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Few studies explore the effects of nitrogen forms on exotic plant invasions, and all of them are conducted from the perspective of nitrogen form utilization without considering the effects of ammonium toxicity. The invasive plant Xanthium strumarium prefers to use nitrate, while its native congener X. sibiricum prefers to use ammonium, and the invader is more sensitive to high ammonium based on our preliminary observations. To further reveal the effects of nitrogen forms on invasiveness of X. strumarium, we studied the difference and related physiological mechanisms in sensitivity to ammonium between these species. With increasing ammonium, total biomass, root to shoot ratio and leaf chlorophyll content of X. strumarium decreased, showing ammonium toxicity. For X. sibiricum, however, ammonium toxicity did not occurr. With increasing ammonium, ammonium concentration increased in leaves and roots of X. strumarium, which is associated with the decreased activities of glutamine synthetase and glutamate synthase and the increased ammonium uptake; and consequently the contents of hydrogen peroxide and malondialdehyde also increased, which is associated with the decreased contents of reduced glutathione and ascorbic acid. By contrast, the abilities of ammonium assimilation and antioxidation of X. sibiricum were less affected by the increase of ammonium, and the contents of ammonium nitrogen, hydrogen peroxide and malondialdehyde in leaves and roots were significantly lower than those in X. strumarium. Our results indicate that ammonium accumulation and oxidative damage may be the physiological mechanisms for the ammonium toxicity of X. strumarium, providing a possible explanation that it generally invades nitrate-dominated and disturbed habitats and a theoretical basis for future studies on the control of invasive plants by regulating soil nitrogen.
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Introduction

Nitrogen is one of the key factors affecting plant growth, development and yield (Lea and Azevedo, 2006; Feng et al., 2009). A large number of studies have shown that atmospheric nitrogen deposition and soil nitrogen increase can promote invasions of exotic plants (Lei et al., 2012; Sun et al., 2021; Luo et al., 2022). Ammonium (NH4+) and nitrate (NO3-) are two main nitrogen forms for plants (Wang et al., 2009), and the main soil nitrogen form (Its content is higher than those of other nitrogen forms) are different in different environments. Nitrate is often the main form of soil nitrogen in disturbed habitats with severe damage from invasive plants (Sun et al., 2021; Luo et al., 2022). In general, ammonium nitrogen concentration in soil solution varies over several orders of magnitude (0.1-10 mmol L-1; Miller et al., 2007), and soil nitrate nitrogen content is 10-1000 times higher than that of ammonium nitrogen (Cawas and Robert, 2006). However, atmospheric ammonium nitrogen deposition, soil low temperature, waterlogging, acidification and other factors can also make soil ammonium nitrogen content reach a higher level (Li, 2013; Sun et al., 2021), forming a regional or local habitat with high NH4+. It has been shown that ammonium nitrogen concentration in farmland soil solution can increase to 2-20 mmol L-1 (Kronzucker et al., 2003; Han et al., 2019), decreasing crop growth and yield. However, plants are different in the sensitivity to relatively high levels of ammonium (Britto and Kronzucker, 2002; Li et al., 2020). Therefore, the difference in response to soil nitrogen forms between invasive and co-occurring native plants may affect exotic plant invasion and their habitat selection. However, there are few related references, and the existing studies mainly focus on the utilization of nitrogen forms without considering the toxic effect of ammonium nitrogen (Sun, 2017; Sun et al., 2021; Luo et al., 2022).

In many ecosystems, most plants prefer to absorb nitrate, and the increase in soil nitrate content is conducive to plant growth and exotic plant invasions (Alboresi et al., 2005; Wang et al., 2012; Luo et al., 2022). However, after absorbed by plants, nitrate has to be reduced into ammonium for further use by plants. Thus, the absorption and assimilation processes of nitrate by plants are more complex than those of ammonium, and it is more favorable for plants to use ammonium as their main nitrogen source from the perspective of energy consumption (Li and Tong, 2007). Some plants indeed prefer ammonium nitrogen and grow better under ammonium relative to nitrite (Chen et al., 2015; Luo et al., 2022). However, most plants are sensitive to ammonium, and high ammonium concentration can produce toxic effects, mainly manifested as leaf chlorosis; decreased leaf area; stubby root system; decreased root to shoot ratio, biomass and net photosynthetic rate, etc. (Britto and Kronzucker, 2002; Zou et al., 2004; Li et al., 2010; Zou et al., 2012; Jian et al., 2018). Ammonium can also lead to cytoplasmic pH disorder and carbon and nitrogen metabolism imbalance (Ou, 2018; Han et al., 2019). In addition, high ammonium levels can lead to accumulation of the superoxide radical and H2O2 in plant cells, causing oxidative damage (Liu et al., 2004).

Plants absorb ammonium from soil primarily through the ammonium transporter (AMT) in root system (Sohlenkamp et al., 2003). In vivo, ammonium is mainly catalyzed by glutamine synthetase (GS) and glutamate synthase (GOGAT) to produce glutamine and glutamic acid, which undergo a series of metabolic reactions to produce other organic nitrogen-containing compounds (Lea and Miflin, 2003). The differences in ammonium uptake, assimilation and the ability to regulate above processes among different plants may affect their sensitivity to ammonium. For example, rice accumulates less NH4+ under high ammonium levels compared with barley, which makes it insensitive to ammonium toxicity (Cruz et al., 2006). In addition, improving the antioxidant capacity may also alleviate ammonium toxicity for plants.

The invasive plant Xanthium strumarium mainly invades disturbed habitats with nitrate as the dominant nitrogen form in soil (Feng, 2020), and prefers to use nitrate, while its co-occurring native plant X. sibiricum prefers to use ammonium (Luo et al., 2022). Our preliminary observation has shown that X. strumarium shows obvious symptoms of ammonium toxicity under high ammonium levels, while X. sibiricum does not. In order to determine the differences and related physiological mechanisms in the sensitivity to ammonium between the two Xanthium species, the effects of different ammonium concentrations on growth, ammonium accumulation and assimilation, and reactive oxygen species metabolism of these species were explored in this study. We hypothesize that compared with X. sibiricum, (1) X. strumarium may accumulate more ammonium in roots and leaves under high ammonium levels due to its low ammonium assimilation ability; (2) the accumulated ammonium may decrease its antioxidant capacity, resulting in the accumulation of more reactive oxygen species and thus oxidative damage. Our study will contribute to understanding not only the reasons that X. strumarium mainly invades nitrate-dominant habitats and the impacts of soil nitrogen forms on exotic plant invasions from the perspective of ammonium stress, but also the physiological mechanisms underlying the difference in ammonium sensitivity among different plants.



Materials and methods


Study materials

In this study, the invasive plant Xanthium strumarium and its co-occurring native congener X. sibiricum were used as research materials (Figure S1). Xanthium strumarium, an annual herb of Asteraceae, is originated from North America, and now widely distributed in abandoned lands, pastures, riparian beaches, humid grasslands and other habitats in northeast China, north China, and northwest China (Feng, 2020). Xanthium sibiricum is native to China, and widely distributed in China, mainly in the plains, hills, low mountains, wilderness, and grassland beside fields.

The seeds of the two Xanthium specie were collected in Hunnan District of Shenyang City, Liaoning Province in the autumn of 2019, and stored at 4 °C after dried in the room. To improve seed germination, low temperature stratification treatment was conducted from winter of 2019 to spring of 2020.



Experiment design

In this study, two experiments were carried out. The first one was to explore the effects of ammonium with different concentrations on the two Xanthium species and the interspecific differences, identifying the toxic effects and toxic concentration of ammonium on these species. The second one was to explore the physiological mechanisms underlying (alleviating) ammonium toxicity for the two species.


Experiment 1


Seeds germination

The healthy and similar-sized fruits of X. strumarium and X. sibiricum were selected, the peel was removed, and the superior seed was collected for each fruit. The seeds were disinfected with 3% NaClO solution for 15 min, rinsed with distilled water for 4 times, put into petri dishes with wet filter papers, and then placed in HPG-400HX growth chamber (Harbin Donglian technology Co., Ltd, Harbin, China) for germination. In the chamber, light intensity was 32 μmol m-2 s-1 with photoperiod of 12 h/12 h, and day/night temperature 28°C/25°C, and humidity 50%. During germination, distilled water was added into each petri dish every day to ensure appropriate water status for seeds germination.



Seedling transplantation

After one week of seed germination, ≈5 cm tall seedlings of the two Xanthium species were selected, transplanted into pots (7 × 7 × 10 cm, one per pot) filled with vermiculite, and placed in an growth room for culture. In the room, light intensity was 200 μmol m-2 s-1 with photoperiod of 16 h/8 h, and temperature 28 °C. The seedlings were watered with modified Hoagland nutrient solution (100 ml, pH 5.5) every two days. The nutrient solution contained 1652 mg L-1 Ca(NO3)2·4H2O, 66 mg L-1 (NH4)2SO4, 493 mg L-1 MgSO4·7H2O, 136 mg L-1 KH2PO4, 372 mg L-1 KCl, 27.8 mg L-1 FeSO4·7H2O, 12 mg L-1 Na2EDTA, 2.86 mg L-1 H3BO3, 2.13 mg L-1 MnSO4·H2O, 0.22 mg L-1 ZnSO4·7H2O, 0.08 mg L-1 CuSO4·5H2O, 0.02 mg L-1 (NH4)6Mo7O24·4H2O. All of the reagents used were analytically pure.



Ammonium treatmen

When the seedlings were ≈10 cm high and had two pairs of leaves per seedling, similar-sized seedlings were selected and treated with eight concentrations of ammonium (0.25, 0.5, 1.0, 2.5, 5.0, 7.5, 10.0 and 12.5 mmol L-1), 10 pots per treatment. These concentrations of ammonium nitrogen was used according to our preliminary experiments (including the concentrations with toxic effects), which were within the range of ammonium concentration of soil solutions in the field (Kronzucker et al., 2003; Miller et al., 2007; Han et al., 2019). The Hoagland nutrient solution contained 0.5 mmol L-1 nitrate as the seedlings of the two Xanthium species grew badly without nitrate, and CaCl2 was used to replace the excess Ca(NO3)2·4H2O in the nutrient solution. The contents of other elements were not changed in the solution. 7 μmol L-1 C2H2N4 was added into the solution to inhibit nitrification. The seedlings were watered with the nutrient solution every two days.



Sampling measurement

After treated with different concentrations of ammonium for 7 d, appearance features such as leaf shape, color and size were observed. Six seedlings (6 replicates) were randomly selected for each species and treatment, and leaf chlorophyll content, total biomass and root to shoot ratio were measured (See measurement section).




Experiment 2

According to the effects of ammonium on the two Xanthium species in experiment 1, three ammonium concentrations were used in this experiment (15 pots per treatment): 8.0 mmol L-1 (with significantly toxic effects, 2.0 mmol L-1 (with lightly or no toxic effects) and 0.5 mmol L-1 (with non-toxic effects). The methods of seed germination, seedling transplantation and ammonium treatment were the same as those in experiment 1. After treated with different concentrations of ammonium for 7 d, appearance features such as leaf shape, color and size were observed, and leaf chlorophyll content was measured. Twelve seedlings (2 as a replicate as the leaves and fine roots of one seedling were not enough for measurements) were randomly selected for each species and treatment, and recently matured leaves and fine roots were collected, and divided into two parts, respectively. One part of each organ was dried at 60 °C for determination of the total nitrogen concentration, and one part was quickly frozen in liquid nitrogen for 15 min, and stored in -80 °C DW-86L388A refrigerator (Haier group, Qingdao, China) for determination of the ammonium nitrogen concentration, the activities of glutamine synthetase and glutamate synthase, and the contents of malondialdehyde, hydrogen peroxide (H2O2), reduced glutathione and ascorbic acid, all with 6 replicates.




Measurements


Leaf relative chlorophyll content

Determination was performed using SPAD-502 Plus chlorophyll meter (Konica Minolta, Tokyo, Japan).



Total biomass and root to shoot ratio

The shoots and roots of the seedlings were collected separately for each species, washed with water, dried with filter paper, dried at 60°C to constant weight in GZX-9246 MBE oven (Bosun, Shanghai, China), and weighed separately with Sartorius BSA224S analytical balance (Shanghai Renhe Scientific Instrument, Shanghai, China). Total biomass and root to shoot ratio (root dry weight/shoot dry weight) were calculated for each seedling.



Leaf and root ammonium nitrogen concentrations

The determination was performed using the ammonium nitrogen kit (Keming Biotechnology, Suzhou, China). Under strong alkaline condition, ammonium was reacted with phenol and hypochlorite to produce indophenol blue, and the absorbance at 625 nm was measured to obtain the ammonium nitrogen concentration.



Leaf and root total nitrogen concentrations

The samples were separately ground into powder using the GT200 vibration grinder (Beijing Grinder Instrument Equipment, Beijing, China), and 0.3 g powder was used to determine total nitrogen content using the EA3000 elemental analyzer (Euro Vector, Milan, Italy).



Leaf and root ammonium assimilation enzyme activities

The activities of glutamine synthetase (GS; EC 6. 3. 1. 2) and glutamate synthase (GOGAT; EC 1. 4. 1. 14) were measured using the GS kit and the GOGAT kit (Keming Biotechnology, Suzhou, China), respectively. GS catalyzed the synthesis of glutamine by NH4+ and glutamic acid in the presence of Mg2+ and ATP. The glutamine was further reacted with iron to form a complex in acidic medium, and the absorbance of the reaction solution was measured at 540 nm to calculate GS activity. GOGAT catalyzed the amino group of glutamine to transfer to α-ketoglutaric acid to form glutamic acid, and NADH was oxidized to NAD+, and the decreasing rate of absorbance at 340 nm was measured to calculate the GOGAT activity.



Leaf and root malondialdehyde contents

The determination was performed using the malondialdehyde content kit (Keming Biotechnology, Suzhou, China). Malondialdehyde and thiobarbituric acid (TBA) was condensed to produce a red product, and the absorbance of the reaction solution was measured at 532 nm to estimate the content of lipid peroxide. Meanwhile, the absorbance at 600 nm was measured, and the malondialdehyde content was calculated by the difference in the absorbance at 532 nm and 600 nm.



Leaf and root H2O2 contents

The H2O2 content was measured using the H2O2 kit (Keming Biotechnology, Suzhou, China). H2O2 was reacted with Ti(SO4)2 to generate a yellow titanium peroxide compound, and the absorbance was measured at 415 nm to calculate the H2O2 content.



Leaf and root antioxygen contents

The contents of reduced glutathione (GSH) and ascorbic acid (AsA) were measured using the GSH kit and AsA kit (Keming Biotechnology, Suzhou, China), respectively. GSH was reacted with DTNB, and the absorbance of the reaction solution was measured at 412 nm to calculate the GSH content. AsA was reacted with fast blue salt B under acidic conditions to generate yellow oxalohydrazine-2-hydroxyl butylinolide derivatives, and the absorbance was measured at 420 nm to calculate AsA content.

Sample pretreatment and determination were performed according to the instructions of the kits, and the absorbances were determined using the Multiskan GO microplate readers (ThermoFisher, Massachusetts, USA).




Data analysis

Two-way analysis of variance (ANOVA) was used to test the effects of species, ammonium concentration and their interaction on each parameter. One-way ANOVA was used to test the difference in each parameter between different ammonium treatments in X. strumarium and X. sibiricum, respectively. Independent sample t-test was used to analyze the interspecific differences under the same ammonium treatment. Before statistical analysis, the homogeneity of variance and normal distribution of each parameter were tested, and the ANOVA conditions were met for all parameters. SPSS 25.0 (SPSS Inc., Chicago, IL, USA) software was used for all statistical analyses. Sigmaplot 14.0 (systat software Inc., San Jose, CA, USA) software was used for drawing figures.




Results


Total biomass, root to shoot ratio and leaf chlorophyll contents

Species, ammonium concentration and their interaction all significantly influenced total biomass, root to shoot ratio and leaf relative chlorophyll content (Table S1), indicating that the invasive plant Xanthium strumarium and its native congener X. sibiricum responded differently to ammonium concentration. Under low ammonium levels, the interspecific differences in total biomass (0.5 and 1.0 mmol L-1), root to shoot ratio (0.25 mmol L-1) and leaf chlorophyll content (0.25 and 0.5 mmol L-1) were not significant (Figure 1). Under high ammonium levels, these traits were all significantly lower in X. strumarium compared with X. sibiricum.




Figure 1 | Differences in total biomass (A), root to shoot ratio (B) and leaf relative chlorophyll content (C) between the invasive plant Xanthium strumarium and its native congener X. sibiricum under different ammonium levels. Means + 1 SE (n = 6). Different upper- and lowercase letters indicate significant differences among ammonium treatments for X. strumarium and X. sibiricum, respectively (P < 0.05; one-way ANOVA); * indicates significant difference between the two species under the same ammonium treatment (P < 0.05; independent sample t-test). See Table S1 for the results of two-way ANOVA.



Under low ammonium levels (0.25 - 1.0 mmol L-1), total biomass did not changed significantly in both of the Xanthium species (Figure 1A). When the ammonium concentration increased to 2.5 mmol L-1, total biomass of X. strumarium decreased significantly, then decreased gradually with the increase of ammonium concentration, and reached the lowest value under the concentration of 10.0 mmol L-1. For X. sibiricum, however, total biomass did not decrease significantly with increasing ammonium concentrations.

Root to shoot ratio of X. strumarium was more sensitive to ammonium concentration than total biomass (Figure 1B): more early decreased (under 0.5 vs. 2.5 mmol L-1) and reached the lowest value (under 7.5 vs. 10.0 mmol L-1). For X. sibiricum, root to shoot ratio did not change significantly under 0.5 - 2.5 mmol L-1 ammonium concentrations. Under 5 and 12.5 mmol L-1 ammonium concentrations, the values of root to shoot ratio were significantly lower than those under 0.5 and 1.0 mmol L-1 ammonium concentrations, but similar with those under 0.25 and 2.5 mmol L-1 ammonium concentrations. Under 7.5 and 10.0 mmol L-1 ammonium concentrations, however, the values of root to shoot ratio were not significantly different with those under other ammonium concentrations.

Under low ammonium levels (0.25 and 0.5 mmol L-1), the changes of leaf chlorophyll contents were not significant for both of the Xanthium species (Figure 1C). With the increase of ammonium concentration, leaf chlorophyll content of X. strumarium decreased gradually, and reached the lowest value under 7.5 mmol L-1 ammonium, while increased gradually in X. sibiricum. As for the effects of ammonium concentration on leaf chlorophyll content and its interspecific difference, similar results were also found in our second experiment (Figure S2).

Under high ammonium, the leaves of X. strumarium lost green seriously, with slightly curled edge, dry top and slender shape, and growth were severely inhibited (Figures S3 and S4). In contrast, the appearance features such as leaves shape, size, color of X. sibiricum were not significantly changed under different ammonium concentrations.



Ammonium and total nitrogen contents and ammonium assimilation enzyme activities

Species, ammonium concentrations and their interaction all significantly influenced ammonium and total nitrogen (except the interaction for fine roots) concentrations, glutamine synthetase (except ammonium concentrations for leaves) and glutamate synthase activities in leaves and fine roots (Table S2), indicating that X. strumarium and X. sibiricum responded differently to ammonium concentration. Under the low ammonium (0.5 mmol L-1), the interspecific differences in leaf and fine root ammonium nitrogen concentration were not significant (Figures 2A, C). Under the intermediate (0.2 mmol L-1) and high (8.0 mmol L-1) ammonium levels, the ammonium nitrogen concentrations in leaves (not significant under 0.2 mmol L-1 ammonium) and fine roots were significantly higher for X. strumarium than for X. sibiricum. The magnitude of the interspecific difference increased with increasing ammonium levels. Under all three ammonium treatments, leaf and root total nitrogen content was significantly higher for X. strumarium than for X. sibiricum (Figures 2B, D).




Figure 2 | Differences in leaf (A, B) and fine root (C, D) concentrations of ammonium (A, C) and total (B, D) nitrogen between the invasive plant Xanthium strumarium and its native congener X. sibiricum under different ammonium levels. Means + 1 SE (n = 6). Different upper- and lowercase letters indicate significant differences among ammonium treatments for X. strumarium and X. sibiricum, respectively (P < 0.05; one-way ANOVA); * indicates significant difference between the two species under the same ammonium treatment (P < 0.05; independent sample t-test). See Table S2 for the results of two-way ANOVA.



Under the low and intermediate ammonium levels, leaf and root concentrations of ammonium and total nitrogen did not significantly changed for both species (except for total nitrogen concentration in fine roots of X. sibiricum) (Figure 2). When the ammonium concentration increased to 8.0 mmol L-1, leaf and root concentrations of ammonium and total nitrogen significantly increased, and the increase was more significant in X. strumarium relative to X. sibiricum.

Under each ammonium treatment, the activities of glutamine synthetase in leaves, and glutamate synthase in leaves and fine roots were significantly lower for X. strumarium than for X. sibiricum (Figures 3A, B, D). Under high ammonium level, the activity of glutamine synthetase in fine roots of X. strumarium was significantly lower than that of X. sibiricum, and the interspecific difference was not significant under low and intermediate ammonium levels.




Figure 3 | Differences in leaf (A, B) and fine root (C, D) activities of glutamine synthetase (A, C) and glutamate synthase (B, D) between the invasive plant Xanthium strumarium and its native congener X. sibiricum under different ammonium levels. Means + 1 SE (n = 6). Different upper- and lowercase letters indicate significant differences among ammonium treatments for X. strumarium and X. sibiricum, respectively (P < 0.05; one-way ANOVA); * indicates significant difference between the two species under the same ammonium treatment (P < 0.05; independent sample t-test). See Table S2 for the result of two-way ANOVA.



With the increase of ammonium levels, the activities of glutamine synthetase and glutamate synthase showed decreasing trends in leaves and fine roots of X. strumarium (Figure 3). In leaves and fine roots of X. sibiricum, however, with increasing ammonium concentration the glutamine synthetase activities significantly increased, and the glutamate synthase activities increased first and then decreased.



Malondialdehyde, H2O2 and antioxidant contents

Species, ammonium concentration and their interaction all significantly influenced leaf and root contents of H2O2, malondialdehyde, and reduced glutathione (except ammonium concentration in leaves) and ascorbic acid (except ammonium concentration in fine roots) (Table S2), indicating that the two Xanthium species responded differently to ammonium concentration. Under intermediate and high ammonium levels, the H2O2 contents in leaves of X. strumarium was higher than those of X. sibiricum, and under high ammonium concentrations, the H2O2 content in fine roots of X. strumarium was higher than that of X. sibiricum (Figures 4A, C). Under high ammonium concentrations, the H2O2 contents in leaves and fine roots of X. strumarium increased significantly, while the changes in X. sibiricum were not significant.




Figure 4 | Differences in leaf (A, B) and fine root (C, D) contents of malondialdehyde (A, C) and hydrogen peroxide (B, D) between the invasive plant Xanthium strumarium and its native congener X. sibiricum under different ammonium levels. Means + 1 SE (n = 6). Different upper- and lowercase letters indicate significant differences among ammonium treatments for X. strumarium and X. sibiricum, respectively (P < 0.05; one-way ANOVA); * indicates significant difference between the two species under the same ammonium treatment (P < 0.05; independent sample t-test). See Table S2 for the results of two-way ANOVA.



Under each ammonium treatment, the malondialdehyde contents in leaves and fine roots of X. strumarium were significantly higher than those of X. sibiricum (except for root under low ammonium) (Figures 5B, D). With the increase of ammonium concentration, the malondialdehyde contents in leaves and fine roots of the two Xanthium species increased significantly, and the magnitude of the increase was greater for X. strumarium.




Figure 5 | Differences in leaf (A, B) and fine root (C, D) contents of reduced glutathione (A, C) and ascorbic acid (B, D) between the invasive plant Xanthium strumarium and its native congener X. sibiricum under different ammonium levels. Means + 1 SE (n = 6). Different upper- and lowercase letters indicate significant differences among ammonium treatments for X. strumarium and X. sibiricum, respectively (P < 0.05; one-way ANOVA); * indicates significant difference between the two species under the same ammonium treatment (P < 0.05; independent sample t-test). See Table S2 for the results of two-way ANOVA.



Under the intermediate and high ammonium levels, the contents of reduced glutathione and ascorbic acid in leaves and fine roots of X. strumarium were significantly higher than those of X. sibiricum, while the interspecific difference was not significant under the low ammonium concentration (Figure 5).

With the increase of ammonium levels, the contents of reduced glutathione and ascorbic acid in leaves and fine roots of X. strumarium and the reduced ascorbic acid content in leaves of X. sibiricum showed decreasing trends (Figure 5). However, in leaves and fine roots of X. sibiricum, the reduced glutathione contents increased significantly, and the reduced ascorbic acid contents increased first and then decreased.




Discussion

Our study showed that the invasive plant Xanthium strumarium was more sensitive to ammonium than its native congener X. sibiricum. In leaves and fine roots of the invader, the activities of ammonium assimilation enzymes decreased and the contents of ammonium nitrogen and H2O2 increased with increasing ammonium levels, causing oxidative damage. These results may explain the reason why X. strumarium prefers to invade the habitats with nitrate as the main nitrogen form in soil from a new perspective. The previous study conducted by our laboratory has shown that X. strumarium prefers to absorb nitrate relative to ammonium and has higher plasticity to nitrate (Luo et al., 2022), which is considered to be the important reason for the invader to invade nitrate-dominated soils. Some studies have shown the effects of nitrogen forms on exotic plant invasions from the perspective of nitrogen form utilization (Sun et al., 2021). However, no effort has been made to study the effects of nitrogen forms from the perspective of ammonium toxicity.



Effects of ammonium on growth

Consistent with our hypothesis, X. strumarium was more sensitive to ammonium than X. sibiricum. Under high ammonium, the invader showed obvious symptoms of ammonium toxicity, while X. sibiricum did not. When ammonium level increased to 2.5 mmol L-1, total biomass and leaf chlorophyll content decreased significantly in X. strumarium, and its leaf color and morphology also changed significantly. The higher the ammonium level was, the greater the harmful effects were. Chlorophyll is closely associated with plant photosynthesis. Claussen and Lenz (1999) also found that chlorophyll content of cucumber decreases under high ammonium. With increasing ammonium levels, leaf and fine root malondialdehyde contents increased more greatly in the invader compared with X. sibiricum, indicating that oxidative stress occurred and membrane lipid peroxidation aggravated (Jin et al., 2008), which may be the important reason for the decreased leaf chlorophyll content and total biomass. Studies on ammonium toxicity have mainly focused on crops (Liu et al., 2004; Liu, 2017; Jian et al., 2018), and no study has been conducted using invasive and native plants.

Compared with total biomass, root to shoot ratio of X. strumarium was more sensitive to ammonium, which began to decrease under a lower ammonium level. Root system directly contacts with soil ammonium and is also the organ for ammonium to enter and accumulate first, which may explain the reasons why root was more sensitive to ammonium than shoot. Britto and Kronzucker (2002) and Liu (2017) also found that root system is more sensitive to high ammonium than shoot. Growth of seed root and lateral root of rice seedlings is significantly inhibited under high ammonium (Hirano et al., 2013).

Our study showed that different plants and different organs of the same plant had different sensitivity to ammonium, but the physiological mechanisms underlying these differences are still not clear. Consistently, leaf chlorophyll content of cucumber decreases significantly under high ammonium, while that of rice does not (Claussen and Lenz, 1999). Under high ammonium, shoot and root dry weights are always higher in ammonium-tolerant wheat variety than ammonium-sensitive wheat variety (Li, 2013).



Ammonium accumulation

Consistent with our hypothesis, the ammonium nitrogen concentrations in leaves and fine roots of the two Xanthium species increased significantly with increasing ammonium levels, and magnitude of the increase was greater in X. strumarium. The accumulation of ammonium in leaves and roots may be at least one of the reasons for ammonium toxicity in X. strumarium. High ammonium not only affects growth of most plants, but also affects their uptake, accumulation and distribution of nitrogen (Sun et al., 2003). Under high ammonium level, ammonium uptake rates increase in citrange seedlings, resulting in ammonium accumulation and toxic effects (Sun, 2017). Compared with barley, rice accumulates less ammonium under high ammonium treatment, and shows stronger ammonium tolerance (Cruz et al., 2006).

With increasing ammonium level, total nitrogen concentrations in leaves and fine roots increased for the two Xanthium species, and were always higher for X. strumrium than for X. sibiricum. These results indicate that X. strumarium increased ammonium uptake more greatly than X. sibiricum with increasing ammonium. In contrast, the activities of glutamine synthetase and glutamate synthase in leaves and fine roots of X. strumrium decreased with increasing ammonium level, and were always lower than those of X. sibiricum. The more greatly increased uptake and decreased assimilation of ammonium may synergistically cause ammonium accumulation in leaves and roots of X. strumrium under high ammonium level, while X. sibiricum can efficiently maintain tissue ammonium at relatively low levels. Usually, ammonium absorbed by plant roots is firstly assimilated into amino acids in roots, and then transported to the xylem and shoot through specific transporters (Tegeder, 2014). If the ammonium can not be assimilated into organic nitrogen in time and accumulate in roots, ammonium toxicity may occurr. Plant ammonium contents depend on its absorption, transportation and assimilation (Tabuchi et al., 2007). Li (2013) found that ammonium-tolerant wheat variety has lower uptake and higher assimilation rates of ammonium under high level than ammonium-sensitive wheat variety.



Oxidative damage

Consistent with our hypothesis, the contents of H2O2 and malondialdehyde in leaves and fine roots of X. strumarium increased significantly with increasing ammonium level, causing oxidative damage. For X. sibiricum, however, the effects of ammonium were less, especially on H2O2. Polesskaya et al. (2004) also found that the contents of H2O2 and malondialdehyde increased significantly in wheat under high ammonium. The decreased contents of the antioxidants (reduced glutathione and ascorbic acid) in leaves and fine roots of X. strumarium under high ammonium may be one of the reasons for its oxidative damage. By contrast, the increased contents of the antioxidants (especially reduced glutathione) in leaves and fine roots of X. sibiricum under high ammonium could help it to effectively remove reactive oxygen species, increasing its ammonium tolerance. Other plants such as apricot (Wang et al., 2013) and cabbage (Shan et al., 2018) can also alleviate oxidative damage and maintain redox balance by regulating the contents of antioxidants in the AsA-GSH cycle. In addition, antioxidant enzymes are also involved in active oxygen scavenging and enhance plant ability to resist stress (Pignocchi et al., 2006; Tewari et al., 2007). Liu (2017) found that catalase activity in roots of wheat increases under high ammonium, and the magnitude of the increase is greater in ammonium-tolerant variety than in ammonium-sensitive variety. However, we did not find consistently higher activities of antioxidant enzymes for X. sibiricum than for X. stumarium (data not shown).

From the perspective of energy consumption, using ammonium relative to nitrate is more beneficial to plants. However, most plants are sensitive to high ammonium, which may cause toxic effects. It has important theoretical and practical significance to study the physiological mechanisms of ammonium toxicity and tolerance. However, the mechanisms of ammonium toxicity are very complex, which may also be associated with ion imbalance (Szczerba et al., 2008), carbon and nitrogen metabolism imbalance (Hachiya et al., 2012) and cell acidification (Hachiya et al., 2021), besides with ammonium accumulation and active oxygen metabolism disorders. In addition, the inhibitory effect of ammonium toxicity on plant growth mainly occurs in the seedling stage of crops (Liu, 2017). At present, the physiological mechanisms of ammonium toxicity and detoxification are still unclear, and its effects on exotic plant invasions needs further investigation. Our results revealed the physiological mechanisms underlying the difference in sensitivity to ammonium between the two Xanthim species, and gave a novel explanation that X. strumarium mainly invades nitrate-dominated habitats in the novel perspective of ammonium toxicity. These results indicate that increasing soil ammonium content may inhibit invasion success of X. strumarium, providing a theoretical basis for future studies on prevention and control of X. strumarium by regulating soil nitrogen forms.

Our study was carried out using seedlings of the two Xanthium species, and the seedlings were treated with different concentrations of ammonium for only 7 d. We can not simply extrapolate the long-term effects of ammonium on plant growth and reproduction based on the results of our study. In addition, the conditions under which the seedlings were grown and treated with different concentrations of ammonium were different with those in the field. Thus, more studies are needed in order to comprehensively understand the effects of ammonum on invasiveness of X. strumarium.



Conclusion

With increasing ammonium, the invasive plant X. strumarium increases ammonium uptake, but decreases ammonium assimilation, resulting in ammonium accumulation in leaves and fine roots, which may further lead to active oxygen metabolic disorders and oxidative stress, and membrane lipid peroxidation, reducing leaf area and chlorophyll content and thus growth (Figure 6). By contrast, under high ammonium the native plant X. sibiricum can improve ammonium assimilation and antioxidant capacity in leaves and roots, and maintain relatively low levels of ammonium and H2O2, avoiding ammonium toxicity. Our study is beneficial for understanding not only the physiological mechanism underlying the difference in ammonium toxicity among different plants, but also the effccts of soil nitrogen forms on exotic plant invasions and the selection of invasive habitats from a novel perspective of ammonium toxicity, providing a preliminary theoretical basis for controlling invasive plants by regulating soil nitrogen forms in the future.




Figure 6 | A schematic diagram showing the effects of high ammonium concentration on the invasive plant Xanthium strumarium and its native congener X. sibiricum. GS, glutamine synthetase; GOGAT, glutamate synthase; GSH, reduced glutathione; AsA, reduced ascorbic acid; H2O2, hydrogen peroxide; MDA, malondialdehyde. Up arrows, increase; down arrows, decrease; thickness of the arrow indicates the degree of increase or decrease; —, not change.
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