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Nitrogen fertilization is common for poplar trees to improve growth and productivity. The utilization of N by poplar largely depends on fertilizer application patterns; however, the underlying regulatory hubs are not fully understood. In this study, N utilization and potentially physiological regulations of two poplar clones (XQH and BC5) were assessed through two related experiments (i: five levels of N supply and ii: conventional and exponential N additions). Poplar growth (leaf area) and N utilization significantly increased under fertilized compared to unfertilized conditions, whereas photosynthetic N utilization efficiency significantly decreased under low N supplies. Growth characteristics were better in the XQH than in the BC5 clone under the same N supplies, indicating higher N utilization efficiency. Leaf absorbed light energy, and thermal dissipation fraction was significantly different for XQH clone between conventional and exponential N additions. Leaf concentrations of putrescine (Put) and acetylated Put were significantly higher in exponential than in conventional N addition. Photorespiration significantly increased in leaves of XQH clone under exponential compared to conventional N addition. Our results indicate that an interaction of the clone and N supply pattern significantly occurs in poplar growth; leaf expansion and the storage N allocations are the central hubs in the regulation of poplar N utilization.
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Introduction

Soil nitrogen (N) availability is one of primary factors determining plant N status. Soil N, which exists in multi forms (such as nitrate, ammonium, and amino acids), is highly mobile. Soil N availability is variable in natural field conditions due to biotic (e.g., microbial consumption) and abiotic (e.g., rainwater leaching) factors (Kant et al., 2011). Under the background of global warming, N limitation on plant growth has been predicted to be a long-term challenge for dryland vegetation systems (Hooper and Johnson, 1999). N uptake by roots is significantly restricted under severe drought stress even if soil N is sufficient (Hu and Chen, 2020). Moreover, N limitation is common in plants grown in infertile soil or good soil with short-rotation. Limitations of soil N availability result in inhibition of lateral root initiation, leaf development (e.g., leaf number and leaf area) even whole plant growth (Yeh et al., 2000). Deficiency of N in plant is commonly accompanied with significant alternations of gene expressions, metabolic and physiological processes (Lea et al., 2007; Hu et al., 2014; Song et al., 2019a; Song et al., 2019b; Hu et al., 2020). How to improve plant adaptation to N deficiency is a high concern in dryland agriculture.

Conventional N fertilization, which delivers fertilizers at a constant rate during the growth period (Hu et al., 2015), is preferred by farmers to improve plant N use efficiency and overall productivity. In the past decades, excess N fertilizer was applied into global agricultural systems (Good and Beatty, 2011). However, crops can utilize only 30–40% of the supplemental N (Raun and Johnson, 1999). High N supply can produce inhibitory effects on root growth (e.g., lateral root elongation) (Zhang et al., 2007), and reduce plant N utilization efficiency (Coleman et al., 2006). Appropriate fertilization managements are very crucial for crops to obtain maximum N utilization efficiency. Most of the plants obey the S-shaped growth pattern (i.e., lag phase, log phase, and stationary phase). Correspondingly, plant N demand is relatively less at an initial growth stage (lag phase), and rapidly increases in the log phase, and slightly decreases in the stationary phase. Exponential N fertilization has been established on a basis of plant “S” growth pattern, so it was considered an optimal fertilization model for the plants such as Pinus monticola (Dumroese et al., 2005) and trembling aspen (Pokharel and Chang, 2016). However inconsistent results were reported in some woody species such as Eucalyptus globulus and hybrid poplar; for example, at a lower N-fertilization rate, plant morphological and nutritional traits were similar between exponentially and conventionally fertilized seedlings (CloseI et al., 2005; Zabek and Prescott, 2007). Plant responses to N addition are highly plastic due to the genetic-dependent (such as species preference to N form) and -independent (such as N addition patterns) factors (da Silveira Pontes et al., 2010). The applicability and efficacy of exponential models for different woody species are still largely unknown.

Leaves are the major N sink of plants supplied with N fertilizers. Leaf N is primarily located in the chloroplasts (in form of chloroplast proteins). During chloroplast development, polyamines (PAs) serve as an N source for the synthesis of chlorophyll and chloroplast proteins (Sobieszczuk-Nowicka and Legocka, 2014). Polyamines are small, polycationic molecules mainly present in chloroplasts and photosynthetic subcomplexes including thylakoid membranes, photosystem II complex and light-harvesting complex (Kotzabasis et al., 1993). Considerable evidence emphasized the importance of PAs in modulating the functionality and efficiency of photosynthetic apparatus (Shu et al., 2012; Sobieszczuk-Nowicka and Legocka, 2014). PAs can stimulate leaf conversion of protochlorophyllide to chlorophyllide (Beigbeder et al., 1995) and positively modulate photosystem II activity and linear electron transfer (Ioannidis and Kotzabasis, 2007). Exogenous PAs have positive impacts on leaf photochemical processes in plant response to abiotic stresses (Shu et al., 2012). Moreover, PAs participate in the modulation of energy production and dissipation processes of the chloroplast (Ioannidis et al., 2012; Kotakis et al., 2014). Small changes of plastid-associated PAs can fine tune proton motive force and ATP production in the thylakoids (Ioannidis and Kotzabasis, 2014). In higher plants, free PAs are the main forms present in plant organs (Chen et al., 2019). Free PAs are implicated in the regulation of C and N metabolisms (such as amino acids and tricarboxylic acid cycle). Therefore, PAs are significantly important in leaf physiological responses to N supply. However, to date, the information of PAs-associated plant response to exponential N addition is unavailable.

Photorespiration is physiologically important in the regulation of photosynthetic carbon (C) and N metabolism in leaves (Wang et al., 2014). In early studies (e.g., Zelitch, 1973), photorespiration is considered an excess energy dissipating process, which protects the photosynthetic apparatus from stress damages. So lowering photorespiration was operated as a potential pathway to increase leaf C fixation and plant productivity. However, increasing evidence suggests the importance of photorespiration in the regulation of N metabolism (e.g., having a positive correlation with nitrate assimilation, Bloom, 2015; stimulating the fixation of C into amino acids, Busch et al., 2018). Photorespiration was implicated in plant adaptation to low N stress (Tang et al., 2018). Under NO3− supply (with one case of sunflower plants, Busch et al., 2018), photorespiration significantly increased, being accompanied with improvements in leaf N assimilation and CO2 uptake. Moreover, photorespiratory pathway significantly varies with leaf age (Gjerstad, 1975). For example, the photorespiration rate is high in developing poplar leaves, whereas the value declines in the matured leaves. Leaf maturation and senescence are closely correlated with N availability (Hallik et al., 2009). Photorespiratory pathway is a potentially regulatory hub in plant adaptation to N availability.

Poplar trees are short-rotation woody plants in the northern hemisphere (Hart et al., 2015). Poplar plantations have high biomass production at the cost of high water and N consumption (Rockwood et al., 2004). Soil N (particularly NO3−) losses have been reported in poplar plantations (e.g., P. maximowiczii × P. nigra, Balasus et al., 2012; Populus tremula L. × P. tremuloides Michx., Rytter and Rytter, 2018) under the short-rotation regimes. The limitation of soil N availability is an important factor influencing the sustainability of high biomass production of the short-rotation poplar plantations. Appropriate N applications are essential for poplars to improve plant growth and N utilization efficiency (Franklin et al., 2016). In this study, two poplar clones XQH (Populus psedosimonii × P. nigra cv. Baicheng- 1) and BC5 (Populus  × Xiaozhanica cv. Baicheng-5), which are widely afforested in Northern China and have high tolerance to infertile soil, were selected as the materials. It was hypothesized that (1) fertilization patterns (a total amount of N supply and conventional and exponential N additions) were the primary factors determining plant N status and utilization efficiency of different poplar trees; (2) leaf levels of PAs and photorespiration were implicated in poplar response to soil N availability. Special attention was focused on storage N (free amino acids, soluble proteins, PAs, and photorespiratory N) allocations in leaves of the poplar clones in the growing season of post- (conventional and exponential) fertilization year.



Materials and Methods


Plant Material

Two poplar clones (XQH and BC5) were propagated from 2-year-old cuttings. Cuttings of each clone were cultivated in 8.0-L pots filled with 2:1:1:1 (v:v:v:v) black soil–vermiculite–perlite–silver sand (total N: 0.86 g.kg−1, total P: 0.42 g.kg−1, available P: 32.15 mg.kg−1, organic matter: 22.76 g.kg−1) at Tree Breeding Garden of Northeast Forestry University, Harbin city, China. The clones were watered with tap water (about 600 ml per pot) every two days. Physical and chemical properties of tap water were described in detail in the Water Quality Report (Harbin Water Supply Group Co., Ltd 2018).



Experimental Design

Two experiments were set up to assess (1) growth performance and leaf N utilization under five N-supply levels and (2) photosynthetic C and N metabolisms and excitation energy allocations in leaves under conventional and exponential N additions.


Experiment 1 (Exp. 1)

After plant growth for 2.5 months, seedlings of each poplar clone were separated into five groups (12 seedlings per group): the control (CK) group: seedlings grown without N addition during the growing season; the N2, N3, N4, and N5 groups: seedlings grown with 2, 3, 4, and 5 g N (in the form of urea, CH4N2O) addition per plant. N addition was conducted on July 8, July 28, and August 18 in 2017, respectively. On the first fertilization, P (1.430 g pot−1; Ca(H2PO4)2.H2O) and K (0.133 g pot−1; K2SO4) fertilizers were applied. Leaf N concentration, photosynthetic, and growth parameters were measured from July 8, 2017 at an interval of 20 days.



Experiment 2 (Exp. 2)

Based on the results of Exp. 1 and our previous experimental results (Ahmed, 2019), a total amount (6 g pot−1) of N fertilizer was used as an optimal N amount in Exp. 2. 1.5 months old seedlings of each poplar clone were separated into three groups (60 seedlings per group): the control (CK) group: seedlings without N addition during the growing season, (CF) group: seedlings with a conventional N addition (by two times), and (EF) group: seedlings with an exponential N addition (by six times). On the first fertilization (June 20, 2018), N (3 g N pot−1 for CF, and 0.387 g pot−1 for EF; the N form of CH4N2O), P (1.430 g pot−1; Ca(H2PO4)2.H2O), and K (0.133 g pot−1; K2SO4) fertilizers were applied. Each amount of exponential N addition was calculated on the formula Nt = Ns × (ert − 1) − N(t − 1) (Hawkins et al., 2005), where Nt is the amount of N to be added at time t for a given relative addition rate r, Ns the initial N content in plant, and N(t − 1) is the cumulative amount of N added up to and including the last fertilizer addition (Ingestad and Lund, 1986). Exponential N fertilization was conducted at an interval of 10 days (from June 20 to August 10, 2018), and conventional fertilization was conducted on June 20 and July 20 in 2018, respectively. Before sampling, non-destructive measurements [shoot height (SH), basal diameter (BD), leaf area (LA), leaf photosynthesis) were conducted. For the measurements of organ metabolite concentration, key enzyme activity, and fresh organ (leaves, stem barks, and roots), samples were separately collected in growing seasons of the fertilizing year (on July 10, July 30, 2018) and post-fertilization year (May 24 and June 20, 2019), respectively. Samples collected were stored immediately in fresh boxes with ice packs. After washing with distilled water and surface-drying, all samples were stored at −80°C for future use.



Growth Traits

In Exp. 1 and Exp. 2, SH and BD were measured using a ruler and a vernier caliper, respectively. Leaf area (5th to 7th leaves from the top) of each plant was calculated by a grid count method. Fresh weight (FW) of plant organs was measured; dry weight (DW) was measured after oven-drying at 90°C to a constant mass. Absolute water content (AWC) of shoots was calculated as described by Ghashghaie et al. (1992): AWC = (FW − DW)/DW.



Gas Exchange Rates and Chlorophyll Index

In Exp. 1 and Exp. 2, photosynthetic parameters of the 5th–7th fully-expanded leaves (from the top) were measured by using a LI-6400 portable photosynthesis system (LI-COR Bioscience, Inc., NE, USA). Net CO2 assimilation rate (Pn), stomatal conductance (gs), and transpiration rate (Tr) were determined at 380 μl.L−1 CO2, 65% RH, and 1,400 μmol.m−2.s−1 PPFD (photosynthetic photon flux density). Measurements were performed in the mornings between 9:00 a.m. and 11:00 a.m. Chlorophyll index (SPAD value) of the midpoint of the 3rd–5th fully-expanded leaves (from the top) was measured by a SPAD 502 Plus Chlorophyll Meter (Minolta Camera Co., Osaka, Japan).



Leaf N Concentration and Utilization Efficiency

In Exp. 1, about 100-mg dried samples were treated by H2SO4–H2O2 Kjeldahl digestion method. Total N was determined by an indophenol method; the detailed procedures were described by Ohyama et al. (1991). Photosynthetic N utilization efficiency (PNUE) and transpiration-water N utilization efficiency (WNUE) were calculated by the following equations:

	

Where DW is leaf dry weight (g), LA is leaf area (m2), N is leaf N concentration (%), Pn is net photosynthetic rate (μmol.m−2.s−1), Tr is transpiration rate (mmol.m−2.s−1).



Chlorophyll Fluorescence Variables

In Exp. 2, in the growing season of post-fertilization year (2019), chlorophyll fluorescence parameters of poplar leaves were measured using a portable fluorometer (M-PEA, Hansatech, King’s Lynn, UK). Leaves were first dark-adapted for 30 min, then exposed to a saturating red light pulse (650 nm, 3,000 μmol photons.m-2.s-1) provided by an array of six light-emitting diodes. Chlorophyll fluorescence variables were calculated automatically in Handy PEA v 1.3 software (Hu et al., 2019). CS: excited cross-section, RC: the reaction centers (RCs) of photosystems; ABS/CSo: absorption flux per CS at t = 0, which expresses antenna chlorophyll per CS, ABS/RC: absorption flux per active RC, DIo/CSo: dissipated energy flux of PSII per CS at t = 0, DIo/RC: dissipated energy flux per RC, ETo/ABS: quantum yield of electron transport between the two photosystems, ETo/CSo: electron transport flux per CS at t = 0, ETo/RC: electron transport flux per active RC, Fo/Fv: the efficiency of the oxygen-evolving complex (OEC) of PSII, RC/CSm: density of active RCs of PSII per excited CS.



Free Amino Acids, Soluble Sugars, and Soluble Proteins

In Exp. 2, fresh samples (about 100 mg power) were hydrolyzed in deionized water (1 ml); homogenates were transferred to a 1.5-ml centrifuge tube and boiled at 95°C for 15 min, then cooled with tap water. The tubes were then centrifuged at 8,000 × g at 4°C (total free AAs) or 25°C (soluble sugars) for 10 min. For soluble proteins, homogenate was centrifuged at 10,000 × g at 4°C for 10 min. Solution concentration was determined separately using free AAs, soluble sugars, and soluble protein assay Kits (Comin Biotechnology Co. Ltd, Suzhou, China) according to the manufacturer’s instructions. Metabolite concentration was calculated according to linear regression equations of the standard curve.



Composition Analysis of Free Amino Acids

In Exp. 2, fresh samples (about 150 mg power) were hydrolyzed in 1 ml deionized water. Samples were diluted and derivatized as done by Gao et al. (2017). The combined supernatant was labeled with iTRAQ reagents (API 20AA kit) and quantified by HPLC–MS/MS (UltiMate 3000 [Thermo Fisher Scientific Inc., Waltham, MA, USA]–API 3200 QTRAP [AB Sciex, Boston MA, USA]) using MSLAB HP-C18 column (150 mm long, 4.6 mm diameter, 5 μm particle size; Beijing Amino Acid Medical Research Co.). The detailed information on parameters and operations was described by Hu and Chen (2020).



Tricarboxylic Acids

In Exp. 2, fresh samples (about 150 mg power) were hydrolyzed in 1 ml deionized water. Then 50 μl solution was added to 200 μl of methanol (containing the internal standards). After standing for 1 min, samples were centrifuged at 13,000 × g at 4°C for 4 min. The supernatant was consequently collected and analyzed by HPLC-MS/MS (Ultimate3000-API 3200 Q TRAP) with ESI in negative ion mode. Chromatographic separation was conducted on a MSLab HP-C18 column (150 °C 4.6 mm, 5 μm; a flow rate of 1 ml·min−1; column temperature of 50°C). Two solvents, solvent A (water with 2 mmol·L−1 ammonium formate) and solvent B (acetonitrile with 2 mmol·L−1 ammonium formate), were used as mobile phases. Elution was operated as described by Gao et al. (2017). Mass spectrometry conditions were based on the descriptions by Jin et al. (2016).



Free Polyamine Analysis

In Exp. 2, fresh samples (about 150 mg power) were hydrolyzed in 1.5-ml 5% (w/v) perchloric acid. Samples were centrifuged at 15000 × g at 4°C for 30 min, and the supernatant was kept for further analysis. Free polyamines (putrescine: Put, spermidine: Spd, and spermine: Spm) and acetylated polyamines (A-Put, A-Spd, and A-Spm) were determined by HPLC-MS/MS (Ultimate3000-API 3200 Q TRAP) using a MSLab HP-C18 column (150 ×4.6 mm, 5 μm). The detailed measurements were described by Hu et al. (2019).



Activity of Glycolate Oxidase and Catalase, andH2O2 Concentration

In Exp. 2, the activity of key enzymes (CAT: catalase and GO: glycolate oxidase) was separately assayed by using CAT and GO assay kits (Comin Biotechnology Co. Ltd, Suzhou, China). The detailed measurements were operated according to the manufacturer’s instructions. Enzyme activity was calculated based on the absorbance values and a standard curve.

Fresh samples (100 mg leaf powder) were mixed with 1 ml acetone in ice bath. The homogenates were centrifuged at 8 000 × g at 4°C for 10 min. The supernatant was determined by monitoring the absorbance of the titanium–peroxide complex (binding between Ti4+ and H2O2) at 415 nm. The detailed measurements were operated according to Zhao and Shi (2009).




Statistical Analyses

Normality of data distribution and homogeneity of variance were first checked using the Shapiro–Wilk test and Levene’s test, respectively. Logarithmic transformation was applied if data did not meet the assumptions of normality and homogeneity of variance. Two-way analysis of variance (ANOVA) followed by Duncan’s test was used to examine the differences between experimental treatments. Differences were considered significant at P < 0.05. Non-parametric test (Kruskal–Wallis test) was applied for data of logarithmic transformation that still did not meet normality distribution and homogeneity of variance. Correlations between the excitation energy fractions (such as ABS/CS and DIo/CS) and polyamine or photorespiratory metabolic parameters were estimated using Pearson’s correlation coefficient (r) at the significant level of 0.05. The analyses were performed using Excel software (Microsoft Office Standard 2013, Microsoft, Redmond, WA, USA) and IBM SPSS Statistics 20.0 (IBM Corp., Armonk, NY, USA).




Results


Leaf N Concentration and Utilization Efficiency in Both Clones Under Different N Supply Levels

N concentration significantly increased in fertilized compared to unfertilized seedlings of both XQH and BC5 clones (Figure 1A). Leaf N was significantly higher in seedlings of the BC5 clone under N3 than under the other N-supply levels; in contrast, leaf N was not different for the XHQ clone between N-supply levels. N concentration was not statistically different between the two clones under the unfertilized condition (CK) but was higher in the XQH than in the BC5 clone under N2, N4, and N5 conditions.




Figure 1 | Leaf N concentration (%, A), net photosynthetic rate (Pn, B), photosynthetic N utilization efficiency (PNUE, C) and transpiration-water N utilization efficiency (WNUE, D) of two poplar clones (XQH and BC5) under different N-supply levels. CK: seedlings grown without N addition; N2, N3, N4, and N5: seedlings grown with 2, 3, 4, and 5 g N (in form of urea) per plant, respectively. An accumulative amount of N addition is 0 (CK), 4 g (N2), 6 g (N3), 8 g (N4), and 10 g (N5) per plant, respectively. The same lowercase letter above the error bars indicates no significant difference (p < 0.05; Duncan’s test).



Pn was significantly higher for both clones under N3 and N4 compared to that under CK and under N5 (Figure 1B). Pn value was not different between the two clones under CK and was significantly higher in the XQH clone than in the BC5 clone under N3, N4, and N5. PNUE and WNUE significantly decreased in seedlings of both XQH and BC5 clones under N2 and N3 compared to that under CK. PNUE and WNUE were higher for both polar clones under N4 than under the other N-supply levels (Figures 1C, D). PNUE and WNUE were higher in seedlings of XQH than of the BC5 clone under the same N-supply level (except for N3).



Total Leaf Area, Shoot Dry Weight and Absolute Water Content in Both Clones Under Different N Supply Levels

Total LA significantly increased in seedlings of both XQH and BC5 clones under the fertilized (except BC5 clone under N5) compared to unfertilized conditions (Figures 2A, D). LA was higher for the XQH clone under N2 (Figure 2A) or N4 (Figure 2D) and for the BC5 clone under N3 compared to the other N supply levels. LA was significantly higher in seedlings of the XQH than of the BC5 clone under N4 and N5 (Figure 2D).




Figure 2 | Leaf area (LA; A, D), shoot dry weight (DW; B, E) and absolute water content (AWC; C, F) of two poplar clones (XQH and BC5) under different N-supply levels. CK: without N addition; N2, N3, N4, and N5: with 2, 3, 4, and 5 g N (in form of urea) per plant, respectively. (A–C) represented the accumulative amount of N addition of 0 (CK), 4 g (N2), 6 g (N3), 8 g (N4), and 10 g (N5) per plant; (D–F) represented the accumulative amount of N addition of 0 (CK), 6 g (N2), 9 g (N3), 12 g (N4), and 15 g (N5) per plant. The same lowercase letter above the error bars indicates no significant difference (p < 0.05; Duncan’s test).



Shoot DW was higher in both clones under fertilized (except BC5 clone under N5) than unfertilized conditions (Figures 2B, E). Shoot DW was significantly lower in the XQH than in the BC5 clone under CK. Shoot DW was significantly different between XQH and BC5 clones under the same N-supply level in the second fertilization (Figure 2B) but not different in the third fertilization (Figure 2E). Shoot AWC increased in both poplar clones under the fertilized compared to unfertilized conditions (Figures 2C, F). The AWC values decreased in the third (Figure 2F) compared to the second fertilization (Figure 2C). Shoot AWC was significantly higher in the BC5 clone under N3 than under CK and N5 conditions. Shoot AWC was significantly higher in the XQH than in the BC5 clone under N2.



Growth Performance of Two Poplar Clones Under Conventional and Exponential N Applications

Growth performances (SH, BD, and LA) were better for the XQH and BC5 clones under fertilized than unfertilized conditions in the growing season of fertilizing (2018) and post-fertilization (2019) years. There were no differences in the growth parameters of the XQH and BC5 clones between CF and EF treatments. SH was significantly higher in the XQH than in the BC5 clone with the same N supply in both fertilizing and post-fertilization years (Table 1).


Table 1 | Growth and physiological parameters of two poplar clones (XQH and BC5) under conventional (CF) and exponential (EF) N applications in growing seasons of the fertilizing (2018) and post-fertilization year (2019).



Leaf Pn significantly increased in fertilized compared to unfertilized seedlings of the BC5 clones in the fertilizing (2018) and post-fertilization (2019) years (Table 1). In contrast, leaf Pn was higher in fertilized than in unfertilized seedlings of XQH clone only in the fertilizing year (2018). Leaf Pn was not different for the two poplar clones between CF and EF treatments in the years 2018 and 2019.



Leaf Soluble C and N Metabolites of Two Poplar Clones Under Conventional and Exponential N Applications

Free AAs concentration was higher, but SPs were lower in fertilized than unfertilized seedlings of the XQH clone in the years 2018 and 2019. Concentration of free AAs or SPs was significantly different between CF- and EF-treated XQH clones only in 2018. For the BC5 clone, free AAs concentration significantly increased only in EF-treated seedlings compared to CK in 2018 and 2019. SP concentration was significantly lower in CF-treated seedlings (in 2018) and EF-treated seedlings (in 2019) than in CK.

SS concentration was significantly higher in fertilized than unfertilized seedlings of the XQH and BC5 clones, without difference between the CF and EF seedlings. OA concentration was not different for the BC5 clone between treatments. OA concentration was significantly higher for the XQH clone under EF than CK condition.



Leaf Polyamines Content in Two Poplar Clones Under Conventional and Exponential N Applications

Put concentration was significantly higher in the EF seedlings than in the control ones (for both XQH and BC5 clones) and CF seedlings (only for XQH clone) (Table 2). Leaf Put was significantly higher in the XQH than in the BC5 clone under both CK and EF conditions. Concentrations of Spd and Spm were not different for the XQH clone between treatments; in contrast, Spm concentration was significantly lower in the fertilized than in the unfertilized BC5 clones, without difference between CF and EF treatment.


Table 2 | Leaf free polyamines concentration (μg·g−1 FW) of two poplar clones (XQH and BC5) supplied with conventional (CF) and exponential (EF) N in the growing season of post-fertilization year.



Acetylated Put concentration significantly increased in the XQH clone under EF compared to CK and CF conditions; in contrast, acetylated Spd and Spm were not different between treatments. Acetylated polyamines were not different for the BC5 clone between treatments.



Chlorophyll Fluorescence Parameters of Two Poplar Clones Under Conventional and Exponential N Applications

Leaf Chl index of the XQH clone significantly increased under the fertilized compared to unfertilized conditions, without differences between CF and EF treatments (Table 3). In contrast, leaf Chl was not different for the BC5 clone between treatments.


Table 3 | Leaf chlorophyll fluorescence parameters of two poplar clones (XQH and BC5) in the first post-fertilization year.



For the XQH clone, ABS/CSo and DIo/CSo significantly increased under EF compared to CK and CF conditions. ETo/CSo was significantly higher in the fertilized than in the unfertilized seedlings. In contrast, the above chlorophyll fluorescence parameters were not different for the BC5 clone between treatments. The PSII reaction center-based indexes (ABS/RC, ETo/RC, and DIo/RC) were not different for the XQH clone between treatments; whereas the values of ABS/RC and DIo/RC were significantly lower for the BC5 clone only under CF (than CK) condition. RC/CSm was significantly higher for both XQH and BC5 clones only under CF (than CK) condition. ETo/ABS and Fo/Fv were not different for both poplar clones between treatments.



Leaf Photorespiration of Two Poplar Clones Under Conventional and Exponential N Applications

Activity of GO significantly increased in leaves of XQH clone under the fertilized compared to the unfertilized controls, with significantly higher values under EF than CF conditions (Table 4). In contrast, GO activity was not different in the leaves of fertilized and unfertilized seedlings of BC5 clone.


Table 4 | Leaf photorespiratory levels of two poplar clones (XQH and BC5) supplied with conventional and exponential N application in the first post-fertilization year.



H2O2 concentration was significantly lower in the XQH and BC5 clones under EF compared to CK conditions, without difference between CF and EF treatments. CAT activity significantly decreased in both clones under CF compared to CK and EF conditions with a significant difference for the BC5 clone between EF and CK conditions.

Glycine concentration was not different for the two clones between treatments, with significantly higher values in the leaves of the XQH than BC5 clone. Glycine-to-serine ratio significantly increased in the XQH clone under EF compared to CF and CK conditions. Glutamate-to-glutamine was lower in the CF- than EF-treated XQH clone, without differences between fertilized and unfertilized seedlings for both poplar clones. MA concentration significantly increased in the fertilized compared to the unfertilized seedlings of both clones.




Discussion

Organic N fertilizers (such as urea) are commonly used in the management of poplar seedlings. Organic N application significantly improved poplar growth (Coleman et al., 2006; Zhang et al., 2018). In our study, an interaction of the clone and N supply was found significant in the growth performance of poplar plants. Clone XQH performed better than BC5 under N supply by exhibiting enhanced growth attributes and N utilization. BC5 clone is more sensitive to N than XQH clone (Figures 1 and 2). Leaf morphology and physiology are significantly important in plant adaptation to alternations of the environmental factors (including soil N availability). Under N supply, increasing N allocation to leaves is an adaptive strategy for plants to improve photosynthetic C and N use efficiency (Perchlik and Tegeder, 2018). However, in our study, PNUE and WNUE significantly decreased but N concentration significantly increased in the leaves of both XQH and BC5 clones under low N supply compared to the unfertilized control. This result implies that the N allocated to the leaves may be used preferentially for leaf expansion, which is indicated by a significant increase of the leaf area. The storage N such as nitrate and water-soluble proteins are the regulatory hub of leaf expansion and photosynthetic capacity (Liu et al., 2018). During leaf expansion, the storage N in the leaves are primarily used for cell division and chloroplast development (Roggatz et al., 1999). The N allocation strategy is applicable to our results that low N supply (N2 or N3) increased N allocation to the leaves, further stimulating leaf expansion. However, growth inhibition occurred in the BC5 clone at high N supply (N5); this may be due to the restrictions of root growth and N uptake as well as subsequent N transport upward to shoots (White, 2012).

Soluble proteins and amino acids are considered major N sources for leaf expansion. In general, leaf concentration of SPs decreases along with leaf expansion (Liu et al., 2018). Our results showed that leaf area significantly increased in the fertilized than unfertilized seedlings of both XQH and BC5 clones, without difference in leaf area between CF and EF (Table 1). Leaf AAs and SPs are significantly different in the XQH clone under both EF and CK conditions but not different under CF and CK conditions in post-fertilizing year. There were no statistical differences in the storage N in the seedlings of the BC5 clone under conventional and exponential N additions in the post-fertilizing year. Our results confirmed a higher continuity of storage N utilized by poplar trees under exponential compared to conventional N addition. Leaf level of the storage N is an effective index in evaluating the real efficacy of different N application (such as CF and EF) models. Compared to the storage N, the growth parameters (such SH, BD, and shoot biomass) are ineffectual in distinguishing the difference in poplar responses to N-application patterns (Zabek and Prescott, 2007; and the present study).

Polyamines are significantly important in the regulation of cell division, protein synthesis, and other cellular processes in leaves (Nieves et al., 1998; Alcázar et al., 2010). The availability of N influences the cellular PA biosynthesis in plants. For example, cellular PAs (putrescine, spermidine, and spermine) significantly decreased in plants (rice) under N deficiency compared to N supply (Sung et al., 1995). Moreover, cellular PAs in the plants (such as tobacco and poplar) were significantly affected by supplemental N forms (e.g., the ratio of nitrate to ammonium nutrition, Altman and Levin, 2006; the ratio of nitrite to nitrate, Hu et al., 2019). Our results indicate that exponential additions of the organic N (urea) significantly increased leaf Put concentration of the XQH and BC5 poplar clones but decreased leaf Spm of the BC5 clone. Putrescine is a central metabolite of PA metabolism, closely linked with amino acids, organic acids, and hormonal cross-talks (Hu and Chen, 2020). In previous studies (e.g. Li et al., 2015), Put conversion to higher PAs (such as Spd and Spm) is considered as an adaptive strategy for the plants to environmental alterations. However, excess accumulation of higher PAs in the cells may be toxic, at least in part, to plasma membranes (Capell et al., 2004; Hu and Chen, 2020). Our results support the above view because light absorption index (ABS/CSo) has a negative correlation with Spm concentration (r = −0.80, p = 0.05; Figure S1), in contrast to a positive correlation with Put concentration (r = 0.74, p = 0.09). Polyamine acetylation possibly through the conjugation with hydroxycinnamic acids is another important mechanism in the regulation of cellular PA level (Luo et al., 2009). Our results confirmed the significant occurrence of PA acetylation (acetylated Put in the XQH poplar clone with exponential N addition; Table 2). We inferred that Put acetylation may be implicated in dissipation of excess excitation energy captured by light-harvesting complex II because of a significant positive correlation between acetylated Put and the dissipated energy flux (DIo/CSo; Figure S1). However, only the correlation analysis is not adequate to confirm the correlations between PAs and the photochemical processes. A systematic study (through using PA-associated mutants and/or the inhibitors or stimulators specially related to PA metabolism and photochemical processes) or the direct evidence is needed to confirm the close correlations and uncover the underlying mechanisms in poplar response to changes of soil N availability.

In this study, photorespiration is responsive to organic N additions, particularly for the XQH clone; leaf GO activity and Gly/Ser ratio significantly increased under exponential compared to conventional N additions. Photorespiration is significantly important in the regulation of leaf C and N metabolisms through the glyoxylate and glycine recycling (Wang et al., 2014), Glu-involved metabolic pathways (i.e., the biosynthesis of proteins and amino acids; Hu et al., 2019), and mitochondrial malate dehydrogenase-mediated tricarboxylic acid cycle (Tomaz et al., 2010). Photorespiratory N cycle [ammonia release through glycine decarboxylation and reassimilation by chloroplastic glutamine synthetase (GS2)] is significantly faster than primary nitrogen assimilation (Keys et al., 1978). For the GS2-deficient mutants, the inability to reassimilate photorespiratory ammonium resulted in leaf accumulation of free ammonium (e.g., tobacco; Oliveira et al., 2002), even the whole plant death (e.g., barley; Blackwell et al., 1987). The study by Oliveira et al. (2002) has demonstrated a close correlation between the levels of cytosolic GS1 and photorespiration and inferred that the efficiency of reassimilation of photorespiratory ammonium was an important factor determining NUE and plant growth (Oliveira et al., 2002). Our study confirmed significant alternations of Gly-to-Ser ratio and Glu-to-Gln ratio in poplar leaves when plants were subjected to exponential (compared to conventional) N addition. However, a direct link of photorespiration with NUE or plant growth is unavailable in our results. A recent study using NO3− as N source reported the photorespiration-mediated stimulation on leaf CO2 assimilation (Busch et al., 2018); in contrast, under NO3− deficiency, both the photosynthetic and photorespiratory rates decreased. In our study, leaf photosynthetic and photorespiratory levels are significantly higher in the fertilized than the unfertilized poplar clones. Several studies have demonstrated the importance of photorespiration in regulating leaf allocation of excitation energy in plants (such as Schima superba, Crytocarya concinna, and Populus alba × Populus berolinensis) with N addition (e.g., Cai et al., 2008; Hu et al., 2014). Our results showed significantly positive correlations of photorespiration (GO activity) with light absorption (ABS/CSo) and thermal dissipation (DIo/CSo) processes (Figure S2). However, metabolomics and transcriptome experiments are needed to uncover the real roles of photorespiration in complex regulation networks in plant response to N addition.



Conclusions

Poplar growth is significantly reduced under the limitation of soil N availability. Supplemental N application significantly stimulated leaf expansion, photosynthetic C and N metabolisms, and shoot growth. The efficacy of N supply largely depends on an interaction of the clone and N application (a total N amount and a conventional or exponential N model). The storage N (such as AAs and SPs) may be significantly important in the regulation of leaf expansion in poplar adaptation to exponential N addition. Allocation of excitation energy in photosystem II, the polyamines (Put and the acetylated Put) and photorespiratory metabolism (GO activity, Gly-to-Ser ratio, and Glu-to-Gln ratio) are implicated in poplar response to soil N availability.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author Contributions

YH and XZ designed the experiment, analyzed the data, and wrote the paper. MS revised the manuscript. YH, CL, LJ, and HZ conducted the experiment. All authors contributed to the article and approved the submitted version.



Funding

The study was financially supported by National Key Research and Development Program of China (Grant No. 2016YFD0600404); Heilongjiang Province Postdoctoral Research Starting Fund (LBH-Q19002); the Open Fund of Key Laboratory of Dryland Agriculture, Ministry of Agriculture, P. R. China (2018KLDA02).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2020.01271/full#supplementary-material



References

 Ahmed, A. K. M. (2019). Efficient cultivation techniques for different poplar clones in northeast China. Northeast For. Univ. Diss. 51.

 Alcázar, R., Altabella, T., Marco, F., Bortolotti, C., Reymond, M., Koncz, C., et al. (2010). Polyamines: molecules with regulatory functions in plant abiotic stress tolerance. Planta 231, 1237–1249. doi: 10.1007/s00425-010-1130-0

 Altman, A., and Levin, N. (2006). Interactions of polyamines and nitrogen nutrition in plants. Physiol. Plant. 89 (3), 653–658. doi: 10.1111/j.1399-3054.1993.tb05229.x

 Balasus, A., Bischoff, W. A., Schwarz, A., Scholz, V., and Kern, J. (2012). Nitrogen fluxes during the initial stage of willows and poplars in short-rotation coppices. J. Plant Nutr. Soil Sci. 175 (5), 729–738. doi: 10.1002/jpln.201100346

 Beigbeder, A., Vavadakis, M., Navakoudis, E., and Kotzabasis, K. (1995). Influence of polyamine inhibitors on light-independent and light-dependent chlorophyll biosynthesis and on the photosynthetic rate. J. Photochem. Photobiol. B: Biol. 28, 235–242. doi: 10.1016/1011-1344(95)07113-G

 Blackwell, R. D., Murray, A. J. S., and Lea, P. J. (1987). Inhibition of photosynthesis in barley with decreased levels of chloroplastic glutamine synthetase activity. J. Exp. Bot. 38, 1799–1809. doi: 10.1093/jxb/38.11.1799

 Bloom, A. J. (2015). Photorespiration and nitrate assimilation: a major intersection between plant carbon and nitrogen. Photosynth. Res. 123 (2), 117–281. doi: 10.1007/s11120-014-0056-y

 Busch, F. A., Sage, R. F., and Farquhar, G. D. (2018). Plants Increase CO2 uptake by assimilating nitrogen via the photorespiratory pathway. Nat. Plants 4 (1), 46–54. doi: 10.1038/s41477-017-0065-x

 Cai, X. A., Sun, G. C., Zhao, P., and Liu, X. J. (2008). High-nitrogen and low-irradiance can restrict energy utilization in photosynthesis of successional tree species in low subtropical forest. Sci. China Ser. C 51, 592–603. doi: 10.1007/s11427-008-0077-x

 Capell, T., Bassie, L., and Christou, P. (2004). Modulation of the polyamine biosynthetic pathway in transgenic rice confers tolerance to drought stress. PNAS 101 (26), 9909–9914. doi: 10.1073/pnas.0306974101

 Chen, D., Shao, Q., Yin, L., Younis, A., and Zheng, B. (2019). Polyamine function in plants: metabolism, regulation on development, and roles in abiotic stress responses. Front. Plant Sci. 9, 1945. doi: 10.3389/fpls.2018.01945

 CloseI, D. C., Hunter, B. S., and Beadle, C. L. (2005). Effects of exponential nutrient-loading on morphological and nitrogen characteristics and on after-planting performance of Eucalyptus globulus seedlings. For. Ecol. Manage. 205 (1-3), 397–403. doi: 10.1016/j.foreco.2004.10.041

 Coleman, M., Tolsted, D., Nichols, T., Johnson, W. D., Wene, E. G., and Houghtaling, T. (2006). Post-establishment fertilization of Minnesota hybrid poplar plantations. Biomass Bioenerg. 30, 740–749. doi: 10.1016/j.biombioe.2006.01.001

 da Silveira Pontes, L., Louault, F., Carrère, P., Maire, V., Andueza, D., and Soussana, J. F. (2010). The role of plant traits and their plasticity in the response of pasture grasses to nutrients and cutting frequency. Ann. Bot. 105 (6), 957–965. doi: 10.1093/aob/mcq066

 Dumroese, R. K., Page-Dumroese, D. S., Salifu, K. F., and Jacobs, D. F. (2005). Exponential fertilization of Pinus monticola seedlings: Nutrient uptake efficiency, leaching fractions, and early outplanting performance. Can. J. For. Res. 35 (12), 2961–2967. doi: 10.1139/x05-226

 Franklin, H., McEntee, D., and Bloomberg, M. (2016). “The potential for poplar and willow silvopastoral systems to mitigate nitrate leaching from intensive agriculture in New Zealand,” in Integrated Nutrient and Water Management For Sustainable Farming. Eds.  L. D. Currie, and R. Singh (Palmerston North, New Zealand: Occasional Report No. 29. Fertilizer and Lime Research Centre, Massey University), 10 pages.

 Gao, G., Clare, A. S., Rose, C., and Caldwell, G. S. (2017). Reproductive sterility increases the capacity to exploit the green seaweed Ulva rigida for commercial applications. Algal Res. 24, 64–71. doi: 10.1016/j.algal.2017.03.008

 Ghashghaie, J., Brenckmann, F., and Saugier, B. (1992). Water relations and growth of rose plants cultured in vitro under various relative humidities. Plant Cell Tiss. Org. 30 (1), 51–57. doi: 10.1007/BF00040000

 Gjerstad, D. H. (1975). Photosynthesis, photorespiration, and dark respiration in Populus × euramericana: effects of genotype and leaf age. Retrospective Theses Diss. pp, 5416.

 Good, A. G., and Beatty, P. H. (2011). Fertilizing nature: A tragedy of excess in the commons. PloS Biol. 9 (8), e1001124. doi: 10.1371/journal.pbio.1001124

 Hallik, L., Kull, O., Niinemets, Ü, and Aan, A. (2009). Contrasting correlation networks between leaf structure, nitrogen and chlorophyll in herbaceous and woody canopies. Basic App. Ecol. 10 (4), 309–318. doi: 10.1016/j.baae.2008.08.001

 Hart, Q. J., Tittmann, P. W., Bandaru, V., and Jenkins, B. M. (2015). Modeling poplar growth as a short rotation woody crop for biofuels in the Pacific Northwest. Biomass Bioenerg. 79, 12–27. doi: 10.1016/j.biombioe.2015.05.004

 Hawkins, B. J., Burgess, D., and Mitchell, A. K. (2005). Growth and nutrient dynamics of western hemlock with conventional or exponential greenhouse fertilization and planting in different fertility conditions. Can. J. For. Res. 35, 1002–1016. doi: 10.1139/x05-026

 Hooper, D. U., and Johnson, L. (1999). Nitrogen limitation in dryland ecosystems: Responses to geographical and temporal variation in precipitation. Biogeochemistry 46, 247–293. doi: 10.1007/BF01007582

 Hu, Y. B., and Chen, B. D. (2020). Arbuscular mycorrhiza induced putrescine degradation into γ-aminobutyric acid, malic acid accumulation, and improvement of nitrogen assimilation in roots of water-stressed maize plants. Mycorrhiza 30, 329–339. doi: 10.1007/s00572-020-00952-0

 Hu, Y. B., Fernández, V., and Ma, L. (2014). Nitrate transporters in leaves and their potential roles in foliar uptake of nitrogen dioxide. Front. Plant Sci. 5, 360. doi: 10.3389/fpls.2014.00360

 Hu, Y. L., Hu, Y., Zeng, D. H., Tan, X., and Chang, S. X. (2015). Exponential fertilization and plant competition effects on the growth and N nutrition of trembling aspen and white spruce seedlings. Can. J. For. Res. 45, 78–86. doi: 10.1139/cjfr-2014-0187

 Hu, Y. B., Peuke, A. D., Zhao, X. Y., Yan, J. X., and Li, C. M. (2019). Effects of simulated atmospheric nitrogen deposition on foliar chemistry and physiology of hybrid poplar seedlings. Plant Physiol. Biochem. 143 (10), 94–108. doi: 10.1016/j.plaphy.2019.08.023

 Hu, Y. B., Li, C. M., Jiang, L. P., Liang, D. Y., and Zhao, X. Y. (2020). Growth performance and nitrogen allocation within leaves of two poplar clones after exponential and conventional nitrogen applications. Plant Physiol. Biochem. doi: 10.1016/j.plaphy.2020.06.053

 Ioannidis, N. E., and Kotzabasis, K. (2007). Effects of polyamines on the functionality of photosynthetic membrane in vivo and in vitro. Biochim. Biophys. Acta 1767 (12), 1372–1382. doi: 10.1016/j.bbabio.2007.10.002

 Ioannidis, N. E., and Kotzabasis, K. (2014). Polyamines in chemiosmosis in vivo: a cunning mechanism for the regulation of ATP synthesis during growth and stress. Front. Plant Sci. 5, 71. doi: 10.3389/fpls.2014.00071

 Ioannidis, N. E., Cruz, J. A., Kotzabasis, K., and Kramer, D. M. (2012). Evidence that putrescine modulates the higher plant photosynthetic proton circuit. PLoSONE 7, e29864. doi: 10.1371/journal.pone.0029864

 Jin, X. H., Huang, H., Wang, L., Sun, Y., and Dai, S. L. (2016). Transcriptomics and metabolite analysis reveals the molecular mechanism of anthocyanin biosynthesis branch pathway in different Senecio cruentus cultivars. Front. Plant Sci. 7, 1307. doi: 10.3389/fpls.2016.01307

 Kant, S., Bi, Y. M., and Rothstein, S. J. (2011). Understanding plant response to nitrogen limitation for the improvement of crop nitrogen use efficiency. J. Exp. Bot. 62 (4), 1499–1509. doi: 10.1093/jxb/erq297

 Keys, A. J., Bird, I. F., Cornelius, M. J., Lea, P. J., Wallsgrove, R. M., and Miflin, B. J. (1978). Photorespiratory nitrogen cycle. Nature 275, 741–743. doi: 10.1038/275741a0

 Kotakis, C., Theodoropoulou, E., Tassis, K., Oustamanolakis, C., Ioannidis, N. E., and Kotzabasis, K. (2014). Putrescine, a fast-acting switch for tolerance against osmotic stress. J. Plant Physiol. 171, 48–51. doi: 10.1016/j.jplph.2013.09.015

 Kotzabasis, K., Fotinou, C., Roubelakis-Angelakis, K. A., and Ghanotakis, D. (1993). Polyamines in the photosynthetic apparatus. Photosynth. Res. 38, 83–88. doi: 10.1007/BF00015064

 Lea, U. S., Slimestad, R., Smedvig, P., and Lillo, C. (2007). Nitrogen deficiency enhances expression of specific MYB and bHLH transcription factors and accumulation of end products in the flavonoid pathway. Planta 225 (5), 1245–1253. doi: 10.1007/s00425-006-0414-x

 Li, J. Y., Dong, T. F., Guo, Q. X., and Zhao, H. X. (2015). Populus deltoides females are more selective in nitrogen assimilation than males under different nitrogen forms supply. Trees 29 (1), 143–159. doi: 10.1007/s00468-014-1099-6

 Liu, T., Ren, T., White, P. J., Cong, R. H., and Lu, J. W. (2018). Storage nitrogen co-ordinates leaf expansion and photosynthetic capacity in winter oilseed rape. J. Exp. Bot. 69 (12), 2995–3007. doi: 10.1093/jxb/ery134

 Luo, J., Fuell, C., Parr, A., Hill, L., Bailey, P., Elliott, K., et al. (2009). A novel polyamine acyltransferase responsible for the accumulation of spermidine conjugates in Arabidopsis seed. Plant Cell 21, 318–333. doi: 10.1105/tpc.108.063511

 Nieves, N., Martinez, M. E., Blanco, M. A., González, J. L., Borroto, E., Lorenzo, J. C., et al. (1998). Changes in soluble proteins and polyamines during citrus seed germination. Fruits 53 (1), 27–33. doi: 10.1023/A:1010699532641

 Ohyama, T., Ito, M., Kobayashi, K., Araki, S., Yasuyoshi, S., Sasaki, O., et al. (1991). Analytical procedures of N, P, K contents in plant and manure materials using H2SO4-H2O2 Kjeldahl digestion method. Bull. Fac. Agric. Niigata Univ. 43, 111–120.

 Oliveira, I. C., Brears, T., Knight, T. J., Clark, A., and Coruzzi, G. M. (2002). Overexpression of Cytosolic Glutamine Synthetase. Relation to Nitrogen, Light, and Photorespiration. Plant Physiol. 129 (3), 1170–1180. doi: 10.1104/pp.020013

 Perchlik, M., and Tegeder, M. (2018). Leaf amino acid supply affects photosynthetic and plant nitrogen use efficiency under nitrogen stress. Plant Physiol. 178, 174–188. doi: 10.1104/pp.18.00597

 Pokharel, P., and Chang, S. X. (2016). Exponential fertilization promotes seedling growth by increasing nitrogen retranslocation in trembling aspen planted for oil sands reclamation. For. Ecol. Manage. 372, 35–43. doi: 10.1016/j.foreco.2016.03.034

 Raun, W. R., and Johnson, G. V. (1999). Improving nitrogen use efficiency for cereal production. Agron. J. 91 (3), 357–363. doi: 10.2134/agronj1999.00021962009100030001x

 Rockwood, D., Naidu, C., Carter, D., Rahmani, M., Spriggs, T., Lin, C., et al. (2004). Short-rotation woody crops and phytoremediation: Opportunities for agroforestry? Agroforest Syst. 61 (1-3), 51–63. doi: 10.1023/B:AGFO.0000028989.72186.e6

 Roggatz, U., McDonald, A. J., Stadenberg, I., and Schurr, U. (1999). Effects of nitrogen deprivation on cell division and expansion in leaves of Ricinus communis L. Plant Cell Environ. 22, 81–89. doi: 10.1046/j.1365-3040.1999.00383.x

 Rytter, R. M., and Rytter, L. (2018). Effects on soil characteristics by different management regimes with root sucker generated hybrid aspen (Populus tremula L. × P. tremuloides Michx.) on abandoned agricultural land. iForest 11, 619–627. doi: 10.3832/ifor2853-011

 Shu, S., Guo, S. R., and Yuan, L. Y. (2012). “A review: polyamines and photosynthesis,” in Advances in photosynthesis – fundamental aspects. Ed.  M. M. Najafpour (Rijeka: InTech), 439–464.

 Sobieszczuk-Nowicka, E., and Legocka, J. (2014). Plastid-associated polyamines: their role in differentiation, structure, functioning, stress response and senescence. Plant Biol. 16, 297–305. doi: 10.1111/plb.12058

 Song, H. F., Cai, Z. Y., Liao, J., Tang, D. T., and Zhang, S. (2019a). Sexually differential gene expressions in poplar roots in response to nitrogen deficiency. Tree Physiol. 39 (9), 1614–1629. doi: 10.1093/treephys/tpz057

 Song, J. Y., Wang, Y., Pan, Y. H., Pang, J. Y., Zhang, X., Fan, J. F., et al. (2019b). The influence of nitrogen availability on anatomical and physiological responses of Populus alba × P. glandulosa to drought stress. BMC Plant Biol. 19, 63. doi: 10.1186/s12870-019-1667-4

 Sung, H. I., Liu, L. F., and Kao, C. H. (1995). The decrease in polyamine levels is not associated with growth inhibition in suspension-cultured rice cells under nitrogen deficiency. Biol. Plant. 37 (2), 213–217. doi: 10.1007/BF02913214

 Tang, Y. T., Li, X., Lu, W., Wei, X. D., Zhang, Q. J., Lv, C. G., et al. (2018). Enhanced photorespiration in transgenic rice over-expressing maize C4 phosphoenolpyruvate carboxylase gene contributes to alleviating low nitrogen stress. Plant Physiol. Biochem. 130, 577–588. doi: 10.1016/j.plaphy.2018.08.013

 Tomaz, T., Bagard, M., Pracharoenwattana, I., Lindén, P., Lee, C. P., Carroll, A. J., et al. (2010). Mitochondrial malate dehydrogenase lowers leaf respiration and alters photorespiration and plant growth in Arabidopsis. Plant Physiol. 154 (3), 1143–1157. doi: 10.1104/pp.110.161612

 Wang, M., Shen, Q. R., Xu, G. H., and Guo, S. W. (2014). New insight into the strategy for nitrogen metabolism in plant cells. Int. Rev. Cell Mol. Biol. 310, 1–37. doi: 10.1016/B978-0-12-800180-6.00001-3

 White, P. J. (2012). “Long-distance transport in the xylem and phloem,” in Marschner’s Mineral Nutrition of Higher Plants (Third Edition). Ed.  P. Marschner (London: Academic Press), 49–70.

 Yeh, D. M., Lin, L., and Wright, C. J. (2000). Effects of mineral nutrient deficiencies on leaf development, visual symptoms and shoot–root ratio of Spathiphyllum. Sci. Hortic. 86 (3), 223–233. doi: 10.1016/S0304-4238(00)00152-7

 Zabek, L. M., and Prescott, C. E. (2007). Steady-state nutrition of hybrid poplar grown from un-rooted cuttings. New For. 34, 13–23. doi: 10.1007/s11056-006-9033-4

 Zelitch, I. (1973). Plant productivity and the control of photorespiration. Proc. Natl. Acad. Sci. U.S.A. 70 (2), 579–784. doi: 10.1073/pnas.70.2.579

 Zhang, H. M., Rong, H. L., and Pilbeam, D. (2007). Signalling mechanisms underlying the morphological responses of the root system to nitrogen in Arabidopsis thaliana. J. Exp. Bot. 58 (9), 2329–2338. doi: 10.1093/jxb/erm114

 Zhang, S., Zhang, Y., Wu, H. B., Liu, Y. X., and Zhang, P. (2018). Effects of different forms of nitrogen fertilization on the growth of Populus simonii × Populus nigra seedings. Bull. Bot. Res. 38 (3), 384–390. doi: 10.7525/j.issn.1673-5102.2018.03.010

 Zhao, L. C., and Shi, L. G. (2009). Metabolism of hydrogen peroxide between univoltine and polyvoltine strains (Bombyx mori). Comp. Biochem. Physiol. B 152 (4), 339–345. doi: 10.1016/j.cbpb.2008.12.014



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Hu, Siddiqui, Li, Jiang, Zhang and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-11-01271-g001.jpg
~o-XQH
—e-BCs

N

~

*® M

(N3 Ot 1ow) AN

© (5N :3%0 10w INNd

s

N






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Polyamine Metabolism, Photorespiration, and Excitation Energy Allocation in Photosystem II Are Potentially Regulatory Hubs in Poplar Adaptation to Soil Nitrogen Availability

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Plant Material

          



          		

            Experimental Design

          

            		

              Experiment 1 (Exp. 1)

            



            		

              Experiment 2 (Exp. 2)

            



            		

              Growth Traits

            



            		

              Gas Exchange Rates and Chlorophyll Index

            



            		

              Leaf N Concentration and Utilization Efficiency

            



            		

              Chlorophyll Fluorescence Variables

            



            		

              Free Amino Acids, Soluble Sugars, and Soluble Proteins

            



            		

              Composition Analysis of Free Amino Acids

            



            		

              Tricarboxylic Acids

            



            		

              Free Polyamine Analysis

            



            		

              Activity of Glycolate Oxidase and Catalase, andH2O2 Concentration

            



          



          



          		

            Statistical Analyses

          



        



        



        		

          Results

        

          		

            Leaf N Concentration and Utilization Efficiency in Both Clones Under Different N Supply Levels

          



          		

            Total Leaf Area, Shoot Dry Weight and Absolute Water Content in Both Clones Under Different N Supply Levels

          



          		

            Growth Performance of Two Poplar Clones Under Conventional and Exponential N Applications

          



          		

            Leaf Soluble C and N Metabolites of Two Poplar Clones Under Conventional and Exponential N Applications

          



          		

            Leaf Polyamines Content in Two Poplar Clones Under Conventional and Exponential N Applications

          



          		

            Chlorophyll Fluorescence Parameters of Two Poplar Clones Under Conventional and Exponential N Applications

          



          		

            Leaf Photorespiration of Two Poplar Clones Under Conventional and Exponential N Applications

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Poplar Treatment

o
o oF
&
ok
5Cs cF
&

Put

0532021
0692 0.10°
179 1001
0.18.2008°
0.44.2025%
0.48.2020°

Polyamines
Spd.

015.2002°
017 2004
0162008
0242008
019.2004%
0222006%

spm

0602 005°
0612011
0722007
1232044
0892 0.14°
0892014

APt

005.2002°
0092 008
0131008
0072008"
008.2002°
0112006%

Acetylated polyamines
Aspd

0162011
017 2010°
03120200
01820110
0222010°
0192018"

Aspm

0271013°
0302 026°
0291 008°
0122007
0132007
0152006

CK soetings wihcut N gpicaton: Pt pulroscn; Spd, spamide; Spm sperie; A, acetylld, Moans wilh (he same owercase lteraro ot sgnficanty dfret (0 < 0.05

Do I eeais 808






OEBPS/Images/table4.jpg
Poplar  Fertization co cat

(omotminmg prot)

o 0461002 0472008
@ oF 082:010° 0332008
& 125:022° 0421006
o 0892009 0852005"
s o 082:008° 0312003
& 1072016% 0522006

Hi0; (umol g~ FW)

9538 1 546"
2031512
7671 2 7.74°
12615 2428°
125,10 £4.78°
11668 2 676"

42420280
5281148
5981156
2702084
252041
2692082°

Gy g P Giy:Ser

0382004
0432005
0552000
025.2008°
027 2007
027 2008

GG MAGgg FW

34905 1605% 48481 2 180"
1850658 101443 2 69.45°
4302:026° 110363 2 5247°
28732464% 20742 6695°
3373:619% 36985 29838
270621475 2816023317

CAT, catatas; G, ghtamins; G ghtamicac; Gy, 9y GO, 9ycoate 0x3ass H0s, hyckogen proses A, makc acis Se,seine Means i th samoowercaso ke areno

bt e b ¢ R Drinst's et fuioas & 80k e 4





OEBPS/Images/table3.jpg
Poplar  Fedization O (SPAD).

YT
e
maraasz

Prefer-y
st

prerd

ocs

R22%%8%

‘Grosa-secton based index
sscse  Erwcss  Dwose
sssame  ws.sw .ol
@stizd oo s
Gy @i i4sm
A s 01
SwLnee .o vz
oL avaimee 11

Sl reaction centor based index.
ssRe  grome  biomc
122.01  omiom 0282007
1092000°  0ior00w 0222008
1810120 0% 1000 028.000°
izaon  oriiaor  omsom
omioee omiaoe 02rs002
1020130 0®1008 02510000

oy
2102 as
207882 ss0v
2z o
arsve s 0ar
Zovi0 w7

Erorass.

ozr20100
038008
031 2004
om100e
03000
0300

oz 005
o280
0.0
0312 008
prome
o2 00

o ey e e s 03 oy S/ o S s o o 3 A, o i S 005 e o
TS St 1 D, sy ot TGS o bl e et b 4o 5oy 15, e e o C3. 10 EOFC. i st o e S 7
T e e e e o e





OEBPS/Images/fpls-11-01271-g002.jpg
Ns
Ns

N
NN

N
N

—o-xaH
—e-Bes

&

30
0
10
o
50

Ns
NS

—o-xQH
~e-Bes
NN
e

® M N oM

o

300

0

10

o
150
w©
0
o

3

2

1

o

- () ma10oys o MV I004S





OEBPS/Images/fpls.2020.01271_cover.jpg
, frontiers
in Plant Science

Polyamine Metabolism,
Photorespiration, and Excitation
Energy Allocation in Photosystem |l
Are Potentially Regulatory Hubs in
Poplar Adaptation to Soil Nitrogen
Availability





OEBPS/Images/logo.jpg
, frontiers
in Plant Science





OEBPS/Images/M1.jpg
PNUE = Pn/(N x DW/LA)
WNUE = Tr/(N x DW/LA)






OEBPS/Images/table1.jpg
. o b sicn SH ot B0, v oty LA ol ) P, ok i ) . v 0 | 95 ko |5 ko
7 i Ok g 350 TRy 3 . s e s e 01 e S < D05, D' s oo 47 nch s by 3 e b K W
beaos

e i Soir g e e et B e s





