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Abstract: Nitrogen (N) pulse is a frequent event in agroecosystems caused by fertilization.
Understanding the responses of nitrogen metabolisms in native crops and invasive weeds to N pulses
is essential in investigating the invasive mechanism of invasive weeds. A pot experiment was carried
out to study the impacts of N pulse and the interspecific competition on nitrogen metabolism of an
invasive weed (Amaranthus retroflexus) and a native crop (Glycine max); the plants were applied with
an equal amount of N in three N pulse treatments, i.e., sole-summit treatment (SS) with N only applied
on the seeding date, double-summit treatment (DS) with twice N applied (the fertilizer was applied on
both the seeding date and the flowering date), and no-summit treatment (NS) in which N was applied
evenly during the experiment. The results showed that A. retroflexus increased the nitrate reductase
(NR) activity more than G. max (except for the roots) in the early growing stage, and increased the
glutamine synthetase (GS) and glutamate dehydrogenase (GDH) activities in stem more than G. max
in SS and DS treatments during the last two growing stages, however, the advantages were far weaker
in the NS treatment. Interspecific competition had negative effects on the nitrogen metabolism of
the two species among most of the sample times, and the effects of interspecific competition exerted
a tissue-specific influence on nitrogen metabolism in the two species. A. retroflexus switched to
reproductive growth earlier in SS treatment than in the DS and NS treatments when it was grown
in mixed planting, and its height was the lowest in the NS treatment, so the competitive ability of
A. retroflexus was higher in the SS and DS treatments than in the NS treatment, while SS treatment was
the common application method of N fertilizer in the G. max farmland in China. Thus, the results of
this study suggest that, if the farmer changed the N fertilizer application mode to a constant multiple
fertilization mode, the competitive capacity of A. retroflexus will be reduced.

Keywords: Amaranthus retroflexus; Glycine max; nitrogen resource pulse; interspecific competition;
nitrogen metabolism
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1. Introduction

Numerous ecosystems go through resource pulses. Resource pulses are incidents of increased
available resources in space and time and are large sized, low in frequency, short-time lasting, and put
stress on the impacts of spatiotemporal resource pulses on the interactions of the resource-consumers [1].
While resource pulses are recognized as unusual phenomena for consumers in specific systems, they are
common in nature [2]. Resource pulses are also prevailing in agro-ecosystems, and the frequency and
extent of resource pulses occurring in the agro-ecosystem are greater compared to those in natural
ecosystems, including applying fertilizer, irrigating, weeding, and shifting of crops. Researches in a
great variety of natural systems have been done to study how resource pulses affect ecological processes
in recent years [3–8], while few researches have been done on resource pulses in agro-ecosystems.

In China, nearly 60% of the total exotic species were distributed in farmlands [9]. In the farmland,
the exotic weed would undergo intense and various pulses caused by the agricultural activities, and the
exotic weed could be well-suited to the pulses conditions of agro-ecosystems [10]; thus, exploring the
eco-physiological responses of the invasive weed to resource pulses will contribute considerably to our
understanding of the invasive mechanisms of the exotic weed. While many scientists have studied the
reasons for the successful invasion of exotic weeds [11–14], few researches have been done to reveal the
eco-physiological adaptive mechanism of invasive weeds to resource fluctuations in farmlands [15],
and few have considered the different adaptive mechanisms between exotic weed and native crop.

The fluctuating resource availability hypothesis (FRAH) is one of the well-known hypothesis to
explain the invasive mechanism, which states that invasive plants were better able to take advantage
of resource fluctuations or pulse conditions than native plants [16,17]. Parepa et al. [18] found that the
biomass of the invasive plant was greater in fluctuating resource conditions (such as one large nutrient
supply or multiple nutrient supply) than that in the stable condition (such as the nutrient was supplied
evenly during the experiment period). Liu et al. [19] reported that invasive plants showed higher
leaf nitrogen content in variable fertilizer supply conditions than native plants in uniform fertilizer
supply conditions.

In order to enhance the crop yield, nitrogen fertilizer is commonly applied in cropland [20],
and different nitrogen fertilization strategies had different impacts on the nitrogen metabolism of the
crop [21] and weed [22], however, how nitrogen pulses impact the nitrogen metabolism of native crop
and invasive weed is still undefined. The research on the responses of enzymes activities related to N
metabolism to different nitrogen pulses strategies would contribute to our understanding of the exotic
weed invasive mechanisms in agro-ecosystem.

In higher plants, nitrate reductase (NR), glutamine synthetase /glutamate synthase (GS/GODAT),
and glutamate dehydrogenase (GDH) are the major enzymes of nitrogen metabolism. NR catalyzes the
reduction of NO3

− to NO2
−, usually playing an important role in nitrogen nutrition or metabolism [23].

NR is a substrate inducible enzyme, which is strongly affected by plant growth conditions [24].
Afterwards, NH4

+ derived from NO3
− reduction is converted to glutamate via GS/GOGAT or GDH

pathways. GS /GOGAT cycle is the main pathway to assimilate ammonia, while GDH activity may be
enhanced by ammonium with a toxic amount in stressful environments, when the GS/GOGAT cycle is
not totally effective [25].

To investigate the effects of N pulses on the nitrogen metabolism of invasive weed and native crops,
an experiment was conducted with Amaranthus retroflexus and Glycine max. Amaranthus retroflexus is a
major invasive weed occurring in the G. max field in China [15,26], originating in South America [27],
while G. max originates in North and central China [28], and G. max loss could achieve 22% due to the
invasion of A. retroflexus [26]. In the current study, A. retroflexus and G. max were planted in either as
pure or in mixture in Northern China. Based on FRAH, we hypothesize that (1) A. retroflexus would
respond more rapidly (higher nitrate/ammonium or N metabolism enzymes activities) to the variable
nitrogen supply than G. max when the two plant species were planted together, while the advantages
would be weakened or would disappear in the stable nitrogen supply condition; and (2) A. retroflexus
would have higher nitrate and ammonium contents or nitrogen metabolism enzyme activities in mixed
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culture than in pure culture in the variable nitrogen supply conditions, whereas G. max would show
the opposite trend.

2. Materials and Methods

2.1. Experimental Design

The pot experiment was carried out at Northeast Agriculture University in Harbin, China (45◦34′N,
126◦22′ E). At this site, the mean annual air temperature was 4.5 ◦C, with a mean annual precipitation
at 590 mm, and the temperature range from −17.1 ◦C in January to 23.4 ◦C in July

(Heilongjiang Meteorological Bureau, China). The pots were placed in natural conditions, and the
temperature and precipitation during the experiment are shown in Figure 1.
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Invasive weed (Amaranthus retroflexus) and native crop (Glycine max) seeds were obtained in 2013
from the Xiangfang Experimental Station of Northeast Agriculture University. Seeds were planted
into 30 cm deep, 30 cm diameter plastic pots filled with 12.75 kg black soil. The soil was a typical
black loam with a soil organic matter of 2.31%, pH value of 7.57, and total nitrogen content of 0.015%.
On 22 May 2014, 10 seeds of each plant species were planted, and after the emergence, seedlings
were hand thinned to two plants/pot (pure planting (two A. retroflexus or G. max) or a mixed planting
(one A. retroflexus with one G. max)).

The experiment was carried out in four replicate blocks in a two-factor complete random factorial
design (N pulse and competition group). Treatments included three N fertilizer application treatments
and three competition types. The three N fertilizer application treatments including a sole-summit
treatment (SS) with N only applied on the seeding date (on 22 May 2014), a double-summit treatment
(DS) with twice N application (the first fertilization was done on the seeding date (on 22 May 2014),
the second fertilization was done on the flowering date (on 2 July 2014), and a no-summit treatment (NS)
with N applied evenly over the duration of this research). The total amount of N fertilizer application
was 50 kg·ha−1 for all the three N fertilizer application treatments. Three competition groups including
two G. max, two A. retroflexus, and one A. retroflexus with one G. max. Each block comprised four
replicates of each treatment to ensure sufficient samples for monthly destructive sampling. There were
16 pots for each type, and 324 pots in total. Each pot was applied with the same total amount of N
fertilizer at 50 kg·ha−1, the applied rate was chosen to represent the usual N fertilizer rate in Northeast
China G. max production. The nitrogen was administered as urea (CO(NH2)2) into pots at the rate
of 50 kg·ha−1, calculated according to the internal surface area of the plastic pot. The phosphorus
and potassium application rates were the same at the rate of 50 kg·ha−1, and were only fertilized once
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on the seeding date. In the SS treatment, every pot was received 0.5 L 26.22 mM urea solution and
0.5 L water on the seeding date, and received 1 L water every 10 days over the rest of the experiment
period. In the DS treatment, every pot received 0.5 L 13.1 mM urea solution and 0.5 L water two times,
the first fertilization was done on the seeding date, the second fertilization was done on the flowering
date, and it received 1 L water every 10 days over the rest of the experiment period. In the no-summit
treatment, every pot received 0.5 L 2.016 mM urea solution and 0.5 L water every 10 days from 22 May
to 28 September 2014. All the pots were irrigated with 1 L water with a watering can if it did not rain
on the rest days during the experiment period.

2.2. Plant Sampling

Plant sampling was taken three times, four replicates for each treatment every 30 days from
1 June to 29 August. After harvest, plants were divided into leaf, stem, root, and reproductive organs.
The plant tissue samples were washed in distilled water and weight, and were then were placed into
liquid nitrogen and stored at −80 ◦C.

2.3. Determination of Nitrate and Ammonium Contents

For a determination of NO3
− and NH4

+, 1 g fresh plant material was ground with 10 mL deionized
water, and filtered to avoid the interference of chlorophyll pigment. NO3

− content was analyzed using
the salicylic acid method [29] and NH4

+ content was analyzed using the Nessler reagent method [30].

2.4. NR Extraction and Activity Assays

For determination of the NR activities, the plant tissue was added to a 0.1 M potassium phosphate
buffer (pH 7.5) consisting of 5 mM cysteine, 2 mM EDTA, and 0.5% PVP. The extract was centrifuged at
20,000× g for 20 min at 4 ◦C, and the suspension was used for NR activities assay.

NR activity was measured based on the method of Gajewska and SkŁodowska [23], and the
crude enzyme was added to a 0.1 M potassium phosphate buffer (pH 7.5) consisting of 10 mM MgCl2,
and supplemented with 0.2 mM NADH to start the reaction. After the solution incubating at 27 ◦C
for 30 min, 0.1 mL 0.5 M zinc acetate was added to stop the reaction. The solution was centrifuged at
3000× g for 10 min. Then, 1% sulfanilamide and 0.01% naphthylenediamine dihydrochloride were
added to the mixture for reacting for 20 min. The absorbance was determined at 540 nm and the
quantity of nitrite formed was calculated according to the standard curve of NaNO2.

2.5. GS Extraction and Activity Assays

For determination of GS activities, the plant tissue was added to a 25 mM Tris–HCl buffer (pH 7.6)
consisting of 1 mM EDTA-Na2, 1 mM MgCl2, 14 mM β-mercaptoethanol, and PVP 1% (w/v). GS activity
was measured based on the method of O’Neal and Joy [31], and the quantity of glutamyl hydroxamate
was detected at 540 nm.

2.6. GDH Extraction and Activity Assays

The extraction solution of GDH was similar to that used for GS. GDH activity was detected at
30 ◦C by measuring the reduction in absorption at 340 nm due to the oxidation of NADH, based on the
method of Groat and Vance [32]. The reaction solution (3 mL) contained 0.1 M Tris–HCl (pH 8.0), 0.1 M
NH4Cl, 0.2 mM NADH, 10 mM 2-oxoglutaric acid, and crude enzyme.

2.7. Measurement of Height

The four pots in each of the nine treatments were chosen for height measurement every 30 days
during the experiment period.
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2.8. Statistical Analysis

SPSS statistical software (SPSS 23.0, SPSS Inc., Chicago, IL, USA) was used for statistical analysis.
A three-way ANOVA model was performed to test for main the effects of nitrogen pulse treatment,
competition, sample time, and their interactions on the key nitrogen metabolism enzyme activities
(NR, GS, GDH), NH4

+ content, NO3
− content, and height in A. retroflexus and G. max. The different

treatments were compared by Duncan’s multiple range test. The differences in key nitrogen metabolism
enzyme activities (NR, GS, GDH), NH4

+ content, NO3
− content, and height between the two species or

two competition types (interspecific competition and intraspecific competition) in individual treatment
were tested by independent sample t tests. All data are presented as untransformed values because the
data met the homogeneity of variance.

3. Results

3.1. Nitrate and Ammonium Contents

The nitrate and ammonium contents in the two species were strongly impacted by N fertilizer
application treatments, except for G. max leaves (P < 0.05) (Table 1). On the first sample time,
nitrate and ammonium contents in the two species peaked in the SS treatment and showed the lowest
value in the NS treatment. On the second sample time, the nitrate and ammonium contents in both
species peaked in the DS treatment. However, on the third sample time, the two species response
to N fertilizer application treatments were idiosyncratic, and the nitrate contents of the two species
showed tissue-specific changes in response to N fertilizer application treatments (Figure 2), while the
ammonium contents of G. max were maximizing in the DS treatment, the ammonium contents of
A. retroflexus were maximizing in the NS treatment, except for the stems in the mixed planting (Figure 3).

Table 1. Nitrate and ammonium content of different organs (root, stem, leaf, and reproductive organs
(RO)) in A. retroflexus and G. max, as affected by N fertilizer application treatments (N), competition (C),
and sample time (S).

Nitrate Content a Ammonium Content a

Root Stem Leaf RO Root Stem Leaf RO

A. retroflexus

N *** *** *** * *** *** *** ***
C *** *** *** *** ns *** *** ***
S *** *** *** *** *** *** *** **

N × S *** *** *** *** ns *** *** ***
C × N * *** *** *** *** ns ** **
S × C *** ns *** *** *** *** *** ***

S × N × C ** *** * ** ns *** *** ***

G. max

N *** *** *** * * *** ns *
C *** ns *** ** ns *** ns ns
S *** *** *** *** *** *** *** ***

N × S *** *** * ns *** *** ns ***
C × N ** ns ns ** ns ** ns ns
S × C *** *** *** * *** *** ns *

S × N × C * ns *** * * ** ns **
a ns, Not significant (P > 0.05); * P < 0.05; ** P < 0.01; *** P < 0.001.
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DS, double-summit treatment; NS, no-summit treatment). Each value represents the mean value ± 
standard error, n = 4. Uppercase letters represent differences between different growth stages of the 
same nitrogen fertilizer supply mode, and lowercase letters represent differences between different 
nitrogen fertilizer supply treatments in the same growth stage (P < 0.05), which is the same below. * 
represents that the nitrate contents in the mixed plants were significantly different from those in the 
pure plants in the same nitrogen fertilizer supply mode and growth stage（*P < 0.05，**P < 0.01，***P 
< 0.001）. 

Figure 2. Changes in NO3
− content of A. retroflexus (A. r) and G. max (G. m). Plants were grown in pure

planting (pure) or mixed planting (mix) in the three N pulse treatments (SS, single-summit treatment; DS,
double-summit treatment; NS, no-summit treatment). Each value represents the mean value ± standard
error, n = 4. Uppercase letters represent differences between different growth stages of the same nitrogen
fertilizer supply mode, and lowercase letters represent differences between different nitrogen fertilizer
supply treatments in the same growth stage (P < 0.05), which is the same below. * represents that the
nitrate contents in the mixed plants were significantly different from those in the pure plants in the same
nitrogen fertilizer supply mode and growth stage (* P < 0.05, ** P < 0.01, *** P < 0.001).

Competition significantly impacted nitrate contents in A. retroflexus and G. max, except for G. max
stems (Table 1), with a higher nitrate content in the pure planting in comparison to those in the mixed
planting (except for A. retroflexus root and A. retroflexus stem under NS treatment in June, G. max stem
under NS treatment in August) (P < 0.05, Figure 2). The nitrate contents in both species (except for
G. max stems) differed significantly in different combinations of competition, nitrogen pulse, and
sample time (Table 1).

3.2. NR Activity

NR activities in the two species were markedly impacted by the N fertilizer application treatments,
sample time, and their interactions (Table 2). On the first sample time, NR activities of both species
reached the maximum value in the SS treatment, and the minimum value in NS treatment, which showed
similar trends of the nitrate contents in both species during the same period. On the second sample
time, NR activities of both species peaked in the DS treatment, which were also consistent with the
nitrate contents in both species at the same time. However, on the third sample time, the two species
showed a different trend; NR activities of G. max peaked in SS treatment, whereas NR activities in
leaves and stems of A. retroflexus peaked in DS treatment, and NR activities in roots and reproductive
organs of A. retroflexus peaked in NS treatment (Figure 4).



Sustainability 2020, 12, 772 7 of 16
Sustainability 2020, 12, 772 7 of 16 

 7 

 
Figure 3. Changes in NH4+ content of A. retroflexus (A. r) and G. max (G. m). Abbreviations are the 
same as those in Figure 2. Each value represents the mean value ± standard error, n = 4. * represents 
the ammonium contents in the mixed plants, which were significantly different from those in the pure 
plants in the same nitrogen fertilizer supply mode and growth stage（*P < 0.05，**P < 0.01，***P < 
0.001）. 

3.2. NR Activity 

NR activities in the two species were markedly impacted by the N fertilizer application 
treatments, sample time, and their interactions (Table 2). On the first sample time, NR activities of 
both species reached the maximum value in the SS treatment, and the minimum value in NS 
treatment, which showed similar trends of the nitrate contents in both species during the same 
period. On the second sample time, NR activities of both species peaked in the DS treatment, which 
were also consistent with the nitrate contents in both species at the same time. However, on the third 
sample time, the two species showed a different trend; NR activities of G. max peaked in SS treatment, 
whereas NR activities in leaves and stems of A. retroflexus peaked in DS treatment, and NR activities 
in roots and reproductive organs of A. retroflexus peaked in NS treatment (Figure 4).  

Figure 3. Changes in NH4
+ content of A. retroflexus (A. r) and G. max (G. m). Abbreviations are the

same as those in Figure 2. Each value represents the mean value ± standard error, n = 4. * represents
the ammonium contents in the mixed plants, which were significantly different from those in the pure
plants in the same nitrogen fertilizer supply mode and growth stage (* P < 0.05, ** P < 0.01, *** P < 0.001).

Table 2. Nitrate reductase (NR), glutamine synthetase (GS) and glutamate dehydrogenase (GDH)
activities of different organs (root, stem, leaf and reproductive organs (RO)) in A. retroflexus and G. max,
as affected by N fertilizer application treatments (N), competition (C), and sample time (S).

NR a GS a GDH a Height

Root Stem Leaf RO Root Stem Leaf RO Root Stem Leaf RO

A. retroflexus

N ** *** *** *** *** *** *** *** *** *** *** *** ***
C ** *** ns ns ** *** ** *** ns *** *** *** **
S *** *** *** *** *** *** *** *** *** *** *** *** ***

N × S *** *** *** *** *** *** *** *** *** *** *** *** ***
C × N *** ns *** ns ns ns ns *** *** ns *** *** *
S × C *** *** *** *** *** *** *** *** *** *** *** *** ns

S × N × C ns ns *** *** * ns ns *** *** * *** * ns

G. max

N *** * *** *** *** *** ** *** *** *** *** *** *
C ** ns *** ** *** ns ** *** *** ns *** ** ns
S *** *** *** *** *** *** *** *** *** *** *** *** ***

N × S *** *** *** *** *** *** *** *** * *** *** *** ns
C × N *** ns *** ns *** ns ns ns ns ns ** ns ns
S × C *** * *** ns *** *** ** *** ns ns ns * ns

S × N × C *** ns ** ns *** ns ns ns ns *** *** ns ns
a ns, Not significant (P > 0.05); * P < 0.05; ** P < 0.01; *** P < 0.001.
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Figure 4. Changes in NR activity of A. retroflexus (A. r) and G. max (G. m). Abbreviations are the same
as those in Figure 2. Each value represents the mean value ± standard error, n = 4 * represents the
NR activities in the mixed plants, which were significantly different from those in the pure plants
in the same nitrogen fertilizer supply mode and growth stage (* P < 0.05, ** P < 0.01, *** P < 0.001).
Competition significantly interacted with sample time to affect NR activities in both species, except
for G. max reproductive organs. For the first and second sample times, NR activities of A. retroflexus
leaves and reproductive organs were 14–64% and 17–384% greater in the pure planting, respectively, in
comparison with those in the mixture, whereas for the third sample time, NR activities of A. retroflexus
leaves and reproductive organs were 37–41% and 12–44% lower in the pure planting compared with
those in the mixed planting (except for the leaves in the NS treatment), respectively, but NR activities
of A. retroflexus stems were 13–324% greater in the pure planting compared with those in the mixed
planting (P < 0.05, Figure 4). The NR activities of G. max were higher in the pure planting than in the
mixed planting during the most experimental period, and the degree of the competition effect on NR
activities altered with different sample times (Figure 4).

3.3. GS and GDH Activities

N pulses significantly affected GS and GDH activities in the two species (Table 2). For the first
sample time, GDH activities in the two species showed a similar pattern with the ammonium contents,
GDH activities peaked in the SS treatment, while it dropped to the lowest in the NS treatment (Figure 5),
but GS activities showed an inverse pattern to GDH activities, the highest GS activities were recorded
in NS treatment, while the lowest were recorded in SS treatment (Figure 6). For the second sample time,
GDH activities in both species peaked in DS treatment, except for A. retroflexus roots and G. max stems,
whereas a prominent difference in GS activities was observed between these two species at this time,
the lowest GS activities of G. max occurred in DS treatment, while the greatest occurred in NS treatment;
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on the contrary, the lowest GS activities of A. retroflexus was recorded in NS treatment, while it was
the highest in DS treatment, except for the leaves. For the third sample time, GDH activities showed
a similar pattern, GDH activities of the two species peaked in DS treatment and decreased to the
lowest in NS treatment. GS activities peaked in DS treatment, but went down to the lowest GS activity
recorded in different nitrogen treatments, with the minimum GS activity of A. retroflexus in SS treatment
and G. max in NS treatment (except for G. max stem in pure planting) (Figures 5 and 6). However, it is
worth noting that GS and GDH activities of A. retroflexus (except for GS activities of A. retroflexus roots)
were higher in comparison to those of G. max on the last sample time (P < 0.05, Figures 5 and 6).
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3.4. Plant Height

The height of the two species was markedly impacted by the N fertilizer application treatments
and sample time (Table 2). The main effect of competition in height of A. retroflexus was significant;
the height of A. retroflexus in mixed planting was higher than that in pure planting (P < 0.05), while
there was no significant difference in the height of G. max between pure planting and mixed planting
(Table 2). The height of A. retroflexus was higher than G. max during the last three growing stages
(P < 0.05) (Figure 7).
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4. Discussion

4.1. N Pulse

The changes of nitrate content and NR activity followed nitrogen availability, especially at the
first and second sample times, which showed that both the two species could respond rapidly to N
pulses (Figures 2 and 4). It is worth noting that the nitrate content declined rapidly in roots and stems
of A. retroflexus at the second sample time compared to the first one, whereas NR activity maintained
or increased greatly in roots and stems of A. retroflexus at the second time compared to the first time;
the declined nitrate content might be attributed to the “dilution effect”, owing to the large biomass of
A. retroflexus. Moreover, the constant or increased NR activities may be due to the fact that A. retroflexus
is a nitrophilous species [33], which is highly responsive to higher soil N levels [34,35], and the
competitive ability of A. retroflexus with crop could improve since its N fertilizer rate increased [30].
At the second sample time, the dramatic increase of NR activities in A. retroflexus stems in DS and NS
treatments indicated that it could respond to nitrogen pulses at a larger magnitude than G. max, and
during this period, the height of A. retroflexus increased fast, and it could exceed G. max for a short
time, which is important for A. retroflexus to compete for light with the crop (Figure 7).

The different seasonal dynamics of NR activities of the two species response to N pulses might
be due to the different biological and life-history characters of the two species; A. retroflexus is a
luxury consumer of N, it could increase the biomass by increasing N doses [33], so when all the
nitrogen fertilizer was applied once on the planting date, A. retroflexus could quickly capture the
applied nitrogen with higher NR activity (except for the roots) in the early growing period, resulting
in a rapid initial growth, but it ceased growing sooner [22]. However, G. max is an abstemious
consumer of N, high nitrogen fertilizer may have negative effects on G. max growth [36]; when the
nitrogen was supplied once on the planting date or before the flowering period of G. max, the nitrogen
would act as a higher “priming N” than the continuous supplying nitrogen in G. max growth at the
seedling stage, whereas after the flowering stage, the non-continuous N supplying would suppress the
nodule development, decrease the nitrogenase activity, and leghemoglobin content in G. max more
significantly than the continuous N supplying, and the suppress effect would weaken in the pod fill
period [37]. Thus, in SS treatment, the highest NR activities in G. max roots and stems occurred in
August, whereas NR activities of G. max leaves and reproductive organs were increasing from June
to August, due to the increasing movement of NO3

− from roots to leaves during the flowering and
podding period [38].
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N pulses were observed to affect the activities of GS and GDH differently in the two species.
In June, the negative relationship existed between GS and GDH activities in the two species, due to the
fact that the GS/GOGAT enzyme system had a much higher affinity for NH4

+ than GDH [39]. GDH
usually has a high Km for NH4

+, indicating that it functions efficiently only at high NH4
+ contents [40],

while GS activity was repressed by high NH4
+ contents [41]. GDH activities in the two species were

consistent with the results from tomato [21], rice [42], and barley [43]. In July, the negative relationship
was still observed between GS and GDH activities in G. max, but not in A. retroflexus. GS and GDH
activities showed a similar trend at this time, GS activities remained high in DS treatment, except for
the leaves. The relative importance of GS/GOGAT and GDH pathways seems to be species dependent.
A. retroflexus were able to use both pathways in a similar trend, while G. max used the two pathways in
a reciprocal relationship. In August, GS and GDH activities of G. max were the greatest in DS treatment
and the lowest in NS treatment, which may due to the different energy level and carbon availability in
the G. max plants in different nitrogen treatments, as reported by Gan et al. [44]. The photosynthesis of
G. max increased greatly when it received the supplemental nitrogen after flowering, and obtained the
highest amount of N uptake, whereas, as reported by Wang et al. [37], the continuous N supplying
decreased the nitrogenase activity and leghemoglobin content greatly in G. max during the pod fill
period, which would decrease GS and GDH activities of G. max in NS treatment. However, it is not the
case for A. retroflexus, both GDH and GS activities were the greatest in DS treatment, but GDH and
GS activities showed a reciprocal relationship in SS and NS treatments, the ratio between GDH and
GS/GOGAT of A. retroflexus was different in the different nitrogen treatments at the third sample time.

The results in this study demonstrate that nitrogen pulses can impact the nitrogen metabolism
of both A. retroflexus and G. max in different ways. The biochemical data also suggest a differential
response to nitrogen pulses in an organ-dependent manner, evidenced by the G. max NR activities
decreased in roots and stems and increased in leaves and reproductive organs at the second sample
time, whereas the A. retroflexus NR activities decreased in roots and stems and increased in leaves and
reproductive organs at the third sample time.

4.2. Competition

It should be noted that A. retroflexus growing in the mixed planting in DS and NS treatments delayed
the reproductive time, whereas all the plants in the pure planting were switched to reproductive growth,
irrespective of the nitrogen treatments in the early growing period (Figures 2–6). As a widespread
annual weed, A. retroflexus could show high phenotypic plasticity to the changing environment
conditions [45–48], and the life span could last from short (72 d) to long (110 d) [47]. In the current
study, we found that, in SS treatment, A. retroflexus was growing rapidly at the initial time, and the
height of A. retroflexus was higher than that of G. max until the end of June (Figure 7), but it ceased
growing sooner (about 92 d), while in DS and NS treatments, A. retroflexus lived longer (DS 105d, NS
115 d). However, evidence for tradeoffs between rapid initial growth and sustained later growth in
G. max is still limited, which was consistent with the results of Jannink et al. [48].

Interspecific competition exerted negative impacts on the nitrogen metabolism of the two species
for the most sample times, resulting in a decrease in nitrate and ammonium contents, activities of NR, GS,
and GDH in mixed planting compared with those in pure planting (Figures 2–6). However, interspecific
competition exerted a positive influence on nitrogen metabolism in some organs of the two species,
suggesting a tissue-specific change in interspecific competition. Furthermore, seasonal variations in
N metabolism were observed between the two species. A. retroflexus showed a higher NR activity
(except for the roots) and nitrate content than those of G. max in June and G. max showed a higher
NR activity (except for the stems) than that of A. retroflexus in mixed planting in July. G. max had
higher GS and GDH activities (except for reproductive organs) than those of A. retroflexus in June,
whereas A. retroflexus exhibited higher GS (except for the roots) and GDH activities than those of G. max
in July and August, leading to a lesser amount of ammonia accumulation in G. max than those of A.
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retroflexus in June, and a lower amount of ammonia accumulation in A. retroflexus than those of G. max
in July and August.

When growing with G. max, A. retroflexus always have a height advantage over G. max [49], its leaf
area was concentrated in the upper strata of the canopy and thus reduced the light available to G. max
leaves lower in the canopy [50]. Consistent with their results, in this experiment, we found that the
activities of NR, GS, and GDH of A. retroflexus stems were higher than G. max, regardless of the N pulse
treatments for most of the sampling times. In SS treatment, A. retroflexus showed higher NR activities
(except for the roots) at the first sample time. It was growing fast, and had a greater height than G.
max until the end of June, whereas in DS and NS treatments, its height was similar or a little smaller
than G. max until the end of June (Figure 7), but its NR, GS, and GDH activities of stems increased
dramatically at the second sample time in the two treatments, and the height of A. retroflexus exceeded
G. max until the end of July. As for G. max, NR and GS activities of roots were higher than A. retroflexus
regardless of the N pulse treatments. The results indicate a difference between the two species in
their competitive strategies, A. retroflexus possesses an efficiency at aboveground competition due to
its higher height, whereas G. max at underground competition due to its higher root biomass and
root/shoot ratio.

A. retroflexus have shown to be highly responsive to soil N level changes among the weed
species [35]. In the current study, it could quickly increase the NR activity more highly than G. max
(except for the roots) in the early growing period, and could increase GS and GDH activities in stem more
highly than G. max in SS and DS treatments during the last two growing stages. However, the advantages
were much weaker in the NS treatment. Interspecific competition had negative effects on nitrogen
metabolism of the two species among most of the sample times, and the effects of interspecific
competition exerted a tissue-specific influence on nitrogen metabolism in the two species. A. retroflexus
switched to reproductive growth earlier in SS treatment than in DS and NS treatments when it was
grown in mixed planting, and its height was the lowest in NS treatment, so the competitive ability
of A. retroflexus was higher in SS and DS treatment than in NS treatment, while SS treatment was the
common application method of N fertilizer in G. max farmland in China [51]. Thus, the results of this
study suggest that, if the farmer changed the N fertilizer application mode to a constant multiple
fertilization mode, the competitive efficacy of A. retroflexus would be reduced.
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