HI in each year and across years.
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Table 2. Significance for grain yield, maize densities before (DEN1) and after (DEN2) rotary hoeing
and cultivating operations, weed density, grain N% concentration, plants/m2, ears/plant, kernels/ear
(Kern./ear), kernel weight (Kwt.), and harvest index (HI) in 2015, 2016, and 2017 at Aurora, New York.

Variable Yield DEN1 DEN2 Weeds Grain N Plants/m2 Ears/Plant Kern./Ear Kwt. HI

2015
Previous Crop * + NS NS NS *** NS NS NS * NS

Cropping System *** NS *** *** *** ** * ** * *
PC × CS NS ++ NS NS NS NS NS NS NS NS NS

Inputs * NS *** NS NS *** NS ** *** NS
PC × I NS NS NS NS NS NS NS NS NS NS
CS × I NS NS NS NS NS NS NS NS NS **

PC × CS × I NS NS NS NS NS NS NS NS NS NS

2016
Previous Crop NS * * NS NS NS NS NS NS NS

Cropping System NS NS *** ** * * * NS NS NS
PC × CS NS *** NS NS NS NS NS NS NS NS

Inputs NS *** *** * *** * NS ** NS NS
PC × I NS NS NS NS NS NS NS NS NS NS
CS × I NS NS NS NS NS NS NS * * NS

PC × CS × I NS NS NS NS NS NS NS NS NS NS

2017
Previous Crop NS * * NS NS NS NS NS NS *

Cropping System *** NS *** ** * ** NS NS *** **
PC × CS NS * NS NS NS NS NS NS NS NS

Inputs *** *** *** ** *** *** NS NS NS NS
PC × I NS NS NS NS NS NS NS NS NS NS
CS × I * NS NS * *** * NS NS ** NS

PC × CS × I NS NS NS NS NS NS NS NS NS NS
+ * = significant at 0.05, ** at 0.01, *** at 0.001, ++ NS = not significant at 0.05.

3. Results

3.1. 2015

The 2015 growing season had the second wettest 1 May through 30 June period (Table 3) on
record at the experimental site (61 years of records, http://climod.nrcc.cornell.edu/climod/rank/).
Conditions became exceedingly dry for the remainder of the growing season as the 2015 growing
season had the fourth driest 1 July through 9 September period at the site (http://climod.nrcc.cornell.
edu/climod/rank/). Late spring and early summer conditions were cool, especially during June
and July, so maize did not attain the silking stage until ~25 July. Maize experienced some drought
stress, as indicated by premature leaf senescence, from the early grain-filling stage (~15 August) until
physiological maturity (~10 September).

Table 3. Monthly and total precipitation and growing degree days (30–10 ◦C system) at Aurora,
New York from 1 May through August during the 2015, 2016, and 2017 growing seasons.

Month Precipitation Growing Degree Days

2015 2016 2017 2015 2016 2017

mm
◦
C

May 141 63 133 255 262 261
June 201 28 97 244 268 267
July 80 48 186 328 374 341

August 35 116 38 307 396 305
Total 457 255 454 1134 1300 1174

Cropping system and input management significantly affected yield, and there was no cropping
system by management input interaction (Table 2). Organic compared with conventional maize yielded
32% lower, when averaged across management inputs (Table 4). The yield data agree with a previous
study that had 34% lower organic maize yields during the first transition year when no green manure
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crop was in place and solid manure was the primary N source [3]. When averaged across cropping
systems, high input compared with recommended input management yielded 3.5% higher, which
probably was not an economical response to higher seeding and N rates.

Table 4. Grain yield, maize densities before (Density1) and after (Density2) rotary hoeing and
cultivating operations, weed densities at the 14th leaf stage (V14), grain N%, plants/m2, ears/plant,
kernels/ear, kernel weight (kwt.), and harvest index (HI) under conventional and organic management
at recommended and high inputs in 2015 at Aurora, New York. Averages are provided to compare main
effects of cropping systems when there are no cropping systems × input management interactions.

Treatments Yield Density1 Density2 Weeds Grain N

kg/ha Plants/ha Plants/ha No./m2 %

Conventional
Recommended 10,321 72,608 72,158 0.47 1.33

High input 10,545 86,635 86,391 0.39 1.32
Ave. 10,357 79,621 79,275 0.43 1.32

Organic
Recommended 6905 69,875 64,750 2.41 1.05

High input 7281 83,882 80,819 2.13 1.06
Ave. 7093 76,879 72,875 2.27 1.05

HSD 0.05 829 + NS 1898 + 0.55 + 0.05 +

Plant/m2 Ears/Plant Kernels/Ear Kwt. HI

Conventional No./m2 No./plant No./ear mg no.
Recommended 7.28 1.0 572 262 0.59

High input 8.62 1.0 542 247 0.60
Ave. 7.95 1.0 557 254

Organic
Recommended 6.63 1.03 506 247 0.59

High input 7.40 1.03 472 236 0.58
Ave. 7.02 1.03 489 242

LSD 0.05 + 0.80 + 0.03 + 51 + 9 + 0.01 ++

+ Compares means of cropping systems. ++ Compares means of cropping system × input management interactions.

Organic compared with conventional maize had similar plant densities shortly after emergence
but ~8% lower plant densities at the V9 stage, probably due to mechanical weed control practices
(Density 2, Table 4). A previous study also reported lower organic maize compared with conventional
maize densities because of rotary hoe damage [7]. Despite the close and repeated cultivations,
organic compared with conventional maize had more than five times higher weed densities
(Table 4). Nevertheless, weed densities in organic maize averaged a relatively low 2.27 weeds/m2.
Weed densities had negative correlations with maize densities at the V9 stage (r = −0.41, n = 48, Table 5)
and grain N% (r = −0.81), but high seeding and N rates did not significantly reduce weed densities in
organic maize.

Organic maize had very low grain N% concentrations (1.05%) compared with conventional maize
(1.32%, Table 4). Excessive precipitation (276 mm) from planting to the silking stage may have leached
or denitrified a considerable amount of the N in the pre-plow application of composted poultry
manure. In contrast, the experimental site received 98 mm of precipitation from the side-dressed N
application (26 June) to the silking stage, which was probably not sufficient to leach or denitrify much
of the side-dressed N. Lower organic maize yields were observed in a study using poultry compost
litter as the N source because of low N status associated with increased immobilization of N [17].
Organic maize also had low grain N% concentrations (1.07%) during the first transition year in another
study, but without a yield reduction [7].

Grain yield had a strong positive correlation with grain N% concentrations (r = 0.80, n = 48,
Table 5) and a strong negative correlation with weed densities (r = −0.78). Stepwise regression analyses
indicated that linear and quadratic weed density coefficients and a quadratic grain N% coefficient
explained 72% of the yield variability (n = 48, Table 6). This agrees with results from a previous study
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that reported lower organic maize yields mostly because of low soil N availability (73%) and weed
competition (23%) with only 4% associated with lower maize densities [10].

Table 5. Correlations (r-values, n = 48) among grain yield, maize densities before (DEN1) and after
(DEN2) rotary hoeing and cultivating operations, weed density, grain N% concentration, plants/m2,
ears/plant, kernels/ear, kernel weight (Kwt.), and harvest index (HI) in 2015 at Aurora, New York.

Variable Yield DEN1 DEN2 Weeds Grain N Plants/m2 Ears/Plant Kernels/Ear Kwt. HI

Yield - NS 0.42 −0.78 0.8 0.49 −0.30 0.49 0.52 0.44
DEN1 NS ++ - 0.88 NS NS 0.48 NS NS NS NS
DEN2 0.42 0.7 - −0.41 NS 0.65 NS NS NS NS
Weeds −0.78 NS −0.41 - −0.81 −0.34 0.41 −0.48 −0.34 −0.29

Grain N% 0.81 NS NS −0.81 - 0.29 −0.31 0.68 0.52 0.6
Plants/m2 0.49 0.48 0.65 −0.34 0.29 - NS NS NS NS
Ears/Plant −0.30 NS NS 0.41 −0.31 NS - NS NS NS

Kernels/ear 0.49 NS NS −0.48 0.68 NS NS - 0.55 0.73
Kwt. 0.52 NS NS −0.34 0.52 NS NS 0.55 - 0.57
HI 0.44 NS NS −0.29 0.6 NS NS 0.73 0.57 -

++ Not Significant at 0.05.

Table 6. Model (n = 48) significance (p-value), adjusted R2 and C(p) values, and parameter estimates, of
maize density (after mechanical weed control operations), weed density, and grain N% from stepwise
regression equations predicting maize yields at Aurora, New York in 2015, 2016, and 2017, and averaged
over 2015–2017.

Variables p Adj. R2
ˆ

β0

ˆ

β1

ˆ

β2
C(p)

kg/ha

2015
Model <0.0001 0.72 5.2

Intercept 0.001 + 8402
Maize density NS ++

Maize density2 NS
Weed density 0.002 −2350
Weed density2 0.02 406

Grain N% NS
Grain N%2 0.04 1735

2016
Model 0.001 0.21 2.32

Intercept 0.001 3683
Maize density 0.001 0.06
Maize density2 NS
Weed density NS
Weed density2 NS

Grain N% NS
Grain N%2 NS

2017
Model <0.0001 0.53 2.27

Intercept <0.0001 −2797
Maize density NS 0.74
Maize density2 0.0004 −0.0000036
Weed density NS
Weed density2 NS

Grain N% <0.0001 9157
Grain N%2 NS

2015–2017
Model <0.0001 0.56 5.26

Intercept <0.0001 −6593
Maize density <0.0001 0.74
Maize density2 <0.0001 −0.000005
Weed density NS
Weed density2 NS

Grain N% <0.0001 67,615
Grain N%2 <0.0001 −23,797

+ p-values. ++ Not significant at 0.05.
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Yield component analyses from the sampling area indicated that organic compared with
conventional maize had 11.7% lower plants/m2, 12% lower kernel number, and 4.7% lower kernel
weight (Table 4). Kernel number and kernel weight typically increase as maize densities decrease [18,19]
so the lower kernel number and kernel weight in organic maize was somewhat surprising. The low N
status in maize, however, can also lower kernel number and kernel weight [20,21]. Grain N% did have
positive correlations with kernels/ear (r = 0.68, n = 48, Table 5) and kernel weight (r = 0.52). The three
yield components also had significant positive correlations (~0.50) with yield. Stepwise regression
analyses indicated that a linear plant density coefficient, linear and quadratic kernels/ear coefficients,
and a quadratic kernel weight coefficient explained 73% of the yield variability (n = 48, Table 7).

Table 7. Model (n = 48) significance (p-value), adjusted R2 and C(p-values), and parameter estimates of
plants/m2, ears/plant, kernels/ear, and kernel weight from stepwise regression equations predicting
maize yields at Aurora, New York in 2015, 2016, and 2017, and averaged over 2015–2017.

Variables p Adj. R2
ˆ

β0

ˆ

β1

ˆ

β2
C(p)

kg/ha

2015
Model <0.0001 0.73 4.61

Intercept 0.56 2377
Plants/m2 <0.0001 1089

(Plants/m2)2 NS +

Ears/plant NS ++ −2350
(Ears/plant)2 NS 406
Kernels/ear 0.02 −41.7

(Kernels/ear)2 0.005 0.06
Kernel weight NS

(Kernel weight)2 0.005 0.05

2016
Model 0.03 0.10 2.32

Intercept <0.0001 3683
Plants/m2 0.03 247

(Plants/m2)2 NS
Ears/plant NS

(Ears/plant)2 NS
Kernels/ear NS

(Kernels/ear)2 NS
Kernel weight NS

(Kernel weight)2 NS

2017
Model <0.0001 0.35 7.30

Intercept 0.24 8042
Plants/m2 0.006 2892

(Plants/m2)2 0.03 −157
Ears/plant 0.06 2227

(Ears/plant)2 NS
Kernels/ear <0.01 −76.3

(Kernels/ear)2 0.01 0.07
Kernel weight <0.0001 28.3

(Kernel weight)2 NS

2015–2017
Model <0.0001 0.63 5.82

Intercept <0.0001 −8277 2
Plants/m2 <0.0001 827

(Plants/m2)2 <0.0004 0.0000036
Ears/plant NS

(Ears/plant)2 NS
+ p-values. ++ Not significant at 0.05.

3.2. 2016

The 2016 growing season had the second driest 1 May through 18 July period on record at the
experimental site with only 53 mm of precipitation recorded from planting until the silking stage
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(http://climod.nrcc.cornell.edu/climod/rank/). Soils are typically shallow in the Northeast USA,
resulting in an effective rooting depth of only 0.75 m [22]. Consequently, dry climatic conditions
result in significant crop stress in this environment [22]. Conditions improved during the remainder
of the growing season with 160 mm of precipitation recorded from the silking stage (~18 July) until
physiological maturity (~3 September).

Cropping system and management inputs did not affect yield and there was no cropping system ×
management input interaction (Table 2). The exceedingly dry conditions from planting until silking
contributed to low maize yields, which probably negated yield responses to cropping systems and
management inputs. Maize densities in both cropping systems were very low before rotary hoeing
because dry soil conditions reduced emergence (Table 8). Organic compared with conventional maize
had similar plant densities before rotary hoeing but 8% lower plant densities at the V9 stage probably
because of crop damage from mechanical weed control practices. Maize densities in both cropping
systems were much lower than the threshold final plant density (~67,000 plants/ha) for maximum
yield in this environment, even in dry years [23]. Consequently, yield had a positive correlation with
maize densities (r = 0.45, n = 48, Table 9).

Table 8. Grain yield, maize densities before (Density1) and after (Density2) rotary hoeing and
cultivating operations, weed densities at the 14th leaf stage (V14), grain N%, plants/m2, ears/plant,
kernels/ear, kernel weight (kwt.), and harvest index (HI) under conventional and organic management
at recommended and high inputs in 2016 at Aurora, New York. Averages are provided to compare main
effects for cropping systems when there are no cropping systems x input management interactions.

Treatments Yield Density1 Density2 Weeds Grain N

Kg/ha Plants/ha Plants/ha No./m2 %

Conventional
Recommended 7783 58,784 56,566 0.27 1.68

High input 7156 69,663 65,606 0.18 1.56
Ave. 7469 64,225 61,086 0.22 1.62

Organic
Recommended 7093 58,080 51,472 0.99 1.61

High input 7156 69,602 60,648 0.64 1.51
Ave. 7124 63,842 56,059 0.82 1.56

LSD 0.05 + NS NS 2034 0.27 0.04

Plants/m2 Ears/Plant Kernels/Ear Kwt. HI

Conventional No./m2 No./plant No./ear mg No.
Recommended 6.08 1.06 394 309 0.64

High input 7.00 1.06 359 305 0.63
Ave. 6.54 1.06 377 307 0.64

Organic
Recommended 5.55 1.12 381 312 0.65

High input 5.83 1.19 346 309 0.64
Ave. 5.69 1.15 363 310 0.65

HSD 0.05 + 0.56 0.07 NS NS NS
+ Compares means of cropping systems.

Cropping system and management inputs affected weed densities and there was no cropping
system by input treatment interaction (Table 2). Weed densities were higher in organic compared with
conventional maize, but densities were less than 1.0 weed/m2 (Table 8). Dry soil conditions probably
reduced weed emergence. Input management also influenced weed densities (Table 2), which had a
weak negative correlation with maize densities at the V9 stage (r = −0.38) but no correlation with grain
N%. Grain N% concentrations were greater in conventional compared with organic management, but
values in both cropping systems exceeded 1.50%, which indicates sufficient N. Consequently, grain
yield did not correlate with weed densities nor grain N% concentrations (Table 9).
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Table 9. Correlations (r-values, n = 48) among grain yield, maize densities before (DEN1) and after
(DEN2) rotary hoeing and cultivating operations, weed density, grain N concentration, plants/m2,
ears/plant, kernels/ear, kernel weight (Kwt.), and harvest index (HI) in 2016 at Aurora, New York.

Variable Yield DEN1 DEN2 Weeds Grain N% Plants/m2 Ears/Plant Kernels/Ear Kwt HI

Yield - 0.27 0.45 NS NS 0.32 NS NS NS NS
DEN1 0.27 - 0.82 NS NS 0.35 NS −0.33 NS NS
DEN2 0.45 0.82 - −0.38 0.3 0.53 NS NS NS NS
Weeds NS + NS −0.38 - NS NS NS NS NS NS

Grain N% NS NS 0.3 NS - NS NS NS NS NS
Plants/m2 0.32 0.35 0.53 NS NS - −0.35 NS NS NS
Ears/Plant NS NS NS NS NS −0.35 - −0.46 NS NS
Kernels/ear NS −0.33 NS NS NS NS −0.46 - NS NS

Kwt. NS NS NS NS NS NS NS NS - NS
HI NS NS NS NS NS NS NS NS NS -

+ Not Significant at 0.05.

Organic compared with conventional maize had ~13% fewer plants/m2 in the sampling area,
a few days before harvest (Table 8). Organic and conventional maize had similar kernels/ear and
kernel weight. Organic compared with conventional maize, however, did have greater ears/plant.
Apparently, the greater number of ears/plant compensated for the lower plant densities, resulting in
similar yields between organic and conventional maize in the exceedingly dry growing season.

3.3. 2017

The 2017 growing season had the second wettest (tied with 2015) 1 May through 31 July period
on record at the experimental site (http://climod.nrcc.cornell.edu/climod/rank/, Table 3). As in 2015,
conditions became dry in August with the 2017 growing season having the fourth driest August on
record (http://climod.nrcc.cornell.edu/climod/rank/). Despite excessively wet antecedent moisture
conditions, premature leaf senescence was observed in maize in late August and early September.
Silking was observed on ~22 July and physiological maturity on ~8 September so some drought stress
occurred during the late kernel filling stage.

Yield had significant cropping system and management input effects but there was a cropping
system × management input interaction (Table 2). Organic maize following wheat/red clover or
soybean and conventional maize following soybean showed ~15% to 19% yield responses to high
input management (Table 10). Conventional maize following wheat/red clover, however, showed
only an 8.6% response. Organic maize following wheat/red clover with high inputs and conventional
maize following soybean with high inputs yielded the highest. Conventional compared with organic
maize following soybean with high inputs yielded ~4% higher. In contrast, organic compared with
conventional maize following wheat/red clover with high inputs yielded ~15% higher. Overall,
organic maize in a soybean-wheat/red clover-maize rotation compared with a maize-soybean-maize
rotation yielded ~9% higher, which supports previous findings that organic maize performs best in a
more complex rotation [5–8].

Organic compared with conventional maize had similar maize densities before rotary hoeing for
the third consecutive year (Table 2), which indicates that the lack of an insecticide/fungicide treatment
and the GM genes in organic maize did not hinder plant establishment in this study. Organic compared
with conventional maize, however, had 9% fewer plants at the V9 stage probably because of crop
damage with mechanical weed control practices (Table 10). Plant densities in organic maize with
recommended inputs averaged only ~60,000 plants/ha, much lower than the threshold plant density
for maximum yield in this environment. Maize densities once again had a positive correlation (r = 0.46,
n = 96, Table 11) with yield.
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Table 10. Grain yield, maize densities before (Density1) and after (Density2) rotary hoeing and
cultivating operations, weed densities at the 14th leaf stage (V14), grain N%, plants/m2, ears/plant,
kernels/ear, kernel weight (kwt.), and harvest index (HI) under conventional and organic management
at recommended and high inputs in 2017 at Aurora, New York. Averages are provided to compare main
effects for cropping systems when there are no cropping systems × input management interactions.

Treatment/Previous Crop Yield Density1 Density2 Weeds Grain N

Conventional Kg/ha Plants/ha Plants/ha Weeds/m2 %

Recommended-wheat/RC 10,145 63,693 65,964 1.26 1.33
Recommended-soybean 10,556 65,131 66,448 1.15 1.33
High Input-wheat/RC 11,014 73,502 75,851 0.90 1.34

High Input-soybean 12,547 75,905 76,807 0.96 1.43
Ave. 69,558 71,200

Organic
Recommended-wheat/RC 11,301 63,790 59,364 0.67 1.37

Recommended-soybean 10,294 64,595 60,379 2.48 1.26
High Input-wheat/RC 12,952 75,374 70,896 0.55 1.43

High Input-soybean 12,001 75,992 68,757 2.28 1.38
Ave. 69,937 64,849

HSD 0.05 451 ++ NS 1607 + 0.52 ++ 0.05 ++

Plants/m2 Ears/plant Kernels/ear Kwt. HI

Conventional no./m2 no./plant no./ear mg no.
Recommended-wheat/RC 7.43 1.02 545 271 0.46

Recommended-soybean 7.41 1.02 550 275 0.48
High Input-wheat/RC 8.11 1.03 517 270 0.47

High Input-soybean 7.87 1.04 556 282 0.46
Ave. 1.03 0.47

Organic
Recommended-wheat/RC 6.41 1.03 561 325 0.48

Recommended-soybean 6.12 1.02 528 291 0.51
High Input-wheat/RC 6.92 1.08 556 316 0.51

High Input-soybean 7.80 1.02 531 294 0.52
Ave. 1.04 0.51

HSD 0.05 0.41 ++ NS 29 ++ 12 ++ 0.02 +

+ Compares means of cropping systems. ++ Compares means of cropping system × input management interactions.

Table 11. Correlations (r-values, n = 96) among grain yield, maize densities before (DEN1) and after
(DEN2) rotary hoeing and cultivating operations, weed density, grain N concentration, plants/m2,
ears/plant, kernels/ear, kernel weight (Kwt.), and harvest index (HI) in 2017at Aurora, New York.

Variable Yield DEN1 DEN2 Weeds Grain N% Plants/m2 Ears/Plant Kernels/Ear Kwt HI

Yield - 0.66 0.46 −0.2 0.68 NS NS NS 0.39 NS
DEN1 0.66 - 0.8 NS 0.34 0.41 NS −0.33 NS 0.39
DEN2 0.46 0.88 - NS 0.32 0.47 NS NS −0.33 NS
Weeds −0.2 NS NS - −0.41 NS NS −0.29 −0.24 0.24

Grain N% 0.68 0.34 0.32 −0.41 - 0.22 NS 0.22 0.32 NS
Plants/m2 NS + 0.41 0.54 NS 0.22 - −0.26 −0.22 −0.45 NS
Ears/Plant NS NS NS NS NS −0.26 - NS NS 0.42
Kernels/ear NS NS NS −0.29 0.22 −0.22 NS - 0.46 0.21

Kwt. 0.39 NS −0.33 −0.24 0.32 −0.45 NS 0.46 - 0.22
HI NS 0.34 NS −0.24 NS NS 0.42 0.21 0.22 -

+ Not Significant at 0.05.

Weed densities had a significant cropping system × management input interaction (Table 2).
Conventional maize showed a ~23% reduction in weed densities with high input management
compared with only a~10% reduction in organic maize. Interestingly, organic maize following
wheat/red clover, regardless of input management, had lower weed densities compared with
conventional maize following wheat/red clover or soybean with recommended inputs (Table 10).
Likewise, organic maize following wheat/red clover compared with following soybean had
approximately three times lower weed densities. A previous study also reported fewer weeds in
an organic soybean-wheat/red clover-maize rotation compared with a maize-soybean rotation [24].
Weed densities, however, had a weak negative correlation (r = −0.20, n = 96) with yield. Weed densities
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of fewer than 2.5 weeds/m2 in organic maize following soybean may not have affected yield greatly
because of the exceedingly wet conditions through the early grain-filling period. Other studies have
also reported higher weed densities in organic compared with conventional maize with limited impacts
on yield [7,25]. Weed densities did not correlate with maize densities at the V9 stage but did have
a negative correlation with grain N% (r = −0.41). Weed densities in organic maize trended lower in
high input management in all three years but weed densities were generally low in this study so yield
effects were probably limited.

Grain N% showed a cropping system × management input interaction (Table 2). Grain N%
showed a 0.06 to 0.12% grain N% increase in the high versus recommended input treatments (even with
significant yield increases), except in conventional maize when following red clover (1.33 and 1.34% N,
respectively, Table 10). Red clover, which was frost-seeded into conventional winter wheat in early
March of 2016, averaged only ~3400 kg/ha of biomass (about 25% grasses were in the sample) with a
3.0% N concentration compared with ~5600 kg/ha of biomass with a 3.85% N concentration in the
organic cropping system. For some unknown reason, the ammonium nitrate applied to conventional
wheat in April of 2016 resulted in less red clover emergence and/or growth compared to red clover
in organic wheat. Conventional maize following wheat/red clover in the recommended treatment
(56 kg N/ha side-dressed because of low biomass and N concentration of red clover) yielded 10%
lower than the recommended organic maize treatment, which received no additional N and relied
totally on plowed in red clover for its N supply. In a previous study [26], the green manure crop,
hairy vetch, did not provide adequate N to organic maize when biomass was below a critical value
(4630 kg/ha) so the low red clover biomass before planting conventional maize most likely did not
provide adequate N.

Red clover, however, decomposes rapidly with estimates of 35% release four weeks after
incorporation and complete release about 10 weeks after incorporation [27]. A considerable amount of
N was thus released by late June and early July (six to seven weeks after incorporation) when maize
was not taking up large amounts of N (V5 to V8 stage of growth from 25 June–5 July). This probably
resulted in some leaching of the released N from red clover incorporation (17 May) until 5 July (310 mm).
Consequently, red clover +56 kg N/ha side-dressed did not provide adequate N to conventional
maize as indicated by the 9% yield increase in the high input treatment (red clover +100 kg N/ha,
side-dressed). Likewise, red clover alone probably did not provide adequate N to organic maize
as indicated by the 15% yield increase in the high input treatment (an additional 56 kg N/ha of
pre-plow composted manure), although higher maize densities undoubtedly also contributed to the
yield increase.

Grain N% concentrations increased by ~0.1% in conventional and organic maize following
soybean with high compared with recommended inputs, despite the 16 to 19% yield increases (Table 10).
Again, the positive yield and grain N% responses to high inputs following soybean are probably
associated with leaching of some of the pre-plow composted manure or side-dressed N. Grain N%
concentrations had a positive correlation (0.68, n = 96) with grain yield. Stepwise regression analyses
indicated that a linear grain N% coefficient and a quadratic maize density coefficient explained 53%
of the yield variability (n = 96, Table 6). Another study also found that low soil N availability and
low plant densities contributed to lower organic maize yields when compared with conventional
maize [17].

Organic compared with conventional maize had ~11.5% fewer plants/m2 at harvest, but there
was a cropping system × input interaction (Table 2). Conventional maize with high inputs showed
only an ~8% increase compared with a ~17% increase in plants/m2 in organic maize with high
input management (Table 10). Ears/plant as well as kernels/ear, was similar between cropping
systems. Kernel weight also had a cropping system × input interaction as indicated by ~1%
increase of conventional maize to high inputs and ~1% decrease in organic maize to high inputs.
Overall, organic compared with conventional maize had ~11.5% higher kernel weight, which
apparently compensated for the lower maize densities as indicated by higher yields when following
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wheat/red clover. Kernel weight had negative correlations with plant density (r = −0.45, n = 96) and
positive correlations with grain N% concentration (r = 0.32, Table 11), which agrees with previous
studies [18,19,21]. Kernel weight also had a positive correlation with yield (r = 0.39).
Stepwise regression analyses indicated that a linear plants/m2 coefficient and a linear kernel weight
coefficient explained 31% of the yield variability (Table 7).

4. Conclusions

Maize as an entry crop in the transition period to an organic cropping system proved problematic
when a green manure crop was not in place as indicated by grain N% concentrations of only 1.05% and
32% lower yield in organic compared with conventional maize. Organic maize, which yielded similarly
in the dry second year and 15% greater in the wet third year compared with conventional maize when
following wheat/red clover, appears viable as second or third transition year crops when following
wheat/red clover in this environment. Interestingly, red clover, which is typically inter-seeded into
wheat to provide N to the subsequent maize crop, also appeared to reduce weed densities in the third
year, which bodes well for the sustainability of an organic soybean-wheat/red clover-maize rotation.
Our fields, however, did not have problematic weeds at the initiation of the study so weed interference
was not a major factor in this study. In fields with high densities of problematic weeds, organic maize
may not have yielded as well or 15% higher in the second and third years, respectively.

Maize N status and maize densities appeared to be the major factors explaining yield variability
in this study (the linear and quadratic maize density and grain N% coefficients explained 56% of
the yield variability when averaged across the three years, n = 192, Table 5). Transitioning cash crop
producers in the Northeast USA who do not have an available supply of manure nor equipment for
perennial forage production should either plant wheat/red clover the year before transitioning, plant
wheat/red clover as the entry crop followed by maize as the second-year transition crop, or plant
soybean as the entry crop, wheat/red clover in the second year, followed by organic maize in the third
year. Transitioning cash crop producers should also apply additional N (~56 kg N/ha) and increase
maize seeding rates, not to improve weed competitiveness, but rather to offset the potential loss of N
associated with rapid red clover decomposition in wet springs and the ~10% maize density reduction
with mechanical weed control. Maize seeding rates may only have to increase by ~7% because yield
component compensation via increased ears/plant or increased kernel weight can mitigate some of
the yield reduction associated with low final plant densities.
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Abstract: Increasing plant density seems to improve the productivity of maize crops, and the
understanding of how the metabolism of non-structural carbohydrates is affected in plants under
high crop density is critical. Thus, with the objective of further clarifying this issue, maize plants
were subjected to densities from 30,000 to 90,000 plants ha−1, and the plant growth, soluble sugars
and starch contents, invertase and sucrose synthase activities, and plant production were evaluated.
We found that the stalk is more sensitive to the increasing plant density than leaves and kernels.
The dry weight of the stalk and leaves per single plant decreased more drastically from low to
intermediate plant densities, while grain production was reduced linearly in all plant density ranges,
leading to higher values of harvest index in intermediate plant densities. The sucrose concentration
did not change in leaves, stalk, or kernels of plants subjected to increasing plant densities at the R4
stage. Also, the specific activity of soluble invertase, bound invertase, and sucrose synthase did not
change in leaf, stalk, or kernels of plants subjected to increased plant density. The productivity was
increased with the increase in plant density, using narrow row (0.45 m) spacing.

Keywords: Zea mayz, L.; plant density; invertase; sucrose synthase; carbohydrates; production
components

1. Introduction

Humanity has the great challenge of achieving continued improvements in agricultural production
to face the growing demand for food, feed, and renewable fuels, likely against unfavorable global
climatic changes [1]. Grasses still constitute the most productive and widely grown crop family which
provides the bases for human life across the world [2]. In this context, maize plays important role,
with growing relevance. Since 2001, maize surpassed other cereals to be the second most important
commodity produced in the world, just after sugarcane [3]. Considering that sugarcane is used to
produce mainly water-soluble carbohydrates and biomass for energy, it is reasonable to say that maize
is the most important crop grown to obtain non-soluble carbohydrates. Nevertheless, the kernels
are used mainly as food and feed. There are also expectations of using maize for biomass and sugar
production [4].

To maintain paired demand and production, multiple approaches will be required, with an
immediate effort to understand the gaps between potential plant production and actually obtained
yield [1,5]. Among other approaches, increasing plant density is an important way to improve
productivity [6–8]. While it is clear that intra-specific competition for water, nutrients, and light is
increased by increasing plant density, it is not completely clear how maize crop yield tends to increase
even above relatively high plant densities [9–11]. Probably the small increases in productivity obtained
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by an additional plant population, above relatively high plant densities, is no longer compensated by
additional cultural costs needed for plant protection, by increased risks of plant lodging and drought
stress, among other problems that may occur under those conditions [6]. However, the understanding
of how plant physiology works to perform those small increases is very important to drive new
technologies for productivity enhancement. As a result, this issue has recently attracted the attention
of many researchers in this area [11–17]. There are suggestions that even though carbohydrate reserves
do not directly increase yield potential in maize plants under normal conditions for growth, they
contribute to yield stability when plants are challenged by environmental or biotic stresses [2,6]. Also,
it is considered that controlling plant carbohydrate reserves could be a way to avoid yield loss in
maize grown under environmentally unpredictable regions, or grown as a rain-fed crop in which
plants are commonly subjected to some detrimental conditions such as low nutrient availability or
water stress [18]. In this context, it is well known that sucrose is the main photosynthetic compound
in leaves, which is partitioned from source leaves to the sink organs of maize plants [19–23]. Also,
it is already known that invertases are enzymes that irreversibly catalyze the cleavage of sucrose into
reducing sugars (glucose + fructose), while sucrose synthase is a cytosolic enzyme that reversibly
catalyzes sucrose cleavage, but whose reaction relies on the production of ADP- and UDP-glucose
for starch and cell wall polysaccharide synthesis [23]. Therefore, it is expected that these compounds,
and the activity of the related enzymes, would change in plants challenged by increasing plant density.
So, it is supposed that, if plant non-structural carbohydrate reserves are important to stabilize yield
under the mentioned situations [2], these reserves also could be responsible for sustaining maize
productivity even when plants are grown under relatively high densities. However, the involvement of
non-structural carbohydrate reserves, and related enzyme activity, on the process of increasing kernel
productivity of maize subjected to increasing plant density is not completely clear. Taking into account
the aforementioned information, there is no doubt that maize is one of the most important crops in the
world, and that yield improvement can be reached by increasing plant density. Also, there is no doubt
that non-structural carbohydrates play important roles in this situation. Therefore, improving our
knowledge on non-structural carbohydrate metabolism in whole plants subjected to increasing density
is essential to understand as well as circumvent related problems, with the aim of maximizing maize
productivity. Thus, this study was designed with the objective of gaining a better understanding of
how non-structural carbohydrates levels, and the activities of some related enzymes, change in plants
subjected to increasing density. Also, this study aims to understand the relationship of these variables
with plant production under real rain-fed field conditions.

2. Materials and Methods

2.1. Characterization of Experimental Conditions, Treatments, and Assay Design

This research was carried out under field conditions at Jaboticabal, SP, Brazil, located at
48◦18′58′ ′ W and 21◦15′22′ ′ S, at an altitude of 575 m. The climate of this area is classified as Cwa
(humid subtropical climate, with dry winters) according to the classification of Köppen. The climate
characteristics of the experimental period are presented in Figure 1.

The soil of the experimental area is a typical eutrophic red oxisol with a clay texture. In this
area, soybean crops were grown for two years before the development of this assay. The chemical
analysis of the soil collected from the upper layer of 0–20 cm was accomplished according to method
of Raij et al. [24], and revealed the following values: pH (in CaCl2) = 6.1; organic matter = 25 g dm−3;
P (extracted by resin) = 84 mg dm−3; K = 3.7 mmolc dm−3 (milimol of charge per cubic decimeter);
Ca = 63 mmolc dm−3; Mg = 50 mmolc dm−3; H + Al = 20 mmolc dm−3; sum of bases = 116.7 mmolc
dm−3; total cationic exchange capacity = 136.7 mmolc dm−3; and base saturation = 85%.
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during the assay development, as well as indications date of seeding, N fertilization, tasseling, R4 stage,
and final harvest.

Treatments consisted of five densities of plants (30,000, 45,000, 60,000, 75,000, and 90,000 plants
per hectare) and four replications, in a complete randomized block design, resulting in 20 experimental
units (plots). Each experimental unit consisted of 10 rows of plants, spaced 0.45 m apart, and with
a length of 6 m. A border of 1 m was maintained along all sides of the plot, so the central part was
considered for samplings. To obtain the five treatments (plant densities) mentioned above, plants were
allocated at 0.74 m, 0.49 m, 0.37 m, 0.30 m, and 0.25 m apart. The sowing was conducted manually and
two seeds were sown in each sowing point. At the V3 stage, thinning was accomplished in order to
leave a single plant per sowing point.

The simple hybrid AG 9010 (early cycle, relatively small plant height, and erect leaves) was used,
grown under rain-fed conditions (Figure 1).

Before the experiment assembly, the soil was prepared by using the conventional system (plowing
once and harrowing twice). Based on the soil chemical analysis and recommendations of Raij and
Cantarella [25], planting fertilization of all experimental unities was performed in the sowing furrow
by applying 16 kg ha−1 of N, 48 kg ha−1 P2O5, 32 kg ha−1 K2O, 22 kg ha−1 S, and 9.6 kg ha−1 Zn.

Nitrogen side-dress fertilization was performed with 134 kg ha−1 N (ammonium sulfate), with 60%
of this total being applied in the V4 stage and the remaining 40% in the V8 stage (Figure 1).

Part of each experimental unit was used for plant samplings at the R4 stage, for biochemical and
biometrical determinations, and the other part was reserved untouched until plants were completely
dry, when the harvest was accomplished for final agronomic variables measurement.
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2.2. Biometric Determinations in Plants Evaluated at the R4 Stage

Ten plants at random were collected per plot in order to obtain a composite sample, and they were
then separated into leaves, stem, kernels, and cob + husks. Leaf area was measured using an Image
Analysis System (Delta-T Devices, Cambridge, UK). The dry mass of each sample was determined
after drying at 65 ± 5 ◦C until constant weight was achieved. The total plant dry mass was obtained as
the sum of the dry mass of all plant component parts. Average per plant values, referring to the dry
matter of each part and the total plant dry mass, were used for statistical analyses.

2.3. Non-Structural Carbohydrate Determinations in Plants at the R4 Stage

With the aid of a scalpel blade, fresh samples were taken from the central part of the leaf closest
to the main ear, as well as from the first internode of the stalk right below the ear, and kernels
from the central part of the main ear. In order to obtain representative samples of kernel, stalk,
and leaf for biochemical determination, sampling was carried out in 10 plants from each experimental
unit, and then mixed to make composite samples of each plant part. The samples were identified
and immediately immersed in liquid nitrogen. Then, samples were lyophilized, ground in mortar
containing liquid nitrogen, and stored at −80 ◦C.

For the extraction of reducing sugars and sucrose, 25 mg of the sample was homogenized (Turrax
type homogenizer) in a centrifuge tube containing 1 mL of 80% ethanol, incubated at 60 ◦C for 30 min,
and centrifuged (1200× g, 20 min). Then the supernatant was transferred to a clean tube, and the
procedure was repeated two more times. The supernatants were combined and deionized water
was added to obtain a volume of 8 mL. This extract was subjected to the determination of reducing
sugars and sucrose, while the remaining pellet was reserved for the determination of starch [26].
Reducing sugars were quantified by reaction with DNSA (3,5-dinitrosalicylic acid) and subsequent
spectrophotometric determination, as proposed by Miller [27]. The sucrose contents were quantified by
reaction with resorcinol and spectrophotometric determination [28]. The starch content was determined
by using the remaining pellet, after hydrolysis with α-amylase and amyloglucosidase [29], and the
glucose content in the hydrolyzate was determined by the reaction with DNSA (3,5-dinitrosalicylic
acid) and subsequent spectrophotometric determination [27], calculating the content of starch as
indicated by Brown and Hubber [30].

2.4. Enzymatic Activities Determination in Plants at the R4 Stage

The activities of sucrose synthase (UDP-Gluc: D-fructose 2-glucosyl-transferase, EC 2. 4. 1. 13)
and invertases (α-fructofuranosidase, EC 3. 2. 1. 26) were determined in the same samples harvested,
prepared and stored as described above for non-structural carbohydrates determinations.

The extraction of soluble enzymes (sucrose synthase and soluble invertase) was performed
according to Singletary et al. [31]. Briefly, 100 mg of lyophilized sample was homogenized
(Turrax type homogenizer) (30 s at 4 ◦C) in 2 mL of a mixture containing 50 mM HEPES (50 mM
N-2-hydroxymethylpiperazine-N’-2-ethanesulfonic acid) buffer (pH 7.5), 5 mM MgCl2, and 1 mM
DTT (dithiothreitol), and centrifuged (20,000× g, 4 ◦C, 20 min). The supernatant was transferred to
Spectrapor 4 dialysis tubes and dialyzed in 10 mM HEPES buffer pH 7.2 containing 5 mM MgCl2
and 1 mM DTT for 24 h at 4 ◦C, while the pellet was reserved for the determination of bound
invertase activity.

Sucrose synthase was assayed in the direction of sucrose degradation, in a mixture containing
80 mM MES (2(N-morfolino)-ethanesulfonic acid) (pH 6.0), 300 mM sucrose, and 10 mM UDP (uridine
diphosphate). Soluble invertase (α-fructofuranosidase, EC 3. 2. 1. 26) activity was assayed following
the procedure described by Doehlert and Felker [32]. The mixture contained 200 mM acetate buffer
(pH 5.0), 10 mM sucrose, and the dialyzed enzyme extract in a proportion of 500 μL mL−1 final volume.
Bound invertase activity was determined using the pellet remaining from the first enzyme extraction,
which was submitted to a new extraction (3 min, 4 ◦C) with 10 mM HEPES (pH 7.5) containing 5 mM
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MgCl2, 1 mM DTT, and 1 M NaCl. The suspension was centrifuged (20,000× g, 20 min) and the activity
was assayed immediately due to the instability of the enzyme. The activities of sucrose synthase and
the invertases were determined after 20 min at 30 ◦C, and reducing sugars produced were measured
using the DNSA method [27].

From the specific activities of the enzymes (activities per unit of tissue dry matter) and the total
amounts of dry matter of the respective tissues per plant, the total enzymatic activities per plant were
also estimated.

2.5. Agronomic Determinations in Plants Evaluated at Final Harest Time

After the complete drying of the crop in the field, the remaining plants in the useful area of the
plots reserved for this purpose were counted, as were the number of ears per plant, and all the ears from
the counted plants were subsequently harvested. After the harvest, 20 ears were chosen at random
and evaluated to obtain the average number of kernels and the weight of kernels per ear. The average
weight of kernels was determined after the evaluation of sub-samples containing 1000 kernels, and the
average weight is expressed in mg per kernel. Considering all the plants harvested in the useful area
of the plot, the average kernel yield per plant was calculated. The final grain yield was estimated by
multiplying the average yield of a single plant per density of plants of each treatment, and the result is
expressed in kg ha−1.

2.6. Statistical Analysis

Data were submitted to analysis of variance, using the F test at p ≤ 0.05 and p ≤ 0.01. Significant
differences (p ≤ 0.05) were assayed by polynomial regression analysis. As more than one statistical
model was always significant (at least p ≤ 0.05), the model having the highest coefficient of
determination (R2) was chosen. All statistical analyses were performed following indications of
Barbosa and Maldonado Jr [33], using the software AgroEstat [33].

3. Results

3.1. Biometric Variables Determined in Plants Evaluated at the R4 Stage

Increasing plant density from 30,000 to 90,000 plants ha−1 decreased the kernel production per
plant by about 21%, while the stalk decreased in a quadratic manner by 40%. Leaf dry matter varied in
a quadratic model, showing a minimum (estimated by the model) at 71,192 plants ha−1 (Figure 2a).
Values of this variable decreased by 27% from 30,000 to 71,192 plants ha−1, with a little increase from
this density to 90,000 plants ha−1 (Figure 2a). Plant leaf area decreased by 25% from the lowest to
highest density studied (Figure 2b), while plant height increased by 5% (Figure 2c). In its turn, the leaf
area index (area of leaves per area of soil cultivated) was increased in a quadratic model by about 54%
from 30,000 to 90,000 plants ha−1 (Figure 2d).
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Figure 2. Kernel, leaf, and stalk dry weight per plant (a), plant leaf area (b), plant height (c), and leaf
area index (d) of corn plants at the R4 stage, as a function of the plant density, ranging from 30,000 to
90,000 plants per hectare. Statistical data were obtained from four field replications. F = F test result of
the regression analysis; (*) and (**) indicate that the F test revealed statistical significance at p ≤ 0.05
and p ≤ 0.01, respectively; R2 = determination coefficient.

3.2. Carbohydrates Determined in Plants Evaluated at the R4 Stage

The reducing sugars concentration increased in the stalk by 8% as plant density increased from
30,000 to 90,000 plants ha−1, while this carbohydrate fraction did not vary in kernels and leaves
(Figure 3a). Plant density did not affect sucrose concentration in the plant (Figure 3b). Starch
concentration remained constant in leaves and stalk, but increased by about 12% in kernels as plant
density increased (Figure 3c). Considering that the concentration of carbohydrates did not vary
dramatically in plant tissues, the total plant content of reducing sugars (Figure 3d), sucrose (Figure 3e),
and starch (Figure 3f) varied mainly as a function of plant growth. Thus, data of the abovementioned
carbohydrates presented behavior similar to great extent to those of the kernel, stalk, and leaf dry
matter (Figure 2a).
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Figure 3. Concentration of reducing sugars (a), sucrose (b), and starch (c), and the amount per plant
of reducing sugars (d), sucrose (e), and starch (f) in the kernel, leaf, and stalk of corn plants at the R4
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3.3. Enzymatic Activities Determined in Plants Evaluated at the R4 Stage

Specific activity (activity per unit of dry matter) of soluble invertase in stalk tissue showed a
slight decrease (about 15%) as plant density increased from 30,000 to 90,000 plants ha−1, while no
variation was detected in leaves and kernels (Figure 4a). Also, soluble invertase activity in leaves
showed values 23% higher than that observed in kernels, and about 10 times higher than that found in
stalks (Figure 4a).

So
lu

bl
e 

in
ve

rt
as

e 
(m

g 
m

in
-1

 g
-1

)

0,0

0,2

0,4

0,6

0,8

1,0

1,2

Stalk  y = 0.086 - 3.64·10-7 x   F= 6.44* R2= 0.788
Kernel  y = 0.656                   F= 2.78NS

Leaves   y = 0.856                  F= 1.87NS

(b)

Bo
un

d 
in

ve
rt

as
e 

(m
g 

m
in

-1
 g

-1
)

0

1

2

3

4

y = 0.120    F = 1.80NS 
y = 3.64      F= 1.84NS 

y = 0.558 -2.16·10-6 x  F = 96.98**   R2 = 0.671

Plant density (plant ha-1)

Su
cr

os
e 

sy
nt

ha
se

 (m
g 

m
in

-1
 g

-1
)

0,0

0,5

1,0

1,5

2,0

 y = 0.186       F = 0.55NS 
 y = 1.86         F = 2.71NS

y = 0.098       F = 0.52NS

(d)

So
lu

bl
e 

in
ve

rt
as

e 
 (m

g 
m

in
-1

 p
la

nt
-1

)

0

10

20

30

40

50

y = 29.46                                               F = 2.56NS

 y = 8.79 -6.627·10-5 x                             F = 30.94*  R2= 0.944
 y = 76.51  -1.295·10-3 x +8.824·10-9 x2   F = 9.14*   R2=0.934

(f)

Plant density (plant ha-1)

Su
cr

os
e 

sy
nt

ha
se

  (
m

g 
m

in
-1

 p
la

nt
-1

)

0

25

50

75

 y = 104.89 - 4.392·10-4 x   F = 15.30**  R2= 0.493  
 y = 21.66 -1.305·10-4 x     F = 33.33**  R2=0.962
 y = 3.98                           F =  0.87NS

(e)

Bo
un

d 
in

ve
rt

as
e 

 (m
g 

m
in

-1
 p

la
nt

-1
)

0

50

100

150

 

 y =   208.04 - 9.252·10-4 x                     F = 12.78** R2= 0.468  
 y = 13.68 -8.194·10-5 x                          F = 21.33**  R2= 0.721
 y = 41.22  -6.607·10-4 x +3.922·10-9 x2  F = 6.41*      R2= 0.901

30,000       45,000      60,000      75,000      90,000 30,000      45,000       60,000      75,000      90,000

Figure 4. Specific activity of soluble invertase (a), bound invertase (b), and sucrose synthase (c), as well
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Similar to that observed for soluble invertase, bound invertase activity in kernels remained
constant as plant density increased. However, the activity of bound invertase in kernels was 5.5 times
higher than that of soluble invertase in this tissue (Figure 4b). Bound invertase activity in leaves was
reduced by 40% as plant density increased (Figure 4b), and the values were lower (by about half)
than those found for soluble invertase (Figure 4a). In its turn, bound invertase in stalk tissue did not
respond to plant density, but the activity of this enzyme was 50% higher than that of soluble invertase
activity (Figure 4a,b). The activity of bond invertase in kernel tissue was 6.5 times higher than that
in leaves, and 30 times higher than that in stalk tissue. As observed in the data of soluble invertase,
the activity of bound invertase detected in stalk was much smaller (4.6 times) than that found in leaves
(Figure 4b). The activity of sucrose synthase did not change as a result of the increase in plant density
(Figure 4c). Stalk tissue showed activity of sucrose synthase 47% higher than that in leaves, and in
kernels the activity of this enzyme was about 10 times higher than that found in other studied plant
parts (Figure 4c). The values of enzymes activity per plant were obtained by multiplying the specific
activity of a tissue by the total dry matter of the respective plant part. So, taking into account that
the specific activity of studied enzymes did not vary, or slightly varied in tissues of plants due to
treatments (plant density)—in general, the results of soluble invertase (Figure 4d), bound invertase
(Figure 4e), and sucrose synthase activity (Figure 4f) were greatly associated with the production of
plant dry matter in each treatment (Figure 2a), as also observed for carbohydrates accumulation per
plant (Figure 3d–f). In its turn, differences among specific enzymatic activity of tissues tended to be
maintained throughout the results of activity per plant, because different tissues showed very distinct
activities (Figure 4). The only exemption was verified for soluble invertase in kernels, because data
variations in specific activity did not allow for the adjustment of an appropriate model for that variable
(Figure 4a), and it seems that this should have reflected the values of activity per plant, leading to a
constant response (Figure 4d) instead of a decreasing line as observed for kernel dry weight per plant
(Figure 2a).

3.4. Agronomic Variables Determined in Plants Evaluated at Final Harest Time

Final kernel productivity increased with plant density from 30,000 to 90,000 plants ha−1 in a
quadratic model, as presented in Figure 5a. The maximum productivity was not achieved with the
highest plant density tested. However, by applying the mathematic model, it may be predicted to
occur at a density of 100,650 plants ha−1. The prolificity (average number of ears per plant) was
reduced by 20% with increasing plant density, and this reduction occurred mainly with increasing the
density from 30,000 to 60,000 plants ha−1 (Figure 5b). The number of kernels per ear (Figure 5c), dry
matter of kernels produced per plant (Figure 5d), and kernel weight average (Figure 5e) were reduced
proportionally to the increase of plant density, by 28%, 40%, and 12%, respectively, from 30,000 to
60,000 plants ha−1. In its turn, the harvest index increased by 6% from 30,000 to 66,980 plants ha−1

(reaching a harvest index maximum estimated as 48.63%), then reduced 15% from densities of 66,980
to 90,000 plants ha−1 (Figure 5f).
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Figure 5. Yield (a), prolificity (b), number of kernels per ear (c), production of kernels per plant (d),
kernel weight average (e), and harvest index (f) of corn plants at final harvest time as a function of
the plant density. Plant density in the field ranged from 30,000 to 90,000 plants per hectare. Statistical
data were obtained from four field replications. F = F test result of the regression analysis; (*) and
(**) indicate that the F test revealed statistical significance at p ≤ 0.05 and p ≤ 0.01, respectively; R2 =
determination coefficient.

4. Discussion

It is already known that it is possible to improve maize productivity by increasing, to some
extent, plant density [9–11]. Also, increasing plant density leads to an increase in plant competition
for nutrient, water, light, and causes morphological alterations in corn plants [8,13,14,34]. So, it could
be supposed that variables such as non-structural carbohydrates concentration and accumulation,
as well as the activity of enzymes involved in carbon metabolism in leaves, stalk, and kernels, would
also greatly change to sustain the increases in productivity, reported up to relatively high plant
densities [6,16]. In this research, we submitted maize plants to different crop densities, from 30,000 to
90,000 plants ha−1, aiming to study the expected changes in those variables. Biometric measurements
were accomplished at the R4 stage to ensure that plants really had been subjected to sufficiently high
competition, so that biochemical (metabolites and enzymatic activities) changes could be detected
and studied in those plants. Also, agronomic variables were determined in plants evaluated at the
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final harvest time in order to study the yield, the yield components, and their relationships with the
biochemical and biometrical results determined in plants at the R4 stage.

4.1. Biometric Variables Determined in Plants Evaluated at the R4 Stage

The range of plant densities imposed on maize crops in this study effectively caused significant
biometrical alterations in plants at the R4 stage (Figure 2). This result is very important, because this
allowed us to more clearly study the relationship of plant growth with the results of the biochemical
determinations at this same stage. The dry weight of stalk was more sensitive to the effect of increases
in plant density than that of leaves and kernels (Figure 2a), with respectively 40%, 27%, and 21%
reductions. This increased sensitivity of stalk dry weight compared to the dry weight of other plant
parts as a function of plant density was not found in previous critical reviews on this subject [6,16].
This sequence of decreasing effects suggest that plants in the stage of grain filling, and under increasing
competition due to the increase of density, directs photoassimilates mainly to the kernels (sink),
with the leaves (source) being the second priority and the stalk being the lowest priority, in order to
maintain the production of photoassimilates demanded by kernels. Naturally, this fact can lead to the
well-known problem of stem weakening and the loss of productivity by plants lodging under high
plant densities [6,16]. Other authors verified that the increase in plant density reduces the duration
of stalk internode thickening and dry matter accumulation [13], which helps to explain the results
observed for stalk tissue (Figure 2a). Parallel to the decrease in dry weight, stalk length increased
with plant density (Figure 2c). This was expected since high plant density reduces light intensity
in the crop canopy, inhibiting the photodegradation of the hormone auxin, which is responsible for
plant shoot elongation [13]. The similar models observed for kernel dry weight (Figure 2a) and leaf
area (Figure 2b) per plant may be related to the dependence between kernel production and light
interception [34]. Leaf dry weight per plant was reduced in a quadratic model with a minimum
estimated at the point of 71,192 plants ha−1; however, it tended to exhibit and increase from this point
on (Figure 2a). This may be explained by the fact that distinct leaves of a maize plant subjected to
the condition of increasing competition will change shape in order to adapt to this condition [8,9].
However, it is reported that these alterations begin as soon as mild competition is detected, but do not
continue any further beyond severe competition [8]. While the leaf area per plant decreased by 5% as
plant density varied from 30,000 to 90,000 plants ha−1 (Figure 2b), the leaf area index (LAI) increased
by 54% (Figure 2d). This difference would justify why maize productivity usually is enhanced by
increasing plant density (Figure 5a) even though individual plant growth (Figure 2a) and kernel
production per plant is decreased by interplant competition (Figure 5c,d). This statement is supported
by other studies suggesting that an increase in maize kernel productivity should be related to the
increase in LAI values [8,9,13,14,16,34].

4.2. Non-Structural Carbohydrates Determined in Plants Evaluated at the R4 Stage

Taking into account the evident growth limitations of leaves, stem, and kernels of maize
plants subjected to increasing plant density (Figure 2), as well as the reports that stalks may store
non-structural carbohydrates under low sink demands and the partition from stalk to sink organs
when photosynthesis is not paired with sink demands [2], changes in non-structural carbohydrate
concentrations in plants under growing density also would have been expected. However, we found no
alterations in the levels of non-structural carbohydrates in the leaf near the developing ear (Figure 3a–c),
and no change of sucrose levels was verified in any studied part of the maize plants (Figure 3b). Stalks
presented 5-fold more sucrose concentration than leaves, and 2.5-fold more than kernels (Figure 3b).
Only slight increases of reducing sugars concentration in stalk tissue (8%) and of starch concentration
in kernels (12%) were detected as plant density increased (Figure 3a,c). Previous research [13] reported
that plants at stages before silking use the flux of water-soluble carbohydrates produced by the source
(mature leaves) chiefly for plant morphological growth. After that, those compounds are used for the
mechanical strength formation of stalk tissue, whose phase ends by the silking stage, and after that
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photoassimilates are driven to the ear under development. Thus, probably due to this competitive
relationship between ear and stalk sinks, the continuous flux of water-soluble carbohydrates produced
in the leaves did not accumulate in leaves, stalk or kernels. This may explained, at least in part, the lack
of alterations verified in this research. So, in our study we could not confirm, for maize plants with
increasing density, the general statement that grasses store carbohydrates in stem tissue, whose reserve
is used to improve yield stability in grain crops by providing an alternative source to complete grain
filling when photosynthesis is not enough or during phases of plant stress [2]. It is interesting to
note that there occurred a slight increase in kernel starch concentration with increasing plant density.
Schlüter et al. [35] reported that, at least in leaves, starch production was upregulated under stress
(low-N conditions), probably to reduce starch turnover, but that the sucrose concentration did not
change. So, this plant mechanism is one possibility to explain, at least in part, the increase in starch
in kernels of plants under increasing stress (increasing plant density). Another possibility is that the
increasing plant density could have accelerated the kernel filling and maturation process [36]; thus,
kernels from plants at a higher density were further ahead in finalizing kernel filling and reducing the
demand for photoassimilates. This latter theory could also explain the greater starch concentration,
and the supposed reduction in kernel sink demand would have induced the reducing sugars to
accumulate in the stalk (Figure 3a). Although values of non-structural carbohydrates concentrations
were maintained at relatively stable levels (or slightly increased, as in the case of reducing sugars in
the stalk and starch in kernels), the total amounts estimated per plant tended to follow the data found
for stalk, leaf, and kernels dry matter (Figure 3d–f).

4.3. Enzymatic Activities Determined in Plants Evaluated at the R4 Stage

It is well known that sucrose is the main photosynthetic compound in leaves, which is partitioned
from source leaves to the sink organs of maize plants [19–23]. Also, it is already known that invertases
are enzymes that irreversibly catalyze the cleavage of sucrose into reducing sugars (glucose + fructose),
while sucrose synthase is a cytosolic enzyme that reversibly catalyzes sucrose cleavage, but whose
reaction relies on the production of ADP- and UDP-glucose for starch and cell wall polysaccharide
synthesis [23]. Thus, alterations in the activity of those enzymes would be expected in plants subjected
to the stress of increasing plant density. However, we did not find a clear relationship among the
specific activities of soluble invertase (Figure 4a), bound invertase (Figure 4b), and sucrose synthase
(Figure 4c) with plant density. Probably, this lack of response is related to the relatively stable contents
of soluble sugars observed in the same plants (Figure 2). In a previous study, using the third basal
internode of younger maize plants (V6 stage), a decrease in soluble carbohydrate contents was reported
as plant density increased [13]. This suggests that in the V6 stage, a difference in the activity of related
enzymes would also be found, and it is indicative that the activity of the mentioned enzymes may vary
with plant stage. We did not find reports of research on enzymatic activities in adult plants subjected
to increased density. Thus, further efforts should be made to better understand the results found in
this study, and to elucidate the carbohydrate metabolism of plants under high densities. However,
it is already known that genotypes with increased cell wall invertase activities in different tissues and
organs, including leaves and developing seeds, exhibit substantially improved grain yield [20] and
grain nutrients [22]. This suggests that distinct genotypes may also lead to different responses when
grown under increasing plant density.

Notwithstanding the fact that the activity of enzymes did not change with plant density,
the specific activities of soluble invertase in stalk, leaves, and kernels (Figure 4a) were opposite
to the behavior of the sucrose concentration in the respective plant parts (Figure 3b), while the activity
of bound invertase (Figure 4b) was more related to the starch concentration (Figure 3c). Similar to
bound invertase, the sucrose synthase activity (Figure 4c) was also greatly related to starch levels in
the studied tissues (Figure 3c). These results suggest that soluble invertase activity was the main factor
responsible for controlling the transport and accumulation of sucrose in maize plant tissues, while
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bound invertase was more related to the loading of sucrose into cells of tissues where starch should
be deposited.

4.4. Agronomic Variables Determined in Plants Evaluated at Final Harvest Time

The increase in yield with the increase in plant density up to a maximum value at a threshold
plant density value, with a decline after this point, has already been extensively reported [6,9–11,37].
So, the obtained result (Figure 5a) was already expected. The only uncertainty concerned the absolute
value of kernel productivity, and the respective plant density in which maximum productivity would
be obtained. The maximum yield was not achieved within the plant density range tested in this study,
but it was predicted by the statistical model (Figure 5a) to occur at densities of 12,901 kg ha−1 and
100,650 plants ha−1. This result is in accordance with those obtained by Testa et al. [11], who also
proved that a high planting density of up to 100,500 plants ha−1 can lead to a sensitive improvement in
grain yield when plants are grown in narrow (0.5 m) inter-row spacing. This high limit of plant density
was reached in this assay probably as a result of the relatively optimal environmental conditions
(Figure 1) and limited nutritional stress (proper fertilization) under which the plants developed. This
statement is supported by the fact that the greater the nutritionally and environmentally limitations
that a maize crop is submitted to, the lower the threshold plant density in which maximum productivity
is reached [6,10]. Also, if plants are grown under severe limitations such as low N fertilization, the yield
productivity may even not respond positively to an increase in plant density [9].

While the prolificity (Figure 5b), number of kernels per ear (Figure 5c), dry weight of kernels
produced per plant (Figure 5d), and average weight per kernel (Figure 5d) decreased with increasing
plant density, the harvest index was enhanced up to a density of 66,982 plants ha−1 (density value
estimated by the statistical model), after which a decreasing trend became noticeable (Figure 5f).
Although there are many discussions about harvest index, and on the variation in the methodology
used by distinct researchers to obtain this index [38], the phenomenon of the highest value of harvest
index occurring at an intermediate plant density has also been observed in other studies [9,38,39].
In this research it is clear that such a phenomenon occurred because the kernel production per plant
reduced in a linear fashion (Figures 3a and 5e), while the values for stalk and leaves (and cob + ear
straw, data not shown) decreased under quadratic models. In particular, those quadratic models
showed sharp reductions from low to intermediate plant densities, and a very small decrease (in the
case of stalk tissue) or even a slight increase (as observed for leaves) in the range from intermediate
to high plant densities (Figure 2a). In conjunction, it can be depicted by the data of the biometrical
variables that, although the single plant yield potential was reduced by increasing plant density,
the increase in plant number per area circumvented this individual reduction and led to an overall
increase in kernel productivity.

Future research is needed to determine whether the same lack of response we found by analyzing
plants at the R4 stage would occur in other plant stages, when the stalk and tassels are still functioning
as sinks and the kernels are not yet under formation. In this study, we analyzed only metabolite
concentrations and enzymes activity in a specific part of the stalk (just below the main ear), and in
a specific type of leaf (near the main ear). So, studies using distinct parts of the stalk and upper and
lower leaves may help to further the understanding of why the metabolic variables evaluated in the
studied tissues did not respond to increasing plant density.

5. Conclusions

In summary, we found that the dry weight of stalk tissue was more sensitive to the effect of
increases in plant density than those of leaves and kernels. The stalk and the leaf dry weight per single
plant decreased in a quadratic model, while the production of grain per plant was reduced linearly
with increasing plant density, leading to higher values of harvest index in intermediate plant densities.
The sucrose concentration did not change in leaves, stalk, or kernels of plants subjected to increased
plant density, evaluated at the R4 stage. The specific activity of soluble invertase, bound invertase,
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and sucrose synthase did not change in leaves, stalk, or kernels of plants subjected to increased plant
density. The productivity was increased with the increase in plant density by using narrow row
(0.45 m) spacing in the studied plant density range.
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Abstract: Subsoil tillage loosens compacted soil for better plant growth, but promotes water loss,
which is a concern in areas that are commonly irrigated. Therefore, our objective was to determine the
physiological responses of high yield spring maize (Zea mays L.) to subsoil tillage depth when grown
in the Western plain irrigation area of Inner Mongolia, China. Our experiment during 2014 and 2015
used Zhengdan958 (Hybrid of Zheng58 × Chang7-2, produced by Henan academy of agricultural
sciences of China, with the characteristics of tight plant type and high yield) and Xianyu335 (Hybrid
of PH6WC × PH4CV, produced by Pioneer Corp of USA, with the characteristic of high yield and
suitable of machine-harvesting) with three differing subsoil tillage depths (30, 40, or 50 cm) as the trial
factor and shallow rotary tillage as a control. The results indicated that subsoil tillage increased shoot
dry matter accumulation, leading to a greater shoot/root ratio. Subsoil tillage helped retain a greater
leaf area index in each growth stage, increased the leaf area duration, net assimilation rate, and relative
growth rate, and effectively delayed the aging of the blade. On average, compared with shallow rotary,
the grain yields and water use efficiency increased by 0.7–8.9% and 1.93–18.49% in subsoil tillage
treatment, respectively, resulting in the net income being increased by 2.24% to 6.97%. Additionally,
the grain yield, water use efficiency, and net income were the highest under the treatment of a subsoil
tillage depth of 50 cm. The results provided a theoretical basis for determining the suitable chiseling
depth for high-yielding spring corn in the Western irrigation plains of Inner Mongolia.

Keywords: chiseling depth; spring corn; canopy characteristics; photosynthesis quality; Inner Mongolia

1. Introduction

Soil is an important carrier of crop growth, and improving soil quality can effectively improve
crop yield. Crop yields, in turn, are directly affected by the quality of the ploughing layer. The average
effective ploughing layer of the irrigated area in the Inner Mongolia Plain is only 15.1 cm, which
is less than China’s average value of 16.5 cm and far shallower than that in North America, which
has an average effective plough layer of 35 cm. As maize roots are mainly distributed in the soil
layer of 3–35 cm [1], the compacted soil below the plough layer not only restricts the development of
plant roots, but also hinders the absorption of mineral nutrients and water for plants, and therefore
reduces the production capacity of the plant canopy as well as limits the grain yield [2,3]. Notably,
appropriate soil tillage measures have great effects for improving the soil’s physical and chemical
properties, farmland soil quality, and maize photosynthesis efficiency.

Canopy structure greatly influences the leaf photosynthetic rate [4]. Many studies have focused
on the canopy structure and physiological characteristics of corn in Inner Mongolia and abroad [5–8].
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Leaves are the main organs for photosynthesis, which account for about 95% of the total in maize.
Theoretically, yield would be increased by about 1–2% per day if the duration of photosynthetic is
extended in maturity [9,10]. The rate of photosynthesis and grain filling in plants are directly affected
by the leaf area duration and leaf area index (LAI). The LAI represents the amount of leaf area and is
an important quantitative index of canopy structure [11–13]. Leaf senescence is dependent on LAI;
the higher the LAI, the less senescence of corn leaves. Within a range from 0 to the optimum maximum
leaf area index (e.g., the optimum maximum leaf area index for maize is 5–6), the larger the LAI,
the greater the solar utilization efficiency [14–16], and LAI is closely related to the grain number and
weight during the filling stage [17,18]. Early research showed that LAI increased with an increased
plant density from the jointing stage to the 12-leaves stage, and peaked at the silking stage, which laid
a foundation for the accumulation of dry matter in the later period of flowering [19]. Some studies
demonstrated that modern maize varieties had longer growth periods, larger leaf areas, and slower
leaf senescence, leading to a significant increase of the dry matter accumulation rate compared to
early varieties; thus, dry matter accumulation is closely related to leaf senescence [20]. Dry matter
accumulation can be improved by increasing the dry matter production rate and duration, which
directly affects the corn yield.

However, linkages between the dynamics depth of subsoil tillage and photosynthetic
characteristics in different spring corn on the irrigated area of the Inner Mongolia Plain have not
been revealed. Therefore, with a comprehensive database, we aimed to (1) investigate the effects of
the subsoil tillage depth on the canopy’s photosynthetic efficiency, plant growth, and yield of maize,
and (2) to fully explore the mechanisms behind the observations.

2. Materials and Methods

2.1. Experimental Site

The field experiment was conducted during 2014 to 2015 in Hulutou village and Zhuergedai
village, Salaqi Town, Tumd Right County, Baotou, Inner Mongolia, China. The region, located in
the Tumochuan plain has a typical continental semi-arid monsoon climate. Specifically, the annual
mean temperature and annual mean precipitation are 7.5 ◦C and 346 mm, respectively, and maximum
temperatures occurred in July (average of 22.9 ◦C). The region experiences 135 frost-free days and
an average of 3095 annual sunshine hours. Drought is the main factor that affected the yield in 2015.
The precipitation in 2014 and 2015 varied greatly, with 457.4 mm in 2014 and 230.3 mm in 2015 from
May to October, while slight fluctuations of the monthly mean temperature were observed with the
highest mean temperature of 23.9 ◦C in July 2014 and 24.6 ◦C in July 2015, and the lowest mean
temperature of 11.2 ◦C in October 2014 and 9.7 ◦C in October 2015 (Figure 1).

Figure 1. Precipitation and monthly average temperature at the study site during 2014–2015.

Soil properties of the experimental sites are shown in Table 1. The preceding crop (spring maize)
in the experimental field, which was subjected to conventional shallow rotary tillage for three years,
and the maize stalks were shredded and returned to the field after the corn was harvested.
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Table 1. Soil properties in 2014 and 2015 years.

Year
Soil Organic C

(g·kg−1)
Soil Available N

(mg·kg−1)
Soil Available P

(mg·kg−1)
Soil Available K

(mg·kg−1)

2014
matter 7.30 73.45 15.10 120.40

2015 7.60 77.05 14.05 118.80

2.2. Experimental Treatments and Design

Subsoil tillage depth (30 cm, 40 cm, and 50 cm, designated CH30, CH40, or CH50, respectively)
was the trial factor, and was compared to a control of shallow rotary tillage (SR). In 2014, the tested
variety was Xianyu335 with a row distance of 50 cm and a plant density of 82,500 plants per ha.
Each subplot was an area of 125 m2, 5 m wide, and 25 m long, with three replications, for a total
of 12 plots in a randomized block arrangement. A split-plot design was used for the experiment in
2015, with the subsoil tillage depth (30 cm, 40 cm, 50 cm, and control) as the main factor and varieties
(Xianyu335 and Zhengdan958) as the sub-factor. The plant density, row distance, plot size, and the
replications were the same with 2014, for a total of 24 plots. All in-crop fertilizer of nitrogen fertilizer,
phosphate fertilizer and potash fertilizer was applied at planting (N: 200 kg/ha, P2O5: 105 kg/ha
and K2O: 62 kg/ha). Phosphate fertilizer and potash fertilizer were applied as basal fertilizer once
before planting and nitrogen fertilizer was applied by 30% (60 kg/ha) at the V6 stage (six leaves
with collars visible) and 70% (140 kg/ha) at the V12 stage (12 leaves with collars visible), respectively.
Irrigation and other management measures during the whole growth period were similar to local
farmer practices. The precipitation and the irrigation rate during the growth stage was recorded.

2.3. Measured Parameters

2.3.1. Leaf Area

Plants were sampled at five growth stages: V6 stage (six leaves with collars visible), V12
stage (12 leaves with collars visible), R1 stage (silking stage), R3 stage (filling stage), and R6 stage
(physiological maturity) by three areas in each plot, and in each area, three continuous plants (9 plant
per plot) were sampled.

Leaf area was calculated by the leaf length and leaf width at V6, V12, R1, R3, and R6, respectively:

A1 = 0.75 × Leaf Length × Leaf width (1)

A2 = 0.50 × Leaf Length × Leaf width (2)

where A1 was the area of expanded leaves and A2 represents the area of unexpanded leaves.

2.3.2. Accumulation and Transport of Dry Matter

At the V6 stage, V12 stage, R1 stage, R3 stage, and R6 stage, three sample areas per plot were
chosen, and three uniform plants per area were selected and divided into four parts: Leaf, stem and
sheath, female ear, and grain. At the R1 stage, the corresponding roots were examined in the depth of
0–60 cm. Fresh samples were deactivated at 105 ◦C for 30 min, and dried at 80 ◦C to a constant weight
in an oven, then dry matter of the leaf, stem and sheath, female ear, and grain were weighed.

2.3.3. Photosynthesis Related Parameters

Gas exchange measurements (photosynthesis rate, transpiration rate, stomatal conductance,
and intercellular CO2 concentration) were taken between 9:00 am to 11:00 am at the R3 stage on the
ear leaf of three uniform plants from three selected sample areas within each plot using a Li-6400XT
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Portable Photosynthesis System (Li-Cor Inc., Lincoln, NE, USA). The chamber was adjusted to 25 ◦C
(temperature), 360 μM/mol (CO2), and 800 μM/m2/s (photosynthetic photon-flux density).

2.3.4. Production of Photosynthesis

Leaf water use efficiency (LWUE), leaf area duration (LAD), and net assimilation rate (NAR) were
calculated by the following formula:

LWUE (μmolCO2/mmolH2O) = Pn/Tr (3)

where LWUE is the water use efficiency at the leaf level, Pn is the photosynthesis ratio of the ear leaf at
the R3 stage, and Tr is the transpiration ratio of the ear leaf at the R3 stage.

LAD [(m2·d)/hm2] = [(L1 + L2)/2] × (t2 − t1) (4)

NAR [g/(m2·d)] = [(ln L2 − ln L1) × (W2 − W1)]/[( L2 − L1) × (t2 − t1)] (5)

where L1 and L2 are the leaf area at time t1 and t2, respectively; W1 and W2 are the dry matter weight
at time t1 and t2, respectively.

2.3.5. Stover Biomass and Grain Yield

To evaluate the stover biomass and grain yield of maize, plants were sampled at the R6 stage.
Sampling consisted of manually excising plants from each plot at R6 (three sample areas for each
plot, each sample area had six continuous plants, 18 plants per plot) to determine the stover biomass.
The plants at R6 were partitioned into the grain and stover (including husk) components, the total
fresh stover was dried to 0% moisture and then weighed. Corn ears were weighed to obtain the
grain and cob weight. The grain was removed manually to analyze the moisture content with a seed
moisture meter (PM-8188-A, KETT ELECTRIC LABORATORY, Tokyo, Japan), the cob and the grain
were dried and weighed again. Dry stover and dry cob weights were summed to calculate the overall
R6 stover biomass. 300 randomly selected kernels were weighed to estimate the average individual
kernel weight. The kernel number was estimated by dividing the grain yield by the average individual
kernel weight of each plot; the kernel number per corn ear was estimated by dividing the kernel
number by the number of the corn ear of each plot. All biomass and grain weight measurements were
presented on a 0% moisture concentration basis.

Plant stand counts were tallied to confirm plant populations at the R6 plant growth stage.
Additionally, ear stand counts were tallied to confirm the ear number per hm2. The center two
rows of each plot were manually harvested to determine the grain yield at physiological maturity,
and yield values were presented at 0% moisture concentration too.

2.3.6. Yield Water Use Efficiency (YWUE) and Water Production Efficiency (WPE)

YWUE is defined as the ratio of the grain yield to the water consumed, and it is used to evaluate
the plant growth suitability under a water deficit. The WUE was calculated by:

YWUE (kg/ha·mm) = GY/ET (6)

where YWUE is the water use efficiency at the yield level, GY is the grain yield, and ET is the maize
water consumed.

WPE is defined as the ratio of biomass yield to the water consumed, and it also is an effective
indicator for evaluating the plant growth ability. The WPE was calculated by:

WPE (kg/ha·mm) = BY/ET (7)
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where WPE is the water production efficiency, BY is the biomass yield, and ET is the maize
water consumed.

Evapotranspiration is the sum of evaporation from the land surface plus transpiration from plants.
The evapotranspiration (ET) was calculated by:

ET = P + I + ΔSWS (8)

where ET is the maize water consumed, P is the precipitation during the growth stage, I is the irrigation
rate during the growth stage, and ΔSWS is the balance between the soil pondage in the sowing time
and the harvest time.

Soil water storage is an important parameter of soil water conservation and field irrigation.
The SWS was calculated by:

SWS = Soil depth × Soil volume weight × Soil moisture (9)

At sowing time and harvest time, 0–100 cm depth soils were sampled to measure the soil volume
weight and soil moisture from five areas of each plot, using the cutting ring to sample in 0–20 cm,
20–40 cm, 40–60 cm, 60–80 cm, and 80–100 cm soil, with three cutting rings for each soil layer. The fresh
weight was weighed, the soil from the cutting ring was excavated, and the soil was put into the oven
to dry to 0% moisture. Then it was weighed again, the volume of the cutting ring was measured, and
the soil moisture and soil volume weight were calculated.

2.4. Statistical Analysis

Analysis of variance (ANOVA) was used to evaluate treatment effects. Data of the biomass
accumulation, leaf area index, ear leaf photosynthetic assimilation, transpiration rate, stomatal
conductance and intercellular CO2 concentration, leaf water use efficiency, dynamics of leaf area
duration, net assimilation rate, maize yield, yield components, and economic benefit were analyzed
with variance analysis of SAS (Statistical Analysis System) [21]. Pearson’s correlation coefficient was
used to evaluate the linear association between the grain yield and measured parameters across all
treatments and within each rotation, by the correlation analysis procedure of SAS.

3. Results

3.1. Effect of Subsoil Tillage Depth on Dry Matter Accumulation of Maize

With the development of the growth stage, the accumulation of dry matter gradually increased.
In 2014, the accumulation of dry matter in the subsoil tillage treatment was significantly higher than
that in control during all the growth periods except for the V12 stage. In the V6 stage, V12 stage,
R1 stage, R3 stage, and R6 stage, plants in CH50 tillage had higher dry matter accumulation than the
control by 78.33%, 16.48%, 13.63%, 56.61%, and 20.79%, respectively; CH40 tillage increased plant
growth by 51.46%, 2.56%, 13.11%, 29.76%, and 7.20% compared to the control. Additionally, CH30
was the same as the aforementioned groups, overtopping SR (shallow rotary tillage) by 35.00%, 4.01%,
24.06%, 23.69%, and 8.75% (Table 2). In summary, deeper subsoil tillage led to greater total dry matter
than that of the control.
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Table 2. Effect of subsoil tillage treatments on the accumulation of Xianyu335 dry matter at different
growth stages in 2014. Values are the average ±1 standard error.

Year and
Variety

Stage Treatments
Dry Matter (g Per Plant) Increased

Compared to
Control (%)Stem Leaf Ear Total

2014
(Xianyu335)

V6

CH50 † 37.8 ± 1.13 a † 47.8 ± 6.01 a — † 85.6 ± 7.24 a 78.33
CH40 33.3 ± 4.82 b 39.5 ± 3.03 b — 72.7 ± 7.85 b 51.46
CH30 29.2 ± 6.32 b 35.6 ± 4.18 c — 64.8 ± 5.24 b 35.00

SR 19.3 ± 1.90 c 28.7 ± 0.38 d — 48.0 ± 2.28 c –

V12

CH50 59.6 ± 4.92 a 45.0 ± 0.96 a — 104.6 ± 5.88 a 16.48
CH40 53.5 ± 7.25 b 38.6 ± 4.92 b — 92.1 ± 6.62 b 2.56
CH30 52.2 ± 5.98 b 41.2 ± 2.11 b — 93.4 ± 5.28 b 4.01

SR 50.9 ± 5.77 c 38.9 ± 3.62 b — 89.8 ± 8.22 b –

R1

CH50 127.1 ± 2.39 a 55.9 ± 4.15 b † 37.2 ± 5.44 b 220.1 ± 6.54 b 13.63
CH40 125.2 ± 7.49 b 55.5 ± 7.91 b 38.4 ± 7.03 b 219.1 ± 7.11 b 13.11
CH30 122.6 ± 2.79 c 66.0 ± 1.68 a 51.7 ± 4.51 a 240.3 ± 4.47 a 24.06

SR 114.6 ± 5.08 d 50.7 ± 1.96 c 28.4 ± 1.61 c 193.7 ± 3.57 c –

R3

CH50 176.0 ± 2.80 a 62.9 ± 1.96 a 192.2 ± 7.82 a 431.0 ± 7.14 a 56.61
CH40 148.5 ± 5.75 b 56.4 ± 6.82 b 152.1 ± 2.36 b 357.1 ± 9.18 b 29.76
CH30 136.2±2.89 c 49.3 ± 3.62 b 155.0 ± 4.67 b 340.4 ± 8.29 b 23.69

SR 112.1 ± 2.99 d 46.2 ± 5.41 c 116.9 ± 4.59 c 275.2 ± 8.40 c –

R6

CH50 146.3 ± 5.47 a 49.5 ± 3.94 a 304.0 ± 2.66 a 499.7 ± 4.9.41 a 20.79
CH40 120.4 ± 6.89 b 44.4 ± 2.30 b 278.7 ± 2.04 b 443.5 ± 10.16 b 7.20
CH30 116.8 ± 3.16 b 48.4 ± 0.60 a 284.7 ± 0.51 b 449.9 ± 7.29 b 8.75

SR 106.8 ± 5.02 c 46.1 ± 9.03 b 260.8 ± 6.57 c 413.7 ± 11.24 c –

2015
(Xianyu335)

V6

CH50 † 37.4 ± 5.26 a † 40.3 ± 4.44 a — † 77.7 ± 4.24 a 50.58
CH40 26.5 ± 4.67 b 31.4 ± 4.50 b — 57.9 ± 8.43 b 12.21
CH30 25.7 ± 5.44 b 29.1 ± 7.05 c — 54.8 ± 10.49 b 6.20

SR 23.3 ± 4.20 b 28.4 ± 4.81 c — 51.6 ± 9.01 b –

V12

CH50 53.7 ± 8.34 a 46.2 ± 2.49 a — 99.9 ± 8.83 a 21.98
CH40 49.9 ± 3.97 b 39.1 ± 3.45 b — 88.9 ± 6.45 b 8.55
CH30 47.6 ± 4.94 b 41.8 ± 1.34 b — 89.4 ± 5.28 b 9.16

SR 43.5 ± 1.37 c 38.4 ± 1.88 b — 81.9 ± 3.25 c –

R1

CH50 86.5 ± 4.85 a 43.5 ± 2.89 a † 48.3 ± 3.00 a 178.3 ± 7.74 a 19.91
CH40 79.5 ± 2.79 b 42.8 ± 6.14 a 43.3 ± 9.08 b 165.4 ± 8.93 b 11.23
CH30 73.7 ± 7.04 c 36.7 ± 2.52 b 30.3 ± 3.31 c 140.8 ± 4.04 c –

SR 73.5 ± 1.57 c 36.8 ± 5.13 b 38.4 ± 7.88 b 148.7 ± 6.74 c –

R3

CH50 91.1 ± 8.50 a 49.7 ± 5.65 a 111.3 ± 7.82 a 252.1 ± 7.14 a 23.70
CH40 82.3 ± 3.38 b 41.3 ± 4.45 b 101.8 ± 2.60 b 225.3 ± 7.83 b 10.55
CH30 91.0 ± 2.96 a 44.6 ± 6.30 b 103.7 ± 9.70 b 239.3 ± 9.26 b 17.42

SR 73.8 ± 7.21 c 36.6 ± 8.85 c 93.4 ± 4.87 c 203.8 ± 7.26 c –

R6

CH50 71.6 ± 6.61 a 41.6 ± 7.00 a 254.1 ± 3.03 a 367.2 ± 4.64 a 5.09
CH40 62.1 ± 5.96 c 41.7 ± 3.20 a 243.7 ± 5.75 b 347.5 ± 9.16 b –
CH30 68.6 ± 3.16 b 40.8 ± 8.80 a 252.5 ± 4.13 a 361.8 ± 7.29 a 3.55

SR 68.6 ± 1.47 b 37.1 ± 5.77 b 243.7 ± 7.01 b 349.4 ± 7.24 b –

2015
(Zhengdan958)

V6

CH50 † 34.9 ± 4.76 b † 38.7 ± 6.04 b — † 73.6 ± 5.84 b 40.99
CH40 39.3 ± 5.68 a 42.5 ± 4.54 a — 81.8 ± 9.45 a 56.70
CH30 32.8 ± 9.87 b 35.0 ± 6.37 b — 67.9 ± 6.49 b 30.08

SR 24.9 ± 4.87 c 27.2 ± 4.53 c — 52.2 ± 7.55 c –

V12

CH50 85.9 ± 7.43 a 43.5 ± 7.14 a — 129.4 ± 7.14 a 37.37
CH40 63.6 ± 5.27 b 46.2 ± 1.80 a — 109.8 ± 6.07 b 16.56
CH30 55.1 ± 2.69 c 46.7 ± 6.05 a — 101.8 ± 8.74 b 8.07

SR 53.7 ± 6.72 c 40.5 ± 6.75 b — 94.2 ± 7.72 c –

R1

CH50 75.6 ± 5.96 a 41.1 ± 5.69 a † 48.7 ± 3.94 a 165.4 ± 8.69 a 24.74
CH40 70.4 ± 5.41 a 40.7 ± 7.35 a 46.1 ± 5.56 a 157.1 ± 6.56 b 18.48
CH30 72.7 ± 3.52 a 37.4 ± 3.35 b 48.5 ± 3.59 a 158.6 ± 6.87 b 19.61

SR 63.0 ± 5.87 b 30.5 ± 1.58 c 39.1 ± 5.29 b 132.6 ± 6.77 c –

R3

CH50 75.2 ± 8.80 a 37.7 ± 3.11 b 115.9 ± 2.90 a 228.7 ± 6.01 a 9.95
CH40 74.4 ± 2.21 a 39.4 ± 5.54 b 104.9 ± 3.46 b 218.7 ± 5.67 a 5.14
CH30 72.6 ± 4.09 a 43.7 ± 5.01 a 104.6 ± 3.64 b 220.9 ± 7.73 a 6.20

SR 68.2 ± 2.60 b 37.0 ± 5.62 b 102.8 ± 7.07 b 208.0 ± 8.22 b –

R6

CH50 66.1 ± 1.44 a 43.6 ± 8.41 a 247.0 ± 9.07 b 356.7 ± 6.85 b 10.19
CH40 64.5 ± 6.60 a 45.6 ± 8.18 a 255.5 ± 3.56 a 365.7 ± 9.78 a 12.97
CH30 67.7 ± 9.30 a 37.2 ± 3.86 b 252.6 ± 3.39 a 357.5 ± 6.39 b 10.44

SR 62.4 ± 7.49 a 35.3 ± 4.81 b 226.0 ± 7.35 c 323.7 ± 7.48 c –

† Means within a column and growth stage followed by the same letter are not significantly different at p ≤ 0.05,
and the different letters are significantly different at p ≤ 0.05.
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In 2015, the growth performance trend of the accumulation of dry matter was consistent with that
of 2014. Deeper subsoil tillage led to higher total dry matter accumulation than that of the control.
The accumulation of dry matter in the tillage of subsoil tillage treatment was significantly higher than
that in the control for most of the growth periods.

In the V6 stage, V12 stage, R1 stage, R3 stage, and R6 stage, Xianyu335 treated with CH50 tillage
had higher dry matter accumulation than the control by 50.58%, 21.98%, 19.91%, 23.70%, and 5.09%,
respectively; CH40 tillage increased plant growth by 12.21%, 8.55%, 11.23%, and 10.55% in the V6 stage,
V12 stage, R1 stage, and R3 stage compared to the control; however, no significant difference was
between the control in the R6 stage. CH30 was the same as the aforementioned groups, overtopping
SR by 6.20%, 9.16%, 17.42%, and 3.55% in the V6 stage, V12 stage, R3 stage, and R6 stage, while no
significant difference between the control in the R1 stage was observed (Table 2).

Compared with the control, the dry matter accumulation of Zhengdan958 under the treatments of
CH50 was improved by 40.99%, 37.37%, 24.77%, 9.95%, and 10.19% in the V6 stage, V12 stage, R1 stage,
R3 stage, and R6 stage, respectively; dry matter accumulation of Zhengdan958 under the treatments of
CH40 was improved by 56.70%, 16.56%, 18.48%, 5.14%, and 12.97% in the V6 stage, V12 stage, R1 stage,
R3 stage, and R6 stage, respectively; dry matter accumulation of Zhengdan958 under the treatments of
CH30 was improved by 30.08%, 8.07%, 19.61%, 6.20%, and 10.44% in the V6 stage, V12 stage, R1 stage,
R3 stage, and R6 stage, respectively (Table 2).

The results of the two years of experiment showed that subsoil tillage could increase dry matter
accumulation and lay a foundation for greater grain fill and, therefore, increase yield. The response
of the dry matter accumulation by Xianyu335 to subsoil tillage depth was more sensitive than the
response by Zhengdan958 (Table 2).

3.2. Effects of Subsoil Tillage Depth on Leaf Area Index of Maize

The size of the green leaf area directly affects the photosynthetic ability of plants and is an
important index that determines the yield. Our results indicated that all plants reached maximum LAI
at the R1 stage, and gradually showed a decreasing trend after the R1stage (Figure 2).

Figure 2. The change of the leaf area index due to the subsoil tillage depth. Values are the average of
three replications. Bars indicate ±1 standard error of the mean.

The results over the two years showed that CH50 led to a greater LAI than the control. The CH40
treatment led to a greater LAI than the control over the whole growth period except in the R3 stage in
2015. The CH30 treatment lead to a greater LAI than the control, except in the V12 stage and R1 stage in
2014. At other growth stages, CH30 treatment led to a greater LAI than the control. The results showed
that subsoil tillage depth could lead to maintenance of a relatively high LAI and more prolonged LAI
at different stages, which provided the possibility for plants to capture more light for photosynthesis.

The LAI of Zhengdan958 was greater than that of Xianyu335 from the V3 stage to the R1 stage,
but less than that of Xianyu335 after the R1 stage, indicating that the leaf senescence of Zhengdan958
was faster than that of Xianyu335 after the R1 stage.
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3.3. Photosynthesis Related Parameters of Ear Leaf

Photosynthetic assimilation (Pn), transpiration rate (Tr), stomatal conductance (Gs), intercellular
CO2 concentration (Ci), and leaf water use efficiency of the Maize cultivars, Xianyu335 and
Zhengdan958, were obviously affected by the subsoil tillage depth in different years (Figure 3A–E).

Figure 3. Photosynthetic assimilation (A), transpiration rate (B), stomatal conductance (C), intercellular
CO2 concentration (D), and water use efficiency (E) of maize due to subsoil tillage depth. Values
are means ± SE of three replicates, bars represent ± 1 standard error of the mean, the same letters
labeled upon the bars are not significantly different at p ≤ 0.05, and the different letters are significantly
different at p ≤ 0.05.

Pn of the maize ear leaf in different varieties and different years treated by CH50 and CH40
was significantly higher than that of CH30 and the control, and there were no significant differences
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between CH30 and the control. Pn of the maize ear leaf treated by CH50 and CH40 increased by
61.25–69.20% and 41.46–49.88% more than the control. Tr of the maize ear leaf in different varieties
and different years of subsoil tillage was significantly higher than that of the control. Among the
treatments, the Tr of the maize ear leaf treated by CH50 was the highest, and there was no significant
difference between the treatment of CH40 and CH30. Tr of the maize ear leaf treated by CH50, CH40,
and CH30 increased by 19.14–19.67%, 7.29–8.69%, and 6.43–7.87% more than the control. As for
stomatal conductance (Gs) and intercellular CO2 concentration (Ci), the subsoil tillage resulted in
a significant influence in Gs compared to the control in different varieties and years. Among the
four-trial treatment, the Gs increased from the control to the CH30, and then the CH40, and the highest
Gs was the CH50. The difference was significant between SR, CH30, CH40, and CH50. Ci of the
ear leaf of Xianyu335 in 2014 and 2015, and were significantly different between the subsoil tillage
and the control. The Ci of the ear leaf of Zhengdan958 treated by CH50 and CH40 was significantly
higher than that of CH30 and the control, and there was no significant difference between CH30 and
the control. Leaf water use efficiency treated by CH50 and CH40 was significantly higher than that
of CH30 and the control, and there was no significant difference between CH50 and CH40, and no
significant difference between CH30 and the control either. Leaf water use efficiency of maize treated
by CH50 and CH40 increased by 38.29–42.41% and 32.21–40.87% more than the control.

3.4. Effects of Subsoil Tillage Depth on Dynamics of Leaf Area Duration

Photosynthetic productivity was not only related to LAI, but also related to LAD. The duration of
the leaf area reflects the photosynthesis time of maize, so it has great influence on the yield because the
grain is primarily composed of starch. Table 3 shows that a significantly higher LAD was observed
after silking, in descending order, followed by CH50, CH40, CH30, and the control. LAD in the CH50
treatment was significantly greater than that of CH40 or CH30; and there was a smaller difference
of LAD between the CH40 and CH30 treatments. The LAD from the silking stage to the filling stage
sustained the best during the growth stage, then it began to decrease, and the decrease from the filling
stage to maturity was more pronounced, with no difference between the two varieties in LAD response
to the subsoil tillage depth (Table 3).

Table 3. Dynamics of leaf area duration under different chiseling depths for two maize varieties grown
in 2014 and/or 2015. Values are the average ±1 standard error.

Year Varieties Treatment

Dynamics of Leaf Area Duration [104m2/(d·ha)]

V6 Stage–V12
Stage

V12 Stage–R1
Stage

R1 Stage–R3
Stage

R3g Stage–R6
Stage

2014
Xianyu335

CH50 † 3.1 ± 0.19 a † 13.0 ± 1.09 a † 17.6 ± 1.14 a † 12.7 ±0.56 a
CH40 3.0 ± 0.13 a 12.7 ± 1.01 a 16.9 ± 0.79 b 12.6 ± 1.19 a
CH30 2.7 ± 0.14 a 11.6 ± 0.63 a 16.4 ± 0.58 b 11.9 ± 0.89 b

SR 2.4 ± 0.19 a 11.2 ± 1.18 a 15.4 ± 0.49 c 11.1 ± 0.75 b

2015
Xianyu335

CH50 2.7 ± 0.22 a 12.9 ± 0.59 a 18.9 ± 1.03 a 13.3 ± 0.79 a
CH40 2.6 ± 0.19 a 12.7 ± 0.19 a 17.8 ± 1.21 b 11.8 ± 1.13 b
CH30 2.5 ± 0.21 a 12.2 ± 0.89 a 17.2 ± 1.37 b 11.9 ± 1.07 b

SR 1.8 ± 0.29 b 9.9 ± 0.75 b 16.2 ± 0.89 c 11.1 ± 0.87 b

2015
Zhengdan958

CH50 3.1 ± 0.16 a 13.8 ± 0.97 a 19.3 ± 1.10 a 13.2 ± 0.56 a
CH40 2.9 ± 0.20 a 13.0 ± 0.89 a 18.1 ± 1.15 b 11.6 ± 0.67 b
CH30 2.8 ± 0.09 a 12.1 ± 1.19 b 17.2 ± 0.97 b 11.7 ± 0.71 b

SR 2.4 ± 0.09 a 11.2 ± 1.06 b 16.1 ± 0.94 c 10.7 ± 0.55 c

† Means within a column and year variety followed by the same letter are not significantly different at p ≤ 0.05,
and the different letters are significantly different at p ≤ 0.05.
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3.5. Effects of Subsoil Tillage Depth on Net Assimilation Rate

From Table 4, compared with the control, there was a significant difference in NAR between the
V6 stage to the V12 stage due to the subsoil tillage depth treatment, and the order of NAR under
different tillage depth treatments was as follows: CH50 < CH40 < CH30 < SR, which reflected the
rapid recovery of plant growth in this period due to the restriction of early growth.

Table 4. Dynamics of net assimilation rate between plant stages when grown under different chiseling
depths. Values are the mean of three replications ±1 standard error.

Year Varieties Treatment

Dynamics of Net Assimilation Rate [g/(m2·d)]

V6 to V12
Stage

V12 stage to
R1 Stage

R1 Stage to R3
Stage

R3 Stage to R6
Stage

2014
Xianyu335

CH50 † 13.3 ± 1.19 c † 5.8 ± 0.19 a † 5.4 ± 0.59 a † 5.6 ± 0.44 c
CH40 14.2 ± 1.01 c 6.9 ± 0.13 a 5.4 ± 0.19 a 7.0 ± 0.28 c
CH30 19.0 ± 0.63 b 6.3 ± 0.14 a 4.3 ± 0.49 b 9.5 ± 0.31 b

SR 29.4 ± 1.18 a 5.8 ± 0.19 a 4.6 ± 0.38 b 12.7 ± 0.52 a

2015
Xianyu335

CH50 8.8 ± 0.59 c 6.2 ± 0.22 a 4.9 ± 0.44 a 8.9 ± 0.42 c
CH40 13.0 ± 0.79 b 6.2 ± 0.19 a 4.4 ± 0.58 a 10.6 ± 0.57 b
CH30 14.8 ± 0.75 b 7.3 ± 0.31 a 5.7 ± 0.42 a 10.6 ± 0.36 b

SR 17.1 ± 0.89 a 7.9 ± 0.35 a 3.4 ± 0.39 b 13.7 ± 0.31 a

2015
Zhengdan958

CH50 11.1 ± 0.97 b 3.1 ± 0.49 a 3.3 ± 0.41 a 10.0 ± 0.46 b
CH40 9.9 ± 0.89 c 3.8 ± 0.52 a 3.4 ± 0.56 a 13.1 ± 0.29 a
CH30 12.4 ± 1.12 b 4.8 ± 0.55 a 3.6 ± 0.35 a 12.0 ± 0.19 a

SR 18.2 ± 1.06 a 4.4 ± 0.25 a 2.8 ± 0.39 b 13.3 ± 0.27 a

† Means within a column and year variety followed by the same letter are not significantly different at p ≤ 0.05,
and the different letters are significantly different at p ≤ 0.05.

As for the plant NAR, no significant difference between the treatments from the V12 stage to
the R1 stage was observed, which indicated that the vegetative growth of the treatment was stable.
Meanwhile, the NAR from the R1 stage to the R3 stage was clearly higher than that in the control.
Additionally, the subsoil tillage treatment showed greater advantages than the control. Our results
indicated that during the reproductive stages, the NAR in all the subsoil tillage depth treatments
increased because of the increase of the filling rate. The performance in the subsoil tillage depth
treatment from the R3 stage to the R6 stage was significantly lower than that in the control, which
indicated that the subsoil tillage treatment improved the NAR of the maize plant in the stage from
R1 to R3, and with enough assimilation of photosynthesis, the NAR of the maize plant treated by
the subsoil tillage declined to be lower than that of the control. The two varieties in 2015 had similar
responses to NAR for the tillage depth.

3.6. Effects of Subsoil Tillage Depth on Shoot-Root Ratio

Table 5 shows that the dry weight of stem, leaf, female ear, and root in the subsoil tillage increased
significantly compared with that in the shallow rotary tillage treatment in 2014. The dry weights of the
stem, leaf, female ear, and root of Xianyu335 plants receiving the CH50 and CH40 treatments in 2015,
except the CH30 treatment, increased significantly compared to those receiving the shallow rotary
tillage treatment.

However, the dry weight of the stem, leaf, female ear, and root of Zhengdan958 were significantly
increased with tillage compared to the shallow rotary tillage treatment. The ratio of shoot-root of
plants receiving the subsoil tillage depth treatments was greater than that from the shallow rotary
tillage treatment, which indicated that the growth of shoot aboveground was more than that of the
root system, and therefore resulted in the accumulation of greater shoot aboveground and an increase
in yield. The ratio of shoot -root in 2015 was lower than that in 2014, which was due to the drought in
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2015. In this condition, the crop growth was under water stress, thus the relative biomass of the root
system increased, and the ratio of shoot- root decreased [22].

Table 5. Dry matter distribution in different organs and shoot root ratio in maize at the silking stage as
affected by tillage treatment. Values are the mean of three replications ±1 standard error.

Year
Varieties

Treatment
Dry Matter (g Per Plant) Shoot/Root

† Stem † Leaf † Ear † Shoot † Root

2014
XianYu

335

CH50 121.5 ± 14.37 b 54.5 ± 3.34 a 60.3 ± 1.82 a 236.3 ± 18.31 a 18.4 ± 0.73 a 12.84
CH40 138.3 ± 10.5 a 54.3 ± 4.14 a 47.4 ± 7.62 b 240.0 ± 16.71 a 17.6 ± 0.25 a 13.64
CH30 123.9 ± 14.27 b 49.2 ± 4.55 b 48.2 ± 6.40 b 221.3 ± 6.34 b 16.2 ± 0.67 b 13.66

SR 102.0 ± 16.04 c 39.9 ± 4.69 c 37.4 ± 2.40 c 179.3 ± 30.03 c 16.1 ± 0.33 b 11.14

2015
XianYu

335

CH50 85.1 ± 2.59 a 33.5 ± 2.89 b 44.9 ± 4.81 a 163.6 ± 16.29 a 18.5 ± 0.50 a 8.84
CH40 79.5 ± 12.79 a 42.8 ± 6.14 a 43.3 ± 3.09 a 165.6 ± 22.32 a 17.8 ± 0.42 ab 9.30
CH30 63.7 ± 9.12 b 36.7 ± 2.52 ab 37.0 ± 6.11 b 137.5 ± 17.58 b 17.2 ± 0.92 bc 7.99

SR 63.5 ± 7.73 b 36.8 ± 5.13 ab 35.1 ± 2.11 b 135.3 ± 5.22 b 16.3 ± 0.22 c 8.30

2015
Zheng
Dan958

CH50 75.6 ± 5.96 a 41.1 ± 5.69 a 48.7 ± 3.94 a 165.4 ± 23.94 a 19.5 ± 0.34 a 8.48
CH40 70.4 ± 5.41 ab 40.7 ± 7.35 a 39.7 ± 5.56 b 150.8 ± 18.17 b 18.6 ± 0.75 ab 8.11
CH30 72.6 ± 3.52 b 37.4 ± 3.35 a 48.5 ± 2.59 a 158.6 ± 16.19 ab 18.5 ± 0.48 b 8.57

SR 63.0 ± 5.88 c 30.5 ± 1.58 b 39.1 ± 5.29 b 132.6 ± 12.93 c 17.4 ± 0.58 c 7.62

† Means within a column and year variety followed by the same letter are not significantly different at p ≤ 0.05,
and the different letters are significantly different at p ≤ 0.05.

3.7. Effects of Subsoil Tillage Depth on Maize Yield and Economic Benefit

3.7.1. Effects of Subsoil Tillage Depth on Maize Yield and Its Components

Table 6 shows that there were significant differences in the biomass accumulation and yield due
to the tillage depth. In 2014, the subsoil tillage of CH50, CH40, and CH30 increased yields more than
that of the control (SR) by 6.9%, 3.5%, and 3.5%, respectively, with an average increase of 4.6%.

Table 6. Biomass, grain yield, and yield components under different subsoiling treatments. Values are
the mean of three replications ±1 standard error.

Year Varieties Treatment

t/ha 104/ha Per Ear g

Biomass Grain Yield Ear number
Kernel

Number
100-Kernel

Weight

2014
Xianyu

335

CH50 † 41.6 ± 0.11 a † 15.4 ± 0.26 a † 7.67 ± 0.03 a † 646 ± 24.12 a † 35.4 ± 0.15 a
CH40 38.4 ± 0.72 b 14.9 ± 0.14 b 7.60 ± 0.05 a 637 ± 33.41 a 35.2 ± 0.11 a
CH30 37.9 ± 0.72 b 14.9 ± 0.11 b 7.50 ± 0.16 a 651 ± 12.13 a 34.9 ± 0.12 ab

SR 37.6 ± 0.54 b 14.4 ± 0.16 c 7.62 ± 0.19 a 656 ± 5.76 a 34.5 ± 0.34 b

2015
Xianyu

335

CH50 29.7 ± 0.68 a 14.7 ± 0.11 a 8.80 ± 0.01 a 618 ± 16.94 a 31.7 ± 0.09 a
CH40 29.2 ± 0.66 a 14.2 ± 0.17 b 8.44 ± 0.25 a 610 ± 11.15 a 31.9 ± 0.13 a
CH30 29.6 ± 0.64 a 14.0 ± 0.29 b 8.51 ± 0.18 a 607 ± 11.32 a 32.8 ± 0.12 a

SR 28.1 ± 0.45 b 13.5 ± 0.13 c 8.43 ± 0.19 a 610 ± 10.67 a 30.9 ± 0.17 b

2015
Zhengdan

958

CH50 30.0 ± 0.49 a 13.6 ± 0.11 a 8.65 ± 0.06 a 589 ± 12.15 a 31.3 ± 0.14 a
CH40 29.3 ± 0.14 a 13.2 ± 0.14 a 8.49 ± 0.18 a 574 ± 9.98 a 31.8 ± 0.18 a
CH30 29.4 ± 0.23 a 13.1 ± 0.09 a 8.44 ± 0.16 a 573 ± 19.56 a 32.2 ± 0.10 a

SR 28.3 ± 0.54 b 13.0 ± 0.1 b 8.43 ± 0.14 a 575 ± 13.12 a 31.6 ± 0.16 a

† Means within a column and year variety followed by the same letter are not significantly different at p ≤ 0.05,
and the different letters are significantly different at p ≤ 0.05.

The biomass from the CH50 tillage was 10.6% higher than that in the control. The CH50 tillage
led to a significantly greater biomass than that in SR. However, there was no significant difference
in the biomass between the CH40, CH30, and SR treatments. In 2015, the yield of the two varieties
showed the same trend, with the subsoil tillage depth treatments generating greater yields than those
receiving the shallow rotary tillage treatment. Subsoil tillage increased Xianyu335 yields by 3.7% to
8.9%, but there was no significant difference between the CH40 and CH30 treatments. The biomass in
the subsoil tillage depth treatment was significantly higher than that of SR, with an average increase of
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5.0%. As for Zhengdan958, plants in the CH50, CH40, and CH30 tillage treatment increased the yield,
on average, by 4.0%, 1.5%, and 0.7%, respectively. In addition, the biomass of Zhengdan958 increased
by 6.0%, 3.9%, and 3.7% compared to the control. There was no significant difference among the three
treatments in biomass.

For the production components, the 100-grain weight of Xianyu335 was significantly increased
by the subsoil tillage depth treatment, but not for Zhengdan958. It indicated that the treatment of
deepening the subsoil depth could lead to a significant increase in the 100-grain weight of Xianyu335,
but no significant increase of Zhengdan958.

3.7.2. Correlation Analysis between Canopy Characteristics and Yield

Correlation analysis between the canopy characteristics and yield showed that the leaf area
duration, stover biomass dry matter, and leaf area index were significantly positively correlated
with the yield at the 0.01 probability level. Photosynthesis assimilation, transpiration ratio, stomatal
conductance, and intercellular CO2 concentration were significantly positively correlated with the yield
at the 0.05 probability level (Table 7). The net assimilation rate, photosynthesis rate, and intercellular
CO2 concentration were significantly positively correlated with leaf water use efficiency at the
0.05 probability level. The correlation coefficients of the leaf area duration, stover biomass dry matter,
and leaf area index with the yield were 0.997, 0.972, and 0.952, and the correlation coefficients of the
photosynthesis ratio, transpiration ratio, stomatal conductance, and intercellular CO2 concentration
were 0.948, 0.979, 0.980, and 0.976, respectively. The results showed that the leaf area duration and
dry matter were the main factors affecting the grain yield. The correlation coefficients of the net
assimilation rate, photosynthesis rate, and intercellular CO2 concentration with the leaf water use
efficiency were 0.963, 0.981, and 0.928, respectively. The results showed that the ear leaf photosynthesis
rate and the plant net assimilation rate were the main factors affecting the leaf water use efficiency.

Table 7. Pearson correlation coefficients and associated significance level for final grain yield between
selected corn canopy parameters as influenced by subsoil tillage depth.

NAR LAD Pn Tr Gs Ci DM LAI GY LWUE

NAR 1.000
LAD 0.732 1.000
Pn 0.909 0.940 1.000
Tr 0.630 0.965 * 0.896 1.000
Gs 0.817 0.967 * 0.982 * 0.962 * 1.000
Ci 0.864 0.973 * 0.993 ** 0.929 0.989 * 1.000

DM 0.612 0.943 0.883 0.997 ** 0.955 * 0.912 1.000
LAI 0.642 0.989 * 0.882 0.949 * 0.921 0.930 0.902 ** 1.000
GY 0.736 0.997 ** 0.948 * 0.979 * 0.980 * 0.976 * 0.972 ** 0.952 ** 1.000

LWUE 0.963 * 0.888 0.981 * 0.801 0.928 0.965 * 0.779 0.825 0.888 1.000

** Significant at the 0.01 probability level, * Significant at the 0.05 probability level. NAR: Net assimilation rate, LAD:
leaf area duration, Pn: photosynthesis assimilation, Tr: transpiration ratio, Gs: stomatal conductance, Ci: intercellular
CO2 concentration, DM: dry Matter, LAI: leaf area index, GY: grain yield, LWUE: leaf water use efficiency at leaf level.

3.7.3. Effect of Subsoil Tillage Depth on Water Use Efficiency

Regardless of drought or rainy years, plant WUE was significantly improved by the subsoil tillage
depth treatment (Table 8). In 2014, the treatments of CH50, CH40, and CH30 increased WUE by
14.62%, 8.29%, and 6.92%, respectively. In 2015, CH50, CH40, and CH30 increased WUE of Xianyu335
by 18.49%, 8.74%, and 9.53% respectively, and WUE of Zhengdan958 by 6.41%, 1.93%, and 2.28%
respectively, compared with the control. The two years of data showed that the CH50 treatment led to
higher WUE under the condition of the lower water availability, followed by CH40 and CH30. Notably,
there was no significant difference in WUE between the CH40 and CH30 treatments.
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Table 8. Water use efficiency of spring maize under different tillage depths. Values are the mean of
three replications.

Year
Varieties

Treatment
mm kg/ha kg/(ha·mm) (kg/ha·mm)

Water
Consume

Seed Yield
Biological

Yield
Water Use
Efficiency

Water
Productivity

2014
Xianyu335

CH50 † 770.9 bc † 15,447 a † 41,614 a † 20.04 a † 53.98 a
CH40 786.6 b 14,891 b 38,405 b 18.93 b 48.83 b
CH30 796.2 b 14,883 b 37,876 b 18.69 b 47.57 b

SR 823.6 a 14,398 c 37,551 b 17.48 c 45.59 c

2015
Xianyu335

CH50 540.7 c 14,660 a 29,710 a 27.11 a 54.95 a
CH40 562.1 b 13,985 bc 29,196 a 24.88 b 51.94 b
CH30 574.9 b 14,404 ab 29,638 a 25.06 b 51.56 b

SR 591.5 a 13,531 c 28,100 b 22.88 c 47.51 c

2015
Zhengdan958

CH50 560.5 b 13,576 a 29,993 a 24.22 a 53.51 a
CH40 568.7 b 13,192 a 29,319 a 23.20 b 51.55 b
CH30 568.6 b 13,234 a 29,374 a 23.28 b 51.66 b

SR 573.3 a 13,048 b 28,284 b 22.76 c 49.34 c

† Means within a column and year variety followed by the same letter are not significantly different at p ≤ 0.05,
and the different letters are significantly different at p ≤ 0.05.

In 2014, CH50, CH40, and CH30 increased WPE more than the control by 18.40%, 7.11%, and 4.34%,
respectively; in 2015, the WPE of Xianyu335 increased by 15.66%, 9.32%, and 8.52%, and 8.45%, 4.48%,
and 4.70% of Zhengdan958, respectively. The CH50 tillage increased WPE by 3.80% and 3.58%
compared to CH40 and CH30, respectively, but WPE showed no significant difference between the
CH40 and CH30 treatments.

3.7.4. Economic Benefit Analysis

The depth of the subsoil tillage is an important factor for farmers when considering the cost.
Therefore, our experiment analyzed the economic input-output ratio for growing maize using the
different tillage depths.

The results are presented in Table 9. On average, from 2014 to 2015, the net income increased
due to increasing depths of the subsoil tillage by 2.24% to 6.97% more than that of the shallow rotary
tillage treatment. Among them, the subsoil tillage depth of 50 cm led to the highest returns, followed
by tillage to a depth of 30 cm. There was no significant difference between the yields from tilling to
40 cm versus 30 cm depths. The test results showed that the most economic advantage was the subsoil
tillage to a depth of 50 cm. Thus, the results of this study could offer a reference for farmers to choose
the subsoil tillage depth and to increase income.

Table 9. Inputs and outputs of maize production for different treatments in the year, 2014.

Year CH50 CH40 CH30 SR

2014

Inputs

Seeds (RMB/ha) 1050 1050 1050 1050
Fertilizer (RMB/ha) 1600 1600 1600 1600
Pesticides (RMB/ha) 1500 1500 1500 1500
Irrigation (RMB/ha) 1200 1200 1200 1200

Mechanical work (RMB/ha) 900 750 600 450
Total (RMB/ha) 6250 6100 5950 5800

Outputs

Yield (kg/ha) 15,447 14,891 14,883 14,398
Price (RMByuan/kg) 1 1 1 1

Income (RMB/ha) 15,447 14,891 14,883 14,398
Net income (RMB/ha) 9197 8791 8933 8598

Increase (%) 6.97 2.24 3.90
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Table 9. Cont.

Year CH50 CH40 CH30 SR

2015

Inputs

Seeds (RMB/ha) 1050 1050 1050 1050
Fertilizer (RMB/ha) 1600 1600 1600 1600
Pesticides (RMB/ha) 1500 1500 1500 1500
Irrigation (RMB/ha) 1200 1200 1200 1200

Mechanical work (RMB/ha) 900 750 600 450
Total (RMB/ha) 6250 6100 5950 5800

Outputs

Yield (kg/ha) † 14,118 † 13,589 † 13,819 † 13,290
Price (RMByuan/kg) 1 1 1 1

Income (RMB/ha) 14,118 13,589 13,819 13,290
Net income (RMB/ha) 7868 7489 7869 7490

Increase (%) 5.05 – 5.06

† Means within a column and subsoil tillage depth treatment and the control are average of Xianyu335 and
Zhengdan958 in 2015.

4. Discussion

4.1. The Effect of Subsoil Tillage on Corn Canopy

As the leaf area of the maize plants and Pn, Tr of the maize ear leaf treated with subsoil tillage
increased, the total dry matter accumulation amount and the rate increased; especially at the later stage,
the yield was significantly increased [23–26]. The yield of spring corn increased by 14.6% through
subsoil tillage [27], which may have loosened soil, improved permeability, and promoted dry matter
accumulation of winter wheat and summer corn [28,29], and in so doing, significantly improved
the grain yield and water utilization efficiency of crops [30–32]. This study indicated that subsoil
tillage could result in a high photosynthetic assimilation, transpiration rate, stomatal conductance
and intercellular CO2 concentration at the R3 stage, maintain a relatively high LAI in different growth
periods, and increase LAD. The deeper the subsoil tillage, the longer it maintained plant vitality.
The subsoil tillage effectively delayed leaf senescence, which provided the possibility for plants to
capture more light for photosynthesis. The net assimilation rate in the late silking period was obviously
increased by the subsoiling tillage compared to the control, with CH50 > CH40 > CH30. These results
indicated that subsoil tillage was beneficial to the accumulation of dry matter in the early growth stage
and laid a foundation for the formation of yield in the late growth period.

Many studies have demonstrated that subsoil tillage increased soil porosity, water infiltration,
as well as root penetration [33]. Similar initial decreases in soil density and penetration resistance
compared to no-tillage plots [33]. Subsoil tillage practices can improve the content of water and
nutrient in soil [34], increase soil structure [35] and promote crop yields [36]. Specifically, compared to
rotary tillage, subsoil tillage led decrease in water consumption by 1.5%, increase in soil water content
by 0.1%, WUE by 2.5% and maize yield by 29.4 kg ha−1 in Northern Huang–Huai–Hai Valley [37].
Subsoil tillage is typical cultivation method applied to promote crop yields in arid areas [38,39], such as
the dryland region of northwest China [40]. Similarly, in abroad, using subsoil tillage fracture dense
layers in a loamy sand soil and reduction of penetration resistance was found and yield increased in
wheat (Triticum aestivum L), soybean [Glycine max L. (Merr.)] and maize [33].

4.2. Response of Different Corn Varieties to Subsoil Tillage Depth

The LAI of Zhengdan958 was higher than Xianyu335 from the V6 stage to the R1 stage, but lower
than Xianyu335 after the R1 stage, indicating that the leaf senescence rate of Zhengdan958 was faster
than that of Xianyu335 after the R1 stage. The WUE of Xianyu335 and Zhengdan958 with the subsoil
tillage increased by 12.25% and 3.54% more compared to the control, respectively, which indicated
that Xianyu335 was more sensitive to subsoil tillage depth than Zhengdan958. The results of this
study indicated that different varieties had different responses to the subsoil tillage depth, but how
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the different varieties respond to different soil types and climatic conditions remains to be further
studied [41].

4.3. The Effect of Subsoil Tillage on Economic Efficiency

The intensity of the subsoiling tillage should be suitable to avoid economic efficiency
decreasing [42]. Cai Hongguang [43] found that a subsoil tillage of 50 cm was superior to that
of 30 cm or no chiseling. Our study indicated that subsoiling tillage of 50 cm was optimal, and there
was no significant economic difference between the 40 cm and 30 cm subsoil tillages. Compared to
compacted soil by shallow rotary tillage for many years, subsoil tillage maximized the energy gain,
while, in contrast, reduced tillage or no tillage minimized energy intensity for corn–soybean in eastern
Nebraska [44]. Compacted soils reduced the plant height of field corn, and decreased the aboveground
biomass in potato, snap bean, cucumber, and cabbage [45]. Subsoil tillage has been recommended to
use across the United States to alleviate the negative effect of a compacted layer on potato (Solanum
tuberosum L.) productivity [46]. Compared with no-till plots, subsoil tillage dramatically decreased
foliar symptoms of sudden death syndrome for soybeans [47].

4.4. Preliminary Discuss on Area Suitable to Subsoil Tillage

The ratio of yield and WUE were improved by subsoil tillage compared to the control in 2014,
and 2015 showed that the result of subsoil tillage was effected by the precipitation or the irrigation rate.
The result can be better expressed in the condition of more precipitation or irrigation rate, due to strong
moisture conservation by loosened soil. On the contrary, even if the soil possesses a large storage ability
of moisture through treatment by subsoil tillage, without enough water supply, the results of moisture
conservation will not be shown. A lower soil bulk density, greater soil porosity, and decreased soil
moisture was observed in subsoiled plots [47]. For example, in the semi-arid Segarra region in Spain,
no-tillage is regarded as the best system for executing fallow only, if residues of the preceding crops are
left spread over the soil [48]. Similarly, residue management and tillage effects on soil-water storage
and grain yields of dryland wheat and sorghum [Sorghum bicolor L. (Moench)] for a clay loam in Texas.
No-tillage increased the average soil water storage compared to stubble mulch-tillage. Therefore,
compared to subsoil tillage, no-tillage residue management was more favorable for dryland crop
production [33]. Various tradeoffs indicate that farmers should alternate between subsoil tillage and
no-tillage to enhance the soil quality, and to decrease disease and yield problems, which may occur
with continuous minimum tillage [49]. After all, the subsoil tillage is a method to maintain the moisture,
not the method to produce the moisture, so the subsoil tillage can be used in a rainfed area with certain
precipitation. The range of the precipitation suitable for soil moisture conservation by subsoil tillage is
a topic for future research.

5. Conclusions

Subsoil tillage increased the ear leaf photosynthetic assimilation, transpiration rate, stomatal
conductance, and intercellular CO2 concentration; maintained relatively high LAI; and extended LAD.
In this experiment, the deeper the subsoil tillage, the longer it lasted, and the senescence of leaves was
effectively delayed, which made it possible to prolong the photosynthetic time of plants. Compared
with the control, subsoil tillage obviously increased NAR after the R1 stage, ordered from high to low
values: CH50, CH40, and CH30.

There was a significant difference in yield among treatments, and the yield under the subsoil
tillage treatment was significantly higher (0.7% to 8.9%) than that of the control (SR). In terms of
yield components, subsoil tillage significantly increased the 100-grain weight of Xianyu335, while
other factors had no significant difference. Correlation analysis between the canopy parameters and
yield indicated that LAD and dry matter were the main factors affecting the final yield. Considering
the economic benefits, the net income of the CH50 was higher than that of the shallow rotary tillage
treatment, thus, the best tillage system was the 50 cm subsoil tillage treatment.
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Abstract: Improvement of nitrogen use efficiency is of great importance in maize (Zea mays L.) production.
In the present study, an eco-friendly growth substance, polyaspartic acid (PASP), was applied to maize
seedlings grown with different nitrate (NO3

−) doses by foliar spraying, aimed at evaluating its effects
on maize nitrogen assimilation at both the physiological and molecular level. The results showed that
PASP promoted biomass and nitrogen accumulation in maize seedlings, especially under low NO3

−

doses. Among different NO3
− conditions, the most noticeable increase in plant biomass by PASP addition

was observed in seedlings grown with 1 mmol L−1 NO3
−, which was a little less than the optimum

concentration (2 mmol L−1) for plant growth. Furthermore, the total nitrogen accumulation increased
greatly with additions of PASP to plants grown under suboptimal NO3

− conditions. The promotion
of nitrogen assimilation was mostly due to the increase of nitrate reductase (NR) activities. The NR
activities in seedlings grown under low NO3

− doses (0.5 and 1.0 mmol L−1) were extremely increased by
PASP, while the activities of glutamine synthetase (GS), aspartate aminotransferase (AspAT), and alanine
aminotransferase (AlaAT) were slightly changed. Moreover, the regulation of PASP on NR activity
was most probably due to the promotion of the protein accumulation rather than gene expression.
Accumulation of NR protein was similarly affected as NR activity, which was markedly increased by
PASP treatment. In conclusion, the present study provides insights into the promotion by PASP of
nitrogen assimilation and identifies candidate regulatory enzymatic mechanisms, which warrant further
investigation with the use of PASP in promoting nitrogen utilization in crops.

Keywords: polyaspartic acid; nitrate reductase; nitrogen metabolism; enzymatic activity; gene
expression; protein accumulation

1. Introduction

Nitrogen is one of the most important nutrients that strikingly affects plant growth, development,
and production. China is one of the world’s largest nitrogen fertilizer producers and consumers,
accounting for about 61% of the worldwide increase in nitrogen fertilizer production and 52%
of the increase in nitrogen fertilizer consumption that occurred between 1990 and 2009 [1–3].
The excessive use of nitrogen fertilizer has contributed to serious damage to the environment,
including soil acidification [4] as well as water and air pollution [5,6]. Therefore, there is an urgent
need to find strategies to improve the nitrogen use efficiency of field crops, especially crops that
are widely cultivated, such as maize (Zea mays L.), to simultaneously ensure food security and
environmental quality.
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Despite the importance of improving nitrogen use efficiency in maize, a number of previous
studies had focused on various agronomic strategies to optimize nitrogen application and its biological
mechanisms, such as the tillage type, rate and timing of nitrogen fertilizer application, and better
sources of nitrogen fertilizer [7,8]. For maize, on the one hand, cultivars with high nitrogen use
efficiency have been proven to be a great option for increasing grain yield under low nitrogen conditions
while also maintaining the health of the environment [9]; on the other hand, the development of highly
efficient nitrogen fertilizers is another effective way to resolve these problems [10]. Controlled-release
urea has been demonstrated to significantly improve not only grain yields but also the nitrogen
use efficiency of maize [11]. Recently, an eco-friendly polymer, polyaspartic acid (PASP), has been
studied as a superabsorbent material and a promoter of fertilizer absorption [12–14] due to its free
carboxylic and amide groups [15]. Polyaspartic acid is a hydrophilic, nontoxic, and biodegradable
polymer of aspartic acid, with good dispersibility, chelating ability, and adsorption capacity [16].
Polyaspartic acid is found naturally in snails and mollusks, but for industrial production, it is
commonly obtained through mild alkaline hydrolysis of polysuccinimide with high yield and low
cost [17]. Considerable attention has been received for PASP in the medicine, cosmetic, and food
industries [18]. In agriculture, PASP is usually used as a fertilizer absorption promoter and has been
studied in nitrogen and potassium utilization [19]. Fertilizers containing PASP, especially PASP urea,
have been gradually developed and applied in crop production. However, in previous studies, PASP
was usually supplied together with a fertilizer or nutrient solution. Therefore, its promotion of fertilizer
absorption was most probably due to its strong absorbency for ions, which reduces nutrient loss and
improves the nutrient level of the soil [10–12]. However, information about the direct effects of PASP
on plant growth and nitrogen assimilation, especially its physiological and molecular mechanism,
remains limited. Thus, PASP was applied by foliar spraying to avoid the interaction of PASP and
soil-based nutrients and to investigate the direct influence of PASP on maize growth and nitrogen
assimilation, especially at enzymatic levels, and the genetic basis of the key enzyme involved.

Nitrate (NO3
−) is the predominant form of nitrogen nutrition in most agricultural systems [20].

The pathway for nitrate assimilation in crops has been well documented [21]. Briefly, after uptake by roots,
NO3

− is first reduced by nitrate reductase (NR) to NO2
− [22] and further reduced by nitrite reductase (NiR)

to NH4
+ [23]. Then, the NH4+ is assimilated into glutamine and glutamate by glutamine synthetase (GS)

and glutamate synthase (GOGAT) [24–27]. The amino group of glutamate can be further transferred into
other amino acids by various amino transferases, such as alanine aminotransferase (AlaAT) and aspartate
aminotransferase (AspAT) [28–31]. Among these enzymes, NR is a primary rate-limiting enzyme for
nitrogen assimilation [32,33]. Glutamine synthetase (GS, EC 6.3.1.2) is a key enzyme in nitrogen assimilation
and remobilization [34]. AspAT and AlaAT can serve as markers of nitrogen use efficiency [35].

In this study, a commercial variety of maize, Zhengdan 958, was used, which is widely cultivated
in China. The seedlings were cultivated under different doses of NO3

− and were treated with PASP by
foliar spraying. The objectives of the present study were to: (1) determine the effect of PASP on seedling
biomass production and nitrogen assimilation in maize; (2) analyze the enzymatic mechanism of PASP
regulation on maize nitrogen assimilation; and (3) investigate the genetic basis of the key enzyme
involved in the regulation of PASP on nitrogen assimilation. Our study may provide information on
the theoretical and practical bases for optimizing the use of PASP in promoting nitrogen utilization
and plant growth in maize.

2. Materials and Methods

2.1. Plant Material and Growth Conditions

A commercial variety of maize (Zea mays L., cv. Zhengdan 958) was used in the experiments.
The seeds were sterilized with 10% (v/v) H2O2 for 15 min, washed with distilled water, and germinated
for 2 days in the dark on a moist filter paper at 30 ◦C. Then, the germinated seeds were transferred
to silica sand to grow. Uniform seedlings with two visible leaves were selected and transferred to
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vessels containing 1/2 modified Hoagland solution with the following nutrients: 2 mmol L−1 of
KNO3, 1 mmol L−1 of CaCl2, 0.5 mmol L−1 of MgSO4, 0.1 mmol L−1 of KH2PO4, 0.1 mmol L−1

of EDTA-FeNa, 0.03 mmol L−1 of H3BO3, 0.0008 mmol L−1 of CuSO4·5H2O, 0.005 mmol L−1 of
MnSO4·H2O, 0.00003 mmol L−1 of (NH4)6Mo7O24·4H2O, and 0.0025 mmol L−1 of ZnSO4·7H2O.
The pH of the solution was adjusted to 6.0. The nutrient solution was continuously aerated using
an electric pump and renewed every 4 days. Each pot (7 L) contained 30 plants. When the second
leaves were fully expanded, the seedlings were transferred to vessels (7 L) containing full-strength
modified Hoagland solution with different concentrations of NO3

− (0, 0.5, 1.0, 2.0, and 4.0 mmol L−1,
referred to as N0, N0.5, N1, N2, and N4, respectively). The concentrations of NO3

−, K+, and Ca2+ were
balanced by varying the supply of KNO3, Ca(NO3)2, KCl, and CaCl2. The vessels were placed in a
growth chamber controlled at 28 ◦C with a 16-h/8-h light/dark cycle. A photosynthetic photon flux
density of 400 μmol m−2 s−1 was provided during the 16-h light period. The relative humidity was
approximately 65%.

Two days after treatment with different concentrations of NO3
−, PASP was applied to the plant

of each treatment (PASP treatment to seedlings grown under N0, N0.5, N1, N2, and N4 conditions
referred to as N0P, N0.5P, N1P, N2P, and N4P, respectively) by foliar spraying, and an equal amount
of water was applied to the control treatment. Polyaspartic acid was prepared from polysuccinimide
(AR, obtained from Desai Chemical Engineering Company, Shijiazhuang, China) with a molecular
mass of 3000–5000 Da. Polysuccinimide (53.19 g) was dissolved in 100 mL of H2O with 40.96 g of KOH
to make the PASP solution [36]. Citric acid was added to adjust the solution pH to 8.0. Then, 0.2 mL of
the above PASP solution was added to 1 L of water containing 0.1% (v/v) Tween-20 as a surfactant to
make the final PASP concentration (approximately 73.55 mg of polysuccinimide L−1). A compression
sprayer (capacity, 1 L) was used for this purpose to ensure the even distribution of PASP on all leaves.
Spraying was performed in the morning (between 9:00 and 10:00 a.m.). The PASP solution was sprayed
on the shoot until complete leaf wetting (approximately 3 mL of solution per plant). The experiment
was performed four times.

2.2. Measurement of Biomass and Nitrogen Accumulation

Seven days after PASP treatment, 15 plants per treatment were separated into two parts
(aboveground and underground) and oven-dried at 80 ◦C until a constant weight was reached to
measure the respective dry weights. Then, the dry samples were ground and used for total nitrogen
accumulation determination using the Kjeldahl method.

2.3. Measurement of Nitrate Reductase (NR, EC 1.6.6.1) Activity

The method was adapted from the in vivo NR assay of Majláth et al. [37]. Briefly, approximately
200 mg fresh weight of samples (the latest fully expanded leaf and roots, respectively) were cut into
small sections and incubated in 1 mL of 100 mmol L−1 of Na-phosphate buffer (pH 7.5) containing
200 mmol L−1 of KNO3 at 37 ◦C in the dark for 1 h. Next, 0.4 mL of 30% (m/v) trichloroacetic acid was
added to stop the conversion of NO3

− to NO2
−. Then, nitrite production was detected calorimetrically

by adding 2 mL of 0.2% 1-naphthylamine and 2 mL of 1% sulphanilamide (dissolved in 30% acetic
acid) to the reaction mixture. After 30 min, the optical density of solutions was measured at 540 nm.
The incubation buffer was used as a blank. NR activity was calculated in μmol nitrite produced per
gram of fresh tissue using a standard curve, based on known nitrite dilutions. The experiment was
conducted at 9:00 a.m. on the 1st, 3rd, and 7th day after PASP treatment.

2.4. Measurement of Glutamine Synthetase (GS, EC 6.3.1.2) Activity

Approximately 200 mg fresh weight of samples (the latest fully expanded leaf and roots,
respectively) were homogenized at 4 ◦C with 2 mL of extraction buffer (0.5 mol L−1 of Tris-HCl,
2 mmol L−1 of MgCl2, 2 mmol L−1 of DTT, and 0.4 mol L−1 of sucrose; pH 8.0). Then, the homogenates
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were centrifuged at 12,000× g at 4 ◦C for 15 min, and the supernatant was recovered. GS activity was
determined in the supernatant by transferase assay [38].

2.5. Measurement of Alanine Aminotransferase (AlaAT EC 2.6.1.2) and Aspartate Aminotransferase (AspAT
EC 2.6.1.1) Activity

AlaAT and AspAT activity were assayed in conditions adapted from the study conducted by
Gibon et al. [39]. Approximately 200 mg fresh weight of samples (the latest fully expanded leaf and
roots, respectively) were homogenized at 4 ◦C with 2 mL of extraction buffer (0.05 mol L−1 of Tris-HCl) and
centrifuged at 12,000 × g, 4 ◦C for 15 min. Then, the supernatant was recovered for enzyme activity assays.
AlaAT activity was assayed using a solution containing 0.1 mol L−1 of Na-phosphate buffer (pH 7.2),
0.2 mol L−1 of l-alanine, and 2 mmol L−1 ofα-ketoglutarate. Plant sample protein extract (75μL) was added
to the 125-μL assay solution and incubated at 37 ◦C for 30 min. The reaction was stopped by adding 125 μL
of 2,4-dinitrophenylhydrazine. Pyruvic acid production was detected calorimetrically by adding 1.25 mL
of 0.4 mol L−1 of NaOH to the reaction mixture at 5 min after the addition of 2,4-dinitrophenylhydrazine.
After 30 min, the optical density of solutions was measured at 500 nm. The incubation buffer was used as a
blank. Pyruvic acid standards (0–0.4 μmol in extraction buffer) were run in parallel. The activities were
expressed as μmol pyruvic acid produced per gram of fresh tissue.

AspAT activity was determined using an assay solution containing 0.1 mol L−1 of Na-phosphate
buffer (pH 7.2), 0.2 mol L−1 of aspartic acid, and 2 mmol L−1 of α-ketoglutarate. Otherwise, the enzyme
activity assays and activity calculations were the same as that for AlaAT.

2.6. Real-Time Quantitative PCR (qPCR)

Fresh samples of 15 seedlings from individual treatments were collected in liquid nitrogen for
the isolation of RNA. Total RNA was extracted using a total Plant RNA kit (Gene Mark, Taiwan).
Reverse transcription was performed with 1–2 μg of purified total RNA using TaqMan® Reverse
Transcription Reagents (Invitrogen™, Carlsbad, CA, USA) according to the manufacturer’s protocol.
The qPCR was performed by a 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA,
USA) using a PowerUp™ SYBR® Green Master Mix (Applied Biosystems™, Foster City, CA, USA).
The following protocol was applied in the qRT-PCR reaction: denaturation at 95 ◦C for 10 min, followed
by 41 cycles of denaturation at 95 ◦C for 15 s, and annealing extension at 60 ◦C for 1 min. The relative
gene expression levels were calculated using the 2−ΔΔCt method [40], with actin as an internal control,
and three repetitions were performed for each sample. The sequences of the gene primers are shown
in Table 1.

Table 1. Primers for the qPCR.

Gene Gene ID Forward Primer (5′-3′) Reverse Primer (5′-3′)
ZmNR1 GRMZM2G568636 ATGATCCAGTTCGCCATCTC GTCCGTGGTACGTCGTAGGT
ZmNR2 GRMZM2G428027 AGCAAGTCTTGAGGGAGCAC CGCCTTGCATGACATTCGTT [41]
ZmNR3 GRMZM5G878558 ACTGGTGCTGGTGCTTCTGGTCC ATGCCGATCTCGCCCTTGTGC [42]
ZmNR4 GRMZM2G076723 GCGTGCAGTTTCAATTCGGT AGCTATTCCCCGTTGCCATC

actin XM_008656735 GATTCCTGGGATTGCCGAT TCTGCTGCTGAAAAGTGCTGAG [43]

2.7. Nitrate Reductease Protein Extraction and Quantification by Enzyme-Linked Immunosorbent Assay (ELISA)

Fresh samples of 15 seedlings from individual treatments were collected in liquid nitrogen for the
isolation of NR protein. The samples were collected at 9:00 a.m. on the 1st, 3rd, and 7th day after PASP
treatment. NR protein extraction and quantification was performed using a Plant Nitrate reductase (NR)
ELISA Kit and was carried out by Beijing Fangcheng Jiahong Science and Technology Co. (Beijing, China).
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2.8. Statistical Analysis of Data

Data were analyzed by one-way ANOVA using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA,
2002). The treatment means were separated using Duncan’s Multiple Range Test or Student’s test.
Statistical comparisons were considered significant at p < 0.05.

3. Results

3.1. Changes in Plant Biomass Accumulation in Maize Seedlings

Biomass accumulation in maize seedlings differed due to different NO3
− doses. As shown

in Figure 1A, the shoot biomass had a bell-shaped curve pattern, which peaked at 2 mmol L−1

of NO3
−, while the root biomass was significantly (p < 0.05) reduced with the increase in NO3

−

doses (Figure 1B). Consequently, the root/shoot ratio shrunk along with the increase in NO3
− dose

(Figure 1C). Furthermore, the response of the total biomass accumulation per plant to NO3
− dose was

the same with the shoot biomass accumulation, which indicated 2 mmol L−1 of NO3
− as the optimum

concentration for plant biomass production.

 

Figure 1. The biomass accumulation in the shoots (A) and roots (B), as well as the root/shoot ratio (C),
of maize differed on the 7th day after nitrogen and polyaspartic acid (PASP) treatment. The PASP and
control indicate seedlings with and without PASP addition, respectively. Data was presented as the
mean ± standard error of 15 plants in each treatment. *, statistically significant differences between
PASP treatment and control within each nitrogen level, according to Student’s test at p < 0.05.

The PASP treatment mainly improved biomass accumulation, especially in seedlings supplied
with 1 mmol L−1 of NO3

− (Figure 1A). The root biomass in N1P was significantly (p < 0.05) increased
by 37.8% from applications of PASP to plants receiving the N1 treatment, while no significant (p < 0.05)
differences were observed from PASP applications with the rest of the nitrogen levels (0, 0.5, 2.0,
and 4.0 mmol L−1). The increase of the shoot biomass from PASP applications was slight, and no
significant (p < 0.05) difference was observed (Figure 1A). However, the total biomass per plant grown
in N1P was significantly (p < 0.05) higher than those grown in N1 by 13.9%, which was consistent
with the response of the root biomass (Figure 1B). The root/shoot ratio was mildly boosted by PASP,
especially in the N1P treatment, which was 28.5% greater than plants grown in N1 (Figure 1C).
These results suggest that the effect of PASP in seedlings supplied with 1 mmol L−1 of NO3

− was
most significant among different nitrogen doses, and the improvement by PASP on root biomass was
greater than that on shoots.

3.2. Changes in Nitrogen Accumulation in Maize Seedlings

Nitrogen and PASP treatments markedly affected the total nitrogen accumulation in seedlings
(Figure 2). Similar to shoot biomass accumulation, nitrogen content in both the roots and shoots had
a bell-shaped curve pattern, which peaked with 2 mmol L−1 of NO3

− supply. Additions of PASP
mostly improved the nitrogen content in both the shoots (Figure 2A) and roots (Figure 2B). Among the
different NO3

− doses, the increase of plant nitrogen content by PASP in conjunction with the N0.5P and
N1P treatments were the most remarkable. N0.5P and N1P had 13.2% and 12.6% greater total nitrogen
content in the whole plant when compared to N0.5 and N1, respectively. This increase was followed
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by the N2P treatment, in which the total nitrogen accumulation per plant increased by 4.8% when
compared to N2. For seedlings with a high NO3

− dose (4 mmol L−1), only the shoot nitrogen content
was increased by PASP application (Figure 2A). Overall, these findings indicate that PASP positively
affects nitrogen assimilation in maize, especially in seedlings grown under low nitrogen levels.

Figure 2. Total nitrogen accumulations in the shoots (A) and roots (B) of maize on the 7th day after
nitrogen and PASP treatment. The PASP and control indicate seedlings with and without PASP
addition, respectively. Data rewash presented as the mean ± standard error of 15 plants in each
treatment. *, Statistically significant differences between PASP treatment and control within each
nitrogen level, according to Student’s test at p < 0.05.

3.3. Changes in Enzyme Activities Correlated to Nitrogen Metabolism in Leaves and Roots of Maize Seedlings

In order to further investigate the physiological mechanism in which PASP affects nitrogen
assimilation, enzyme activities involved with nitrogen metabolism, such as NR, GS, AspAT, and AlaAT,
were estimated. Multiple analyses showed that the activity of NR was most affected by PASP (Table 2).

Table 2. Multiple analyses of enzyme activities correlated to nitrogen metabolism in maize seedlings
leaves and roots at the 1st, 3rd, and 7th day after PASP treatment.

Parts
Source of
Variation

Days after PASP Treatment

1d 3d 7d

NR GS AspAT AlaAT NR GS AspAT AlaAT NR GS AspAT AlaAT

Leaves NO3
− *** ** ** * *** ** ns ns *** *** ** *

PASP *** ns ** ns ** ns ns ns ** ns ns ns
NO3

− × PASP *** ns ns ns ** ns * * *** ns ns ns

Roots NO3
− *** *** ns ** *** *** * ns *** *** *** ***

PASP *** ns ns * ns ns ns ns *** ** ns *
NO3

− × PASP *** ns ns ns ns ns ns ** *** ns ns *

Note: ns, no significant difference, * p < 0.05, ** p < 0.01, ***p < 0.001.

NO3
− doses significantly (p < 0.05) affected most of the four enzyme activities measured during

the experimental period in both the leaves and roots, except the root AspAT activity on the 1st day,
the leaf AspAT activity on the 3rd day, and both of the leaf and root AlaAT activities on the 3rd day
(Table 2). Supplementing plants with PASP, however, almost had no significant (p < 0.05) effects on all
of the GS, AspAT, and AlaAT enzyme activities, with only changes of the leaf AspAT activity (p < 0.01)
and root AlaAT activity (p < 0.05) on the 1st day as well as the root GS (p < 0.01) and AlaAT (p < 0.05)
activities on the 7th day being significant (p < 0.05) (Table 2).

The effect of PASP on NR activity, however, was definitely remarkable. The NR activities in
both the roots and leaves on all 3 days were significantly (p < 0.001) affected by PASP additions
(Table 2). Moreover, the interaction of PASP and nitrogen treatment on NR activity was significant
(p < 0.001) too (Table 2). In leaves, PASP treatment strikingly stimulated the NR activities at low
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NO3
− doses, i.e., 0.5 and 1.0 mmol L−1 (Figure 3A–C). On the 1st day after PASP treatment, leaf

NR activities increased 3.4-fold and 2.6-fold over the levels found in N0.5 and N1, respectively
(Figure 3A). On the 3rd day, a similar increase in leaf NR activities of 2.4-fold and 1.6-fold was observed
in N0.5P and N1P in comparison to N0.5 and N1, respectively (Figure 3B). On the 7th day, PASP
supplementation significantly (p < 0.05) upregulated the NR activities in leaves by 1.7-fold and 4.6-fold
when compared to N0.5 and N1, respectively (Figure 3C). However, in seedlings grown under high
NO3

− doses, the changes in NR activities caused by PASP additions were quite small or even negative
(Figure 3A–C). In roots, NR activity responded to foliarly applied PASP after a short period of time.
On the 1st day after treatment, PASP only induced a significant (p < 0.05) increase (by 2.9-fold) in
NR activity in seedlings supplied with 1 mmol L−1 of NO3

− when compared to control (Figure 4A).
Furthermore, no significant (p < 0.05) effect was observed on the 3rd day between these treatments
(Figure 4B). However, on the 7th day, root NR activities in all N0.5P, N1P, N2P, and N4P treatments
were significantly (p < 0.05) upregulated by 1.8-fold, 2.6-fold, 5.4-fold, and 1.6-fold, respectively, when
compared to N0.5, N1, N2, and N4, respectively (Figure 4C).

 
Figure 3. Changes in leaf nitrate reductase activities on the 1st (A), 3rd (B), and 7th (C) day after PASP
treatment. The PASP and control indicate seedlings with and without PASP addition, respectively.
Data were presented as the mean ± standard error of 15 plants in each treatment. *, Statistically
significant differences between PASP treatment and control within each nitrogen level, according to
Student’s test at p < 0.05.

 
Figure 4. Changes in root nitrate reductase activities on the 1st (A), 3rd (B), and 7th (C) day after PASP
treatment. The PASP and control indicate seedlings with and without PASP addition, respectively.
Data were presented as the mean ± standard error of 15 plants in each treatment. *, Statistically
significant differences between PASP treatment and control within each nitrogen level, according to
Student’s test at p < 0.05.

Overall, these results show that NR reacted more positively to PASP level than GS, AspAT,
and AlaAT, especially in seedlings cultured under low nitrogen conditions. Thus, NR is probably the
key enzyme involved in the promotion of nitrogen assimilation by PASP.

3.4. Changes in NR Gene Expression Levels in Maize Seedlings

To further investigate the mechanism of PASP regulation on NR activities, qPCR analysis was
performed to examine the NR gene expression levels in leaves and roots after nitrogen and PASP
treatment. Nitrate dose level significantly (p < 0.001) affected the expression levels of all four NR
genes in both the leaves (Figure 5) and the roots (Figure 6). The PASP treatment, however, induced
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almost no significant (p < 0.05) changes on the expression of ZmNR1 to 4, especially in the leaves
(Figure 5). In roots, only the ZmNR1 expression on the 3rd day after PASP treatment was significantly
(p < 0.05) affected by PASP (Figure 6). However, the interaction of PASP addition and NO3

− doses
were significant (p < 0.001) (Figures 5 and 6). In the leaves of seedlings grown under 1–4 mmol L−1

NO3
− doses, the expression patterns of ZmNR1 and ZmNR3 reacted in a similar way to NR activity

(Figure 3) to PASP addition, which were generally upregulated by PASP under low NO3
− levels but

downregulated under high NO3
− levels (Figure 5). This indicated that ZmNR1 and ZmNR3 might

be the candidate genes in response to PASP addition. However, the changes of the gene expression
levels were much smaller than that of the NR activities (Figure 3). On the 1st day, PASP application
significantly (p < 0.05) upregulated the expression of ZmNR1 and ZmNR3 by 1.8-fold and 1.4-fold
when compared to N1 (Figure 5). On the 3rd day, a similar increase in leaf ZmNR1 and ZmNR3
expression of 1.2-fold and 1.3-fold was observed in N1P in comparison to N1, respectively (Figure 5).
Moreover, the expression pattern of ZmNR1 and ZmNR3 in seedlings grown with 0.5 mmol L−1 NO3

−,
which was scarcely affected by PASP addition (Figure 5), was not consistent with the NR activity in
response to PASP addition (Figure 3). In roots, few changes of the ZmNR1 and ZmNR3 expression
were induced by PASP. Noticeable decreases were only observed in ZmNR1 expression in N2P and
N4P in comparison to N2 and N4, respectively, and in ZmNR3 expression in N2P compared to N2 on
the 3rd day (Figure 6). On the 1st day, the expression of ZmNR2 and ZmNR4 in roots was markedly
regulated by PASP addition, but the general expression pattern of these two genes on the 3 days were
not consistent with NR activities in roots in response to PASP addition. Thus, ZmNR1 and ZmNR3
seem to be candidate genes in leaves in response to PASP addition, but generally, the gene expression
does not appear to be the main approach where PASP upregulates the NR activity in maize under low
nitrogen conditions.

Figure 5. Relative expression of ZmNR1, ZmNR2, ZmNR3, and ZmNR4 in the leaves on the 1st, 3rd,
and 7th day after PASP treatment. Data were presented as the mean of 15 plants in each treatment. ns, *,
**, and ***, Statistically significant differences according to multiple analyses at p > 0.05, p < 0.05, p < 0.01,
and p < 0.001. N0, N0.5, N1, N2, and N4 indicate the seedlings treated with 0, 0.5, 1.0, 2.0, and 4.0 mmol
L−1 of NO3

− without PASP treatment, respectively. N0P, N0.5P, N1P, N2P, and N4P indicate the
seedlings treated with 0, 0.5, 1.0, 2.0, and 4.0 mmol L−1 of NO3

− plus PASP addition, respectively.
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Figure 6. Relative expression of ZmNR1, ZmNR2, ZmNR3, and ZmNR4 in the roots on the 1st, 3rd, and 7th
day after PASP treatment. Data were presented as the mean of 15 plants in each treatment. ns, *, **, and ***,
Statistically significant differences according to multiple analyses at p > 0.05, p < 0.05, p < 0.01, and p < 0.001.
N0, N0.5, N1, N2, and N4 indicate the seedlings treated with 0, 0.5, 1.0, 2.0, and 4.0 mmol L−1 of NO3

−

without PASP treatment, respectively. N0P, N0.5P, N1P, N2P, and N4P indicate the seedlings treated with 0,
0.5, 1.0, 2.0, and 4.0 mmol L−1 of NO3

− plus PASP addition, respectively.

3.5. Changes in Nitrate Reductase Protein Accumulation in Maize Seedlings

In addition to the gene expression, NR protein accumulation was analyzed by ELISA to better
appreciate the regulation of PASP on NR activity in maize. Nitrate reductase protein accumulation
in seedlings grown in combination with low NO3

− doses was generally increased by PASP
(Figures 7 and 8), which was similar to the NR activity (Figures 3 and 4) changes in response to PASP
supplementation. On the 1st day after PASP treatment, NR protein accumulations in leaves in the
N0.5P and N1P treatments were much greater, by 1.6-fold and 2.1-fold, compared to the levels found
from the N0.5 and N1 treatments, respectively (Figure 7A). On the 3rd day after PASP application,
similar increases of 1.5-fold and 1.4-fold in leaf NR protein content were observed when compared to
N0.5 and N1, respectively (Figure 7B). On the 7th day, PASP increased the leaf NR protein content of
N1-treated plants by 1.3-fold (Figure 7C). However, by the 7th day, there was no significant (p < 0.05)
difference due to PASP treatment in leaf NR protein levels in plants grown with 0.5 mmol L−1 NO3

−.
Conversely, in seedlings grown under high NO3

− doses (2 and 4 mmol L−1), the NR protein content
in leaves was generally deceased by PASP treatment (Figure 7A–C), which was similar to the response
of NR activity to PASP treatment (Figure 3A–C).

 

Figure 7. Leaf nitrate reductase (NR) protein content analysis by ELISA on the 1st (A), 3rd (B),
and 7th (C) day after PASP treatment. The PASP and control indicate seedlings with and without PASP
addition, respectively. Data were presented as the mean ± standard error of 15 plants in each treatment.
*, Statistically significant differences between PASP treatment and control within each nitrogen level,
according to Student’s test at p < 0.05.
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In roots, the response of NR protein accumulation to PASP (Figure 8) was in accordance with that
of the NR enzymatic activity (Figure 4). On the 1st day, PASP markedly increased the root NR protein
content in both N0.5P and N1P by 1.7-fold when compared to N0.5 and N1, respectively (Figure 8A).
On the 3rd day, no significant (p < 0.05) difference was observed in root NR protein content from
PASP treatment under all the experiment NO3

− doses (Figure 8B). On the 7th day, root NR protein
accumulation was generally increased by 1.3–1.6 fold by PASP when NO3

− was present (Figure 8C).

 

Figure 8. Root NR protein content analysis by ELISA on the 1st (A), 3rd (B), and 7th (C) day after PASP
treatment. The PASP and control indicate seedlings with and without PASP addition, respectively.
Data were presented as the mean ± standard error of 15 plants in each treatment. *, Statistically
significant differences between PASP treatment and control within each nitrogen level, according to
Student’s test at p < 0.05.

4. Discussion

4.1. PASP Promoted Seedling Growth and Nitrogen Accumulation in Maize under Low Nitrogen Conditions

Plant growth reaction to a nitrogen source supply has been widely considered to be positive,
increasing leaf area, plant height, and biomass production as the nitrogen supply rises [44,45]. In the
present study, shoot biomass accumulation gradually increased along with the increase in NO3

− dose
from 0 to 2 mmol L−1 (Figure 1A). By contrast, root biomass production was strikingly inhibited
through increasing NO3

− doses (Figure 1B). This was in accordance with a previous study conducted
by Tian et al. [46]. In fact, many recent studies have pointed out that the influence of nitrogen supply to
plant growth may be less than expected or even detrimental to plant development in some conditions
and areas [47,48]. Similarly, biomass accumulation in both the shoots (Figure 1A) and roots (Figure 1B)
remarkably decreased in seedlings that were grown under the high nitrogen condition (N4) when
compared to N2. The total biomass accumulation per plant in N2 was markedly higher than that in
other treatments without PASP treatment, which suggests that the 2 mmol L−1 of NO3

− dose was the
optimum concentration for plant growth.

Polyaspartic acid, which has a large number of carboxylic and amide groups [15], has been studied
for promoting plant growth and nutrient use efficiency in crops [10,12,13,19]. In the present study,
PASP generally increased the biomass production of maize seedlings (Figure 1A,B). This result is
consistent with the findings reported by Du et al. [13], in which PASP was shown to promote seedling
and root growth in rice. The most noticeable increase in plant biomass production after PASP treatment
was observed in N1P (Figure 1B), which was under NO3

− doses that were slightly less than the
optimum concentration for plant growth. Larger changes in biomass accumulation were observed
in the root than in the shoot from the PASP treatment. Therefore, the root/shoot ratio (Figure 1C)
exhibited a slight increase after PASP treatment.

In terms of the significant relationship among experimental conditions, nitrogen content in the
roots was observed to significantly (p < 0.05) increase along with the increase in NO3

− doses (Figure 2).
These results are in accordance with the reports of previous studies, which indicated the dependence
of nitrogen accumulation and redistribution of crops on nitrogen rate [49]. However, nitrogen
accumulation in the shoots (Figure 2A) had a bell-shaped curve pattern, which peaked from the
N2 treatment. A decrease in shoot nitrogen accumulation was observed by supplementing with
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more nitrogen in N4 when compared to N2, which was consistent with the shoot biomass production
(Figure 1A). Similar to the plant biomass, nitrogen accumulation was generally increased by PASP
additions in both the roots and shoots (Figure 2). In particular, the changes between N0.5P and N0.5,
as well as N1P and N1, were pronouncedly great. However, nitrogen content per gram of dry matter
did not significantly (p < 0.05) differ as a result of these treatments, as calculated in Figures 1 and 2.
These results suggest that the promotion of nitrogen assimilation by PASP is probably simultaneous
with other types of metabolism, such as carbon assimilation [19], which consequently results in
the extreme expansion in total nitrogen accumulation per plant, with a small influence in nitrogen
concentration per gram of dry matter.

Overall, these results showed that the N2 treatment was the optimum NO3
− dose for seedling

growth in these experiment conditions. Moreover, PASP treatment most probably enhanced nitrogen
assimilation as well as seedling growth under low nitrogen levels (0.5 and 1.0 mmol L−1 of NO3

−).

4.2. The Improvement of PASP on Nitrogen Accumulation in Maize Was Primarily Attributed to Changes in
NR Activities

A few comprehensive reviews [31,34] have discussed the progress of nitrogen assimilation.
In these reviews, various enzymes have been reported to participate in nitrate assimilation, such as
NR, GS, AspAT, and AlaAT. In the current study, the most noticeable change after PASP treatment
was the large increase in NR activity in seedlings when grown under low NO3

− doses, especially
0.5 and 1.0 mmol L−1 (Figures 3 and 4). This finding was in accordance with the increase of nitrogen
accumulation after PASP treatment, which suggests the key role of NR in maize nitrate assimilation
in response to PASP. However, in seedlings grown under high NO3

− doses (2 and 4 mmol L−1),
NR activity rarely or even negatively responded to PASP on the 1st and 3rd day after treatment
(Figures 3 and 4). This response may be due to the abundance of NO3

− available. Regarding the
response of NR to the increasing NO3

− dose, both control and PASP treatment exhibited a bell-shape
curve. The response of NR activity to PASP under high NO3

− conditions was similar to that response to
high NO3

− doses when a decrease in NR activity (Figures 3 and 4) and nitrogen (Figure 2) and biomass
(Figure 1) accumulation was observed in N4 when compared to N2. Furthermore, previous studies
have demonstrated that the activity of NR is positively induced by exogenous nitrate only at low
nitrogen conditions [50]. Moreover, the cellular compartmentation of nitrate, rather than the exogenous
nitrate, was considered to be the main factor that regulates NR activity [50,51]. The PASP treatment
may minimize the threshold concentration of the supplied nitrate, which induces NR activity by
enhancing nitrate uptake under low nitrogen conditions and elevates the internal nitrate concentration
in the metabolic pool. Furthermore, the enhanced NR activity was simultaneously followed by a high
production of nitrite [52], which may inhibit NR activity through a feedback inhibition mechanism.
Different from that on the 1st (Figure 4A) and 3rd (Figure 4B) days after supplementation, root NR
activity on the 7th day was remarkably increased by PASP (Figure 4C). These differences may be due
to the variation of nitrogen demand in different growth processes [53,54]. Thus, it was hypothesized
that in seedlings with nitrogen availability less than the growth demand, NR activity was upregulated
by PASP, while in seedlings supplied with sufficient nitrogen, this activity was reduced.

In addition to NR, GS is another critical enzyme of nitrate assimilation which catalyzes the assimilation
of ammonium into glutamine [55]. AlaAT and AspAT are two important aminotransferases in plants
which catalyze the reversible transfer of the amino group from glutamate to oxalocaetate and pyruvate,
respectively [28–30]. GS and AlaAT were positively coregulated with NR [56,57]. However, in the present
study, the activities of all GS, AlaAT, and AspAT enzymes were barely affected by PASP treatment (Table 2)
and appeared not to be the dominant processes that allowed PASP to promote nitrate assimilation.

Overall, these results revealed that NR predominantly contributed to the promotion of PASP in
nitrogen accumulation in maize by PASP, especially under low nitrogen conditions.
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4.3. The Regulation of PASP on NR Activity Was Mainly Due to the Increasing Accumulation of Protein
Rather than Gene Transcription

As the primary rate-limiting enzyme of nitrogen nutrition [32,33], NR has been widely studied.
These studies revealed that NR activity in higher plants was regulated at both the transcriptional and
post-translational levels [42,58,59]. In order to further investigate the genetic basis of PASP regulation
on NR, the gene expression and protein accumulation of NR was measured in the present study.

The present results revealed that there were limited correlations between the gene transcript level
and enzymatic activity of NR in response to PASP supplementation. In particular, on the 7th day after
PASP treatment, none of the four NR genes was consistently transcribed with that of the NR activity
(Figures 5 and 6) in response to PASP treatment. On the 1st and 3rd days after treatment, PASP affected the
transcript of ZmNR1 and ZmNR3 (Figure 5) in leaves in a similar way to that of NR activity (Figure 3A),
but the changes in the gene transcription were much less than that of NR activity. In roots, the expression
of ZmNR1 and ZmNR3 (Figure 6) was only significantly regulated by PASP on the 3rd day in plants
grown with high NO3

− dose, which was not consistent with NR activity in response to PASP addition.
The transcription levels of ZmNR2 and ZmNR4 (Figure 6) in roots on the 1st day were markedly affected by
PASP addition, but on the 3rd and 7th days, the expression patterns of these two genes were not consistent
with the NR activity (Figure 4) in response to PASP addition. These results indicate that ZmNR1 and
ZmNR3 may be candidate genes in response to PASP addition in leaves, while ZmNR2 and ZmNR4 may
take a role in the response of roots to PASP application, but all the transcriptions of these genes are not the
main approach where PASP upregulates the NR activity in maize under low nitrogen conditions. This was
not unexpected. In fact, numerous studies have found similar results, in which transcript levels and their
relevant enzyme activities were not tightly correlated [39,60,61]. Moreover, on the 1st day after treatment,
the transcription levels of ZmNR2 and ZmNR4 (Figure 6) in the roots of seedlings grown without NO3

−

application were markedly upregulated by PASP addition, while no significant differences were observed
in the NR protein content (Figure 8), NR activity (Figure 4), nitrogen accumulation (Figure 2), or plant
dry weight (Figure 1). This indicates that there needs to be nitrogen available in the first place to observe
physiological changes.

Different from gene transcription, the protein accumulation of NR (Figures 7 and 8) was affected
similar to the NR activity (Figures 3 and 4) by PASP treatment, especially in the leaves. The response
of the NR protein content to PASP could be interpreted in two ways. First, PASP might increase the
translation of NR mRNA to protein, but this still needs evidence. Second, a decrease in degradation in
NR protein may be induced by PASP. NR has a short half-life of several hours. In previous reviews,
NR phosphorylation and 14-3-3-binding, as well as sugar signals, were considered to be involved in
NR degradations [62,63]. It appears that the activated NR protein was more stable. In fact, the changes
in protein accumulation were less than that of NR activity after PASP treatment in the present study
(indicated byFigures 3, 4, 7 and 8). On the 7th day after treatment, especially in the roots, the NR protein
content (Figure 8C) and NR activity (Figure 4C) did not exhibit a completely consistent response to
PASP treatment. Thus, it appears that PASP most probably regulates NR activity according to protein
accumulation as well as post-translational control.

Overall, the transcription and protein accumulation results imply that the regulation of PASP
on NR activity is predominantly attributed to protein accumulation and may be a post-translational
regulation rather than gene transcription.

These results imply that the application of PASP by foliar spraying generally promotes plant growth
and nitrogen assimilation, especially the NR activity. In previous studies, PASP was usually supplied
together with a fertilizer or nutrient solution, and its promotion of fertilizer absorption was usually
considered to be due to its strong absorbency for ions [10,12,13]. In this study, PASP was supplied by foliar
spraying, which avoided the interaction of PASP and fertilizer. Thus, we infer that PASP may be absorbed
in the leaves and acts in a similar way to a plant growth regulator. In fact, Xu et al. [64] has studied PASP
as a plant growth regulator together with Kinetin and 1-Naphthaleneacetic acid. However, the absorption
of PASP in leaves and the mechanism by which it works still need further investigation.
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5. Conclusions

Application of PASP mainly promoted seedling growth, the increase of the root/shoot ratio, and the
accumulation of total nitrogen in maize plants, especially under low nitrogen conditions. The promotion by
PASP of maize nitrogen accumulation was primarily due to the increase in NR activity. The transcription
of ZmNR1 to 4 was significantly (p < 0.05) affected by NO3

−, but few changes were induced by PASP
treatment. However, the accumulation of NR protein was strikingly increased by PASP treatment, which
was consistent with the changes in NR activities. Thus, it appears that the regulation by PASP of NR activity
was most probably due to the promotion of accumulating protein rather than gene expression. The present
study provides useful insight into the action of PASP on maize nitrogen assimilation. Therefore, PASP
could be used for enhancing nitrogen utilization in maize.
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