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ARTICLE INFO ABSTRACT
Keywords: Phenotypic plasticity and competitive strength are major mechanisms determining the success of invasive species
Moso bamboo and are influenced by abiotic factors. A rise in the ratio of ammonium (NH4") to nitrate (NO3") in soils is

Camellia oleifera

frequently associated with the invasion of bamboo into broad-leaved evergreen forests. However, the influence of
Sapium sebiferum

soil nitrogen (N) chemistry on plant growth and interspecific competition in the context of invasion remains

?;igig;ﬁ:;::;esﬁ insufficiently studied. In the present work, differences in plasticity and interspecific competition between native
Phenotypic plasticity tree species in broad-leaved evergreen forests and invasive bamboo in response to different N forms were
Interspecific competition investigated using seedlings grown in a controlled environment. We show that moso bamboo responded posi-
N assimilation tively and strongly to increased soil NH4'/NO3 ™ ratios, while the native tree species Sapium sebiferum, Camellia
N oleifera, and Machilus pauhoi responded negatively and exhibited limited plasticity. Native tree species growth
Stable isotope was significantly inhibited in the presence of moso bamboo under high-NH4" conditions, whereas native tree

species were less affected by interspecific competition when NO3s~ was supplied as the sole N source. By contrast,
moso bamboo growth was significantly inhibited, followed by seedling death, in both monoculture and in mixed
culture with prolonged NO3™~ treatment. All species tested exhibited significantly higher rates of >NH4" than
15N03~ uptake, but the Michaelis constant (Ky,) for *°NH4* uptake was lower in moso bamboo, indicating higher
substrate affinity. Nitrate reductase (NR) and nitrite reductase (NiR) activities showed no inducible effects in
moso bamboo compared to the induction response seen in the native tree species in response to NO3 ™. Activities
of glutamine synthetase (GS), glutamate synthase (GOGAT), and glutamate dehydrogenase (GDH) significantly
increased with NH4 " provision in roots of moso bamboo, contrasted by a less plastic response in the native tree
species. Enhanced ammonification and reduced nitrification in soils is typically observed during bamboo inva-
sion and appears to create a positive soil-plant feedback loop that, due to highly flexible and opportunistic NH"-
acquisition pathways, favours bamboo fitness and invasion into native forests when NH4" is the dominant N

form.
1. Introduction community structure of native ecosystems and has led to profound
changes in ecosystem processes and function worldwide. Invasive plants
Plant invasion successfully occurs when an alien species is capable of tend to increase soil N pools and/or accelerate N transfer rates (Ehren-
establishing self-sustaining populations outside its natural range (natu- feld, 2003; Liao et al., 2008). High rates of soil N mineralization and
ralization). Exotic plant invasion seriously threatens biodiversity and nitrification can lead to increases in soil ammonium (NH4") and nitrate
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(NO3™) concentrations, dramatically enhancing the supply of
plant-available N in invaded ecosystems (Liao et al., 2008). For example,
it has been shown that plant-N, soil-NH,4", and s0il-NO3™ concentrations
were 40, 30, and 17% higher, respectively, in invaded compared to
native ecosystems (Liao et al., 2008; Min et al., 2021 a,b). N is one of the
most frequently growth-limiting mineral nutrients for plants, limiting
gross and net primary production in most ecosystems (LeBauer and
Treseder, 2008), and increased N availability often favours invasive
plants because of greater plasticity in the response to N and/or increased
interspecific competitive ability compared to native species (Huangfu
et al., 2016; Liu et al., 2018). Therefore, invading species can effectuate
positive feedback loops, helping the species to become dominant and
reducing plant diversity in the invaded communities (Ehrenfeld et al.,
2003; Valliere and Allen, 2016). However, NO3” and NH," differ pro-
foundly in their chemical properties, and plants differ in their capacity
to use various forms of N. Altered concentrations and ratios of NH4" to
NOs™ in soils have been proposed to be a significant driving force pro-
ducing shifts in plant communities, and a favourable response to one
form of N over another may help to explain the dominance of many
plants (Kronzucker et al., 1997, 2003; Britto et al., 2001; Britto and
Kronzucker, 2013). Although rates of soil N mineralization and nitrifi-
cation in soils are known to be altered during plant invasion, little
attention has been paid to these N-chemistry-based feedback mecha-
nisms in biological invasions (Huangfu et al., 2016; Zou et al., 2020 a).

Biomass production is typically a useful indicator of species-specific
N-acquisition strategies, and the magnitude and direction of competitive
interactions between species (Kronzucker et al., 1997; Rennenberg et al.,
2009; Trinder et al., 2013). Furthermore, phenotypic plasticity, the
fundamental property of a given organism to produce different pheno-
typic traits in response to different environments, plays an important
role in biological invasions (Callaway et al., 2003; Matesanz et al.,
2012). The capacity to alter biomass allocation patterns, leaf traits, and
root morphology, and to adjust N uptake and metabolism according to
plant demand are considered key aspects of individual adaptive plas-
ticity (Glass et al., 1997, 2001; Ryser and Eek, 2000; Zhao et al., 2010;
Huangfu et al., 2016). Plant root system plasticity in response to nutrient
availability is a fundamentally important trait for optimizing nutrient
resource interception and nutrient-absorptive area, and, ultimately,
plant growth and fitness (Yu et al., 2014; Plett et al., 2020; Zhang et al.,
2021). Divergence in N form preferences among species reflect differ-
ential capacities of plant roots to take up various forms of N, and this has
been shown to significantly affect species’ phenotypic responses and the
interactions between native and exotic species (Kronzucker et al., 1997,
2003; Lavorel and Garnier, 2002; Bueno et al., 2019). The kinetic uptake
parameters Vi and Kp, are widely used to gauge and compare uptake
capacity among species and provide insight into uptake mechanisms
(Kronzucker et al., 1995a,b; Min et al., 2000; Kronzucker et al., 2010;
Sun et al., 2016; Silverstein, 2019). In the assimilation process, NO3~ is
first reduced to NO, ™, a step catalyzed by the enzyme NR, and then to
NH4*, by NiR; NH4", derived from such reduction of NO3™ or, alterna-
tively, absorbed directly by the roots, is then assimilated into glutamine
and glutamate by GS and GOGAT, respectively (reviewed in
Masclaux-Daubresse et al., 2010). Additionally, NADH-glutamate syn-
thase can incorporate NH4 " into glutamate in response to high levels of
NH,4 " under stress conditions (Skopelitis et al., 2006). The participation
of a variety of enzymes in the uptake and assimilation of different N
forms permits specialization among species for the NH4" or NO3~
sources of N at a variety of intersection points (Knoepp et al., 1993).
Essentially, plant invasion is the process of exotic plant species dis-
placing native species, and subsequently dominating invaded commu-
nities as an outcome of complicated competitive interactions (Funk and
Vitousek, 2007; Parepa et al., 2013). Therefore, comparative studies of
phenotypic plasticity, N acquisition strategies, and competitive in-
teractions between native species and invasive plants under varied
NH4"/NO3 ™~ ratios can elucidate mechanisms of invasion success and
ecosystem impacts as a function of altered N chemical composition in
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soils.

Moso bamboo (Phyllostachys edulis (Carriere) J. Houzeau), a tree-like
evergreen woody bamboo species in the family Poaceae, is known to be a
problematic invading species in Asian forests (Lima et al., 2012; Liu
et al., 2019). Tree species in secondary evergreen broad-leaved forests
(EBF), are the most vulnerable and can be readily displaced by bamboo
(Okutomi et al., 1996; Song et al., 2016). In addition to altering com-
munity structure and species diversity, unrestrained bamboo expansion
also significantly affects the distribution patterns of N in plants and soils,
and alters available soil N pools and rates of N cycling and N minerali-
zation in soils (Fukushima et al., 2015; Song et al., 2016; Li et al., 2017).
Decelerated nitrification and decreased soil NO3~ content are generally
contrasted by accelerated ammonification and elevated ratios of
NH4'/NO3~ in invaded ecosystems, compared with native ones (Song
et al., 2013, 2016; Li et al., 2017, 2019). Therefore, this interaction
provides an ideal system to test the roles of altered N chemical
composition in soils in driving plant invasion. Our previous work
showed that moso bamboo possesses superior growth, N uptake, and
NH," tolerance under elevated NH4" compared to the dominant native
tree species Castanopsis fargesii Franch (Zou et al., 2020a), even though
both species displayed preference for NH;" over NO3™ as a source of N.
However, whether other tree species in EBF respond in a similar manner
to increased NH41/NO3™ ratios during bamboo invasion is not known.
As well, how interspecific competition between bamboo and native tree
species is affected by altered soil N chemical composition is still unclear.
Responses to N form, in the context of invasion and differential
phenotypic plasticity, must clearly be examined more closely at the
mechanistic level.

To further assess the effect of elevated NH4" in favouring the
expansion of bamboo, in contrast to dominant native tree species, such
as Castanopsis fargesii we reported on previously (Zou et al., 2020a), this
study aimed to compare growth traits and phenotypic plasticity between
several native tree species and exotic bamboo in response to varied N
chemistry, examine bamboo-tree competitive interactions, and analyse
the underlying physiological mechanisms. '°N-tracer analysis, and
determination of the kinetics of N uptake, was used to assess NH4 - and
NOs3 -uptake differences among the species. Furthermore, activities of
the N-assimilation enzymes NR, NiR, GS, GOGAT, and GDH were
analyzed under varying NH4" and NOs;~ supply to assess
metabolism-based physiological adaptations. Seedlings, grown from
seed, of Castanopsis fargesii Franch., Sapium sebiferum (L.) Roxb.,
Camellia oleifera Abel., and Machilus pauhoi Kanehira, the dominant and
associated native tree species in EBF invaded by bamboo (Song et al.,
2013, 2016), and Phyllostachis edulis (Carriere) J. Houzeau, the leading
invasive bamboo species in these forests, were used in this study. The
experiments were conducted in a greenhouse with varying concentra-
tions (0.4 mM and 8 mM) and forms (NH4 ", NH4 " and NO3~, NO3™) of N
in vermiculite culture, to advance our understanding of the role of
altered soil N chemical composition and of interspecific competition
under such conditions. We hypothesized that: (1) growth traits and
phenotypic plasticity in response to N chemistry differ among species
coexisting in native plant communities and moso bamboo; (2) altered
soil N chemical composition affects interspecific competition between
invasive bamboo and native trees; (3) differences in NH4*/NO3;~ uptake
and the activity of N-assimilation enzymes underpin the species’
phenotypic responses to different N forms.

2. Materials and methods
2.1. Plant materials and growth conditions

Seeds of P. edulis were collected in September from a single stand in
GuanYang of Guangxi province, China, and stored at 4 °C. Seeds were
soaked overnight, shelled, sterilized using 20% NaClO for 20 min, rinsed
in sterile water five times, and then germinated in vermiculite in a
greenhouse, located at Jiangxi Agricultural University (28° 41’ N, 115°
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52" E), with a temperature regime of approximately 25/18 °C + 3 °C,
65-70% relative humidity, and a 14/10 h day/night photoperiod (Zou
et al., 2020 a,b).

Seeds of C. fargesii were collected from the Xiayang state forest farm
in Fujian province, C. oleifera was from Jiangxi Academy of Forestry,
S. sebiferum and M. pauhoi were obtained from Jiangxi Agricultural
University in Jiangxi province, China, and their seeds were stratified in
sand, in 1:3 (V/V) medium in outdoor pits during winter, prior to
germination in the greenhouse in the coming spring. Three-foliate
seedlings of similar height for each species were selected for N
treatments.

2.2. N treatments

The six N treatments consisted of three N forms (NO3~, NH4" and
NO3~, and NH4") at two N levels (0.4 mM and 8 mM). Different N forms
and concentrations were supplied by KNOj3, Ca(NO3)y-4H20,
(NH4)2SO4, and K5SO4 to maintain the same potassium and calcium
concentration in the different N treatments, as displayed in Table 1. The
nutrient solution in each treatment was adjusted to pH 4.0 with 0.1 M
NaOH or 0.1 M HCl. CoH4N4 (7 pM) was used as a nitrification inhibitor
and added to all treatments to prevent nitrification (Zou et al., 2020 a,b).
There were two seedlings of the same species per pot (diameter 150 mm,
height 130 mm) and four pots in a tray as a replicate. There were three
replicates with 24 seedlings of the same species per N treatment. These
seedlings were grown in the greenhouse, under the conditions described
above (at ambient conditions of temperature of max 28 °C/min 15 °C,
65-70% relative humidity and 14/10 h day/night photoperiod). Pots
were rotated every week to avoid location effects. After two months,
growth traits and root system architecture were analyzed.

2.3. Interspecific competitiveness experiments

In order to evaluate interspecific competitive responses under NH4 -
rich conditions, uniform seedlings of P. edulis, C. oleifera, and
S. sebiferum were selected and transplanted to plastic pots (length 435
mm, width 200 mm, height 140 mm) with vermiculite. There were eight
seedlings per pot with tray in the following three planting systems (Zou
etal., 2020 a): bamboo monoculture (8 seedlings of P. edulis per pot with
tray), broadleaved tree monoculture (8 seedlings of the same tree spe-
cies per pot with tray), mixed culture of bamboo and trees species (6
seedlings of P. edulis + 2 seedlings of C. oleifera per pot with tray, and 6
seedlings of P. edulis + 2 seedlings of S. sebiferum per pot with tray), to
mimic bamboo forest, bamboo-broadleaved tree mixed forest (with 3:1
ratio of P. edulis to broadleaved trees), and evergreen broadleaved forest,
respectively. The seedlings were watered with deionized water three
times a week until new roots were produced, then seedlings were treated
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with normal nutrient solution supplemented with 8 mM NH4" (Table 1)
once a week, from September 2017 to August 2018.

The long-term growth response and interspecific competitiveness of
P. edulis and the native tree species were further studied with different N
forms. In monoculture, 4 seedlings of the same species of P. edulis,
C. fargesii or C. oleifera were planted in separate pots (diameter 300 mm,
height 280 mm), with four pots of the same species per tray as a repli-
cate. In mixed-culture, a 3:1 ratio of 3 P. edulis seedlings and 1 C. fargesii
seedling were planted in the same pot, with four such pots per tray as a
replicate or 3 P. edulis seedlings and 1 C. oleifera seedling in the same pot
with four such pots per tray as a replicate. There were three replicates
for monoculture and six replicates for mixed-culture per treatment.
When new roots were produced, the seedlings were treated with normal
nutrient solution supplemented with 8 mM NH4 " or NO3 ™~ (Table 1) once
a week, from July 2019 to January 2020.

2.4. Growth analysis and root morphology

Plant height was measured with a ruler. Leaf number was determined
for all of the unfolded leaves above the cotyledonary node. The chlo-
rophyll content of the leaves was measured using a chlorophyll meter
(SPAD-502, Minolta). Root morphology of root total length (RL),
average diameter (AD), root surface area (RS), root volume (RV) and
root tips, and leaf surface area were determined with an automatic
scanning apparatus (EPSON color image scanner LA1600+, Toronto,
Canada), equipped with WinRHIZO 2012 software (Regent Instruments,
Quebec, Canada). When treatments were completed, all plants were
harvested for morphology analysis and then separated into foliage,
stems, and roots, dried at 105 °C for 30 min, and then to a constant
weight at 70 °C for biomass determination.

2.5. Nitrogen uptake rate (15NH4+ and 15N03’)

Uniform three-foliate seedlings of P. edulis, C. fargesii, C. oleifera, and
S. sebiferum were selected for determination of N-absorption kinetics.
After two weeks of cultivation with deionized water until new roots
were produced, the seedlings were treated in full nutrient solution
containing 0.1 mM NH4NOs, and then the seedlings were transferred to
solutions without N for two days prior to N uptake measurements, as
described by Zhang et al. (2019). Then, the white roots were excised
from the seedlings and treated with 100 ml nutrient solutions supple-
mented with 0, 0.05, 0.1, 0.2, 0.4, 0.6, 1.0, and 2.0 mM 15NH4+ or
I5NO;~ in the forms of (*°NH4)2S04 and Na'°NOs, respectively, for 3 h
under light. 0.2 g fresh weight was used for a bulked replicate, with
three replicates per *>NH4 " or 1°NO3~ treatment per species. Then, roots
were removed from the treatment solutions, washed in 0.2 mM CaCl,,
dried to a constant weight at 70 °C, and ground into powder. 0.2 mg of

Table 1

Nutrient solution composition with different N concentrations [N] and NH4"/NO3 ™~ ratios (N form).
[N] 0.4 mM 8 mM
Compound NO3~ NH, " +NO3™ NH,* NO5~ NH,*+NO3~ NH,*
KNO3 0.4 0.2 0 3 0 0
Ca(NO3),.4H,0 0 0 0 2.5 2 0
(NH4)»S0,4 0 0.1 0.2 0 2 4
K2SO4 1.3 1.4 1.5 0 1.5 1.5
CaCl,.2H,0 2.5 2.5 2.5 0 0.5 2.5
MgS04.7H20 0.25 0.25 0.25 0.25 0.25 0.25
Nap,HPO,4.10H,0O 0.6 0.6 0.6 0.6 0.6 0.6
Fe-EDTA 0.01 0.01 0.01 0.01 0.01 0.01
H3BO3 0.02 0.02 0.02 0.02 0.02 0.02
MnCl,.4H,0 0.002 0.002 0.002 0.002 0.002 0.002
ZnS04.7H20 0.002 0.002 0.002 0.002 0.002 0.002
CuS04.5H,0 0.002 0.002 0.002 0.002 0.002 0.002
Nay;Mo04.2H,0 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
CoCl,.6H,0 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005

Concentrations are in mM.
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dried powder was used for determination of total N and §'°N abundance,
with a Flash 2000 HT elemental analyzer interfaced to an Isotope Ratio
Mass Spectrometer (DELTA V Advantage, Thermo Fisher Scientific, Inc.,
USA), according to Zou et al. (2020 a). The kinetic parameter of Vpax
represents the maximum velocity asymptotically approached by the
system at saturating substrate concentrations, and Ky, is the substrate
concentration at which a velocity of 1/2 Vy, is reached, and these were
derived from the Michaelis-Menten equation and also using
Lineweaver-Burk, Hanes-Woolf and Eadie-Hofstee analysis, as described
by Kronzucker et al. (1995d, 1996). The total >N amount per dry weight
of root/3 h, yielding the amount of '°N taken up per unit weight of root
per unit time, was used in the formula (Zhang et al., 2019).

2.6. Assays of N-assimilation enzyme activities

Enzyme activities of NR, NiR, GS, GOGAT, and GDH were deter-
mined in fresh root, stem, and leaf tissue of the four species’ seedlings in
monoculture after two weeks of treatment with normal nutrient solution
supplemented with 8 mM NH4" or NO3™ in vermiculite as described
above. When treatments were completed, seedlings were separated into
foliage, stems, and roots, mixed respectively per replicate, and about 0.2
g such fresh weight was used for each assay as a replicate. There were
three replicates of 24 seedlings per species per treatment. The activities
of NR and NiR were determined using the NR and NIR assay Kits (NR-2-Y
and NIR-2-G), respectively, and the activities of GS, GOGAT, and GDH
were detected by using GS, GOGAT, and GDH detection Kits (GS-2-Y,
GOGAT-2-Y, and GDH-2-Y), respectively, according to the manufac-
turer’s instructions, as provided by Comin Biotechnology Co. Ltd, China.
Enzyme activities of both NR and NiR (pmol g’1 FW h’l) were defined
as the amount of enzyme units catalyzing to yield 1 pmol NOy ™~ per hour
per gram fresh weight. Enzyme activity of GS (U.g™) was defined as the
amount of enzyme units in a per-mL reaction system to produce an

Journal of Plant Physiology 266 (2021) 153508

absorption change by 0.01, at 540 nm, per minute and per gram fresh
weight. 1 U enzyme activity of both GOGAT and GDH (nmol g~! FW
min~!) was defined as per gram protein to consume 1 nmol NADH per
min.

2.7. Statistical analysis

The data were subjected to analysis of variance (ANOVA) with LSD
(least significance difference) to identify differences using the statistical
software program SPSS version 13.0 (SPSS, Chicago, IL, USA). Signifi-
cant differences (P < 5%) between treatments are indicated by different
letters. Sigma Plot 13.0 was used for the generation of graphs.

3. Results

3.1. Comparison of growth between native tree species and moso bamboo
under different N treatments

Elevated N concentration significantly increased almost all
morphological measures in the four species determined (Figs. 1 and 2,
Table 2). Different N forms significantly increased biomass, most leaf
and root morphological parameters in P. edulis, part of the growth
characteristics in S. sebiferum, but only the SPAD value in C. oleifera, and
the average diameter and root volume in M. pauhoi (Figs. 1 and 2,
Fig. S1-S2, Table 2).

Tree species, especially C. oleifera and S. sebiferum, had higher
biomass than P. edulis (Fig. 1 A, B). The highest biomass in P. edulis was
achieved when NH4" was provided as the sole N source, at both N
concentrations, while S. sebiferum had significantly higher biomass with
NO3™ at 0.4 mM and with mixed-N treatments at 8 mM compared to
other treatments at the same N levels. C. oleifera and M. pauhoi seedlings
displayed no significant difference in biomass accumulation at three
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Fig. 1. Biomass accumulation and allocation in moso bamboo and native tree species in response to different N forms at 0.4 mM and 8 mM N.

Seedlings were grown with different N treatments for two months, and the biomass of all plant parts was measured at the end of the experiment. Data are the means
from three replicates of 24 seedlings, and error bars represent standard errors (SE). Different letters above the bar indicate statistical differences among treatments for
each species, NSD means no significant different. P-values of the two-way ANOVAs of N concentration, N form, and their interaction are indicated. *P < 0.05; **P <

0.01; ns, not significant.
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Fig. 2. Root biomass and morphology of bamboo and native tree species in response to different N treatments. Root biomass (A, B) and root volume (C, D) were

measured at the end of the experiment. Data are the means + SE, n = 24.

Table 2
Two-way ANOVA (P values) for N concentrations ([N] = 0.4, 8 mM) and N forms (NH4*, NH;7/NO3s~ = 1/1, NO3 ™) on the growth index of moso bamboo and tree
species.
Growth index P. edulis C. oleifera S. sebiferum M. pauhoi
[N] N form [N] x form [N] N form [N] x form [N] N form [N] x form [N] N form [N] x form
Biomass o ek ek 0.299 0.299 ek o wx 0.02 0.125
Root/Stem ratio o 0.164 0.227 xx 0.479 0.294 o 0.93 0.994 0.84 0.066
Seedling height e 0.431 0.091 ek 0.317 0.387 ek e 0.661 ek 0.105 0.65
Leaf number 0.779 * 0.36 * 0.71 0.127 o 0.056 0.132 o 0.213 0.115
Leaf area ek e o bl 0.925 0.833 i * i i 0.874 0.943
SPAD value ek ek Kk Fekk *k ek ek F*kk Fekk ek 0.169 0175
Root length (cm) o wEE ok xx 0.962 0.49 o xx 0.771 o 0.458 0.753
Surface area (cm?) ek ek e 0.801 0.57 0.227 i 0.065 0.555 i 0.613
Avg diam (mm) 0.444 0.398 ke 0.858 0.107 wx 0.797 o
Root volume (cm®) g 0.121 0.073 wrx 0.278 0.064 0.409 0.089 gl 0.165
Root tips ek ek ek o 0.793 0.088 ek 0.38 0.12 ek 0.926 0.637

*** indicates p < 0.001, ** indicates p < 0.01 and * indicates p < 0.05.

different NH4*/NO3 ™~ ratios at either N concentration (Fig. 1 A, B). With
elevated NH;7/NO3™ ratios, root to shoot mass ratio significantly
increased only in P. edulis at 8 mM N.

Similar to total biomass, the root biomass of P. edulis was lower than
that of C. oleifera and S. sebiferum (Fig. 2A and B). However, comprised
mainly by fibrous root, the P. edulis root system had much greater root
surface area and root volume and more root tips than the taproot system
of the tree species. The plasticity of the response in root morphology was
much greater in P. edulis, with root total length, root surface area, root
volume, and root tips all significantly increased at elevated N (NH4")
concentrations compared to the native tree species (Fig. 2 C-D, Fig. S2).

3.2. Interspecific competitiveness between moso bamboo and native tree
species

Under long-term NH,4 " -supply conditions, all species performed well
(Fig. 3), and growth and biomass of P. edulis were significantly higher or

tended to be higher in mixed culture compared to monoculture condi-
tions (Fig. 3 B, G, E, H; Fig. 4 A, B). However, the growth of all tree
species was significantly inhibited, and biomass was significantly lower,
in the bamboo-tree mixed culture compared to monoculture (Fig. 3 D-;
Fig. 4 A, B). The root-to-shoot mass ratio tended to decrease in
S. sebiferum, while there was no significant difference in P. edulis and
C. oleifera when interspecific competition under NH4"-rich conditions
was imposed (Fig. 4 C, D). In terms of the annual growth dynamic,
P. edulis displayed an earlier growth response, and plant height quickly
accelerated from February to March, both in mono- and mixed-culture
(Fig. 5). By contrast, the initiation of significant size increases
occurred much later for the tree species, from April and May for
S. sebiferum, and C. oleifera, respectively, in monoculture, and plant
height was significantly suppressed in mixed culture (Fig. 3 F, I Fig. 5).
The results overall show P. edulis to be a superior competitor compared
to the tree species under NH,-rich conditions.

When NOs;~ was supplied as the sole N source, P. edulis was



H. Chen et al.

A
@ ( vV V VY
2 - ‘v/
= 3 e :
4 - v
® ¢
) & \ 4 /
v @ Bamboo & !
Trees Trees Bambo
Mono- Mixed- Mono-
D culture culture culture

Journal of Plant Physiology 266 (2021) 153508

Monoculture Mixedculture

Monoculture

Mixedculture

Fig. 3. Growth of moso bamboo and broadleaved trees in monoculture and mixed culture supplied with 8 mM NH,4*.
Schematic diagram shows the cultivation systems for moso bamboo and broadleaved trees (A); Monoculture of P. edulis or mixed culture with broadleaved trees (B, C,
E, H); Monoculture of C. oleifera or mixed culture with P. edulis (D, E, F); Monoculture of S. sebiferum or mixed culture with P. edulis (G, H, I).

significantly inhibited, and all bamboo seedlings eventually died both in
the mono- and mixed cultures, with prolonged treatment; by contrast,
the growth of C. oleifera was less affected, although growth in C. fargesii,
known for its strong NH, " preference, was also inhibited to some extent
(Fig. 6).

3.3. °NH," and '°>NO5™ uptake kinetics of moso bamboo and native tree
species

15N accumulation was significantly higher in all species when seed-
lings were treated with (*>NH,4),SO, rather than Na'°NOj (Fig. 7,
Fig. 3S; Table 3). The kinetic parameters of Vmax and Km for this influx
system were determined by a non-linear curve-fitting model of
Michaelis-Menten Kkinetics and several data-transformation methods,
although the data seemed to be better fitted to the Hanes-Woolf equation
as estimated by R? (Table 3). According to the Hanes-Woolf method,
Vinax for NH4 " uptake was highest in P. edulis, which was approximately
1.55-, 5.16-, and 13.32-fold that in S. sebiferum, C. oleifera and C. fargesii,
respectively (Table 3). In addition, P. edulis had a lower Ky, for the NH; "
substrate, about 22.34%, 29.45%, and 86.09% of that in C. fargesii, C.
oleifera, and S. sebiferum respectively (Table 3). For NOs ™, S. sebiferum
had the highest V., followed by P. edulis, while C. oleifera and
C. fargesii was the lowest (Table 3); in contrast, the Ky, was lowest in
S. sebiferum, and followed by C. fargesii, P. edulis and C. oleifera.

3.4. Enzymes of moso bamboo and native tree species involved in N
assimilation

NR and NiR activities varied in response to NO3;~ and NH4" in
different organ tissues among species (Fig. 8). Two-way ANOVA indi-
cated that N form and the interaction of N form and plant organs had no
significant induction effects on NR and NiR activities in P. edulis,
compared to the inducible response seen in native tree species when
seedlings were fed with different N forms. NR activities were signifi-
cantly induced by NO3™ in stem tissue of C. fargesii and in root tissue of
C. oleifera, increased by 1422.48% and 175.78%, respectively,
compared to those under NH4 . NiR activities were significantly induced
by NO;3™ in stem tissue of P. edulis, stem tissue of C. oleifera, and leaf
tissue of S. sebiferum, increasing by 7.18%, 75.78%, and 13.41%,
respectively, compared to those under NH,".

Two-way ANOVA results showed that N form, plant organs, and the
interaction of N forms and plant organs had highly significant impacts
on GOGAT, GS, and GDH activities in P. edulis, GS and GDH activities in
C. fargesii GOGAT activities in C. oleifera, and GDH activities in
S. sebiferum (Fig. 9). GOGAT activities were significantly induced by
NH4" in root tissue of P. edulis, root tissue of S. sebiferum, and leaf tissue
of C. oleifera, increasing by 112.04%, 51.67%, and 68.09%, respectively,
compared to those under NO3™. GS activities were significantly induced
by NH4" in root and stem tissue of P. edulis and in stem tissue of
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C. fargesii, increasing by 113.30%, 26.33%, and 299.20%, respectively.
GDH activities were significantly induced by NH4" in root tissue of
P. edulis, and in stem and leaf tissue of C. fargesii, increasing by 60.74%,
55.55%, and 167.86%, respectively.

4. Discussion

4.1. Phenotypic plasticity and interspecific competition between moso
bamboo and native tree species under varied soil N chemistry

In our present study, native tree species exhibited markedly lower
phenotypic plasticity, as seen in biomass accumulation and allocation
and in root morphology, when compared to the more pronounced

phenotypic plasticity of P. edulis, in response to increased soil N con-
centration and elevated NH4"/NO3 ratio (Figs. 1 and 2; Fig.S1-S2;
Table 2). Growth and biomass accumulation of C. fargesii showed some
NH, " preference (Fig. 6), which was consistent with our previous results
(Zou et al., 2020 a), while S. sebiferum displayed slightly better growth
on NO3™, and C. oleifera and M. pauhoi had no evident response to
N-form variation (Figs. 1 and 2; Fig. 6; Table 2). Consistent and together
with bamboo’s previously documented strong NH,;" preference (Zou
et al., 2020 a,b), the results support our original hypothesis that there is
a divergence in growth and phenotypic plasticity among tree species and
moso bamboo in response to altered soil N chemistry. Although the
biomass of P. edulis seedlings was lower than that of C. oleifera and
S. sebiferum at the starting point, bamboo ultimately displayed higher
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Table 3
Kinetic parameters for NH;™ and NO3;~ uptake in the four test species as estimated by different mathematical methods.

N form NH, " NO5~

Calculation Method Species R? Kpm (pmol L™1) Vinax (pmol g7 DW h™1) R? Kpm (pmol L™1) Vimax (umol g~! DW h™Y)

Michaelis-Menten P. edulis 0.63 46.8 3.95 0.43 39.7 2.57
C. fargesii 0.68 91.7 1.34 0.00 24.5 0.60
C. oleifera 0.50 105.1 4.16 0.00 20.9 1.90
S.sebiferum 0.71 81 11.70 0.85 59.5 6.92

Lineweaver-Burk P. edulis 0.41 66.35 2.49 0.44 170.67 1.44
C. fargesii 0.47 1724.97 4.09 0.26 42.15 0.26
C. oleifera 0.76 381.51 2.78 0.33 136.42 0.39
S.sebiferum 0.44 54.29 8.76 0.69 144.19 6.68

Eadie-Hofstee P. edulis 0.24 42.40 2.521 0.05 26.30 1.16
C. fargesii 0.08 47.90 0.80 0.08 25.80 0.28
C. oleifera 0.25 197.50 2.38 0.06 58.50 0.42
S.sebiferum 0.25 49.70 9.42 0.35 55.20 5.37

Hanes-Woolf P. edulis 0.96 175.67 18.52 0.82 390.61 2.01
C. fargesii 0.46 786.50 1.39 0.80 339.70 0.45
C. oleifera 0.68 596.41 3.59 0.48 596.42 0.72
S.sebiferum 0.87 204.06 11.93 0.95 140.51 6.33

The data shown are the means + SE of three replicates. DW: dry weight.

biomass under long-term NH,4 -enriched conditions (Fig. 4 A, B), sug-
gesting a more efficient metabolic conversion of available N (NH;") to
organic N and higher biomass accumulation in P. edulis compared to the
native species (Bobbink et al., 1998). In mixed culture, P. edulis tended
to respond to competition with increasing biomass accumulation. In
sharp contrast, biomass of the native trees was significantly reduced
when interspecific competition with moso bamboo was introduced
under NH,"-rich conditions (Fig. 4 A, B). Therefore, the results suggest a
superior adaptation and competitive ability in moso bamboo to
increased soil NH," presence than in native tree species.

In our study, both moso bamboo and the native trees tended to in-
crease root:shoot ratio in response to increased NH," (Fig. 1C and D).
P. edulis significantly increased biomass accumulation and allocation to
roots, developed more extensive root system architectures, and root
morphology displayed higher plasticity in response to increased ratios of
NH,;"/NO3~ than what was observed in native trees at 8 mM N (Figs. 1
and 2; Fig. 52). In aboveground parts, leaf area, and the SPAD value were
significantly increased in all species examined, although to a much
greater degree in moso bamboo than in the native trees, with increasing
NH4" (Fig. S1), which is expected to benefit the photosynthesis of the
aboveground organs and favour biomass accumulation. Tillers were
significantly increased under NH;'-rich conditions with extended
treatment time in moso bamboo (Fig. 3), reminiscent of the rapid
vegetative growth response of young bamboo culms from underground
rhizomes observed under natural conditions (Kleinhenz and Midmore,
2001). With this capacity for rapid aboveground proliferation and pro-
ducing increased plant density, P. edulis therefore also has competitive
superiority in commanding growth space for light interception when
co-existing with native tree species, in addition to the advantages in
root-mediated underground resource competition.

Invasive plants are typically not able to exploit all habitats, and not
all habitats are equally susceptible to invasion (Sher and Laura, 1999).
When NO3 ™~ was supplied as the sole N source, the growth of P. edulis was
significantly inhibited compared to plants growing on NH4", and all
seedlings eventually perished with increasing treatment time. By
contrast, the broad-leaved tree species examined grew well under
different N forms (Figs. 1-2, Fig. 6). Thus, the competitive advantage of
moso bamboo over native tree species was only obtained under NH4*-
rather than NOj3 -enriched conditions (Fig. 3; Fig. 6). Therefore, our
results indicate the central importance of soil N chemical composition in
regulating the growth and competitive interaction of bamboo and native
tree species. It can be inferred that management strategies aimed at
affecting the conversion of soil N toward NO3~ domination might reduce
the growth and competitiveness of invasive bamboo, thereby controlling
bamboo invasions.

4.2. NH4' and NO3~ uptake of moso bamboo and native tree species

Our 15N-labelling analyses, conducted at the intact root level,
showed significantly higher rates of >NH,* than '>NO3~ uptake in all
species examined when the two N forms were supplied alone, although
there were species-specific differential capacities: the highest average
NH4' uptake occurred in S. sebiferum, followed by C. oleifera and
P. edulis, and the lowest was observed in C. fargesii (Fig. 7; Table 3). A
preference for NH4" over NO3~ was seen in terms of biomass accumu-
lation in P. edulis, but no consistent preferences were observed in the
native tree species (Fig. 1). Uptake rates alone do not reveal N-source
preferences (Britto and Kronzucker, 2013). NH,4", in particular at lower
levels of supply, is often the “preferred” N source, as the energy cost of
uptake and assimilation is less than that for NO3~ (Boudsocq et al.,
2012), although this relationship shifts due to NH4" toxicity at higher
levels of substrate supply (Britto et al., 2001; Britto and Kronzucker,
2002; Di et al., 2021). In our study, in S. sebiferum and C. oleifera, similar
to what was observed in early-successional tree species examined else-
where, net acquisition of NH4" compared to that of NOs~ did not
translate into a growth advantage (Min et al., 2000; Kronzucker et al.,
2003). The present results may imply a breakdown in regulation at the
higher levels of N provision where elevated NH4 " uptake rates in native
tree species are not coordinated with elevated levels of N assimilation,
and a futile N-uptake cycle may instead prevail (Britto et al., 2001;
Kronzucker et al., 2003), although obvious toxicity responses were not
observed, either in short- or longer-term NH4 1 experiments (Figs. 1-6).

The kinetic uptake parameters Vy,x and K, have been shown to
reflect evolutionary ‘strategies’, and are widely used to reveal differ-
ential capacities of species in uptake and affinity to specific ions
(Kronzucker et al., 1995a,b, d; 1996, 1997, 2000; Zhang et al., 2019).
Generally, in high-nutrient environments, Ky can become large; in
low-nutrient environments, K, can become small, and such lower values
do appear to reveal an adaptation to nutrient-poor environments (Cacco
et al., 1980). In our study, the Vyox was much higher but the K, was
lower in P. edulis compared to the native tree species by using a
Hanes-Woolf analysis, as shown in Table 3. These results suggest the
adaptation of bamboo and the native species to relatively nutrient-poor
and nutrient-rich soil NH,4"-N habitats. Therefore, a reduced total soil-N
mineralization rate and slowed N cycling that coincide with bamboo
invasion appear to present another strategy of P. edulis to increase its
relative competitive advantage against native tree species, reflected in
lower Ky, for the NH,;" substrate and better physiological integration
compared to the native tree species, besides the stronger NH;" prefer-
ence, higher NH, " tolerance, larger Vi, of P. edulis, which would tend
to facilitate an increase in soil N availability and thereby gain an
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advantage over native species like many invasive plants (Zhang et al.,
2019).

In addition to inorganic N in the forms of NH4" and NO3~, many
plant species have also been reported to take up dissolved organic N (i.e.
amino acids) directly from soils (Nasholm et al., 2009; Bueno et al.,
2019). As well, N-form uptake preference can also change with growth
stage, and plants sometimes show a stronger preference for NH4" in the
early stages of growth, while NO3™ is preferred by more mature plants
(Abbes et al., 1995; Song et al., 2013; Min et al., 2021b). Furthermore,
the uptake of different chemical forms of N by both native and invasive
plants may also shift to effectively avoid competition by niche differ-
entiation, including N acquisition at different times during the growing
season (Simon et al., 2017). Thus, more work is clearly needed to focus
on the N acquisition strategies of P. edulis and native tree species under
natural conditions, especially those where native species coexist and
compete with bamboo during invasion.

10

4.3. N metabolism in moso bamboo and native tree species in response to
different N forms

NR is a substrate-inducible enzyme (Kronzucker et al., 1995a,c). The
presence of NR and its response to NO3 ™~ availability serve as important
indicators of plasticity with respect to the NO3 ™~ source of N (Kronzucker
etal., 1995c, 2000; Min et al., 1998). In the present study, although root,
stem, and leaf tissue of P. edulis all showed NR and NiR activities, there
were no evident inducible effects on NR and NiR activities with NO3™
provision. In contrast, NR and NiR activities in the native tree species
showed a stronger response to NOs~ treatment (Fig. 8). The lower
response in NR and NiR activities in P. edulis compared with the native
tree species suggests a limited capacity in NO3~ assimilation. However,
NO3™ can clearly be taken up, and the Vp,ax for NO3™ uptake in P. edulis
was larger than in C. fargesii and C. oleifera (Fig. 7; Table 3). Presumably,
the growth inhibition and eventual death of P. edulis under prolonged
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Fig. 9. Activities of enzymes of NH," metabolism in moso bamboo and native tree species in response to different N forms. Glutamine synthetase (GS), glutamate
synthase (GOGAT), and glutamate dehydrogenase (GDH), in root, stem, and leaf tissue of moso bamboo (A-C), C. fargesii (D-F), C. oleifera (G-1), and S. sebiferum
(J-L) seedlings. Seedlings were treated with 8 mM NH4" or NO3 ™~ for 15 days, and then enzyme activities were measured. The data shown are the means + SE of three
replicates. Different letters on the bars indicate significant difference. P-values of the ANOVAs of N form, parts, and their interaction are indicated. *P < 0.05; **P <

0.01; ns, not significant.

NOj3~ treatment may be related to the high internal build-up of unme-
tabolised NO3™, arising from insufficient regulation of NO3™~ uptake and
limited assimilation through NR and NiR (Reddy and Menary, 1990).
Although NH4" is the preferred N source for some species and is a
natural intermediate in N metabolism, it is often harmful to plants when
provided at high concentrations, and excessive NH;" accumulation in
plant tissues frequently ensues, as NH;" absorbed by roots far exceeds
the amount of assimilation (Britto et al., 2001; Britto and Kronzucker,
2002; Li et al., 2010, 2011, 2013, 2014, 2019; Sun et al., 2020). The
capacity of NH,"-assimilatory enzymes in this metabolic detoxification
is critical (Givan, 1979). In the present study, the activities of GS,
GOGAT, and GDH were at much higher levels and significantly
increased with NH,4 " provision in the roots of P. edulis (Fig. 9A-C). The
results imply strong metabolic capacity for NH4 " in P. edulis, permitting
the avoidance of NH4" accumulation in tissues. By contrast, only the
activities of GS and GDH in C. fargesii, and of GOGAT in C. oleifera and
S. sebiferum, were responsive to NH4 " treatment (Fig. 9D-L). The lower
activities and responsiveness of NH4 -assimilation enzymes in native
tree species may be one of the reasons why absorbed NH4t cannot be
efficiently converted into a growth advantage (Figs. 1 and 2; Fig.7).
However, the ®NOs~ and '°NH4* uptake rates and N-assimilation

11

enzyme activities were determined in independent tests and involving
different N concentrations, so no direct correlations between '°N uptake
and assimilation were established. Future studies will have to be
designed to define the dynamic relationship between '°NO;~ and
I5SNH,4* uptake and N-assimilation enzyme activities in detail. The
higher activities for enzymes of NH4" assimilation in bamboo may be
driven by the large quantity of N metabolites required for accelerated
growth and biomass accumulation in response to NH,; " compared to the
native trees (Figs. 1-6; Glass et al., 2001). Therefore, it can be speculated
that the growth and expansion of P. edulis could be curtailed to some
extent by inhibitors that block the incorporation of NH4" into glutamine
and the synthesis of glutamate, such as methionine sulfoximine, an in-
hibitor of GS, and azaserine, an inhibitor of GOGAT (Berger and Fock,
1983; Kusnan et al., 1987).

5. Conclusions

In conclusion, our study reveals the associations of species-specific
morphologic and physiologic plasticity and interspecific competition
between native tree species and exotic bamboo seedlings to changed soil
N availability and provides important insight into soil N chemistry as a
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driving force in the success of bamboo invasion. Growth of native tree
species displayed much lower phenotypic plasticity to altered soil N
chemistry compared to the strong adaptive plasticity of P. edulis. Growth
and interspecific competitive advantage of moso bamboo were signifi-
cantly promoted under NH, " -rich conditions but inhibited in an NO3™-
dominated environment. All tested species showed significantly higher
rates of °NH,4 " than 1°NO3 ™~ uptake, but the uptake preference for NH4*
over NO3~ only translated into biomass advantages in P. edulis. Both the
Vimax and the substrate affinity for NH4" was higher in P. edulis than in
the native tree species. Furthermore, the enzyme activities of GS,
GOGAT, and GDH in roots were significantly increased with NH4"
provision in moso bamboo compared to a much more subdued, less
plastic response in the native tree species. The considerable morpho-
logical and physiological plasticity of bamboo in response to NH; " may
confer a significant growth and competitive advantage over native tree
species in NH4"-rich environments. The increased ratios of soil NH;"/
NOj~ frequently seen in subtropical areas of China in the course of
bamboo invasion, coupled to anthropogenic NH4*/NH3 deposition, may
result in soil-nutritional habitats increasingly hospitable to bamboo
expansion.
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