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Abstract: Root lodging (RL) in maize can reduce yield and grain quality. A wide–narrow row
planting pattern can increase maize yield in the growing regions of northeastern China, but whether
it can improve RL resistance is not clear. Therefore, in this study, the root architecture distribution,
root physiological activity, and root lodging rate under planting pattern 1 (uniform ridge of 65 cm,
east–west ridge direction) and pattern 2 (wide–narrow rows, 40 double narrow rows and 90 wide
rows, north–south ridge direction) were studied. The results showed that the RL rate under pattern 2
was significantly lower than that under pattern 1. The number and diameter of nodal roots on the
upper node, the root failure moment, and the root bleeding sap intensity at the 3 weeks after VT under
pattern 2 were significantly higher than those under pattern 1. Root length density in the 0–40 cm
soil layer tended to be inter-row distributed. Therefore, the RL resistance of maize under pattern 2
was increased through an adjustment in the root architecture distribution and root physiological
activity in northeastern China.

Keywords: root system; root lodging; root architecture; root bleeding sap

1. Introduction

Maize is a major food crop both globally and in China. In China, farmers have
increased the planting density of maize in order to obtain higher grain yields. However, the
risk of root lodging increases with increasing planting density in maize [1,2]. Root lodging
(RL), especially after flowering, significantly reduces grain yield and quality in maize [3].

Keeping the shoot upright is one of the most important functions of the root system
of maize. RL occurs due to the failure of root anchoring, and the shoot is permanently
displaced from a vertical position at the base of the stem [4,5]. Root lodging resistance
(RLR) is affected by the root architecture distribution in the soil [6,7]. Generally, plants
with more and thicker roots and a larger root extension angle have stronger RLR [4,7,8].
Root architecture distribution is affected by the planting pattern. Sharratt and McWilliams
compared the root distribution of maize planted under three row spacings (0.38, 0.57,
and 0.76 m) and concluded that, compared with wide row spacing (0.76 cm), the root
distribution under narrow row spacing (0.38 cm) was more uniform [9]. San Oh et al.
reported that the root number and root length density (RLD) of rice varied between
one plant or three plants per hill [10]. Wu et al. reported a difference between the root
morphology and angle of maize between one plant or two plants in each hole [6]. These
researchers studied the effect of the planting pattern on root architecture distribution and
attempted to identify an optimal root architecture distribution with an appropriate planting
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pattern in order to increase the RLR ability of crops under the premise of ensuring that the
roots could adequately absorb water and nutrients [11].

Roots are responsible for absorbing water and nutrients such as inorganic salts and
minerals from the soil and for the synthesis of compounds such as amino acids and
hormones; some of them are transported from roots to shoots through the xylem sap for the
growth and development of shoots and grain yield [12–14]. Therefore, the root-bleeding
sap intensity and its composition are considered to be effective indices for the evaluation
of the physiological activity of roots [15–17]. Guan et al. found that the nitrate nitrogen,
ammonium nitrogen, and potassium delivery rates in the root bleeding sap of maize were
higher under plowing tillage compared with no tillage [13]. Liang et al. reported that the
concentration of free amino acids in root-bleeding sap was higher when there was one plant
in each hole compared with two plants in each hole [18]. Previous studies have shown
that the intensity of the root-bleeding sap and the contents of nitrate nitrogen, ammonium
nitrogen, potassium, and free amino acids in root bleeding sap differed with different
planting patterns. However, there is limited literature on the causes of the difference in
root-bleeding effusion caused by planting patterns.

A planting pattern with wide–narrow rows is popular due to its ability to increase
grain yield, optimize the crop canopy structure, improve ventilation and light transmission
within the canopy, and delay leaf senescence at the late growth stage in northeastern
China [19–21]. However, limited studies are available on root architecture distribution,
the physiological activity of roots, and RLR under this planting pattern. Therefore, in the
present study, the root architecture distribution, root physiological activity, and the RLR
under a planting pattern with wide–narrow rows in field-grown maize were evaluated.

2. Materials and Methods
2.1. Materials and Cultivation of Plants

The experiment was carried out in the experimental field of the Northeast Institute of
Geography and Agroecology, Chinese Academy of Sciences, China (125◦33′ E, 44◦12′ N).
The soil type in the field is Phaeozems (FAO-WRB classification system, 2014). Temperature
and precipitation during the growth season in 2016 and 2017 are shown in Figure 1.
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Figure 1. Monthly average temperature and precipitation amount in 2016 and 2017.

Planting pattern 1 was a uniform ridge with a ridge spacing of 65 cm. The ridge
direction was east to west. Pattern 2 was a pattern of wide–narrow rows in which the
distance between adjacent wide rows was 90 cm, the distance between double narrow
rows was 40 cm, and the ridge direction was north to south (Figure 2B). Considering
that the ridge direction may affect the growth of maize [20], we designed east-west and
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north-south ridge directions. The maize variety was Beiyu; the length of its vegetation
period is 120 days. Plant spacing was 23.6 cm under both pattern 1 and pattern 2. Sowing
was conducted on 1 May in 2016 and 2017. A one-time fertilizer application was conducted
before sowing that consisted of 225 kg N ha−1, 80 kg K2O ha−1, and 80 kg P2O5 ha−1 for
both treatments without topdressing [22]. The width of each plot was 10.4 m, and the
length was 10 m. Plots were randomly arranged with three replications. Plant protection,
including herbicide and insecticide application, was applied as part of the usual practices.
The experiment was performed under dry farming conditions.
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Figure 2. Schematic of planting patterns (A,B) and root sampling (C,D). (A) pattern 1 (uniform ridge, distance between
adjacent ridges was 65 cm, ridge direction was east to west); (B) pattern 2 (wide–narrow rows, distance of adjacent wide
rows was 90 cm and that of double narrow rows was 40 cm, ridge direction was north to south). (C) sampling profile with
roots at a soil depth from 0 to 100 cm under pattern 1; (D) sampling column with roots at a soil depth from 0 to 100 cm
under pattern 2.

2.2. Number and Diameter of Nodal Roots

The root system along with the soil of each plant in each plot was excavated, and
the soil was washed away with running water during the flowering period in 2016 and
2017. The number of nodal roots per whorl was recorded. The first whorl roots of the
coleoptile were recorded as the nodal roots of the first whorl, and the second whorl roots
were recorded as the nodal roots of the second whorl [7]. A digital vernier caliper was used
to measure the diameter of the nodal roots 10 cm below the junction of the stem and roots.

2.3. Root Length Density (RLD)

For analyzing root morphological traits and the vertical and horizontal distributions,
root samples were taken at VT. Generally, the RLD is at its maximum value at this stage in
maize [23]. In each plot, four trenches with a depth of 1.0 m and a width of 0.6 m were dug
around each plant. The center of these four trenches was one soil column with a length,
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width, and height of 23.6 cm, 65 cm, and 100 cm, respectively. The distance between two
adjacent intra-row plants was 23.6 cm, and the average row spacing in patterns 1 and 2
was 0.65 m. The soil column did not loosen because the black soil in the experimental field
is viscous and heavy. After the maize shoots were cut off, the soil columns with roots were
obtained according to different horizontal (Figure 2C,D) and vertical distances from the
plants according to Böhm [24]. The soil had a cuboid geometry and was divided according
to the different horizontal and vertical distances from the plants.

In the vertical direction, there were five layers of each soil column extending to 100 cm
below the soil surface. These layers were recorded as 0–20, 20–40, 40–60, 60–80, and
80–100 cm. The height of each layer of the soil column was 20 cm. In the horizontal direc-
tion, in each layer, the soil column in pattern 1 was divided into three sub-soil columns with
a special implement: one central sub-soil column (23.6 cm × 40 cm × 20 cm) and two sub-
soil columns of the outer 20–32.5 cm (23.6 cm × 12.5 cm × 20 cm). Therefore, we obtained
15 sub-soil columns with five layers per plant in pattern 1 (Figure 2C). In pattern 2, in each
layer, the soil column was divided into two sub-soil columns: one central sub-soil column
(23.6 cm × 40 cm × 20 cm) and one outer sub-soil column (23.6 cm × 25 cm × 20 cm).
Therefore, we obtained 10 sub-soil columns with five layers per plant (Figure 2D). Three
repeats were obtained for each plot.

Each sub-soil column was placed in a special mesh bag and then soaked in water
and washed. The root samples were collected using a 0.4 mm sieve. The total root length
of samples was analyzed using WinRHIZO 4.0 (Regent Instruments Ins., Quebec City,
QC, Canada). While scanning, the root sample was placed in a transparent plexiglass
rectangular dish (200 mm × 150 mm) with a layer of water about 5 mm deep to minimize
root overlap. When necessary, to fit the rectangular dish, the root was separated into
subsamples. RLD was calculated using Equation (1): [4]

RLD (cm cm−3) = root length/soil value (1)

2.4. Root Bleeding Sap Intensity, Nitrate Nitrogen, Ammonium Nitrogen, Potassium, and Free
Amino Acid Concentration of Root Bleeding Sap

Root bleeding sap intensity was measured at V12, VT, and 3 weeks after VT. Five
plants were selected in each plot. A clean knife was used to remove the shoot; an incision
was made at the base of the shoot of each plant, and the incision was washed with distilled
water and dried using filter paper. Before collection of the root bleeding sap, dry absorbent
cotton and a plastic bag were prepared in advance and weighed. The weight of dry
absorbent cotton and a plastic bag was recorded as W0; then, the absorbent cotton was
placed over the stem incision, covered with the plastic bag, and fixed with a piece of string
to collect the root bleeding sap. Collection was conducted from 8:00 to 20:00. Then, the
string was removed, and the weight of the absorbent cotton and plastic bag was measured
using a balance and recorded as W. The root bleeding sap intensity was calculated using
Equation (2) [25]:

Root bleeding sap intensity (g h−1 plant−1) = (W −W0)/12 (2)

The absorbent cotton with root-bleeding sap collected at VT was centrifuged to obtain
the root bleeding sap. In 2017, the total free amino acid concentration was measured using
the ninhydrin staining method [25], the ammonium nitrogen concentration was determined
using the indophenol blue spectrophotometric method of van Staden and Taljaard [26], the
nitrate nitrogen concentration was determined using ultraviolet spectrophotometry [25],
and the potassium concentration was measured using ICP-OES (Shimadzu, Kyoto, Japan).

2.5. Natural Root Lodging Rate and Root Failure Moment (Rfm)

The number of natural RLs of maize was defined and calculated as the permanent
displacement of the whole stem per plant from the vertical position at the base of the
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plant on October 8 in 2016 and 2017, and the RL rate was calculated as the number of root
lodgings divided by the total number per plot [27].

Rfm was measured at 3 weeks after VT. RL is prone to occur during this period [7]. The
soil in each plot was pre-wet two days before the measurement. The horizontal pushing
test was conducted on 15 plants per variety (three replicates with five plants each). After
removal of the leaf sheaths and the cutting of the stems 0.4 m above the soil surface, the
plants were manually pushed 0.20 m above the soil surface. The maximal force (in N) of
the push, measured by an ergometer, and the angle, determined by a protractor, between
the horizontal soil surface (a) and the slanting stem during exertion of the maximal force
were recorded. The Rfm (root failure moment) was calculated by Equation (3): [28]

Rfm = Fmax × cos(a) × h (3)

where Rfm is the root failure moment (in Nm), Fmax is the maximal force (in N) of the push,
and h is 0.2 m.

2.6. Grain Yield

On October 10, the two middle rows of each plot were harvested to determine the
grain yield. Grain yield was measured and calculated when the water content of the grain
was 14%.

2.7. Statistical Analysis

The mean and standard deviation were calculated using Microsoft Excel 2007 (Microsoft
Corporation, Redmond, DC, USA). Analysis of the difference was conducted on the number
and diameter of nodal roots in patterns 1 and 2, which were compared using t-tests (p < 0.05).
The root bleeding sap intensity and the nitrate nitrogen, ammonium nitrogen, potassium, and
free amino acid concentrations of the root bleeding sap in patterns 1 and 2 were compared
using t-tests (p < 0.05). Analysis of the difference was conducted on the RLD of each soil layer
in patterns 1 and 2, which were compared using t-tests (p < 0.05). Linear regression analysis
between the weighted average root diameter and root bleeding sap intensity, between the
root-bleeding sap intensity and grain yield, and between RLD and the natural RL rate were
analyzed using SPSS 16.0 software (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Number and Diameter

The number of nodal roots of the seventh and eighth whorls of maize under pattern 2
was significantly higher than that under pattern 1, but no significant difference was ob-
served in the number of nodal roots from the first to sixth whorls between pattern 1 and
pattern 2 in 2016. The number of nodal roots of the eighth whorl in 2017 and the diameter
of nodal roots of the eighth whorl in 2016 and 2017 were significantly higher than those in
pattern 1; however, no significant difference was observed in the number and diameter of
nodal roots from the first to seventh whorls between pattern 1 and pattern 2 (Figure 3).
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Figure 3. Number and diameter of nodal roots under pattern 1 (uniform ridge, distance between
adjacent rows was 65 cm, ridge orientation was east to west) and pattern 2 (wide–narrow rows,
distance of adjacent wide rows was 90 cm and that of double narrow rows was 40 cm, ridge orientation
was north to south) in 2016 and 2017. The vertical bars denote the mean ± the standard error of the
mean (n = 3). * represents significant differences between pattern 1 and pattern 2 (p < 0.05).

3.2. RLD

The RLD values in the central columns in the 20–40 cm soil layer and the RLD values in
the outer columns in the 0–20 cm and 20–40 cm soil layers in 2016 and 2017 under pattern 2
were higher than those under pattern 1 (Figure 4). The RLD values in the central columns in
the 0–20 cm soil layer and the RLD values in the central and outer columns in the 40–60 cm,
60–80 cm, and 80–100 cm soil layers were not significantly different in 2016 and 2017.



Agriculture 2021, 11, 517 7 of 13Agriculture 2021, 11, x FOR PEER REVIEW 7 of 13 
 

 

 
 

Figure 4. Inter-row RLD (root length density). Center in the sub-figure denotes the 0–20 cm horizontal distance from the 
plant intra-row direction in pattern 1 (uniform ridge, distance between adjacent ridges was 65 cm, ridge orientation was 
east to west) and pattern 2 (wide–narrow rows, distance of adjacent wide rows was 90 cm and that of double narrow rows 
was 40 cm, ridge orientation was north to south). Side in the sub-figure denotes the two horizontal distances 20–32.5 cm 
from the plant intra-row direction in pattern 1 and the horizontal distance 20–45 cm from the plant intra-row direction of 
the wide row in pattern 2. The vertical bars denote the mean ± the standard error of the mean (n = 3). * represents significant 
differences between patterns 1 and patterns 2 (p < 0.05). 

3.3. Root Bleeding Sap Intensity and Its Composition 
The root bleeding sap intensity at 3 weeks after VT under pattern 2 was significantly 

higher than that under pattern 1, while the root-bleeding sap intensity at V12 and VT was 
not significantly different (Figure 5). 

The nitrate nitrogen concentration of root bleeding sap under pattern 1 was signifi-
cantly higher than that under pattern 2 at VT. The ammonium nitrogen, potassium, and 
free amino acid concentrations of root bleeding sap under pattern 2 were significantly 
higher than those under pattern 1 (Figure 6). Compared with pattern 1, the nitrate nitro-
gen concentration of root bleeding sap was decreased by 11.11%, the ammonium nitrogen, 
potassium, and free amino acid concentrations of root bleeding sap under pattern 2 were 
increased by 32.55%, 17.20%, and 19.15%, respectively. 

*

0

1

2

3

4

5

0–20 20–40 40–60 60–80 80–100

RL
D 

(c
m

 cm
–3

)

Soil depth (cm)

2016 
CenterPattern 1 Pattern 2

* *

0

1

2

3

4

5

0–20 20–40 40–60 60–80 80–100

RL
D 

(c
m

 cm
–3

)

Soil depth (cm)

2016 
Side

*

0

1

2

3

4

5

0–20 20–40 40–60 60–80 80–100

RL
D 

(c
m

 cm
–3

)

Soil depth (cm)

2017 
Center

*
*

0

1

2

3

4

5

0–20 20–40 40–60 60–80 80–100

RL
D 

(c
m

 cm
–3

)

Soil depth (cm)

2017 
Side

Figure 4. Inter-row RLD (root length density). Center in the sub-figure denotes the 0–20 cm horizontal distance from the
plant intra-row direction in pattern 1 (uniform ridge, distance between adjacent ridges was 65 cm, ridge orientation was east
to west) and pattern 2 (wide–narrow rows, distance of adjacent wide rows was 90 cm and that of double narrow rows was
40 cm, ridge orientation was north to south). Side in the sub-figure denotes the two horizontal distances 20–32.5 cm from
the plant intra-row direction in pattern 1 and the horizontal distance 20–45 cm from the plant intra-row direction of the
wide row in pattern 2. The vertical bars denote the mean ± the standard error of the mean (n = 3). * represents significant
differences between patterns 1 and patterns 2 (p < 0.05).

3.3. Root Bleeding Sap Intensity and Its Composition

The root bleeding sap intensity at 3 weeks after VT under pattern 2 was significantly
higher than that under pattern 1, while the root-bleeding sap intensity at V12 and VT was
not significantly different (Figure 5).

The nitrate nitrogen concentration of root bleeding sap under pattern 1 was signifi-
cantly higher than that under pattern 2 at VT. The ammonium nitrogen, potassium, and
free amino acid concentrations of root bleeding sap under pattern 2 were significantly
higher than those under pattern 1 (Figure 6). Compared with pattern 1, the nitrate nitrogen
concentration of root bleeding sap was decreased by 11.11%, the ammonium nitrogen,
potassium, and free amino acid concentrations of root bleeding sap under pattern 2 were
increased by 32.55%, 17.20%, and 19.15%, respectively.
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Figure 5. Root bleeding sap intensity during V12, VT, and 3 weeks after VT under pattern 1 (uni-
form ridge, distance between adjacent ridges was 65 cm, ridge orientation was east to west) and
pattern 2 (wide–narrow rows, distance between adjacent wide rows was 90 cm and that between
double narrow rows was 40 cm, ridge orientation was north to south). The vertical bars denote the
mean ± the standard error of the mean (n = 3). * represents significant differences between pattern 1
and pattern 2 (p < 0.05).
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Figure 6. Nitrate nitrogen, ammonium nitrogen, potassium, and free amino acid concentrations in
the root bleeding sap at VT under pattern 1 (uniform ridge, distance between adjacent ridges was
65 cm, ridge orientation was east to west) and pattern 2 (wide-narrow rows, distance of adjacent
wide rows was 90 cm and that of double narrow rows was 40 cm, ridge orientation was north to
south). The vertical bars denote the mean ± the standard error of the mean (n = 3). * represents
significant differences between pattern 1 and pattern 2 (p < 0.05).

3.4. Grain Yield, Rfm, and Root Lodging Rate

The grain yield and Rfm under pattern 2 were significantly higher than those under
pattern 1 in 2016 and 2017. The RL rate under pattern 2 was significantly lower than that
under pattern 1 (Figure 7).
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Figure 7. Effect of planting pattern on the grain yield, RL rate, and Rfm. Pattern 1 (uniform ridge,
distance between adjacent ridges was 65 cm, ridge orientation was east to west) and pattern 2 (wide-
narrow rows, distance between adjacent wide rows was 90 cm and that between double narrow
rows was 40 cm, ridge orientation was north to south). * represents significant differences between
pattern 1 and pattern 2 in each year (p < 0.05).

3.5. Relationships between the Root Diameter and Root-Bleeding Intensity, the Root-Bleeding
Intensity and Grain Yield, and the RLD and Root Lodging Rate

The weighted average root diameter had a significant positive linear correlation with
root-bleeding sap intensity at VT (R2 = 0.64) and 3 weeks after VT (R2 = 0.62) under
pattern 1 and pattern 2. The root-bleeding sap intensity had a significant positive linear
correlation with grain yield (R2 = 0.74). The RLD of the horizontal distance 0–20 cm from
the plant intra-row direction in the 0–20 cm soil layer and the RL rate had a significant
negative linear correlation in 2016 (R2 = 0.86) and 2017 (R2 = 0.87) (Figure 8).
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Figure 8. Relationships between the weighted average root diameter and root bleeding sap intensity,
the root bleeding sap intensity and grain yield, and the RLD (root length density) of the horizontal
distance 0–20 cm from the plant intra-row direction in the 0–20 cm soil layer and the root lodging
rate under pattern 1 (uniform ridge, distance between adjacent ridges was 65 cm, ridge orientation
was east to west) and pattern 2 (wide–narrow rows, distance of adjacent wide rows was 90 cm and
that of double narrow rows was 40 cm, ridge orientation was north to south).

4. Discussion

In the present study, the RL rate under pattern 2 was lower than that under pattern 1,
and the Rfm under pattern 2 was higher than that under pattern 1. This indicated that RLR
was strong under pattern 2. Root architecture is affected by planting patterns [29,30]. RLD
is an important parameter in root architecture. In the present paper, the planting pattern
also affected the number and diameter of nodal roots on the upper node of the stem base.
The plants under pattern 2 had more and thicker nodal roots. Roots play an important
role in anchoring maize and resisting RL. Our previous research showed that Rfm was
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positively correlated with the number and diameter of nodal roots on the upper nodes of
the stem base [7].

Under not optimal conditions, plants with higher RLD have better water and nutrient
absorption efficiency, resulting in higher dry matter accumulation and yield [31,32]. In
the present paper, the planting density under pattern 1 and pattern 2 was the same, and
the planting distance intra-row of both pattern 1 and pattern 2 was 23.6 cm, but the row
spacing between them was different. The row spacing of pattern 1 was uniform; therefore,
the differences in root distribution were mainly caused by the distance from the plants.
However, the row spacing of pattern 2 was uneven, and the distance between the two
seedling bands in narrow rows was closer, while the distance between the wide rows
was farther. Therefore, in order to reduce competition, the roots tended to be distributed
inter-row under wide row spacing [22]. The RLD of the horizontal distance 20–45 cm from
the plant inter-row direction in the wide row in the 0–20 cm and 20–40 cm soil layers under
pattern 2 was higher than that under pattern 1. This result is consistent with previous
research results [22] and indicated that the roots were distributed in the inter-row under
pattern 2.

In the present paper it was shown that the weighted average root diameter had a
positive linear correlation with the root bleeding sap intensity. Therefore, for a single
nodal root, thicker roots may have more lateral roots and can absorb more water and
mineral nutrients and synthesize more compounds. This increased the ammonium nitrogen,
potassium and free amino acid concentrations in the root bleeding sap under pattern 2.
The root system of pattern 2 provided more substances for the growth and development
of the maize shoots, which was conducive to the accumulation of more carbohydrates, so
the grain yield of pattern 2 was higher. Therefore, the root bleeding sap intensity has a
positive correlation with the grain yield. Widdicombe and Thelen reported that the grain
yield of maize under narrow row spacing increased compared with wider row spacing [33].
In contrast, some researchers have reported that narrow rows did not increase or decrease
maize yield [34]. In the present paper, the grain yield under pattern 2 was higher than that
under pattern 1.

The composition of root bleeding sap contains organic matter synthesized by roots,
which is transported from the roots to the aboveground parts [35]. Maize roots mainly
absorb NO3

−, part of which is reduced to NH4
+ by nitrate reductase and nitrite reduc-

tase [36]. Moreover, some of NH4
+ is transported upward through the xylem, while the

remainder is assimilated into organic nitrogen [37]. In this paper, compared with pattern 1,
the ammonium nitrogen and free amino acid concentrations were significantly higher
under pattern 2. This finding indicates that roots have a strong ability to synthesize ammo-
nium nitrogen and amino acids during 3 weeks after VT under pattern 2. The potassium
concentration in the root-bleeding sap under pattern 2 was higher than that under pattern 1.
A higher potassium concentration can enhance the breaking-resistant strength of stem and
improve lodging resistance [11].

The grain yield, Rfm and RL rates varied from 2016 and 2017. This was related to
differences in rainfall because our experimental plots relied on natural precipitation and
no irrigation. Compared with the two-year precipitation amount, the precipitation amount
was relatively high in May, June, and September in 2016, while it was relatively high in
July and August in 2017. In 2016, maize was in the vegetative growth stage in May and
June, and excessive rain was not good for root growth [38]. In addition, maize was in the
late grain filling and physiological maturity stage in September 2016, and a large amount
of rainfall could easily induce RL in this period [8]. Therefore, the Rfm and RL rate in 2016
were higher than those in 2017.

In the present study, the number of nodal roots of the eighth whorl in 2017 and the
diameter of nodal roots of the eighth whorl in 2016 and 2017 were significantly higher
than those in pattern 1. This may be related to the different leaf photosynthesis and its
assimilate supply to the root due to the different canopy structure between patterns 1 and
pattern 2 [20,21], but it has not been reported in the literature.
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5. Conclusions

Planting patterns affect root architecture distribution and root physiological activity.
Under a planting pattern with wide–narrow rows and a north–south ridge orientation,
maize plants adjusted their root growth in the intra-row and inter-row direction to accom-
modate uneven row spacing, and the root physiological activity was improved, compared
with that of the planting pattern with uniform ridge and east–west ridge orientation. Fi-
nally, the plant resistance to RL was improved, compared with that of the planting pattern
with uniform ridges and an east–west ridge orientation.
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