
Vol.:(0123456789)1 3

J. For. Res. 
https://doi.org/10.1007/s11676-021-01338-4

ORIGINAL PAPER

Morphological and physiological plasticity response to low 
nitrogen stress in black cottonwood (Populus deltoides Marsh.)

Cun Chen1,2 · Yanguang Chu1,2 · Qinjun Huang1,2 · 
Changjun Ding1,2 · Weixi Zhang1,2 · Bo Li1,2 · 
Jing Zhang1,2 · Xiaohua Su1,2,3 

Received: 12 April 2020 / Accepted: 19 July 2020 
© The Author(s) 2021

between leaf traits and root biomass under normal nitro-
gen level, however, the correlation became positive in low 
nitrogen treatment. Moreover, with the decrease of nitrogen 
level, the negative correlation between leaf morphology 
and chlorophyll levels became weakened. The growth of 
the genotypes under the two treatments was evaluated by 
combining principal component analysis with a fuzzy math-
ematical membership function; the results showed that leaf 
traits accounted for a large proportion of the variation in the 
evaluation model. According to the results of comprehensive 
evaluation of plants under the two treatments, the 338 P. 
deltoides genotypes could be divided into nine categories, 
with wide genotypic diversity in nitrogen use efficiency and 
low nitrogen tolerance. As a result, 26 N-efficient genotypes 
and 24 N-inefficient genotypes were selected. By compara-
tive analysis of their morphological and physiological traits 
under the two treatments, leaf traits could be significant 
indicators for nitrogen use efficiency and nitrogen tolerance, 
which is of considerable significance for breeding poplar 
varieties with high nitrogen use efficiencies.
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Introduction

Nitrogen (N) is an essential mineral element and an impor-
tant component of many biological macromolecules such 
as nucleic acids, proteins, hormones and chlorophyll. 
Nitrogen plays a crucial role in the growth and develop-
ment of plants (Binkley and Högberg 2016; Rubio-Asensio 
and Bloom 2017; Cánovas et al. 2018). Both inorganic and 
organic N are absorbed by roots and transported to every 

Abstract It is important to evaluate nitrogen use effi-
ciency and nitrogen tolerance of trees in order to improve 
their productivity. In this study, both were evaluated for 
338 Populus deltoides genotypes from six provenances. 
The plants were cultured under normal nitrogen (750 μM 
 NH4NO3) and low nitrogen (5 μM  NH4NO3) conditions 
for 3 months. Growth, chlorophyll content and glutamine 
synthetase activity of each genotype were measured. Under 
low nitrogen, heights, ground diameter, leaf area, leaf and 
root biomass, and chlorophyll contents were significantly 
lower than those under normal nitrogen level. Correlation 
analysis showed that nutrient distribution changed under dif-
ferent nitrogen treatments. There was a negative correlation 
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part of the plant. Under the action of various enzymes, N 
is transformed into several organic substances that par-
ticipate in essential metabolic processes (Rennenberg 
et  al. 2010; Tegeder and Masclaux-Daubresse 2018). 
Plant productivity is closely related to N levels in the soil 
(Mamashita et al. 2015). To increase crop yields, exge-
nous N application is a common method to increase the N 
content in the soil. However, N application increases crop 
production costs and may cause environmental pollution 
(Robertson and Vitousek 2009; Sutton et al. 2011). Tree 
species have high demands for N but some grow in poor 
quality soil where the N availability is low (Rennenberg 
et al. 2010; Balasus et al. 2012), leading to low forest qual-
ity. Undoubtedly, the application of N fertilizer to promote 
plant growth in such situations will increase costs. Poplar 
species are widely planted because they are fast-growing, 
reproduce easily and display strong adaptability to a vari-
ety of environments, and thus have important economic 
and ecological protection values (Jansson and Douglas 
2007; Polle et al. 2013). However, the growth of poplar 
species is constrained by nitrogen availability. Therefore, it 
is important to understand mechanisms underlying poplar 
adaptation to N limitation in order to enhance N tolerance 
and cultivate varieties with high nitrogen use efficiency 
(NUE) (Ren et al. 2015; Meng et al. 2018).

The response mechanisms of trees to N starvation or limi-
tation have been studied in terms of phenotypic and physi-
ological characteristics (Rennenberg et al. 2010). Nitrogen 
starvation affects the allocation of N within the plant and 
will stimulate the transport of more nutrients to underground 
parts to encourage the growth of roots, especially fine roots, 
to absorb more N from the soil (Gao et al. 2015; Kiba and 
Krapp 2016; Luo et al. 2019; Qin et al. 2019). Root structure 
displays high plasticity in different environments with dif-
ferent N levels (Dathe et al. 2016; Dong et al. 2016; Luo and 
Luo 2017). Similar to the roots, leaf characteristics, espe-
cially leaf area which is closely related to biomass, are sensi-
tive to changes in N availability (Tavarini et al. 2016; Zeng 
et al. 2017; Mao et al. 2018). Therefore, leaf characteristics 
are often used as indexes to evaluate site conditions and 
plant growth (Pérezharguindeguy et al. 2013). The composi-
tion of soil fauna and microbial communities can be affected 
by N levels, which plays an important role in the growth of 
plants, especially roots (Hodge et al. 2000; Ouyang et al. 
2017; Sun et al. 2017; Bian et al. 2019).

The response of poplar species to low N levels has mainly 
been studied using a single genotype or two contrasting gen-
otypes. Few studies have been conducted on the adaptability 
and NUE of natural populations of Populus (Kalcsits and 
Guy 2016). It is well known that selecting poplar genotypes 
suitable for the site conditions will achieve high produc-
tivity (Ghezehei et al. 2016, 2019). Populus species have 
been planted over large areas of the world on various site 

conditions, so it is particularly important to select clones 
scientifically (Truax et al. 2014; Ghezehei et al. 2019).

Populus deltoides Marsh. is a highly suitable short rota-
tion timber species in the middle latitudes of the world. P. 
deltoides is often used in hybrid breeding which has impor-
tant research value (Fahrenkrog et al. 2017). P. deltoides 
germplasm resources have high genetic diversity (Fahren-
krog et al. 2017; Chen et al. 2020). However, the NUE and 
response to low N stress of a large number of genotypes 
in the P. deltoides population are unknown. Therefore, in 
this study, the phenotypic and physiological indexes of 338 
genotypes of P. deltoides were observed under normal N 
supply and low N stress, and the growth of each genotype 
was evaluated. It was hypothesized that the growth of each 
genotype (roots, stems and leaves) would be inhibited under 
low N stress and that the response of different genotypes to 
the change in N levels would be different. This study aimed 
to evaluate the NUE and low N tolerance of different geno-
types. The results could provide a theoretical basis for clonal 
selection in poplar breeding and lay the foundation for fur-
ther research on molecular mechanism regulation under low 
N stress.

Materials and methods

Plant materials

Through international cooperation and exchange of germ-
plasm resources, P. deltoides germplasm was collected from 
main distribution areas in North America. A germplasm 
bank was established in Ningyang County, Tai’an City, 
Shandong Province (35°55′39" N, 116°53′59" E) in 2009. 
Cuttings of 338 genotypes of P. deltoides were selected from 
this bank (Fig. 1). These individuals came from six prov-
enances of three different basins. Among them, 18 genotypes 
were from Iowa (‘Iow’), 10 were from two sampling sites 
in Missouri (‘Mis’), and 117 and 92 individuals were from 
eight sampling sites in Louisiana (‘Lou’) and five in Tennes-
see (‘Ten’), respectively. These provenances were located in 
the Mississippi River basin. In the Columbia River basin, 
16 genotypes were from Washington (‘Was’). In the Saint 
Lawrence River basin, 85 individuals were from seven sam-
pling sites in Quebec, Canada (‘Que’). These materials were 
similar to those used in a previous study (Chen et al. 2020).

Plant cultivation and experimental design

One-year-old stem cuttings (15 cm in length, 1.0–1.5 cm 
in diameter) of the 338 genotypes were rooted and cul-
tured in nutritional pots (5 cm height, 5 cm diameter) filled 
with medium (nutrient soil: perlite = 9: 1). For every gen-
otype, there were 20 cuttings. The plants were cultivated 



Morphological and physiological plasticity response to low nitrogen stress in black cottonwood…

1 3

for 30 days, the root systems carefully washed, replanted 
in new pots (20 cm height, 10 cm diameter) with vermicu-
lite to hold air, water and nutrients. The plants were cul-
tured with water for 15 days, and then irrigated every other 
day with 100 mL of one-tenth strength Hoagland nutri-
ent solution containing 0.4 mM Ca(NO3)2·4H2O, 0.5 mM 
 KNO3, 0.1  mM  NH4NO3, 0.1  mM  KH2PO4, 0.4  mM 
 MgSO4·7H2O, 5  μM Fe-EDTA [pH = 5.5], 2.5  nM KI, 
50 nM  H3BO3, 50 nM  MnSO4·4H2O, 15 nM  ZnSO4·7H2O, 
0.5 nM  Na2MoO4·2H2O, 0.05 nM  CuSO4·5H2O and 0.05 nM 
 CoCl2. The solution was adjusted to pH 6.0. After 20 days, 
12 plants of each genotype with similar growth performance 
were selected and randomly divided into two groups of six 
plants, one group as the control (CK) and the other the N 
stress group (low N; LN). Plants of the LN and CK were cul-
tivated with modified Hoagland nutrient solution (0.4 mM 
 CaCl2·2H2O, 0.5  mM KCl, 0.1  mM  KH2PO4, 0.4  mM 
 MgSO4·7H2O, 5  μM Fe-EDTA [pH = 5.5], 2.5  nM KI, 
50 nM  H3BO3, 50 nM  MnSO4·4H2O, 15 nM  ZnSO4·7H2O, 
0.5 nM  Na2MoO4·2H2O, 0.05 nM  CuSO4·5H2O and 0.05 nM 
 CoCl2) containing 5 μM or 750 μM  NH4NO3, respectively, 
every two days. The treatments were carried out for 3 months 
until distinct morphological differences were observed and 
then harvested. All treatments were carried out in the green-
house of the Chinese Academy of Forestry (40°0′10" N, 
116°14′38" E).

Measurements of chlorophyll and glutamine synthetase 
(GS) activity

After 2 months of treatments, three plants with similar 
heights (H) were selected for each genotype in each treat-
ment. Three mature functional leaves of each plant were 
collected, placed into liquid N, and stored at −80 °C for the 

determination of chlorophyll contents and GS activity. Con-
centrations of chlorophyll (Chl a, Chl b and total Chl) were 
analyzed using the 96% ethanol method (Lichtenthaler and 
Wellburn 1983). The activity of GS was determined using 
the relevant biochemical kit (GS-1-Y, Cominbio, Suzhou, 
China).

Determination of leaf morphological characteristics 
and plant biomass

The initial height (H0) and the ground diameter (GD0) of 
each plant were determined before the treatments. After 
treatments, three plants with similar growth performances 
were selected for each genotype in each treatment for har-
vesting, and final heights (Hn) and the ground diameters 
(GDn) were measured. Before harvesting, five mature leaves 
that had formed during the treatments were collected from 
each plant to determine leaf morphological characteristics. 
Fresh weight of the leaves was recorded, and leaf length, 
width and area were measured using a leaf area meter 
(Yaxin-1241, Beijing Yaxin Liyi Technology Co., Ltd., Bei-
jing, China). Root systems of each plant were washed and 
fresh weight was determined. Leaves and roots were then 
dried at 75 °C for 96 h until constant weight and dry weights 
of the leaves and roots were recorded.

Verification experiment

Based on the results of the comprehensive evaluation, 
three genotypes were randomly selected from plants of dif-
ferent N utilization types to verify the evaluation results. 
The culture method used for the plants was similar to that 
described previously; however, it differed in that plants of 
each genotype with similar heights were randomly divided 

Fig. 1  Locations of a the provenances and b the germplasm bank of Populus deltoides. Que, Quebec; Lou, Louisiana; Iow, Iowa; Mis, Missouri; 
Ten, Tennessee; Was, Washington
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into three groups, with six plants in each group. Plants in 
each of the three groups were cultivated with the appli-
cation of modified Hoagland nutrient solution containing 
5 μM (LN), 750 μM (CK) or 3000 μM (high nitrogen; HN) 
 NH4NO3, every 2 days.

The measured trait parameters included the height and 
ground diameter of each plant, the morphological parame-
ters and chlorophyll content of the leaves, and the biomass 
values of the roots, stems, petioles, and leaves without pet-
ioles after the N treatments. In addition, the net photosyn-
thetic rate (Pn) and transpiration rate (Tr) of mature leaves 
were measured from 09:00 to 11:00 using a portable pho-
tosynthesis system (Li-Cor-6400, LI-COR Inc., Lincoln, 
NE, USA) with an attached light-emitting diode (LED) 
light source. The light intensity was 1000 μmol  m−2  s−1, 
the  CO2 concentration 400 μmol  mol−1 and the gas flow 
rate 500 μmol  s−1.

Statistical analyses

All data were recorded using Excel software, and the mean 
value of every parameter of each genotype was calculated. 
Correlation analysis between parameters was carried out 
using the package ‘corrplot’ in R. Heat maps, violin plots 
and network diagrams of each parameter were drawn using 
OmicShare tools (www. omics hare. com/ tools). A Tukey 
test was used for comparing the means of the parameters. 
For principal component analysis (PCA), the data were 
standardized and computed using SPSS 17.0 for Win-
dows (SPSS, Chicago, IL, USA). In order to explain the 
extracted principal components clearly, the factors were 
rotated using the maximum variance method with Kai-
ser normalization. Afterwards, based on the result of the 
PCA, comprehensive analysis of each genotype were con-
ducted using the fuzzy mathematics membership function 
method. The comprehensive evaluation value was calcu-
lated using three equations as follows:

where y(PCij) is the fuzzy mathematical membership func-
tion value of the j-th principal component of the i-th poplar 
genotypes, PCij is the score of the j-th principal component 
of the i-th poplar genotypes, PCjmin is the minimum value 
of the j-th principal component score of all genotypes and 
PCjmax is the maximum value.

where wj and rj are the weight and the contribution rate of 
the j-th principal component, respectively.

(1)y
(

PCij

)

=
(

PCij − PCjmin

)

∕
(

PCjmax − PCjmin

)

,

(2)wj = rj

/

n
∑

j

rj,

where PCE–i is the comprehensive evaluation value of the 
i-th poplar genotypes.

Results

Morphological and physiological traits of the genotypes

P. deltoides genotypes were sensitive to the change of avail-
able N in the culture environment. Compared with plants 
cultured under normal N supply (CK), growth of plants 
under low N (LN) was inhibited. Before the N treatment, 
there was no significant difference in height between LN 
and CK treatments (Fig. 2), and the means were 34.68 and 
34.62 cm, respectively (Table S1). Average ground diamters 
of plants in the LN treatment was 3.41 mm, significantly 
higher than that of the CK plants (3.34 mm; p < 0.05; Fig. 2 
and Table S1). After the treatments, heights and ground 
diameters of plants in the LN treatment were significantly 
lower than those in the CK treatment (p < 0.01; Fig. 2). The 
mean fresh weight (RFW) and mean dry weight (RDW) of 
roots of LN treated plants were 1.70 and 1.01 g, respec-
tively. These values were significantly lower than those of 
the plants in the CK group (p < 0.01; Fig. 2 and Table S1). 
Growth of leaves was obviously inhibited in the LN treat-
ment, and this manifested as decreases in length (LL), width 
(LW), area (LA), fresh weight (LFW) and dry weight (LDW) 
(p < 0.01; Fig. 2). Under LN treatment, chlorophyll contents 
also decreased significantly (p < 0.01; Fig. 2). However, the 
change in N concentration had no significant effect on GS 
activity (Fig. 2).

Correlation analysis of morphological and physiological 
parameters

Under both treatments (CK and LN), there was a significant 
positive correlation between leaf morphological parameters 
(p < 0.01; Fig. 3a and b). A similar correlation also existed 
between the physiological parameters (p < 0.01; Fig. 3a 
and b). In addition, there was a significant positive correla-
tion between stem growth and growth of leaves and roots 
(p < 0.01; Fig. 3a and b). There was also a negative correla-
tion between leaf physiological and morphological param-
eters (Fig. 3a and b).

There were differences in the correlation relationships of 
all parameters under the two treatments (Fig. 3c and d), spe-
cifically, there were significant positive correlations between 
RFW and leaf morphological parameters in the LN treat-
ment (p < 0.01; Fig. 3a and b). In the controls, there were 

(3)PCE−i =

n
∑

j

wj × y(PCij),

http://www.omicshare.com/tools
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significant negative correlations between leaf morphological 
parameters and chlorophyll contents (p < 0.01; Fig. 3a and 
b), but this negative correlations were weak in LN treatment. 
The same results can be found by comparing the network 
diagrams of the CK (Fig. 3c) and LN (Fig. 3d) treatments.

Principal Component Analysis (PCA) of morphological 
and physiological parameters

Correlation analysis results show that there was a strong 
correlation between the measured trait parameters, whether 
under CK treatment or LN treatment. After removing the 
parameter Chl (Chl a + Chl b), PCA was performed for 12 
parameters after N treatment. The Kaiser–Meyer–Olkin 
(KMO) test and Bartlett′s test of sphericity were carried out 
on the parameters under the two treatments, and the results 
show that they were suitable for principal component analy-
sis (KMO > 0.7, p < 0.001).

For both treatments, four principal components with eigen-
values > 1 after rotation were extracted (Wang et al. 2018a, b), 
and the cumulative variance contribution rates reached 85.7% 
and 87.1%, respectively (Table 1). In addition, according to the 

rotation component matrices, the composition and biological 
interpretation of the four principal components were similar 
in both treatments (Table 2). The first principal component 
(PC1) was leaf character factor, upon which the LFW, LDW, 
LA, LL and LW had a large loading. The second principal 
component (PC2) was physiological index factor (Chl a, Chl 
b and GS). The mean root fresh weight (RFW) and mean root 
dry weight (RDW) were the main load factors of the third 
principal component (PC3), which was named root character 
factor. The fourth principal component (PC4), stem charac-
ter factor, mainly contained the variation information of the 
final heights (Hn) and final ground diameters (GDn). The four 
extracted principal components reflect adequately the growth 
of each P. deltoides genotype under CK and LN treatments.

Comprehensive evaluation of plants

Different genotypes varied in response to different N treat-
ments. Therefore, the results of the PCA and fuzzy mathemat-
ics membership function method were used to evaluate indi-
viduals under CK and LN treatment.

Fig. 2  Height (H), ground diameter (GD), root biomass, leaf morphology and biomass, chlorophyll content and glutamine synthetase (GS) 
activity of Populus deltoides under normal N supply (CK; white) and low N supply (LN; gray) *: p < 0.05, **: p < 0.01



 C. Chen et al.

1 3

In the control treatment, the equation to calculate the com-
prehensive evaluation was:

In the LN treatment, the equation used was:

PCE−i =
[

0.4287 × y
(

PCi1

)]

+
[

0.2304 × y
(

PCi2

)]

+
[

0.1873 × y
(

PCi3

)]

+
[

0.1536 × y
(

PCi4

)]

Fig. 3  Heat maps and network diagrams of correlation among char-
acteristic parameters of Populus deltoides in a, c normal N supply 
(CK) and b, d low N supply (LN); *: p < 0.05, **: p < 0.01. In the 
network diagrams (c, d), red lines represent negative correlations, 
green lines positive correlation, solid lines p < 0.01, dotted lines 
p < 0.05; dark-colored lines indicate that the correlation was sig-
nificantly different between the CK and LN treatments; light-colored 

lines indicate that the correlation was not significantly different 
between CK and LN treatments. Hn, the height after treatment; GDn, 
the ground diameter after treatment; LFW, leaf fresh weight; LDW, 
leaf dry weight; LA, leaf area; LL, leaf length; LW, leaf width; RFW, 
root fresh weight; RDW, root dry weight; GS, glutamine synthetase 
activity; Chl a: chlorophyll-a content; Chl b: chlorophyll-b content; 
Chl: total chlorophyll content

Based on their comprehensive evaluation results, the 
genotypes were divided into three categories: excellent 
growth category  (PCE > x ̄ + SD), medium growth category 
( ̄x − SD <  PCE < x̄ SD) and poor growth category  (PCE 
< x̄− SD), where x̄ is the mean value of comprehensive 

PCE−i =
[

0.4332 × y
(

PCi1

)]

+
[

0.2297 × y
(

PCi2

)]

+
[

0.1993 × y
(

PCi3

)]

+
[

0.1379 × y
(

PCi4

)]
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evaluation values and SD the standard deviation of compre-
hensive evaluation values.

Based on the classification results in the CK and LN treat-
ments, the P. deltoides genotypes were divided into nine 
groups (Fig. 4a). Individuals in the excellent growth cat-
egory  (PCE >x̄ SD) in both treatments showed high NUE, 
and were grouped into group A, which included 26 P. del-
toides genotypes (Fig. 4a and b). However, there were 24 
individuals with low evaluation values  (PCE < x̄ SD) in both 
treatments, indicating that their NUE was low and named 
group C (Fig. 4a and b).

Comparative analysis of plants with different nitrogen 
use efficiencies

Based on the comprehensive evaluation, two groups 
with different NUEs were selected: group A (N-efficient 

genotypes) and C (N-inefficient genotypes). The scores 
of the four principal components of group A were higher 
than those of group C, irrespective of the treatment 
(Fig. 5a and b). Moreover, compared with other princi-
pal components, the difference in leaf character (PC1) 
between the two groups was the largest. The PC1 score 
was the highest among the four principal components of 
group A in either treatment, whereas the opposite was 
true for group C.

Verification of analysis results

The index parameters of six P. deltoides genotypes were 
measured under three N-level treatments (LN, CK and 
HN). These included H, GD, RFW, RDW, LFW, LDW, LA, 

Table 1  Eigenvalues and cumulative contribution rate of principal components extracted from growth indexes of Populus deltoides under nor-
mal N supply (CK) and low N supply (LN)

Treatments Principal 
components

Extraction sums of squares Rotation sums of squares

Eigenvalue Variance contri-
bution rate (%)

Cumulative variance 
contribution rate (%)

Eigenvalue Variance contri-
bution rate (%)

Cumulative variance 
contribution rate (%)

CK 1 5.68 47.31 47.31 4.41 36.74 36.74
2 2.39 19.92 67.23 2.37 19.74 56.48
3 1.50 12.47 79.70 1.93 16.05 72.54
4 0.72 6.00 85.70 1.58 13.16 85.70

LN 1 5.62 46.85 46.85 4.53 37.72 37.72
2 2.22 18.47 65.32 2.40 20.00 57.72
3 1.92 16.02 81.34 2.08 17.35 75.08
4 0.69 5.75 87.08 1.44 12.00 87.08

Table 2  Rotated component matrix of the principle component analysis of Populus deltoides growth in conditions of normal N supply (CK) and 
low N supply (LN)

Parameters Normal N supply (CK) Low N supply (LN)

Principal component Principal component

1 2 3 4 1 2 3 4

Leaf fresh weight (LFW) 0.917 −0.303 −0.017 0.135 0.923 −0.230 0.096 0.186
Leaf dry weight (LDW) 0.844 −0.359 0.018 0.205 0.842 −0.279 0.133 0.271
Leaf area (LA) 0.964 −0.175 −0.038 0.087 0.975 −0.077 0.018 0.110
Leaf length (LL) 0.847 −0.180 −0.083 0.094 0.906 −0.045 0.076 0.016
Leaf width (LW) 0.887 −0.039 0.063 0.093 0.886 −0.015 0.021 0.183
Chlorophyll-a content (Chl a) −0.255 0.933 0.062 −0.060 −0.090 0.966 0.023 −0.063
Chlorophyll-b content (Chl b) −0.210 0.934 0.007 −0.137 −0.053 0.965 −0.022 −0.074
Glutamine synthetase activity (GS) −0.460 0.498 0.063 −0.271 −0.349 0.579 0.093 −0.296
Root fresh weight (RFW) 0.022 0.004 0.941 0.202 0.106 −0.002 0.949 0.137
Root dry weight (RDW) −0.089 0.076 0.938 0.178 0.024 0.064 0.951 0.141
Height after treatment (Hn) 0.088 −0.294 0.177 0.847 0.189 −0.228 0.202 0.884
Ground diameter after treatment (GDn) 0.291 0.008 0.329 0.780 0.478 −0.064 0.441 0.608
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LL, LW, Chl a, Chl b, Pn, Tr, SFW (stem fresh weight), 
SDW (stem dry weight), PFW (petiole fresh weight) and 
PDW (petiole dry weight). The same comprehensive 
evaluation analysis was used to evaluate the plants, and 
the results show that in LN, control, HN treatments, the 
comprehensive evaluation values of the three genotypes 
selected from group A were higher than those of the three 
from group C (Fig. 6).

Discussion

Effects of low N stress on plant growth

Since N is an essential element for plant growth and develop-
ment; growth will be significantly inhibited under conditions 
of low N availability (Kavoosi et al. 2014; Xu et al. 2017; 
Li et al. 2018). Lu et al. (2019) studied the wood properties 
of Populus during acclimation to low N (50 µM  NH4NO3). 
They found that the width and number of cell layers in the 

Fig. 4  Comprehensive evaluation, a classification and b statis-
tics of Populus deltoides genotypes grown under normal N supply 
(CK) and low N supply (LN);  PCE-CK, comprehensive evaluation 
value under CK treatment;  PCE-LN, comprehensive evaluation value 
under LN treatment; x̄ , the mean value of comprehensive evalua-
tion values; SD, the standard deviation of comprehensive evaluation 
values. Green symbols,  PCE-CK > x̄ + SD and  PCE-LN > x̄ + SD; blue 
symbols, x̄ − SD <  PCE-CK < x̄ + SD and x̄ − SD <  PCE-LN < x̄ + SD; 

red symbols,  PCE-CK < x̄ − SD and  PCE-LN < x̄ − SD; orange sym-
bols,  PCE-CK < x̄ − SD and  PCE-LN > x̄ + SD; light blue symbols, 
 PCE-CK > x̄ + SD and  PCE-LN < x̄ − SD; purple symbols,  PCE-CK < x̄ − 
SD and x̄ − SD <  PCE-LN < x̄ + SD,  PCE-CK > x̄ + SD and x̄−
SD <  PCE-LN < x̄ + SD, x̄ − SD <  PCE-CK < x̄ + SD and  PCE-LN < x̄ − SD, 
x̄ − SD <  PCE-CK < x̄ + SD and  PCE-LN > x̄ + SD. A, N-efficient geno-
types; C, N-inefficient genotypes

Fig. 5  Score of principal components of N-efficient (group A) and 
N-inefficient (group C) Populus deltoides genotypes under a normal 
N supply and b low N supply; PC1-leaf, PC2-physiology, PC3-root 

and PC4-stem represent the principal components of leaf character, 
physiological index, root character and stem character, respectively
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xylem decreased, and wood fiber content was reduced. It has 
also been shown that N deficiency affected the accumulation 
of N, phosphorus and potassium in roots, leaves and stems 
of Pistacia chinensis Bunge seedlings. More nutrients were 
transported to the root system to promote the growth of fine 
roots to reduce the negative effects of N deficiency (Song 
et al. 2019). In addition, when subjected to N deficiency 
(0.25 mM  NH4NO3), root biomass of Populus cathayana 
Rehd. increased and stem and leaf biomass decreased. This 
suggests that, with the change of N levels in the environ-
ment, the internal resource allocation by the plant changed 
adaptively (Luo et al. 2019). In addition, chlorophyll con-
centrations, leaf area, net photosynthetic rates and enzyme 
activities have been shown to be less under low N condi-
tions, which eventually leads to reductions in biomass (Li 
et al. 2012; Luo et al. 2015, 2019; Lu et al. 2019; Su et al. 
2019).

In this study, the growth of 338 P. deltoides genotypes 
was evaluated under a normal N supply and low N stress. 
Compared with the CK treatment, chlorophyll levels of the 
leaves and the growth of roots, stem, and leaf tissues were 
significantly lower in LN treatment (p < 0.01; Fig. 2). As 
N levels decreased, the correlation between the trait indi-
cators changed. The negative correlation between the leaf 
morphological parameters (area, width, length) and chlo-
rophyll content was weaker in the LN treatment (Fig. 3). 
This indicated that the extent of the inhibition caused by N 
deficiency differed for leaf development and for chlorophyll 
synthesis. Furthermore, the positive correlation between 
the root growth parameters (root fresh weight, RFW and 
root dry weight, RDW) and the leaf parameters (leaf fresh 
weight, LFW, leaf dry weight, LDW, area, width and length) 
was stronger under LN conditions (Fig. 3). This indicates 
that under N stress, leaf development was more dependent 
on the status of the root system to obtain mineral elements 

and other substances. Simultaneously, the development 
of the root system required more nutrients provided by 
photosynthesis.

Contrary to previous studies, low N stress did not pro-
mote root growth in this study but significantly inhibited 
root growth. Comparing the results of different studies, it 
was found that the growth and development of roots under 
low N stress was related to treatment time. When the treat-
ment time is relatively short (3–7 weeks), the length, sur-
face area and biomass of the roots, especially of fine roots, 
are significantly stimulated by N starvation (Li et al. 2012; 
Luo et al. 2015, 2019; Meng et al. 2018). However, with 
an increase of stress time (5–6 months), root growth is sig-
nificantly inhibited, although root to shoot ratios increases 
(Song et al. 2019). The root system absorbs the necessary 
nutrients (mineral elements, organic matter and water) for 
plant growth and transports them to the leaves through the 
xylem. In the leaves, nutrients are transformed into sugars, 
proteins and other compounds via metabolic processes such 
as photosynthesis and transpiration. These compounds are 
then transported to various organs (roots, stems and leaves) 
to promote growth and development (Nunes-Nesi et  al. 
2010; Xu et al. 2012). When under low N stress, roots react 
to the deficiency, leading to increased transport to the roots 
of compounds synthesized in the leaves. This promoted the 
growth of fine roots and thus the absorption of more nutri-
ents to be transported to the leaves. With the prolongation of 
stress time, compounds produced by leaves could no longer 
meet the requirements for root growth and growth of the root 
system would eventually be inhibited.

Evaluation of plant nitrogen use efficiency

Different genotypes of the same species show contrasting 
adaptabilities to growing conditions, and different tolerances 

Fig. 6  Comprehensive evalua-
tion value of Populus deltoides 
genotypes under low nitrogen 
 (LN2), normal nitrogen levels 
 (CK2) and high nitrogen  (HN2) 
in the verification test. A-1, 
A-2 and A-3 represent the three 
N-efficient genotypes; C-1, C-2 
and C-3 the three N-inefficient 
genotypes
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to biotic and abiotic stresses (Guo and Zhang 2010; Liu et al. 
2015; Zhao et al. 2016a, b; Ferreira et al. 2018; Ghezehei 
et al. 2019; Zhang et al. 2020). Kalcsits and Guy (2016) 
studied the variability of nitrogen uptake, assimilation and 
allocation traits of 25 Populus balsamifera L. genotypes 
from five climatically different provenances. There was 
extensive genotypic variation in N isotope composition, 
and a high degree of genotypic variation in N use traits was 
identified at both the provenance and genotypic level. In 
this study, the growth performance of a natural P. deltoides 
population (338 genotypes) under low and normal N con-
ditions was evaluated using PCA combined with a fuzzy 
mathematics membership function. According to the evalu-
ation results, all the genotypes could be divided into nine 
categories (Fig. 5), indicating a wide genotypic diversity in 
NUE and N tolerance. Due to the existence of this genotypic 
diversity, different genotypes could be selected specifically 
to study the differences in N absorption, transportation, 
assimilation and utilization to explain the phenotypic and 
physiological differences.

At the same time, among the evaluation models estab-
lished for the two N treatments in this study, the response 
by leaf traits accounted for the largest proportion of the 
variability. This was followed by chlorophyll content and 
the activity of key enzymes such as glutamine synthetase. 
The contribution of stem growth, which was lower than root 
growth, was the smallest. These results suggest that changes 
in leaf characteristics of size, color and biomass could be 
used as a key factor to evaluate plant nitrogen use efficien-
cies of plants. Previous studies have also found that leaf-
related traits (morphological, physiological and nutritional 
status) were sensitive to changes in the growth environment 
(Marron et al. 2005; Pérezharguindeguy et al. 2013; Tsujii 
et al. 2017; Mao et al. 2018; Wang et al. 2018a, b; Jiang 
et al. 2019).

Morphological and physiological differences 
among genotypes with different nitrogen use efficiencies

In previous studies, genotypes with different NUE were used 
to analyzed characteristics of N utilization and the pheno-
typic and physiological adaptability of plants to low N stress 
(Shen et al. 2013; Quan et al. 2016; Wang et al. 2016; Zhu 
et al. 2017). Plant growth was inhibited under low N con-
ditions, and compared with plants with low NUE, above-
ground biomass, leaf area and enzyme activities related to 
N absorption, transportation and assimilation were higher in 
plants with high NUE. Furthermore, nutritional status (car-
bon and N) were better than plants with low NUE (Li et al. 
2012; Luo et al. 2013; Meng et al. 2018). In this study, the 
growth of two groups of plants with different NUE were ana-
lyzed under different N levels. Growth of N-efficient plants 
(especially the leaves) was better than that of N-inefficient 

plants (Fig. 6). Maintaining high growth and physiologi-
cal activities under stress indicates a strong adaptability to 
adversity (Zhao et al. 2016a, b; Liu et al. 2020). In addition, 
a verification experiment was carried out for genotypes with 
different NUE, and measurement indexes (photosynthesis, 
transpiration, stem biomass and petiole biomass) and an 
excess N treatment were added. The results show that the 
previous evaluation results were reliable.

It has been shown that gene expression of plants changes 
during N starvation. There are some differences in gene 
expression between N-efficient and N-inefficient genotypes 
(Wang et al. 2016; Li et al. 2020). In the present study, the 
nitrogen use efficiency of 338 P. deltoides genotypes had 
been preliminarily evaluated, and the adaptability to N stress 
had also been analyzed. As a result, genotypes with different 
NUE were selected to study the molecular mechanism of 
different N use strategies, which is of great significance for 
breeding poplar varieties for high NUE.

Conclusions

The growth (roots, stems and leaves) and chlorophyll syn-
thesis of 338 P. deltoides genotypes were significantly inhib-
ited under N starvation. The correlation between the traits, 
especially between root and leaf traits, changed under low 
N conditions. This indicated that nutrient transport and dis-
tribution changed to adapt and to reduce the negative effects 
of a low N environment. In addition, based on the evalua-
tion results obtained under low and normal N conditions, 
the genotypes were divided into nine categories. This indi-
cated a wide genotypic diversity in NUE and N tolerance of 
the population. Under conditions of starvation or normal N 
levels, the growth of N-efficient genotypes (especially the 
growth of leaves) was better than the growth of N-inefficent 
genotypes. Growth status of the leaves (area, biomass and 
chlorophyll content) was a good indicator of NUE and could 
be used as the basis for selecting genotypes. Moreover, N 
utilization characteristics of the plants were stable and the 
evaluation results reliable. Therefore, based on the results of 
this study, plants with different NUE should be screened for 
further study to clarify the different N metabolism strategies 
in P. deltoides. This could provide a basis for screening and 
cultivating plants with high NUE.
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