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A B S T R A C T

During recent decades, the southern and eastern regions of Asia have experienced high levels of atmospheric N
deposition. Excess N deposition is predicted to influence tree growth and species composition in the regions, but
visual or physiological assessments alone are not sufficient to determine the real effects of atmospheric N de-
position. In this study, we simulated atmospheric wet deposition of inorganic N by spraying a NO3

− solution
(20mmol⋅L−1) or a mixture of NO3

− (20mmol⋅L−1) plus NO2
− (100 or 300 μmol⋅L−1) on leaves of hybrid

poplar (Populus alba× Populus berolinensis) seedlings and examined morphoanatomical traits and physiological
processes. Leaves of seedlings sprayed with single or mixed N solutions developed marginal necrosis, curling,
and small cracks on the adaxial surface. The silicon (Si)-rich crystals were larger (about 100% increase in crystal
diameter compared to untreated seedlings) on the adaxial leaf surface, with a significant positive correlation
between the atomic percentage of N and Si on the crystal areas of the surface. Leaves were sensitive to NO2

−

compared with NO3
− even at a low concentration; water content, dry mass, and photochemical variables sig-

nificantly declined and dark respiration increased only in leaves treated with mixed N form. Mixed N foliar
applications significantly increased leaf concentrations of the free amino acids Glu, Gln, and Asn and organic
acids oxaloacetic acid and citric acid. Besides, mixed N treatment stimulated leaf transamination, as indicated by
significant increases in Ala and Asp concentrations and activities of glutamic oxalacetic transaminase and glu-
tamic pyruvic transaminase. However, mixed N applications led to declines in leaf concentrations of putrescine
(by 65%, p=0.01) and spermine (by 53%, p=0.01). A higher proportion of NO2

− (300 μmol⋅L−1) in mixed N
solution was inhibitory to key N-metabolic enzymes and N translocation via the phloem. Our results showed that
wet deposition of airborne N pollutants modified surface properties and induced additional detrimental effects
related to N-compound foliar absorption. Furthermore, our findings indicate that detoxification of reactive N is
apparently related to N assimilation and export from the treated leaves via the phloem.

1. Introduction

During the past two decades (1995–2015), atmospheric reactive N
species and their deposition have increased continuously at a global
scale (Stevens et al., 2018). In some regions of Asia, atmospheric in-
organic N is mainly wet-deposited in mixed N forms (Liu et al., 2011). A
dominant deposition N form in the regions of Japan and China was
NO3

−-N, and NO2
−-N accounted for a small fraction of total N de-

position (Hayashi et al., 2007; Chen et al., 2019). In previous

simulations of inorganic N wet deposition, NO3
− or NH4NO3 solutions

of different concentrations have been often used (Liao et al., 2010; Mao
et al., 2018); however, less emphasis has been placed on NO2

− or a
mixture of NO3

− and NO2
−. A mixed N species may be more realistic

for simulating atmospheric inorganic N deposition.
Atmospheric N deposition can influence plant growth either via

leaves or roots (Bourgeois et al., 2019). Root-originating impacts are
indirectly through N deposition-mediated soil acidification and changes
in soil microbial diversity (Liu et al., 2011). Foliar N deposition directly
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affects plant growth after N absorption through stomata or the cuticle
and subsequent N assimilation via the GS-GOGAT cycle pathway into
amino acids (AAs) (Masclaux-Daubresse et al., 2010). Key N metabolic
enzymes are inducible by N addition (Su et al., 2019), their changes
have significant impacts on plant N status (Liu et al. 2016, 2018).

Morphological and anatomical traits are commonly evaluated in
simulations to determine the real effects of atmospheric acid deposition
(Sant’Anna-Santos et al., 2006). The incidence and severity of visible
leaf injury is considered a good indicator of the sensitivity or tolerance
of a plant species to atmospheric N deposition, although many variables
such as plant species, age of tissue and plants, foliar surface characters,
and environmental factors can also influence the extent of injury
(Bitterlich and Upadhyaya, 1990). Some plant species (such as Senecio
vulgaris and cole crops) with potentially lower amounts of epicuticular
waxes or more permeable cuticles are more susceptible to foliar N ap-
plication and solute injury (Bitterlich and Upadhyaya, 1990). Spraying
conditions (e.g., solution concentration, application dose or environ-
mental conditions) of the simulated acid solutions may also influence
the outcome (Fernández et al., 2017).

N deposition can also cause the imbalance between C and N meta-
bolism, resulting in a significant increase in major organic N compo-
nents (free AAs such as Glu, Gln, Asn, and Arg) and a decline in C
assimilation (Mao et al., 2018). These amino acids are considered cel-
lular sensors of N status (Mattoo et al., 2010), and their biosynthesis in
plant leaves are very sensitive to atmospheric N deposition (Xu and
Xiao, 2017). Polyamines (putrescine, spermidine, and spermine), which
interact with the metabolism of AAs (Mattoo et al., 2010) and photo-
synthesis, can be another bio-indicators of plant sensitivity to N de-
position (Minocha et al., 2000). Moreover, leaf respiration rates show a
dose-dependent correlation with reactive N (Singh and Singh, 1978).
Exogenous inorganic N such as NO3

− enters a leaf mainly through
stomata, with a small fraction diffusing through the cuticle (Sutton
et al., 1995; Peuke et al., 1998a). So excess N deposition influences leaf
surface characters, leading to stomatal dysfunction (Liao et al., 2010)
and changes in surface chemistry (Hu et al., 2014) and surface wetting
(Peuke et al., 1998b). Besides, foliar applications of NO3

− or NH4
+ may

affect uptake and transport of cations such as K+, Na+, Mg2+, Ca2+,
anions such as Cl−, NO3

−, H2PO4
−, and signal compounds (ABA) in the

plant tissues (Peuke et al., 1998a, b). Foliar NH4
+ sprays lead to a

smaller cross-sectional area of hyaline leaf cells and hyaline to chlor-
ophyllose cell area ratio compared to the controls, whereas NO3

− ap-
plications had the opposite effect (Manninen et al., 2011).

Besides the type of N inputs (form, timing, or amount), plant species
is another important factor determining plant performance after N

deposition (Bourgeois et al., 2019). In general, plant species with fast
growth and high N-use efficiency do better when inorganic N deposi-
tion is high (Payne et al., 2013). The genus Populus, including one of the
fastest growing trees and is widely distributed over the northern
hemisphere (Rennenberg et al., 2010), commonly have a high N uptake
rate and use efficiency, particularly for NO3

− (Rennenberg et al.,
2010). Therefore, poplar trees such as Populus tremuloides can grow well
after applications of low concentrations of foliar NO3

− (Karnosky et al.,
1992). In the urban areas, poplar species have a higher NO2 assimila-
tion rate than other roadside trees (Takahashi et al., 2005), but excess N
deposition inevitably inhibits growth (Karnosky et al., 1992), partially
due to foliar injury and physiological disorders (Elvir et al., 2006; Hu
and Sun, 2010). The extent and type of the foliar injury caused by in-
organic N species are associated with the concentration and the nature
of N species (Kannan and Charnel, 1986).

Despite many studies simulating inorganic N wet deposition, most
of the studies focused on the effects of a single N form on plant growth.
However, the effects of mixed N forms (particularly NO3

− plus NO2
−)

on tree growth are unavailable. Moreover, visual or physiological as-
sessments alone are indicative of plant responses to N addition, but are
not sufficient to determine the actual effects of atmospheric N deposi-
tion. In this study, carried out with a hybrid poplar (Populus alba× P.
berolinensis) commonly planted in northern China, two independent
experiments were conducted to simulate daily inorganic N wet de-
position by spraying the foliage with a single NO3

− solution or different
ratios of a mixed NO3

−/NO2
− solution. We hypothesized that (1) in-

organic N depositions altered leaf morphoanatomical traits and phy-
siological processes, and that (2) foliar-applied mixed N species and
single N form caused different plant responses. Assessments were
mainly focused on visible leaf injury, surface chemical traits, and key C
and N metabolism in response to inorganic N application.

2. Materials and methods

2.1. Plant material

The hybrid poplar, Populus alba× P. berolinensis, a main urban
greening tree species in northern China, was propagated from 2-year-
old cuttings, which were collected from Heilongjiang Academy of
Forestry. The cuttings were cultivated in 2.6-L pots filled with an 8:1:1
(v:v:v) black soil–vermiculite–sand mixture (P: 0.40 g⋅kg−1, N:
0.93 g⋅kg−1, organic matter: 23.97 g⋅kg−1) and grown outside; in case
of rain, the cuttings were brought to a covered place adjacent to the
original position. This rainproof measure can ensure the cuttings not to

Abbreviations

CA citric acid
CAA cis-aconitic acid
CXP collision cell exit potential
DW dry weight
E transpiration rate
EDX energy dispersive X-ray analysis
EP entrance potential
EtN cholamine
FA fumaric acid
GAGA γ-aminobutyric acid
GOT glutamic-oxalacetic transaminase
GPT glutamic-pyruvic transaminase
IS ionspray voltage
KA α-ketoglutaric acid
Lys lysine
MA malic acid
NR nitrate reductase

NiR nitrite reductase
OAA oxaloacetic acid
PA pyruvic acid
Phe phenylalanine
Pn net photosynthetic rate
Put putrescine
Rdark dark respiration rate
SA succinic acid
Ser serine
Si silicon
Spd spermidine
Spm spermine
SS soluble sugars
TEM ion source temperature
TCA tricarboxylic acid cycle
TRo/RC trapping flux leading to QA reduction per RC
Trp tryptophan
WUE water-use efficiency
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be influenced by the rainfall factor. The cuttings were watered with tap
water every 2 days. Physical and chemical properties of tap water were
obtained from the Water Quality Report (Harbin Water Supply Group
Co., Ltd, 2018).

2.2. Experimental design

Two independent experiments were set up to assess (1) morpholo-
gical and physiological responses of poplar leaves to foliar sprays of a
NO3

− solution and a NO3
−/NO2

− mixed solution and (2) responses of
C and N metabolites to sprays of a NO3

−/NO2
−-mixed solution with

different ratios.
Experiment 1 (Exp. 1): When the seedlings were about 90 cm tall,

60 seedlings were divided into three treatment groups (20 plants per
group): Group 1, control treatment (tap water, 0.08mmol⋅L−1

NaNO3
−, pH 6.9); Group 2, NO treatment (20mmol⋅L−1 NaNO3 solu-

tion, pH 5.17), Group 3, NNO treatment (mixed solution of
20mmol⋅L−1 NaNO3 and 100 μmol⋅L−1 NaNO2, pH 5.09). Spray N
concentrations were selected based on the trials by Sun et al. (2015),
Chen et al. (2019), and our previous experiments (Wang et al. 2015,
2017). In the literature (Sun et al., 2015; Chen et al., 2019), the
monthly mean NO3

−-N concentrations in precipitation ranged ap-
proximately from 10 to 50mmol L−1 in the growing seasons. In our
previous studies (Wang et al. 2015, 2017), different inorganic N con-
centrations (10–50mmol⋅L−1) were used for leaf spraying, and
20mmol⋅L−1 was found to be suitable for studies on plant physiological
response. Upper and lower leaf surfaces were sprayed daily (except in
the case of rain) with 40mL of the solution per plant for 21 days. The
amount (40mL⋅plant−1) was the mean volume of solution which re-
mained on the plants of this size after spraying. The spray amount and
frequency were based on our previous experiments (Wang et al. 2015,
2017), with simultaneous consideration of poplar physiological re-
sponses and root growth under pot experimental conditions. Three (2
continuous plus another one) rainy days occurred during the treatment
period; no spray treatment in a rainy day was based on the considera-
tion that spraying treatment during the temporary rainproof treatment
could produce unexpected impacts on the young leaves due to possibly
extended stay time of the solutes (under the changed environmental
conditions such as wind speed and temperature). According to the
previous studies (e.g., Bitterlich and Upadhyaya, 1990; Fernández
et al., 2017), the stay time of sprayed solutes on a leaf is a factor af-
fecting leaf morphophysiological response. A longer treatment period
was not suitable for a pot experiment because root growth would be
influenced by a limited pot volume. During the study, environmental
conditions were monitored from 9:00 to 12:00 a.m. and corresponded
to mean ambient temperature of 29.6 °C (max/min temp of 32.1 °C/
25.5 °C), 45% relative humidity (RH), 380 μL⋅L−1 atmospheric CO2

concentration, and 400–1600 μmol⋅m−2⋅s−1 photosynthetic photon
flux density (PPFD). Photosynthetic variables, dark respiration rate, and
water-use efficiency were nondestructively measured on treatment days
7, 14, and 21. Leaf surface features, metabolite concentrations, and
biomass were measured on day 21.

Experiment 2 (Exp. 2): When the plants were about 110 cm tall, 18
seedlings were transferred to a plant culture chamber (at 24 ± 2 °C,
55% RH, 16 light/8 h dark, 200 μmol⋅m−2⋅s−1 PPFD provided by
fluorescent tubes, and about 480 μL⋅L−1 CO2), and watered with a
modified Hoagland's nutrient solution every 3 days. After adaptive
growth for 2 weeks, seedlings developed three or four new leaves and
were divided into three treatment groups (six plants per group): Group
1: control treatment (tap water, 0.08mmol⋅L−1 NaNO3

−, pH 6.5);
Group 2: NNO100 treatment (mixed solution of 20mmol⋅L−1 NaNO3

and 100 μmol⋅L−1 NaNO2, pH 5.01), and Group 3: NNO300 treatment
(mixed solution of 20mmol⋅L−1 NaNO3 and 300 μmol⋅L−1 NaNO2, pH
5.16). Plants were sprayed as described for Exp. 1 but only 14 days. Key
enzyme activities and metabolite concentrations were measured on day
14.

2.3. Measurements

2.3.1. Leaf epidermal characters
Leaf samples were washed with distilled water and then cut into

2×3mm fragments. Transversal sections and adaxial and abaxial
surfaces were mounted on SEM stubs and sputtered with 10 nm gold-
palladium (BAL-TEC, SCD 005, Germany). Stomata, cuticle/epidermis,
and palisade/spongy tissue were then viewed by scanning electron
microscopy (SEM, FEI Quanta 200, FEI Inc., USA), and surface-chemical
properties (element composition and atomic percent) were analyzed by
energy dispersive X-ray spectrometer (EDX, Oxford Instruments,
Oxfordshire, UK). Leaf surfaces were imaged at magnifications between
100 and 2000, with 15 kV acceleration voltage, 10mm working dis-
tance, 2.26 A filament current and 99 μA emission current.

2.3.2. Leaf dry mass and absolute water content
Fresh weight (FW, 57 fully expanded leaves collected from six

plants) was measured; dry weight (DW) was measured after oven-
drying at 80 °C to a constant mass. Absolute water content (AWC) of
leaves was calculated as described by Ghashghaie et al. (1992): AWC =
(FW−DW)/DW.

2.3.3. Gas exchange variables, leaf temperature, and water-use efficiency
In Exp. 1, gas exchange variables were measured for the third fully

expanded leaf (from the top) using a LI-6400 photosynthesis system (LI-
COR, Lincoln, Nebraska, USA). Net CO2 assimilation rate (Pn), tran-
spiration rate (E) and stomatal conductance (Gs) were determined at
380 μL⋅L−1 CO2, 65% RH, and 1000 μmol⋅m−2⋅s−1 PPFD. Then dark
respiration rate (Rdark), air temperature, and leaf temperature were
measured at a PPFD from 1000 μmolm−2⋅s−1 to 0 μmolm−2⋅s−1 (LED
light source provided by an automatic control device of the LI-6400)
with the leaf chamber covered by an opaque sheet to block natural
light. Measurements were performed on sunny mornings between 9:00
a.m. and 11:00 a.m. Water-use efficiency (WUE) was calculated as WUE
= Pn⋅E−1.

2.3.4. Chlorophyll fluorescence variables
Photochemical and nonphotochemical quenching variables for

leaves were measured using a portable fluorometer (Handy PEA,
Hansatech Instruments Ltd., Norfolk, UK). Leaves were first dark-
adapted for 30min, then exposed to a saturating red light pulse
(650 nm, 3000 μmol photons⋅m−2⋅s−1) provided by an array of six
light-emitting diodes. Chlorophyll fluorescence variables were calcu-
lated automatically in Handy PEA v 1.3 software: ABS/RC: absorption
flux per PSII reaction center (RC), DIo/RC: dissipated energy flux per
RC at t= 0, ETo/RC: electron transport flux per RC at t= 0, ETo/TRo:
probability that a trapped exciton moves an electron into the electron
transport chain beyond QA at t= 0, Fv/Fo: ratios characterizing the
efficiency of PSII, TRo/RC: trapping flux leading to QA reduction per
RC.

2.3.5. Nitrate reductase activity and NO3
− concentration

The fourth to fifth fully expanded leaves from the top of the plants
were collected, washed with distilled water, and cut into fragments
(about 0.3×0.4 cm), of about 0.5 g each, for the nitrate reductase (NR)
assay. NR activity was assayed in vivo using the method of Streeter and
Bosler (1972) but using vacuum infiltration.

For measuring leaf NO3
− concentration, 0.5 g of ground samples

were dissolved in 50mL deionized water in a volumetric flask. After the
solution was mixed well, soaked for 24 h, and filtered through a
0.45 μm syringe filter, the filtrate was diluted 2-fold with deionized
water. Then leaf NO3

− concentration in 1mL of the filtrate was ana-
lyzed using ion chromatography and a METROSEP A SUPP 5–150
column (4mm×150mm, 5 μm) (Metrohm Ltd, Herisau, Switzerland)
according to the procedure of Shah et al. (2013) with minor revisions: a
mixed eluent solution of 3.2 mM Na2CO3 and 1.0mM NaHCO3,
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injection volume of 1 μL, flow rate of 0.70mL⋅min−1, column tem-
perature of 30 °C. The diode array detector (DAD) was set to 210 nm.
The concentration of NO3

− was determined using linear regression
equations of the standard curves.

2.3.6. Free amino acid composition and free polyamine concentration
One gram of the leaf samples were ground to a fine powder in liquid

N and then hydrolyzed in 3.5 mL deionized water. Samples were diluted
and derivatized as done by Gao et al. (2017). The combined supernatant
was labeled with iTRAQ reagents (API 50AA kit) as recommended by
the manufacturer (Beijing Mass Spectrometry Medical Research Co.,
Ltd, Beijing) and then 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 (150mm
long, 4.6 mm diameter, 5 μm particle size; Beijing Amino Acid Medical
Research Co.), flow rate of 0.8mL⋅min−1, column temperature of 50 °C;
solvent A (water with 0.1% methanoic acid) and solvent B (acetonitrile
with 0.1% methanoic acid). Mass spectrometry (MS) conditions were
set as described by Jin et al. (2016) with minor modifications (IS:
+5500 V; TEM: 500 °C; EP: +10; and CXP: +2.0).

Additionally, 1 g leaves were ground to a fine powder in liquid N
and then extracted in 3.7mL 5% (w/v) perchloric acid. Samples were
centrifuged at 15000 g at 4 °C for 30min, and the supernatant was kept
for further analysis. Following dansylation (Song et al., 2001), free
polyamines (Put, Spd, and Spm) in the supernatant were determined by
HPLC-MS/MS (Ultimate3000-API 3200 Q TRAP) using MSLAB HP-C18
column (150mm long, 4.6 mm diameter, 5 μm particle size). Two sol-
vents, solvent A (water) and solvent B (acetonitrile), were delivered to
the column at a flow rate of 1mL⋅min−1. Elution was operated as de-
scribed by Gao et al. (2017).

2.3.7. Chlorophyll index, total free amino acids, and soluble sugars
Chlorophyll index (SPAD value) of the midpoint of the third and

fourth fully-expanded leaves (from the top) was measured by A SPAD
meter (SPAD-502, Minolta Camera Co., Osaka, Japan). Fresh samples
(100mg leaf, petiole, or stem bark) were ground to a fine powder in
liquid N and then hydrolyzed in 1mL deionized water. The homo-
genates were transferred to a 1.5-mL centrifuge tube and boiled at 95 °C
for 15min, then cooled with tap water. The tubes were then centrifuged
at 8000 g at 4 °C (total free AAs) or 25 °C (soluble sugars) for 10min.
The metabolite concentration was estimated separately using free AAs
and soluble sugar assay Kits (Comin Biotechnology Co. Ltd, Suzhou,
China) and the manufacturer's instructions.

2.3.8. Total free fatty acids and total sugars
Fresh leaves were ground to a fine powder in liquid N, then 100mg

samples were weighed and hydrolyzed in 1mL deionized water and
vortexed. After 3 h, the homogenates were centrifuged at 8000 g at 4 °C
for 10 min, then 0.4mL of the supernatant was used for the chromo-
genic reaction of free fatty acids (FAs) with copper acetate, and 200 μL
was used to estimate the concentration of total free FAs by measuring
absorbance at 715 nm. Additionally, 100mg of samples were hydro-
lyzed, boiled, diluted, centrifuged, and used in the chromogenic reac-
tion of reducing sugar with 3,5-dinitrosulfosalicylic acid, then absor-
bance was measured at 540 nm. The concentration of free FAs and total
sugars was determined separately using linear regression equation of
the standard curve.

2.3.9. Nitrite reductase, glutamic pyruvic transaminase, glutamic oxalacetic
transaminase

The activity of the key N metabolic enzymes was assayed separately

Fig. 1. Morphological and epicuticular
traits of leaves from 2-year-old poplar
seedlings (Populus alba× P. berolinensis)
after 21 days of foliar spraying with tap
water (control; A, D, G), NO3

− solution
(NO: 20mmol⋅L−1; B, E, H) or NO3

− plus
NO2

− solution (NNO: 20mmol⋅L−1 NO3
−

plus 100 μmol⋅L−1 NO2
−; C, F, I). Scanning

electron micrographs of the adaxial leaf
surface (D–I). Red arrows indicate visible
leaf injury (Fig. 1B and C), small cracks and
tissue collapse (Fig. 1E and F), and crystals
(Fig. 1 G–I). Note: Average crystal diameter
was 41.54 ± 11.63 μm for the control
leaves (n=9), 86.09 ± 35.65 μm for NO-
treated leaves (n=7), and
80.23 ± 33.77 μm for NNO-treated leaves
(n=9), with statistically significant differ-
ences between means of the control and N-
sprayed leaves (p < 0.05 by Tukey's HSD
test), no significant difference between
means of NO and NNO treatment
(p=0.74). (For interpretation of the refer-
ences to colour in this figure legend, the
reader is referred to the Web version of this
article.)

Y. Hu, et al. Plant Physiology and Biochemistry 143 (2019) 94–108

97



using nitrite reductase, glutamic pyruvic transaminase, glutamic ox-
alacetic transaminase assay kits (Comin Biotechnology Co. Ltd, Suzhou,
China) in a 96-well culture plate. Fresh leaf samples (100mg) were
ground in liquid N and homogenized in 1mL extraction buffer (PBS, pH
7.4), then centrifuged at 8000 g at 4 °C for 10min. The supernatants
were collected, diluted and incubated at 37 °C for 30min or 25 °C for
60min according to the manufacturer's instructions. Enzyme activity
was calculated based on the absorbance values and a standard curve.

2.3.10. Organic acids in the tricarboxylic acid cycle
Leaf samples (1 g) were ground in liquid N and hydrolyzed in 3.5 mL

deionized water. Then 50 μL of the solution was added to 200 μL of
methanol (containing the internal standards). After samples stood for
1min, they were centrifuged at 13,000 g at 4 °C for 4min. The super-
natant was collected and analyzed by HPLC-MS/MS (UltiMate
3000–API 3200 Q TRAP) in negative ion mode using MSLab HP-C18
column (150mm long, 4.6mm diameter, 5 μm particle size; flow rate of
1mL⋅min−1; column temperature of 50 °C). Solvent A (water with
2mmol⋅L−1 ammonium formate) and solvent B (acetonitrile with
2mmol⋅L−1 ammonium formate) were used as mobile phases for elu-
tion as described by Gao et al. (2017). Mass spectrometry conditions
were done as described by Jin et al. (2016).

2.4. Statistical analyses

Before the analysis of variance and testing for statistical sig-
nificance, the normality of data distribution and homogeneity of var-
iance were checked using the Kolmogorov–Smirnov test and Levene's
test, respectively. Logarithmic transformations were used if the data did
not meet the assumptions of normality and homogeneity of variance.
For Exp. 1, data in the forms of macroscopic and microscopic pictures
were analyzed descriptively and comparatively. Chemical elements on
the leaf surface and the physiological indexes (mean ± SD, n=6)
were assessed by a one-way ANOVA, followed by Tukey's HSD test to
analyze any difference between the control and treatments. Differences
were considered significant at p < 0.05. Correlation of the atomic

percentage of the chemical elements was analyzed by using Pearson
correlation coefficient (r) and linear regression analysis; statistical sig-
nificance of the model and the regression coefficient was verified by an
F-test and Student's t-test, respectively, at p < 0.05. Mean metabolite
concentration and enzyme activity in Exp. 2 (n=4) were analyzed
using a one-way ANOVA, followed by Tukey's HSD test (p < 0.05). The
analyses were performed using Excel software (Microsoft, Redmond,
WA, USA), and IBM SPSS Statistics 20.0 (StataCorp, College Station, TX,
USA).

3. Results

3.1. Leaf morphoanatomical traits

Foliar applications of NO and NNO resulted in marginal necrosis
and inward curling of both immature and mature leaves (red arrows in
Fig. 1B and C). Small cracks (red arrows in Fig. 1E and F) occurred on
the epicuticular wax layer of the N-treated leaves. Additionally, crystals
(red arrows) were observed on untreated (Fig. 1G), NO-, and NNO-
treated leaves (Fig. 1H and I); the diameters of these epicuticular
crystals were larger on the N-treated leaves than on untreated leaves.
According to EDX-SEM examinations, crystals were rich in Si (Fig. A1).

Eight main chemical elements were quantified on the adaxial sur-
face of control and treated leaves; C, N, O were the most abundant.
Foliar applications of NO or NNO had no impacts on the atomic per-
centage of the quantified elements on non-crystal surfaces of leaves, but
on crystal surfaces, NNO treatment led to increases in the atomic per-
centage of N (p=0.11), O (p < 0.01), Mg (p=0.04), Si (p=0.14)
and a decrease in C (p < 0.01) (Table A1). A correlation of atomic
percentage (At %) between N and Si was not significant on the non-
crystal surface of the control or NNO-treated leaves, whereas significant
positive (r=0.55, p=0.03) on the crystal surface of NNO-treated
leaves (Fig. A2).

Fig. 2. Net photosynthetic (Pn, A), tran-
spiration (E, B), and dark respiration (Rdark,
C) rates of leaves from 2-year-old poplar
seedlings (P. alba× P. berolinensis) after
foliar spraying with tap water (control),
NO3

− solution (NO: 20mmol⋅L−1), and
NO3

− plus NO2
− solution (NNO:

20mmol⋅L−1 NO3
− plus 100 μmol⋅L−1

NO2
−) for 7 (white bars), 14 (light gray

bars), and 21 (dark gray bars) days
(means ± SD, n=6). Different letters
above the columns indicate statistically
significant differences among means at
p < 0.05 by Tukey's HSD test.
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3.2. Leaf biomass, surface temperature, and water status

Compared to the control, NO treatment did not have any significant
impact on leaf DW and WUE, whereas NNO treatment led to significant
declines in DW (by 10%, p < 0.05) and WUE (by 13%, p < 0.05) (Fig.
A3A, D). NO- and NNO-treated leaves had higher Tleaf and lower AWC
than the control leaves (p < 0.05; Fig. A3B, C).

3.3. Photosynthetic performances and dark respiration rate

NO or NNO treatment had no significant impacts on Pn and E during

the 21 days (Fig. 2A and B), but Rdark significantly increased (Fig. 2C)
and was higher in NNO-treated leaves than in the control and NO-
treated leaves on day 7 and 14 (p < 0.05). Leaf photochemical pro-
cesses were more sensitive to foliar applications of NO and NNO. ABS/
RC and TRo/RC significantly decreased and ETo/TRo increased in
leaves treated with NNO for 14 days. Compared to the control, NO and
NNO treatments for 21 days caused significant decreases in ABS/RC,
TRo/RC, ETo/RC and DIo/RC and increases in ETo/TRo and Fv/Fo
(Table 1).

Fig. 3. Key enzyme activity (A, C, E) and metabolite concentration (B, D, F) of leaves from 2-year-old poplar seedlings (P. alba× P. berolinensis) after 14 days of foliar
spraying with tap water (Control), and NO3

− plus NO2
− solutions (NNO100: 20mmol⋅L−1 NO3

− plus 100 μmol⋅L−1 NO2
−, NNO300: 20mmol⋅L−1 NO3

− plus
300 μmol⋅L−1 NO2

−) (means ± SD, n=4). Different letters above the columns indicate statistically significant differences among means at p < 0.05 by Tukey's
HSD test.
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3.4. Transamination, free amino acid biosynthesis

In Exp. 1, foliar applications of NO and NNO caused significant
increases in NR activity (Fig. A4B) and concentrations of NO3

− (Fig.
A4A) and free AAs (Fig. A4C) in the leaves.

In Exp. 2, foliar application of NNO100 induced upregulation of N
metabolism, with significant increases in activities of NiR, GPT, and
GOT and concentrations of the corresponding metabolites (Glu, Ala,
and Asp). However, NNO300 treatment led to an inhibition of the ac-
tivity of these metabolic enzymes, particularly GPT, which led to a
significant decline in Ala concentration as compared with NNO100-
treated leaves (Fig. 3). There was no significant difference in the per-
centage of Ala and Glu between the control and the leaves treated by
NNO100, or NNO300 after 14 days (Fig. A5). Compared to the control,
the percentage of the free AAs (Gln, Asp, Asn, and Arg) significantly
increased and Phe, EtN, Trp, Ser, and Lys decreased in NNO100- and
NNO300-treated leaves.

3.5. Polyamine concentrations and photochemical variables

NNO treatments resulted in significant declines in Put concentra-
tions (by about 65%, p=0.01) and photochemical parameters (ABS/

RC by 9% and ETo/RC by 6%; p < 0.05) compared to the control
values (Fig. 4A, D). A significant positive correlation between Put
concentration and the photochemical index (Fv/Fo) was found in NNO-
treated leaves (r=0.70, p=0.02; Fig. A6). NNO100 treatment caused
an increase in chlorophyll index (by 8%, p=0.01), but had no impact
on Spd and Spm concentrations. NNO300 treatment led to a decline in
Spm concentration (by 53%, p=0.01) compared to NNO100-treated
leaves (Fig. 4B).

3.6. Tricarboxylic acid cycle, total sugars, and free fatty acids

NNO treatments caused significant increases in the percentage of
OAA and CA and decreases in SA, FA, and MA (Fig. 5A). Concentrations
of TSs and free FAs were higher in NNO100- and NNO300-treated
leaves than in the control (Fig. 5B and C). There were no significant
differences in the percentage of TCA-related organic acids or con-
centrations of free FAs and TSs between NNO100- and NNO300-treated
leaves.

3.7. Metabolite transport via the phloem

Compared to the control, NNO100 treatment significantly increased

Table 1
Photochemical variables for fully-expanded leaves of 2-year-old poplar seedlings (Populus alba× P. berolinensis) after 14 and 21 days of foliar spraying (mean ± SD,
n=6).

Days Treatment ABS/RC TRo/RC ETo/RC ETo/TRo DIo/RC Fv/Fo

14 Control 1.31 ± 0.05 a 1.07 ± 0.04 a 0.70 ± 0.04 a 0.65 ± 0.03 b 0.23 ± 0.02 a 4.67 ± 0.38 a
NO 1.25 ± 0.11 a 1.03 ± 0.06 a 0.71 ± 0.02 a 0.70 ± 0.01 a 0.25 ± 0.10 a 4.60 ± 0.97 a
NNO 1.24 ± 0.08 b 1.02 ± 0.04 b 0.70 ± 0.05a 0.69 ± 0.04 a 0.22 ± 0.04 a 5.03 ± 0.59 a

21 Control 0.99 ± 0.02 a 0.83 ± 0.01 a 0.63 ± 0.01 a 0.76 ± 0.01 b 0.16 ± 0.01 a 5.13 ± 0.17 b
NO 0.92 ± 0.04 b 0.78 ± 0.03 b 0.61 ± 0.02 a 0.78 ± 0.02 a 0.15 ± 0.01 b 5.36 ± 0.18 ab
NNO 0.90 ± 0.04 b 0.76 ± 0.001 b 0.59 ± 0.00 b 0.78 ± 0.02 a 0.14 ± 0.01 b 5.50 ± 0.22 a

Note: Different letters within a column indicate statistically significant differences at p < 0.05 in Tukey's HSD test. Treatments: tap water (control), 20mmol⋅L−1

NO3
− (NO), and NO3

− plus NO2
− (NNO: 20mmol⋅L−1 NO3

− plus 100 μmol⋅L−1 NO2
−). ABS/RC: absorption flux per PSII reaction center (RC), DIo/RC: dissipated

energy flux per RC at t=0, ETo/RC: electron transport flux per RC at t=0, ETo/TRo: probability that a trapped exciton moves an electron into the electron transport
chain beyond QA at t=0, Fv/Fo: ratios characterizing the efficiency of PSII, TRo/RC: trapping flux leading to QA reduction per RC.

Fig. 4. Concentrations of putrescine (Put; A) and
polyamines (Spd: spermidine, Spm: spermine; B),
chlorophyll index (Chl, SPAD value; C), and photo-
chemical efficiency (D) of leaves from 2-year-old
poplar seedlings (P. alba× P. berolinensis) after 14
days of foliar spraying with tap water (Control), and
NO3

− plus NO2
− solutions (NNO100: 20mmol⋅L−1

NO3
− plus 100 μmol⋅L−1 NO2

−, NNO300:
20mmol⋅L−1 NO3

− plus 300 μmol⋅L−1 NO2
−)

(means ± SD, n=4 for polyamine and photo-
chemical parameters; n= 10 for Chl). ABS/RC: ab-
sorption flux per PSII reaction center (RC), ETo/RC:
electron transport flux per RC at t=0. Different
letters above the columns indicate statistically sig-
nificant differences among means at p < 0.05 by
Tukey's HSD test.
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total free AAs concentration in leaves and stem bark (phloem) (Fig. 6A);
NNO300 treatment was inhibitory to petiole transport of free AAs, as
indicated by declines in free AAs concentrations in the petiole and
phloem. SS concentrations in leaves, petiole, or phloem did not differ
significantly between the control and NNO100- or NNO300-treated
plants.

4. Discussion

4.1. Mixed N treatments modified leaf surface properties

Uptake by roots is typically the primary N-supply pathway for plant
growth (Marschner, 2012); N uptake through leaves may account for a
smaller proportion of total N uptake (Hu and Sun, 2010). However, the
significance of such mechanisms for plant N balance is not fully un-
derstood (Bourgeois et al., 2019). An increase in atmospheric reactive N
may stimulate N input into plants through leaves (Weibull et al., 1990;

Xu and Xiao, 2017). NO3
− may penetrate leaves through the cuticle

(Schönherr, 2006; Eichert, 2013), following the process of diffusion of
water and solutes (Fernández et al., 2017). The permeation rate of
NO3

− was found to be low (Stiegler et al., 2013); this may be linked to
electrostatic interactions between negatively-charged cuticle functional
groups and NO3

− (Aponte and Baur, 2018). The addition of organo-
silicon surfactants can significantly increase NO3

− permeation
(Schönherr, 2006) likely due to improved wetting and solubilizing ef-
fects at least the cuticle level. In Exp. 1, foliar applications of NO or
NNO stimulated the formation of Si-rich crystals, which were larger in
diameter and more frequent than the crystals on the control (Fig. 1).
Enhanced crystallization was mainly on the adaxial leaf surface, so it
may be associated with cuticular penetration. Because the adaxial leaf
surface of hybrid poplar has few stomata (Hu et al., 2014), solutes
sprayed on the surface most likely enter the leaf through the cuticle
(Schönherr, 2006). The N atomic percentage of the crystal surface was
higher on leaves treated with NO or NNO than on control leaves (Table

Fig. 5. (A) Composition of organic acids (%,
OAs) in tricarboxylic acid cycle (TCA) and
(B, C) concentrations of free fatty acids (free
FAs) and total sugars (TSs) of leaves from 2-
year-old poplar seedlings (P. alba× P. ber-
olinensis) after 14 days of foliar spraying
with tap water (Control), and NO3

− plus
NO2

− solutions (NNO100: 20mmol⋅L−1

NO3
− plus 100 μmol⋅L−1 NO2

−, NNO300:
20mmol⋅L−1 NO3

− plus 300 μmol⋅L−1

NO2
−) (means ± SD, n=4). Different let-

ters above the columns indicate statistically
significant differences among means at
p < 0.05 by Tukey's HSD test.

Fig. 6. Concentration of total free amino
acids (AAs, A) and soluble sugars (SSs, B) of
leaves, petioles, and stem bark (phloem)
from 2-year-old poplar seedlings (P.
alba× P. berolinensis) after 14 days of foliar
spraying with tap water (Control), and
NO3

− plus NO2
− solutions (NNO100:

20mmol⋅L−1 NO3
− plus 100 μmol⋅L−1

NO2
−, NNO300: 20mmol⋅L−1 NO3

− plus
300 μmol⋅L−1 NO2

−) (means ± SD,
n=4). Different letters above the same
columns indicate statistically significant
differences among means at p < 0.05 by
Tukey's HSD test.
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A1). Additionally, on the crystal surface of NNO-treated leaves, the
atomic percentage of N was positively correlated with Si, but not on the
control leaves (Fig. A2). This result suggests a potential link between
the process of crystallization and exogenous N accumulation. This en-
hanced crystallization may be a potential pathway to alleviate the
detrimental effects of NO or NNO on the leaves.

Relative to the cuticular penetration, the stomatal pathway is more
important for solute uptake by leaves. In recent studies on intact leaves,
uptake of mineral nutrients was greater through the stomata-bearing
abaxial leaf surface than through the stomata-free adaxial surface
(Eichert, 2013). The foliar uptake rate of the reactive N (such as ni-
trogen dioxide and peroxyacetyl nitrate) had a significant correlation
with stomatal conductance (Chaparro-Suarez et al., 2011; Hu et al.,
2015). In Exp. 1, some stomata and dense trichomes were observed on
the abaxial leaf surface (Fig. A7); and stomata-related physiological
variables (such as leaf Gs and E) did not differ significantly between the
control and the leaves treated with NO or NNO. However, necrotic spots
on the trichome surfaces were observed on treated leaves (Fig. A7),
which implies that they were wettable. Recent studies have demon-
strated significant roles of trichomes on wettability and foliar absorp-
tion (Li et al., 2018; Fernández and Bahamonde, 2019). Therefore, the
dense “pubescence” of the abaxial leaf surface may be hydrophilic and
have contributed to the applied N absorption. More specific trials will
be however required for analyzing the foliar penetration pathways of
poplar leaves in detail in future investigations.

4.2. Foliar N sprays induced qualitative and quantitative alterations of free
amino acids and polyamines

In the studied poplar species, foliar applications of NO or NNO had
no impact on N atomic percentage (At%) on the leaf surface (Table A1)
or at mesophyll level as observed by SEM-EDX (data not shown). By
contrast, foliar N sprays led to significant increases in leaf NO3

− con-
centration, NR activity, and free AAs concentration (Fig. A4). Changes
of the key N metabolic enzymes after N treatments have significant
impacts on the process of N metabolism (Liu et al. 2016, 2018; Oliveira
et al., 2017). Our results are consistent with the conclusions of Chen
et al. (2014), who found that N deposited on Populus cathayana leaves
was mainly assimilated as free AAs and soluble proteins, not cell-wall
proteins. In the analysis of free AAs in Exp. 2, foliar N application
(NNO100) induced concentration increases in most free AAs, with the
highest increases in Glu, Gln, Asp, and Asn (Fig. A5). Enhanced
synthesis of free AAs, particularly Gln and Asn, is considered an im-
portant indicator of increased N uptake (Vidmar et al., 2000; Xu and
Xiao, 2017). An increase in foliar N input can impact NO3

− uptake and
transport of N metabolites in plant organs and tissues (Muller and
Touraine, 1992). Moreover, the supply of AAs to the roots can also lead
to an inhibition of root NO3

− uptake (Dluzniewska et al., 2006). The
inhibition of root NO3

− uptake induced by free AAs may be a con-
sequence of negative regulation of NO3

− transporters (Vidmar et al.,
2000). In Exp. 2, NNO100 treatment induced significant concentration
increases in total free AAs in leaves and stem barks (phloem), but
without a significant change of petiolar concentration. This result in-
dicates that the N treatment stimulated free AAs export from leaves via
the phloem. Our result agrees with that of Weibull et al. (1990), who
found significant correlations between the amounts of the amino acids
in leaf exudates and phloem sap. However, NNO300 treatment led to
declines in concentrations of total free AAs in petioles (p < 0.05) and
stem barks (p=0.16). Perhaps NNO300 led to an inhibition of NiR
activity (Fig. 3A), then to downregulation of N metabolism, particularly
the synthesis of free AAs in the leaf and a decline in export via the
phloem. In case of Jha et al. (2007), combined applications of NO3

−

and NO2
− were significantly inhibitory to NR activity as compared to

single NO3
− treatment.

In addition, NNO300 treatment also led to significant declines in
leaf concentrations of polyamines (Put and Spm) (Fig. 4A and B).

Compared to Spd and Spm, Put seems to be more sensitive to mixed N
treatments; because significant declines in leaf concentration of Put but
not Spd and Spm occurred at NNO100 treatment. Putrescine in plant
cells is biosynthesized through arginine decarboxylase (ADC)- and or-
nithine decarboxylase (ODC)-mediated pathways (Mattoo et al., 2010;
Wu et al., 2016). Therefore, the leaf concentration of the precursors
(Arg and Orn) or activity of the key enzymes (ADC or ODC) can be the
factors affecting Put concentration (Gemperlová et al., 2006). In this
study, a positive correlation between Put and Orn concentrations ex-
isted in the mixed N-treated leaves (Fig. A6A). Furthermore, declines in
ODC activity were also found in the treated leaves (data not shown).
NO3

−-induced declines in cellular Put concentration were also found in
the poplar (Populus nigra×maximoviczii) (Minocha et al., 2004), which
were accompanied with concentration increases of free Spd and Spm.
Polyamines (Put, Spd, and Spm) are present in chloroplasts and pho-
tosynthetic subcomplexes (such as thylakoids, LHCII complex, and PSII
membranes) (Kotzabasis et al., 1993; Bernet et al., 1999); they play
important roles in maintaining chloroplast function and photochemical
efficiency (Shu et al., 2012). In Exp. 2, leaf Put concentration is sig-
nificantly positively correlated with the photochemical parameter (Fv/
Fo) (Fig. A6B). Putrescine can impact the photochemical processes
through regulations on photosystem II activity, photophosphorylation,
and light energy dissipation (Ioannidis and Kotzabasis, 2007).

4.3. Mixed N treatments stimulated leaf transamination, dark respiration,
and organic acid metabolism

N metabolism in plants is tightly coupled with C metabolism
(Coruzzi and Zhou, 2001). For example, the biosynthesis of nitrogenous
compounds (such as free AAs) depends on the availability of C to form
the skeleton of the molecules. Maintaining an appropriate balance in C
and N metabolism is crucial for optimal plant growth (Zhang et al.,
2018). However, variations in the supply or metabolic status of one
element (C or N) may substantially impact the metabolism of the other.
For example, in transgenic Arabidopsis thaliana plants that expressed
cyanobacterial fructose-1,6-bisphosphate and sedoheptulose-1,7-bi-
sphosphatase in the chloroplasts, an increase in photosynthetic inter-
mediates led to deficits of free AAs and a transient imbalance in the
ratio of C to N in the leaves, which caused significant changes in the
expression of the genes involved in the Calvin cycle and amino acid
biosynthesis (Otori et al., 2017). NO3

− or NO2
− entering through

leaves can result in a time-dependent inhibition of leaf net CO2 as-
similation (Foyer et al., 1994) and significant concomitant changes in
the activity of the key enzymes phospho-enolpyruvate carboxylase and
sucrose-phosphate synthase and photochemical processes (a decrease in
quantum efficiency of PSII and an increase in non-radiative dissipation
of excitation energy). Compared to NO3

−, a low concentration of NO2
−

may have detrimental impacts on plant growth (Lee, 1979), through
interference on C and N metabolism (Lange et al., 1989; Hu and Sun,
2010; Hu et al., 2014). For chloroplasts of some species, C fixation and
oxygen production of the chloroplasts are less influenced by NO3

−, but
significantly inhibited by NO2

− (Grant et al., 1972). In Exp. 1, NO or
NNO treatment did not cause significant changes in net CO2 assimila-
tion, but led to declines in the quantum efficiency of PSII. On day 7 of
foliar application of the NO3

−/NO2
− mixed solution, leaf dark re-

spiration rate was significantly higher than in the control (Rdark did not
change for 21 days) and NO3

−-treated leaves (Rdark increased through
21 days). In an early study by Birch et al. (1986), NO3

− feeding resulted
in a substantial increase in dark respiration. An analysis of organic acids
in the TCA cycle in Exp. 2 showed that NNO100 or NNO300 treatment
caused concentration increases of OAA and CA and decreases of SA and
FA in the leaves. Free FAs concentration and transamination also in-
creased (as indicated by significant increases in the activity of GPT and
GOT and concentration of Ala and Asp). NNO-caused increase in dark
respiration may be due to the mixed N application enhancing transa-
mination from pyruvic acid to Ala and from oxaloacetic acid to Asp;
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rapid consumptions of PA and OAA stimulate conversions of organic
acids from SA and FA to OAA and CA; these changes may, in turn, cause
an increase in respiration and free FAs metabolism through the TCA and
fatty acid-coupling pathways (Rasmussen et al., 2008). Our results are
consistent with the results reported by O'Leary et al. (2017), who found
leaf Rdark rates were correlated positively with levels of the C and N
metabolites, particularly with Ala, which has the most consistently
strong correlation with leaf Rdark rate. Ala level in tissues is tightly
linked with pyruvate level via Ala aminotransferase (O'Leary et al.,
2017).

4.4. Foliar N applications changed the morphoanatomical traits and water
status

Foliar applications of NO3
−-N or NO2

−-N at low concentrations can
cause changes in physiological processes or leaf biomass but rarely
visible injury (Wellburn, 1990). However, anatomical analyses have
shown microscopic damage to epidermal and mesophyll cells of NO3

−-
treated leaves before any macroscopic injury was visible (Bitterlich and
Upadhyaya, 1990). In Exp. 1, microscopic crack or collapse on the
adaxial leaf surface and macroscopic injury (marginal necrosis and
curling) developed on leaves treated with NO- and NNO-treated plants.
Moreover, NNO treatment led to a significant decline in leaf biomass
(p < 0.05) compared to control and NO-treated leaves. The application
variables of the simulated N solution (40mL⋅plant−1, once a day,
NO3

−/NO2
− mixture) may have influenced the degree of injury ob-

served but this need to be examined with more detail in future trials.
Additionally, the role of pubescence on the abaxial leaf surfaces may
increase solution retention (Bitterlich and Upadhyaya, 1990) but the
physic-chemical properties of poplar leaves concerning foliar deposi-
tion and absorption of contaminants have to be assessed in future trials.
Increased leaf temperature with decreased leaf hydraulic performance
(water evaporation and conductance) can also result in significant
changes in leaf morphoanatomical traits, even visible leaf injury
(Monteiro et al., 2016). In Exp. 1, NO or NNO treatment caused sig-
nificant increases in leaf temperature, but without significant changes
in the leaf transpiration rate. Because the foliar application of NNO also
led to significant decreases in AWC and WUE (Fig. A3), less water might
have been taken up and transported. NO3

− permeation of the cuticle
might also increase leaf water loss by disturbing small pores in the
cuticle (Bowman and Paul, 1990). In addition, the decline of energy
dissipation observed in the treated leaves (Table 1) would aggravate
damage to a leaf, particularly at the margins when temperature and
irradiance are highest because the temperature at the margins is com-
monly higher than at the central area of a leaf under stress (Takeuchi
et al., 2016).

5. Conclusion

Physiological investigations with visual assessments are essential to
evaluate the actual effects of simulated acid deposition. Significant
changes in leaf morphoanatomical traits and physiological processes
occurred in the hybrid poplar treated by NO or NNO. Visible leaf in-
juries and enrichment of Si-rich crystals on the adaxial leaf surface were
obvious on N treated leaves. However, it is uncertain whether the
crystallization process is involved in cuticle permeation (that is, as a
potential pathway of solute entry) or as a detoxification process (exo-
genous N incorporation into the crystals may potentially alleviate in-
jury on the leaf surface). Poplar leaves are more sensitive to NO2

− even
at the applied low concentration; because significant declines in water
content and dry mass were found only in NNO-treated leaves.
Moreover, NNO applications induced increases in transamination (in-
creasing activities of GOT and GPT) and free AAs biosynthesis in leaves,
altering the TCA cycle, dark respiration, and N transport via the
phloem. It is noted that a higher NO2

− concentration (300 μmol⋅L−1) in
the mixed solution can inhibit polyamine metabolism, the activity of
key N-metabolic enzymes and N transport via the phloem; however, the
underlying mechanisms are unclear and require further investigation.
In addition to the physiological and metabolic effects of atmospheric
pollutants, future studies should focus on examining potential roles of
leaf surface structure, composition, and function concerning foliar ab-
sorption and transport of N species in tree plants.
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Appendix

Fig. A1. Energy dispersive X-Ray analysis of elements in crystals on the adaxial leaf surface of poplar seedlings after 21 days of daily sprays with tap water (control,
A) and NO3

−/NO2
− mixture (20mmol⋅L−1 NO3

− and 100 μmol⋅L−1 NO2
−, B). Results showed that the crystals are silicon-rich compounds.

Fig. A2. Correlation analysis between Si and N atomic percentage (At%) on the non-crystal (A) and crystal (B) areas of the surface of leaves from 2-year-old poplar
seedlings (Populus alba× P. berolinensis) after 21 days of foliar spraying with tap water (control) and NO3

− plus NO2
− solution (NNO: 20mmol⋅L−1 NO3

− plus
100 μmol⋅L−1 NO2

−). The Pearson correlation coefficient (r) and linear regression analysis were used; statistical significance (p < 0.05) of the model and the
regression coefficient was verified by F-test and Student's t-test, respectively.
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Fig. A3. Dry weight (DW, A), surface temperature (Tleaf, B), absolute water content (AWC, C), and water-use efficiency (WUE, D) of leaves from 2-year-old poplar
seedlings (P. alba× P. berolinensis) after 21 days of foliar spraying with tap water (control), NO3

− solution (NO: 20mmol⋅L−1), and NO3
− plus NO2

− solution (NNO:
20mmol⋅L−1 NO3

− plus 100 μmol⋅L−1 NO2
−) (mean ± SD; n=6). Different letters above the columns indicate statistically significant differences among means at

p < 0.05 by Tukey's HSD test.

Fig. A4. Nitrate (NO3
−) concentration (A), nitrate reductase (NR) activity (B), and free amino acid (Free AAs) concentration (C) of leaves from 2-year-old poplar

seedlings (P. alba× P. berolinensis) after 21 days of foliar spraying with tap water (control), NO3
− solution (NO: 20mmol⋅L−1), and NO3

− plus NO2
− solution (NNO:
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20mmol⋅L−1 NO3
− plus 100 μmol⋅L−1 NO2

−) (means ± SD, n=4). Different letters above the columns indicate statistically significant differences among means at
p < 0.05 by Tukey's HSD test.

Fig. A5. Composition of free amino acids (%, free AAs) in leaves of 2-year-old poplar seedlings (P. alba× P. berolinensis) after 14 days of foliar spraying with tap
water (Control), and NO3

− plus NO2
− solutions (NNO100: 20mmol⋅L−1 NO3

− plus 100 μmol⋅L−1 NO2
−, NNO300: 20mmol⋅L−1 NO3

− plus 300 μmol⋅L−1 NO2
−)

(means ± SD, n=4). Different letters above the columns indicate statistically significant differences among means at p < 0.05 by Tukey's HSD test.

Fig. A6. Correlation analysis of putrescine concentration with free AA (Arg and Orn; A), and with photochemical indexes (Fv/Fo and Chl concentration; B) of leaves
from 2-year-old poplar seedlings (Populus alba× P. berolinensis) after 14 days of foliar spraying with tap water and NO3

− plus NO2
− solutions. The Pearson

correlation coefficient (r) and linear regression analysis were used; statistical significance (p < 0.05) of the model and the regression coefficient was verified by F-
test and Student's t-test, respectively.

Fig. A7. Dense trichomes on the abaxial surface of poplar leaves after 21 days of daily sprays with tap water (control, A) or NO3
−/NO2

− mixture (20mmol⋅L−1

NO3
− and 100 μmol⋅L−1 NO2

−, B). Red arrows: stomata, blue arrows: necrotic spots.

Table A1

Y. Hu, et al. Plant Physiology and Biochemistry 143 (2019) 94–108

106



Atomic percentage (At%) of chemical elements on the non-crystal and crystal areas on the adaxial surface of fully-expanded leaves of 2-year-old poplar seedlings
(Populus alba× P. berolinensis) sprayed daily with tap water (control), 20 mmol⋅L−1 NO3

− (NO) and NO3
− plus NO2

− (NNO: 20mmol⋅L−1 NO3
− plus 100 μmol⋅L−1

NO2
−) for 21 days (mean ± SD, n=6).

Surface Treatment C N O Na Mg Si K Ca

Non-crystal Control 68.64±3.48 a 14.88± 1.89 a 13.64± 2.25 c 0.16± 0.14 a 0.24± 0.13 b 1.60± 0.55 b 0.43± 0.12 a 0.42± 0.13 b
NO 70.80±3.06 a 14.65± 1.73 a 12.14± 1.26 c 0.15± 0.09 a 0.19± 0.09 b 1.26± 0.78 b 0.36± 0.15 ab 0.45± 1.67 b
NNO 70.58±5.44 a 13.99± 2.05 a 13.27± 3.42 c 0.16± 0.18 a 0.22± 0.08 b 1.11± 0.38 b 0.25± 0.10 b 0.42± 0.11 b

Crystal Control 64.52±6.30 ab 14.31± 2.07 a 12.48± 4.14 c 0.23± 0.09 a 0.53± 0.58 b 6.78± 2.24 a 0.33± 0.21 ab 0.82± 0.30 a
NO 58.57±5.78 b 14.60± 1.49 a 14.43± 4.94 b 0.30± 0.24 a 1.20± 1.54 ab 9.98± 4.22 a 0.26± 0.07 b 0.90± 0.75 a
NNO 51.40±8.91 c 16.01± 1.83 a 20.03± 4.62 a 0.25± 0.15a 1.61± 1.18 a 9.43± 4.07 a 0.25± 0.13 b 1.01± 0.67 a

Note: Different letters within a column indicate statistically significant differences at p < 0.05 in Tukey's HSD test.
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