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ABSTRACT

Relay strip intercropping (RSI) increases soybean nodule number and nitrogen fixation activity at the reproduc-
tive stage more than monocropping (M), but the effect of changes in the environment, especially light, on nodules
during the coexistence duration and vegetative stage, is unclear. To determine the impact of shading on nodule
development at the seedling stage, nodule traits, distribution, and physiological function were compared between
M and RSI in a potting experiment in a field environment. Compared with M, nodule number and weight
decreased significantly (an average of 81.77% and 93.16%, respectively); thus, the exponential relationship
between them changed because of the smaller nodule in RSI. Nodules were clustered on the tap roots, but there
was no effect on the distribution of nodule weight on the tap or lateral root. The nodule density of the tap root
notably decreased by an average of 56.00%, whereas that of the lateral root showed no difference. Dry weight-
specific nodulation (DW-specific), and the ratio of nodule weight to root or whole plant weight decreased
(61.33%, 85.46%, and 88.50%, respectively). Nodule leghemoglobin and sucrose content decreased in RSI by
94.29% and 95.17% at the plant level, and nodule nitrogenase activity was suppressed, especially at the plant level.
The nodule growth and nitrogen fixation ability of ND showed the strongest adaptability to shading among the
varieties.
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M Monocropping
DW-specific Dry weight specific nodulation
NTS Soybean variety nts 1007
GX Soybean variety Guixia3
ND Soybean variety Nandou12
P Planting system, RSI or M
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V Variety
RDW Root dry weight
SDW Shoot dry weight
R/S Root/shoot value
N/R Nodule/root value
N/W Nodule/whole plant value
NAP Nitrogenase activity per unit
NAW Nitrogenase activity whole plant
NN Nodule number per plant
NW Nodule weight per plant
PNW Per nodule weight
RW Root weight
SW Shoot weight
LCU Leghemoglobin content per unit
SCU Sucrose content per unit

1 Introduction

With an increasing population and decreasing arable land, increasing the multiple crop index of land is
key for the development of grain production [1]. As a widely recognized cropping system, intercropping can
obtain a higher output because of the more efficient use of resources and the inhibition of diseases, weeds,
and pests [2−4]. Legumes, especially soybeans, play an important role in intercropping and relay cropping
systems because of their ability to fix nitrogen [5]. Like other legumes, soybean develops specialized root
organs known as nodules, in which host cells establish a symbiotic association with rhizobia. With the
differentiated bacteria, nodules reduce atmospheric nitrogen to ammonia and convert it into amides or
ureides, which are then exported to the shoots [6]. As the site of nitrogen fixation, nodules are strongly
correlated with the amount of N2 symbiotically fixed, nodule number, and nodule biomass [7].

The soybean-nodule association involves extremely complex regulation. Although nodule structures
enable the fixation of atmospheric nitrogen, they can be energetically costly to develop while preserving
the normal growth of host leguminous plants because the nitrogen fixation process requires a significant
amount of photosynthates [8]. In the process of autoregulation of nodulation (AON), which involves
long-distance signaling between the root and shoot, the number of nodules is regulated such that nodule
overproduction on immature root tissues is prevented by prior nodulation events [9]. Leaves are the most
likely source of shoot-derived signals, and several phytohormones have been suggested as candidates for
autoregulation signals [10]. Simultaneously, nodules are strong sinks for assimilate partitioning at the
plant level [11]. Nodule formation and development interact with root and shoot growth because of
competition for photosynthetic products, particularly during the early stages [12]. Moreover, nodules are
sensitive to adverse environmental conditions such as drought, waterlogging, etc. [13,14].

Maize-soybean relay strip intercropping has been widely applied to increase the resource use efficiency
and grain production per unit land area in China, and it enabled to maintenance of maize yield, while at the
same time harvesting an extra soybean crop, about 1.8 tons per hectare [15,16]. Maize is sown in a narrow-
wide row pattern, and soybean is sown in a wide row between maize, with a 50–60 days overlap between the
sowing of soybean and the harvesting of maize [17]. During this stage, the soybean is shaded by maize and
the light environment of the soybean changes due to the selective absorption of maize leaves. Changes in
light quantity and quality influence plant morphogenesis, assimilate partitioning, endogenous hormones,
and other factors [18]. Thus, nodule development in soybeans is affected by changes in the plant status,
which is an important sink of photosynthetic products.
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Some reports have confirmed nitrogen transfer from soybean or other legumes to non-legume crops in
intercropping systems [19], while others have shown that competition for light has a negative effect on
N2-fixation and nodule growth by decreasing plant growth [20]. Previous studies on nodules in different
light environments have focused on nodule reductive ability [21,22]; however, there is little information
available about the effect of shading on nodule characteristics at the seedling stage. The objective of this
study was to investigate the effect of shading on nodule traits, distribution, nitrogen-fixing ability, and
their relationships.

2 Materials and Methods

2.1 Materials and Environmental Treatments
The experiments were conducted at the farm of Sichuan Agricultural University in Ya’an (29°98′N,

102°99′E, 536 m altitude), Sichuan Province, China. The climate of the experimental site was subtropical
and humid. The maize variety was Zhenghong311, a major variety in southwestern, China, sown with a
40 + 160 cm wide-narrow row spacing on 28 March 2020. Three soybean varieties were selected:
nts1007 (NTS, hypernodulating mutants from The University of Queensland, Brisbane, QLD, Austrilia),
Guixia3 (GX, shade-sensitive local cultivated variety from Guangxi Academy Agricultural Sciences,
Nanning, China), and Nandou12 (ND, shade-tolerant leading cultivated variety from Nanchong Academy
Agricultural Sciences, Nanchong, China). To avoid mutual interference between soybean and maize roots,
eight-ten soybean seeds were sown in plastic pots (35 cm in diameter, 50 cm in height) on 17 June 2020,
and thinned to three plants approximately three weeks after sowing. Each pot contained approximately
23 kg of soil with fertilizer consisting of N = 0.602 g, P2O5 = 1.172 g, and K2O = 0.984 g. Half of each
soybean variety was placed as pair rows between two wide rows of maize, considered as RSI, and the
distance between the centers of the parallel pots was 50 cm. The height of the maize was approximately
2.5 m at the time of soybean sowing. The other half of the pots were exposed to full sunlight, positioned
similarly to the RSI pots but without maize, considered as M. Every pot was inoculated with
Bradyrhizobium japonicum 3 days after sowing at a concentration of approximately 1 × 109 cells mL−1.
Three replicates were used in this study.

2.2 Harvesting and Measurements
For root characteristics and nodule traits, three pots (nine plants) per replicate were tagged for harvesting

at the V5 stage. Shoots were cut off at the soil surface, and the soil containing the roots was poured into a
nylon bag. The bag was soaked in water to facilitate rinsing the soil. Muddy water was filtered through a filter
sieve, and the scattered roots and nodules were collected. The other nodules were detached from the washed
roots using forceps as soon as they could be physically separated from the roots without causing damage.
This process was conducted in an ice-water mixture. Roots without nodules were scanned using
Epsontwain Pro and analyzed with WinRHIO (32-bit, Canada, Regent Instrument-INC), and all detached
and scattered nodules from the roots were counted and then preserved at −80°C. The plants were divided
into several parts (shoots, roots, and nodules) and weighed separately after drying at 80°C for 48 h.

Photosynthetically active radiation and R: FR ratio

The flux densities of PAR were measured using LI-191SA quantum sensors (LI-COR Inc., Lincoln, NE,
USA) with a LI-1400 data logger 10 cm above the soybean canopy. Spectral irradiance at different
wavelengths was measured using a fiber-optic spectrometer (AvaSpec-2048; Avantes, Netherlands).

Acetylene reduction activity

A 1 g sample of nodules was placed in a 10 mL glass bottle, and 20% of air was replaced by acetylene.
After incubation at 30°C for 30 min, the amount of ethylene produced by the nitrogenase activity was
monitored by gas chromatography. Condition: pillar, 60°C; injector, 120°C; FID, 120°C; airspeed: N2,
50 mL min−1; H2, 60 mL min−1; air, 50 L min−1.
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2.3 Data Statistics
Results were analyzed by two-way ANOVA and means were compared using the LSD test at p <

0.05 and p < 0.01, using the SPSS 24 statistical software (SPSS, Chicago, IL, USA).

3 Result

3.1 Light Environment
From 6 am to 6 pm, the tendency of photosynthetically active radiation (PAR) first increased and then

decreased, and the R:FR ratio decreased significantly (Fig. 1). Compared with M, PAR decreased by 50.5%
in RSI, and R:FR ratio decreased by 0.584, from 1.195. This indicates that the incident solar radiations
absorbed and reflected by maize upper leaves decreased the amount of available PAR and the R:FR ratio
for soybean canopy at the seedling stage.

3.2 Nodule Number and Nodule Weight
Genotype variation and environmental treatment induced significant differences in nodule number,

weight, and per-nodule weight (p < 0.01); however, the amplitude of variation between varieties was
different (Table 1). Nodule number and weight per plant of GX showed the most significant decline in
RSI (85.88% and 78.02%, respectively), and ND showed the lowest (94.94% and 91.07%, respectively).
Moreover, nodule number and weight of NTS were the highest in M and RSI, but per-nodule weight was
the lowest in M and was lower than ND in RSI.

Figure 1: Light environment of soybean plants in M and RSI
Note: A, PAR (μmol m−2s−1); B, R: FR ratio. Different lowercase letters denote significant differences among treatments (Tukey,
p < 0.05).

Table 1: Nodule number and nodule weight in M and RSI

Treatment Nodule number (No plant−1) Nodule weight (mg plant−1) Nodule weight (mg nodule−1)

M NTS 208.9 a 138.6 a 0.65 c

GX 97.9 c 71.5 c 0.73 b

ND 114.5 b 94.8 b 0.83 a

RSI NTS 38.8 d 10.3 d 0.26 e

GX 13.8 e 3.6 e 0.25 e
(Continued)
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Nodule weight was related to the nodule number and weight. There was an exponential relationship
between weight and number (Fig. 2), whereas the exponential function was significantly different
between M and RSI: yM = 267.25 * (1-exp(−0.0035*x))(R2 = 0.9701), yRSI = 31.5423 * (1-exp
(−0.0103*x)) (R2 = 0.9668). The main reason causing this phenomenon was the significant decrease in
RSI per nodule weight (Table 1).

3.3 Nodule Distribution
Nodule number and weight per plant formed on the tap or lateral roots of soybean decreased significantly

in RSI (p < 0.01), and the difference in nodule number among varieties was significant; however, nodule
weight was not significant (Table 2). Nodule numbers formed on the tap or lateral root of NTS were all
higher than those of GX and ND in M, and that of GX was higher than ND, but the opposite was true for
the lateral roots. Nodule number, weight, and weight per nodule on the taproot of GX showed the most
significant decline in RSI (84.09%, 96.48%, and 77.59%, respectively). The number of nodules formed
on the taproot of NTS was higher than those of GX and ND in RSI, while those on the lateral roots were
not significantly different from those of ND. The difference in lateral nodule weight per plant was
significant among the varieties in M, with NTS being the highest and GX being the lowest.

The weight per nodule of tap or lateral roots decreased significantly in RSI, and the difference among the
varieties was significant. The interaction between variety and environment treatment was also significant.
The nodule weight per nodule of ND was higher than that of NTS and GX on the tap roots, but no
significant difference was observed for those on the lateral roots in RSI.

Table 1 (continued)

Treatment Nodule number (No plant−1) Nodule weight (mg plant−1) Nodule weight (mg nodule−1)

ND 25.2 de 7.6 ef 0.32 d

P 780.7** 972.8** 10,689.7**

V 102.2** 50.7** 170.3**

P × V 46.1** 34.6** 67.6**
Note: * and ** Significantly different at the 0.05 and 0.01 probability levels, respectively.

Figure 2: The relationship of nodule number and nodule weight in M and RSI

Phyton, 2024, vol.93, no.12 3391



The nodules were clustered on tap roots in RSI, and the distribution of nodule numbers varied
significantly among varieties (Table 3). The ratio of tap nodule number of NTS was higher than that of
ND and GX in RSI, but the difference was not significant in M.

Genotype variation and environmental treatment did not affect the nodule weight distribution. GX was
the highest and NTS was the lowest in M, but there was no significant difference in RSI. Considering the
amplitude of variation among different varieties, the ratio of tap nodule weight of NTS increased
significantly, and GX decreased significantly in RSI by 15.32% and 13.00%, respectively.

3.4 Nodule Density
Nodule density can reflect the ability of root nodules to form after rhizobia infection. The nodule density

of the tap or lateral roots of NTS was significantly higher than that of GX and ND (Fig. 3). The nodule density

Table 2: Tap or lateral nodule number and weight in M and RSI

Nodule of tap root Nodule of lateral root

Number
(No plant−1)

Weight
(mg plant−1)

Weight
(mg nodule−1)

Number
(No plant−1)

Weight
(mg plant−1)

Weight
(mg nodule−1)

M NTS 29.8 a 34.3 a 1.15 c 179.1 a 104.4 a 0.58 b

GX 17.6 b 30.6 a 1.74 b 80.3 c 40.9 c 0.58 b

ND 13.7 c 29.5 a 2.15 a 100.8 b 65.2 b 0.64 a

RSI NTS 10.3 d 4.1 b 0.40 e 28.5 de 6.2 d 0.22 c

GX 2.8 e 1.3 b 0.46 e 11.0 f 2.3 d 0.21 c

ND 3.5 e 2.5 b 0.71 d 21.7 ef 5.1 d 0.24 c

P 771.3** 564.4** 1541.3** 571.9** 566.7** 1222.9**

V 178.1** 3.2 ns 161.0** 69.5** 50.2** 16.0**

P × V 25.3** 0.6 ns 55.0** 37.7** 40.3** 12.8**
Note: * and ** Significantly different at the 0.05 and 0.01 probability levels, respectively.

Table 3: Nodule distribution on tap or lateral root in M and RSI

Ratio of number/% Ratio of weight/%

Tap Lateral Tap Lateral

M NTS 14.27 cd 85.73 ab 24.72 c 75.29 a

GX 17.98 bc 82.02 bc 42.83 a 57.17 c

ND 11.97 d 88.03 a 31.15 bc 68.85 ab

RSI NTS 26.55 a 73.45 d 40.04 ab 59.96 bc

GX 20.25 b 79.54 c 29.83 bc 70.17 ab

ND 13.89 cd 86.11 ab 32.63 b 67.37 ab

P 37.257** 0.370 ns

V 28.714** 2.245 ns

P × V 13.423** 17.926**
Note: Percentage was transformed into decimal and the square root of anti-sine was calculated; followed by, variance analysis. * and ** Significantly
different at the 0.05 and 0.01 probability levels, respectively.
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of tap roots (NDT) of all varieties decreased significantly in RSI, with the decrease in NTS being the smallest
(35.23%) and GX being the largest (71.28%), but there was no significant difference among varieties in
nodule density of lateral roots (NDL).

The NDT of NTS in M was 2.37 and 3.24 times that of GX and ND, respectively. However, it was
4.01 and 4.42 times higher than that of GX and ND in RSI. The results showed that the difference in
NDT between NTS and the other varieties was amplified in RSI, which may be associated with
differences in nodulation characteristics and sensitivity of tap root growth to environmental changes.

3.5 DW-specific
Dry weight-specific nodulation (DW-specific, number of nodules per gram dry weight root) is a more

accurate measure of treatment effects on the nodulation process because it is a measure of modulation
relative to the amount of root available to modulate. The DW-specific NTS was higher than that of GX
and ND, regardless of M or RSI (Fig. 4). The DW-specific decreased significantly in RSI, with the
decrease in NTS being the smallest (51.82%) and GX being the largest (67.20%).

The DW-specific NTS was 1.27 and 1.24 times that of GX and ND in M, respectively. However, it was
1.55 and 1.69 times that of GX and ND in RSI. This means that the inhibition of nodulation and the formation
of supernodulation in NTS in RSI is relatively less than that of common varieties, this difference is likely
related to the nodulation characteristics of NTS and the distribution of photosynthetic products within its
root system.

3.6 The Relationship between Nodule Dry Weight and Root/Whole Plant Dry Weight
Root dry weight (RDW), shoot dry weight (SDW), and root/shoot value (R/S) decreased significantly in

the RSI treatment, with significant differences observed among the varieties (Table 4). The RDW and SDW
of ND were higher than those of NTS in M and RSI. The R/S of NTS was higher than that of ND in M, but
there was no significant difference in the RSI between NTS and ND because the decrease in the RDWof NTS
(55.73%) was significantly higher than that of ND (38.03%). The RDWof GX was lower than that of ND in
both M and RSI. There was no significant difference between NTS and ND of SDW in M, but the SDW of

Figure 3: Nodule density on tap and lateral roots of different soybean varieties in M and RSI
Note: * and ** Significantly different at the 0.05 and 0.01 probability levels, respectively.
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GX was lower than ND in RSI. The decrease in RDW was significantly higher than that in SDW in RSI,
which may be related to the different shade tolerances.

Nodule/root ratio (N/R) and nodule/whole plant ratio (N/W) both decreased significantly in RSI. There
were significant differences among the varieties for N/R or N/W in M; NTS was the highest, and GX was the
lowest. NTS was higher than GX and ND in RSI, but the difference between NTS and ND was not
significant.

3.7 Nitrogenase Activity, Leghemoglobin, and Sucrose Content of Nodule
Nitrogenase activity, leghemoglobin content, and sucrose levels significantly decreased in RSI (Fig. 5).

At the unit level, there were significant differences in nitrogenase activity and leghemoglobin among
varieties in M and RSI, with ND exhibiting the highest values and NTS the lowest. Meanwhile, there was
no difference in sucrose among the varieties in M, but ND was higher than NTS and GX in RSI.

Figure 4: DW-specific modulation of different soybean varieties in M and RSI

Table 4: Different organ dry weight and the relationship of them

Root Shoot Root/Shoot Nodule/Root Nodule/Whole

M NTS 593.0 b 2107.7 b 0.347 a 233.9 a 48.8 a

GX 603.9 b 2541.3 a 0.268 b 118.4 c 22.2 c

ND 667.2 a 2758.7 a 0.276 b 142.5 b 27.0 b

RSI NTS 262.5 d 1340.3 c 0.204 c 39.4 d 6.4 d

GX 223.0 e 1395.7 c 0.162 d 16.4 e 2.2 e

ND 413.5 c 2094.7 b 0.203 c 18.4 e 3.0 e

P 1504.470** 128.023** 164.636** 637.812** 1013.631**

V 93.666** 29.435** 17.532** 58.550** 109.823**

P × V 19.878** 3.719 ns 5.850* 25.249** 58.248**
Note: * and ** Significantly different at the 0.05 and 0.01 probability levels, respectively.
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At the plant level, nitrogenase activity, leghemoglobin content, and sucrose levels in GX were lower
than those in NTS and ND, regardless of M or RSI. Moreover, nitrogenase activity and sucrose levels of
NTS were higher than those of ND in M.

Figure 5: Nitrogenase activity (A and B), leghemoglobin (C and D), and sucrose (E and F) content of
nodules at per-nuit level (A, C, and E) and whole-plant level (B, D and F) of different soybean varieties
in M and RSI
Note: A, nitrogenase activity per unit (μmol g−1 h−1); C, leghemoglobin content per unit (mg g−1); E, sucrose content per unit
(mg g−1); B, nitrogenase activity per plant (μmol h−1); D, leghemoglobin content per plant (mg); and F, sucrose content per plant
(mg). * and ** Significantly different at the 0.05 and 0.01 probability levels, respectively.
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3.8 Correlation Analysis
A correlation analysis was conducted to determine the relationship between nitrogen fixation ability and

root nodule characteristics (Table 5). NAP was significantly positively correlated with NW, RW, SW, and
LCU, while NAW was significantly positively correlated with NN, NW, PNW, RW, and SCU.

4 Discussion

The below-ground parts of plants play key roles in plant function and performance [23], and plant root
plasticity is an important characteristic that confers adaptability across variable environments [24]. As for the
location of the nodules, the growth status of the root directly affects nodule formation and development,
which exhibit localized sink activity of photosynthates for the energy source as well as the structural
materials [25]. As assimilates from photosynthesis provide energy to fuel the symbiosis between legumes
and rhizobia, the light conditions under which host plants grow are very important. Our results showed
that the accumulation of shoot and root dry weights decreased significantly because of the decrease in
PAR and photosynthetic capacity, and nodule number and weight also decreased significantly with shoot
shading. Overall, the root/shoot and nodule/plant ratios decreased significantly, indicating that
photosynthates were preferentially distributed to the shoots. Furthermore, both root-to-shoot ratio and
DW-specific declined, the priority of nodule initiation and formation declined in shade, and
photosynthates were preferentially distributed to shoots and roots, but not nodules, to ensure better
adaptation of the host plant to changing environments [9], although the developing nodules are strong
sinks for assimilates [26]. Comparing varieties, nodule number and weight of NTS were the highest,
regardless of M or RSI, which is related to a defective systemic autoregulatory signal that originates in
the shoot and arrests nodule development [27]. Shade-sensitive GX had the most significant decline in
RSI, and shade-tolerant ND had the least. This demonstrates that adaptability to shading varies among
varieties, and directly regulates nodule growth. Thus, nodules can be an important indicator of plant
adaptation to adverse conditions [28].

Nodule number and nodule weight were not independent variables, and individual nodule biomass was
an important connection factor between them. Nodule weight directly determines nitrogen-fixation ability
and consequently affects whole plant growth, which can influence nodule emergence and development
[29,30]. Our results indicated a co-regulation between nodule number and nodule weight, following an
exponential relationship rising to a maximum, and this relationship was fitted to both M and RSI.
However, the increase in nodule weight with nodule number in RSI was less than that in M because of
the decrease in the individual nodule biomass. Consequently, the exponential function was significantly
different when comparing M and RSI.

Lateral roots can provide more positions for rhizobium infection and nodule occurrence than tap roots
owing to their extensive root surface area [23,31], so the lateral nodule number and weight were higher than
those of the tap root, regardless of M or RSI. However, the individual lateral nodule weight was less than that
of the tap root, which was related to the nodule occurrence time in which most of the lateral nodules were
later than that of the tap root [32], and also related to the sucrose transport for nodule development from
shoots with phloem and sugar efflux transport proteins [33,34]. In RSI, the ratio of tap root nodule,

Table 5: The relationship between nitrogen fixation ability and root nodule characteristics

NN NW PNW RW SW LCU SCU

NAP 0.382 ns 0.531 ns 0.853* 0.876* 0.978** 0.946** 0.761 ns

NAW 0.942** 0.987** 0.924** 0.902* 0.732 ns 0.390 ns 0.926**
Note: NAP, nitrogenase activity per unit; NAW, nitrogenase activity whole plant; NN, nodule number per plant; NW, nodule weight per plant; PNW,
per nodule weight; RW, root weight; SW, shoot weight; LCU, leghemoglobin content per unit; SCU, sucrose content per unit. * and ** Significantly
different at the 0.05 and 0.01 probability levels, respectively.
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numbers increased significantly with nodule clustering, but there was no significant effect on the ratio
of nodule weight because the individual nodule weight of the tap root declined more than that of the
lateral root, which related to excessively crowded nodules and restricted nodule expansion. The lateral
nodule number and weight ratio of the NTS showed the greatest decrease, which was attributed to the
greatest decrease in the lateral number and total length [35]. The nodule density of the tap root was
amplified between NTS and others, but that of the lateral roots showed no difference, which was the
result of the combined effect of super-nodulation characteristics and lateral roots being more sensitive to
adversity [36].

The N2-fixation is an extremely energy-intensive process. Sucrose provides energy and C skeletons, and
the nitrogenase-catalyzed reduction of N2 is carried out in a high-throughput, low-concentration oxygen
environment by leghemoglobin [29,37]. ND and NTS had the same leghemoglobin content in M at the
plant level, but the nitrogenase activity of NTS was significantly higher than that of ND because of the
higher content of sucrose in nodules, and sucrose availability limited the nitrogen-fixing ability [34]. In RSI,
decreased leghemoglobin and sucrose content in nodules limited nitrogenase activity, while their decrease at
the per-unit level was smaller than that on the whole plant. This means that plant nitrogen-fixing ability was
not only influenced by unit nitrogenase activity but also regulated by nodule number and weight.

5 Conclusion

This study showed that the nodule number, nodule weight, and DW-specific declined at the seedling
stage in RSI because the dry matter accumulation capacity decreased and photosynthates were
preferentially distributed to the shoot with shoot shading. Moreover, the exponential function relationship
between nodule number and nodule weight changed because of the decrease in the individual nodule
biomass. The nodules clustered on the taproot, but the nodule density of the taproot remained unchanged.
With decreased leghemoglobin and sucrose content in nodules, nitrogenase activity declined significantly,
especially at the whole-plant level.
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