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Abstract

Nitrogen can be taken up by trees in the form of nitrate, ammonium and amino acids,

but the influence of the different forms on tree growth and development is poorly

understood in angiosperm species like Populus. We studied the effects of both organic

and inorganic forms of nitrogen on growth and wood formation of hybrid aspen trees

in experimental conditions that allowed growth under four distinct steady-state nitro-

gen levels. Increased nitrogen availability had a positive influence on biomass accumu-

lation and the radial dimensions of both xylem vessels and fibers, and a negative

influence on wood density. An optimal level of nitrogen availability was identified

where increases in biomass accumulation outweighed decreases in wood density.

None of these responses depended on the source of nitrogen except for shoot bio-

mass accumulation, which was stimulated more by treatments complemented with

nitrate than by ammonium alone or the organic source arginine. The most striking dif-

ference between the nitrogen sources was the effect on lignin composition, whereby

the abundance of H-type lignin increased only in the presence of nitrate. The differen-

tial effect of nitrate is possibly related to the well-known role of nitrate as a signaling

compound. RNA-sequencing revealed that while the lignin-biosynthetic genes did not

significantly (FDR <0.01) respond to added NO3
�, the expression of several laccases,

catalysing lignin polymerization, was dependent on N-availability. These results reveal

a unique role of nitrate in wood formation and contribute to the knowledge basis for

decision-making in utilizing hybrid aspen as a bioresource.

K E YWORD S

H-type lignin, lignin composition, N-nutrition, organic vs. inorganic N, Populus tremula x P.
tremuloides, Pyrolysis-GC/MS, xylogenesis

1 | INTRODUCTION

Nitrogen (N) fertilization is a common practice to boost net primary pro-

duction, especially in terrestrial ecosystems suffering from N limitation.

In boreal forests, N fertilization can increase severalfold the volume

production of trees (Bergh et al. 1999). Also, short-rotation plantations

of various poplar and willow species gain significant increases in

biomass production when fertilized with N (Rodrigues et al. 2021).

The downside of fertilization is leaching of N to the surrounding

environment and the risks of nutrient imbalance in aquatic systems
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(Canfield et al. 2010). To avoid the overuse of fertilizers, we need

better knowledge on the effects of N on both qualitative and quanti-

tative properties of angiosperm trees such as Populus sp.

It is well established that N increases tree volume production

by stimulating the activity of the vascular cambium through an

unknown mechanism that most likely includes cytokinins (Aloni 2021).

Functional studies with cytokinin biosynthetic and catabolic genes

in both Arabidopsis thaliana and hybrid aspen supported the role of

cytokinins in the regulation of cambial activity (Matsumoto-Kitano

et al. 2008; Nieminen et al. 2008; Immanen et al. 2016), but the link to

N status of the plants was not studied. Nitrogen also influences the

basic density of wood. Increased N availability reduced wood density in

poplar (Luo et al. 2005; Hacke et al. 2010), most probably as a conse-

quence of increased growth rate (Pretzsch et al. 2018). In addition to

wood density, addition of N (in the form of ammonium nitrate,

NH4NO3) has been shown to increase vessel diameter (Hacke

et al. 2010), and causes shorter and wider fibers (Pitre et al. 2007a),

thinner secondary cell walls (Plavcová et al. 2013) and tension wood

formation (Luo et al. 2005; Pitre et al. 2010) in poplar. These responses

vary between Populus species of different growth rates (Li et al. 2012),

necessitating further studies in these species.

Changes in xylem properties influence the hydraulic properties of

the xylem. Treatment with a high NH4NO3 concentration increased

the diameter of xylem vessels as well as specific conductivity (Ks) com-

pared to treatment with a moderate level of NH4NO3 in hybrid poplar

(Hacke et al. 2010). Increased stem hydraulic capacity coincided with

increased expression of several aquaporins that have been function-

ally characterized as water channels, suggesting that aquaporins medi-

ate N-stimulated vessel expansion through increased water transport

(Hacke et al. 2010).

In addition to the control of meristem activity and wood morphol-

ogy, N status can influence wood chemistry. Greenhouse experiments

with elevated levels of NH4NO3 decreased both the S/G lignin ratio

and lignin content compared to low levels or lack of NH4NO3 in one

specific genotype (Pitre et al. 2007b) and across 396 clonally repli-

cated genotypes (Novaes et al. 2009) of hybrid poplar. Increased N

availability has also been shown to stimulate the abundance of p-

hydroxybenzoylated (Goacher et al. 2021) and p-hydroxyphenyl (Pitre

et al. 2007b) lignin. Lignin changes were shown to depend on the

position in the stem (Euring et al. 2014), and it seems, therefore, that

N responses in wood chemistry vary depending on the level of the

available N as well as the age of the trees.

Another factor influencing tree responses to N availability is the

source of N (Yan et al. 2019). Nitrogen is taken up by trees as nitrate or

ammonium ions depending on tree species and growth environment

(Rennenberg et al. 2010; Song et al. 2015; Zhou et al. 2021). Plants can

acquire N also in organic forms as amino acids or small peptides

(Näsholm et al. 2009; Inselsbacher & Näsholm 2012). However, the

effects of the different N sources on the physiology and wood formation

of trees have not been explored yet. In this study, we established a phys-

iologically relevant strategy to investigate the effect of four different N

sources, arginine, ammonium (NH4
+), nitrate (NO3

�) and ammonium

nitrate (NH4NO3), at four different levels on plant growth, cambial

activity and xylem differentiation in clonally propagated hybrid aspen

(P. tremula x P. tremuloides) clone T89 trees. Increasing levels of N stimu-

lated cambial activity, reduced wood density, and increased xylem cell

dimensions regardless of the N-source. However, significant differences

were observed in wood chemistry depending on the source of N, which

can have a bearing on the type of N to be used in forest practices.

2 | MATERIALS AND METHODS

2.1 | Plant growth and fertilization strategy

Approximately 10-cm-tall in vitro hybrid aspen (Populus tremula x

P. tremuloides) cuttings were transplanted in 3-L pots with a soil mixture

of peat:perlite (10:1) that was mixed with 2 g L�1 lime prior to use to

increase the pH. Trees were cultivated in greenhouse for 10 weeks

with 18:6 h day/night cycles, with an average daily temperature of

�22�C and a relative humidity of 50–60%. In addition to the ambient

light, trees were illuminated with Fionia FL300 Sunlight LED lamps

(Senmatic A/S) with a maximal irradiance of 150–250 μmol m�2 s�1.

Trees were supported with stakes during their growth.

The fertilisation regime was designed to maintain a stable internal

N-level in the trees by adjusting the fertilisation according to their

growth. We followed the formula by (Ingestad 1979)

Nt�Ns ¼Ns eRN t�sð Þ �1
� �

which determines the amount of N to be

added each day on the basis of the estimated N content at the start

(Ns) of the application and at each day (Nt). Rate of increase in plant N

content (RN) was calculated on the basis of the estimated total N

content (�1 g) of hybrid aspen trees cultivated for 10weeks in non-

N-limiting conditions of pilot studies. Thus, (Nt�Ns) is the calculated

amount of N to be added from day s to day t to allow plant N content

to follow RN. The fertilizer was based on “Rika-S" (SW HORTO AB).

The pH was adjusted with either KOH or HCl to approximately 5.6.

Nitrogen was supplied in four different forms. See Table S1 for com-

plete nutrient composition and the amounts of added N.

Two separate experiments (Experiment I and II) were performed

with a slightly different steady-state fertilization regime. In experiment I,

N-levels were defined as limited, sub-optimal and optimal, corresponding

to approximately 0.16, 0.56 and 1.06 g of N supplied in total to each

tree by the end of the experiment. The pot substrate was “Solmull”
(Hasselfors Garden), which contains naturally abundant nutrients and

low level of N (approximately 20 mg N per litre). After three weeks of

growth without fertilization, the trees were supplemented, with one or

two days intervals, with nutrient solution until the end of the experiment.

Fertilizer solution was added directly to the top of the soil and the

potential runoff was captured by trays placed underneath each pot.

The soil was kept humid by adding water to the trays to prevent

potential nutrient runoff.

In Experiment II, the saplings were potted to the same pot sub-

strate as in Experiment I, but this time supplemented to contain

40 mg N per liter (either in the form of arginine, NH4
+, NH4NO3 or

NO3) to avoid initial plant stress due to low N level. This increased the

total amount of N applied to each tree. Thus, in Experiment II,
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the N-levels were assigned as sub-optimal, optimal, and excessive, cor-

responding to a total N-addition of 0.56 g, 1.12 g and 1.68 g, respec-

tively. The residual N content in the soil at the end of the experiment II

was 0.0055 ± 0.0001 g in the suboptimal, 0.0194 ± 0.0098 g in the

optimal, and 0.1155 ± 0.0295 g in the excessive N conditions, indicat-

ing that most of the applied N was taken up by the trees.

The results are presented in main figures for Experiment I and in

supplemental figures for Experiment II. Experiment I took place in the

summer and Experiment II in the late autumn, which is probably

the reason for the differences in the overall growth rate of the trees

in the two different experiments. RNA sequencing, saccharification

and root biomass results pertain only to Experiment I, while all other

analyses were performed for material collected from both experi-

ments. Raw data for both experiments is shown in Table S1.

2.2 | Analyses of tree growth and physiological
parameters

Stem height and diameter at the base of the tree were measured

on a weekly basis. At the end of the experiment, after 10 weeks

of growth, fresh weight of the shoot and roots was recorded.

The dry weight of wood was estimated according to the formula

1=3 xπ x stem height x stem diameter=2ð Þ2 xwood density (Escamez

et al. 2017). Instantaneous gas-exchange measurement was made on

a mid-stem leaf at the end of the experiment using a LI-6400XT

(LI-COR Biosciences, Inc.). Parameter settings used for the LI-6400XT

were: flow rate 250μmol s�1, CO2 reference 380μmolmol�1, Tleaf

25�C and PAR 800μmolm�2 s�1.

For carbon (C) and N analysis, three newly expanded leaves were

collected at the end of the experiment. C-and N-analysis was done on

dried, milled leaves with Elemental Analyzer Isotope Ratio Mass

Spectrometry (EA-IRMS) at the SLU Stable Isotope Laboratory. The

instrument setup consisted of an elemental analyser (Flash EA 2000,

Thermo Fisher Scientific) connected to a continuous flow isotope

ratio mass spectrometer (DeltaV, Thermo Fisher Scientific), which

allowed detection of C- and N-content and the isotopic composition

of these elements.

The 13C/12C isotopic composition in planta is usually lower than

in the atmosphere since the kinetics of CO2 incorporation discrimi-

nate against the heavier isotope. The discrimination is related to the

rate of water loss (decreased duration/abundance of water retention

in the leaves increasing the 13C discrimination), and the 13C/12C ratio

can therefore be used as a proxy for plant water-use efficiency

(Farquhar et al. 1989).

2.3 | Wood density, chemistry and anatomy

Samples for measurement of wood density were taken 5–10 cm from

the base of the stem and assessed using the water displacement

method whereby a newly harvested and debarked wood sample was

submerged under water in a flask placed on a balance. The weight of

water (in grams at room temperature) displaced by the sample corre-

sponds to the volume of the sample (in cm3). Dry weight of the sample

was obtained after drying in oven for two days at 50�C. Wood density

was calculated as dry weight of wood divided by the volume of wood.

Stem pieces for wood chemistry assessment were collected

10–20 cm from the base of the stem. The stem pieces were debarked,

and differentiating xylem layers were removed by scraping from the

surface of the stem. The remaining mature part of the wood was

freeze-dried and, after removal of the pith and the leaf traces,

ball-milled into a fine powder. Extractives were removed from the wood

powder according to Gandla et al. (2015). Extractive-free, ball-milled

wood powder (50 μg ± 10 μg) was applied to a pyrolyzer equipped with

an autosampler (PY-2020iD and AS-1020E, Frontier Lab) connected to a

GC/MS (7890A/5975C; Agilent Technologies). The pyrolysis-GC/MS

(Py-GC/MS) conditions were the same as in Gerber et al. (2012). The

pyrolysate was separated and analysed. Py-GC/MS provides sensitive

chemical fingerprints whereby the contents of carbohydrates, lignin sub-

units (S, G, H), total lignin, other phenolic compounds, and unidentified

compounds in the secondary cell walls are derived as a signal% of the

integrated GC peak area (Gerber et al. 2012). p-hydroxybenzoylated

(pHB) lignin was identified on the basis of the fragmentation pattern of

p-hydroxybenzoic acid (base peak m/z 121 (100), 138 (80), 93 (26),

65 (25), 39 (20), 43 (14), 55 (10), 63 (8), 122 (7), 53 (6)) (Faix et al. 1990).

Even though the values obtained with the Py-GC/MS method are not

absolute and influenced by the sensitivity of the instrument for the dif-

ferent compounds, they are proportional to weight%. In this study, all

samples were run at the same time, allowing detection of even small dif-

ferences between the relative levels of the cell wall components. The

same starting material as for Py-GC/MS was used for quantification of

cell wall monosaccharides from hemicelluloses and amorphous cellulose

by acidic methanolysis followed by trimethylsilyl (TMS) derivatization

according to Gandla et al. (2015).

Wood anatomy samples were taken 20–25 cm from the base of

the stem. The tissues closest to the pith were excluded from the anat-

omy analysis. Sections were cut with Vibratome VT100 (Leica Micro-

systems) at a thickness of 30 μm. Radial sections were always taken

above the node. Eight pictures per section were taken with Leica

Dmi8 microscope with colour Leica DFC 7000 T colour camera and

LasX software (Leica Microsystems). Sections were stained with

0.05% Toluidine blue O and imaged in bright field mode. Images were

then processed in ImageJ2 version 2.14.0/154f by the “analyze parti-

cle” function counting numbers of vessels, fibers and their lumen area.

The macros for these analyses can be found in Table S1.

2.4 | NMR spectroscopy

Lignin was extracted from pre-grinded wood powder (the same as for

Py-GC/MS) according to Mottiar et al. (2023). In short, extractives were

removed by washing with ethanol and acetone. Extractive-free wood

powder was ball-milled and enzymatically treated with cellulase

(Cellulase “Onozuka” RS, Yakult Pharmaceutical Industry Co., Ltd.) to

remove carbohydrates. The residual enzyme-lignin was rinsed and
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freeze-dried. Enzyme-lignin powder (12–15 mg) was added to 5 mm

NMR tubes followed by addition of 550 μL of a 4:1 dmso-d6:pyridine-

d5 mixture and thorough mixing. 2D 1H-13C Heteronuclear Single

Quantum Coherence NMR experiments (HSQC) were recorded on a

Bruker 850 MHz Avance III HD spectrometer equipped with a cryo-TCI

probe, using the hsqcetgpsisp2.2 pulse sequence. All experiments were

performed at 298 K using a relaxation delay of 0.75 s and by recording

40 transients for each of the 196 data-points in the indirect dimension.

Processing was performed using Gaussian window functions with GB

0.001 in both dimensions, and LB �0.1 Hz in F2 and � 1 Hz in F1.

Peaks in the aromatic region originating from syringyl (S), guaiacyl (G),

p-hydroxyphenyl (H) and p-hydroxybenzoyl units (pHB) were integrated

and used for calculating the relative amounts according to Mottiar et al.

(2023). Processing was performed in Topspin 3.6 (Bruker Corp.).

2.5 | Saccharification

The remaining stem parts from the harvest (i.e., after samples

were collected for anatomy, wood chemistry and RNA analysis)

were peeled and oven-dried. After drying, the stems were homoge-

nized with a centrifugal mill (Retsch), and the 100–500 μm particle

size fraction was collected and used for saccharification with and

without a pretreatment according to Gandla et al. (2021). Briefly, the

dry wood fraction [50 mg; solids loading of 5% (w/w)] of each sample

was subjected to analytical scale saccharification after moisture analy-

sis (HG63 moisture analyser, Mettler-Toledo). Acid pretreatment (1%

w/w sulfuric acid per gram of total reaction mixture) was performed

using an Initiator single-mode microwave instrument (Biotage Sweden

AB). The solid residue after acid pretreatment was separated from the

hemicellulosic hydrolysate (Pretreatment liquid; PL) by centrifugation

(20600 g, 15 min; Eppendorf) and subjected to enzymatic saccharifi-

cation (solids loading of 5% (w/w)) after washing sequentially twice

with deionized MilliQ water and twice with sodium citrate buffer

(pH 5.2, 50 mM). The enzymatic saccharification was performed using

liquid enzyme preparation of 5 mg of Cellic CTec-2 (Sigma-Aldrich) for

72 h at 45�C in an orbital shaking incubator with a shaking speed of

170 rpm (Ecotron incubator shaker). Samples were collected 2 and 72 h

after incubation. For the samples collected after 2 h, the glucose produc-

tion rate (GPR) was determined using an Accu-Chek® Aviva glucometer

(Roche Diagnostics Scandinavia AB) after calibration with a set of glucose

standard solutions. For the samples collected after 72 h, monosaccharide

sugar yields (arabinose, galactose, glucose, xylose, and mannose) were

determined using an Ion Chromatography System ICS-5000 high-

performance anion-exchange chromatography system (HPAEC) with

pulsed amperometric detection (Dionex; Tang et al., 2022).

2.6 | Statistical analyses

Statistical analysis was performed in R version 4.2.2 (2022-10-31) and

RStudio version 2023.03.0 + 386. Growth response, wood anatomy

and wood chemistry were all analysed using two-way ANOVA (aov

function) with N-source and N-level as factors, followed by Tukey's

‘Honest Significant Difference’ method (TukeyHSD function). PCA

analysis was performed to reduce the dimensionality of multivariate

data (prcomp function). PCA results were then visualized using a PCA-

biplot (fviz_pca_biplot function) where both individual trees and

response variables are shown in relation to the dimensions. Correlation

matrix was calculated using the ‘rcorr’ function and ‘Hmisc’ package.
Pearson's correlation coefficients and p-values from the correlation

matrix was used in ‘corrplot’ function and ‘corrplot’ package R-studio

version 2023.06.0 + 421.

2.7 | RNA sequencing and data analysis

A stem piece (25–35 cm from the base) was peeled, and a sample

collected from the exposed surface of the wood by scraping until the

mature wood. Four biological replicates were included for each of

the three concentrations of applied NO3
� from Experiment I. The

sample was homogenized to fine powder in liquid nitrogen using

mortar and pestle. RNA extraction was done using Sigma Spectrum™

Plant Total RNA Kit followed by the on-column DNase treatment

according to manufacturer's instructions. RNA was quantified with

Nanodrop 1000, and the quality was assessed with an Agilent 2100

Bioanalyzer. The RIN-values ranged from 7.9 to 9.20.

Following sequencing library generation and paired-end (2x 150 bp)

sequencing using Illumina NovaSeq 6000, the raw reads were pre-

processed to remove sequencing adapters using Trimmomatic (v0.39).

The trimmed read pairs were quantified with Salmon (v1.9) using tran-

scriptome index based on P. tremula (v2.0). After variance stabilizing

transformations (VST) of the data, differential gene expression analysis

was done using DESeq2 (v1.38.3) in R. Differentially expressed genes

(DEGs) between the three NO3
� concentrations were selected following

the criteria of log2 fold change (lfc) >1 and a false discovery rate (FDR)

<0.01 (Table S3). Heatmaps were generated in R with the heatmap.2 of

gplots package (v3.1.3). The gene ontology (GO) enrichments and gene

co-expression networks were obtained from the respective tools avail-

able at https://plantgenie.org/ using all genes expressed in the Aspwood

database (plantgenie.org; (Sundell et al. 2017) as the background. The

P. tremula genes were annotated according to the closest A. thaliana

homologs from TAIR or from P. trichocarpa.

3 | RESULTS

3.1 | The effect of the different nitrogen sources
on tree biomass accumulation

Nitrogen has been shown to influence plant growth and develop-

ment in different ways depending on whether it is provided in the

form of NO3
�, NH4

+, alone or in combination, or in organic form

such as arginine (Cambui et al. 2011; Gruffman et al. 2014; Kasper

et al. 2022; Lim et al. 2022). For detailed comparison of these dif-

ferent sources of N on wood formation of hybrid aspen trees, we
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devised a fertilization strategy that depended on the growth rate of

the trees (Ingestad 1979; Kelly & Ericsson 2003) and allowed com-

parison of tree growth and physiology in conditions of varying

N availability (Figures 1 and S1). The addition of approximately 1 g

of N was expected to be optimal based on earlier measurements of

hybrid aspen trees grown for 10 weeks in optimal growth

conditions. The height growth of the trees (Figures 1B and S1B)

corresponded to these expectations. Also, the foliar N-content

increased steadily with increasing levels of N until it saturated at

the optimal N level (Figures 1C and S1C).

Increasing availability of N increased total shoot biomass, stem

height and stem diameter (Figures 1B-E and S1B-E) but decreased

F IGURE 1 Tree growth in response
to nitrogen application. (A) NO3

�-treated
hybrid aspen trees grown for 2.5 months
in the greenhouse. Trees were treated,
from left to right, with 0 g, 0.16 g, 0.56 g,
1.06 g of N. Similar phenotypes were
observed for all N-sources. (B) Shoot
height growth. T0 indicates the start of
the experiment. The points represent

means. n = 6. (C) Foliar N-content in
newly expanded leaves. n = 3. (D-F)
Growth traits at the end of the
experiment, including fresh weight of the
shoot (D), stem diameter (E), wood
density (F) and estimated dry weight of
wood (G). n = 6. Root biomass (H) and
root to shoot ratio on a fresh-weight basis
(I). n = 3. Data was collected from
Experiment I. Bars with error bars
represent means ± SD. Statistical
significance is tested by two-way ANOVA
and Tukey post-hoc test. Means not
sharing any letter are significantly
different at the 5% level of significance.
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the density of wood (Figure 1F) after 10 weeks of growth. Even

though the density decreased, the estimated dry weight of the stem

did not decrease but tended to increase in response to increasing

N-levels (Figures 1G and S1G). The weight of the roots increased

slightly while the root-to-shoot biomass ratio tended to decrease in

response to increasing N levels (Figure 1H, I). The positive effect

on shoot biomass accumulation and radial growth was observed up

to the optimal level of applied N. These trends were similar irre-

spective of the source of N, even though trees applied with argi-

nine and NH4
+ tended to be more similar to each other than trees

F IGURE 2 Gas exchange and 13C discrimination (δ13C) in response to nitrogen application. (A-C) Rate of photosynthesis (A), stomatal
conductance (B) and instantaneous water use efficiency (iWUE) (C), analysed by gas exchange measurements with LICOR-6400XT from one mid-
stem leaf. n = 6. (D) 13C discrimination (δ13C). δ13C, providing an estimate of cumulative WUE, was measured by isotopic composition analysis
with EA-IRMS of a newly formed leaf. n = 3. Data was collected from Experiment I. The violin plots show data distribution. Red dots and error
bars indicate mean values ± SD. Statistical significance is tested by two-way ANOVA and Tukey's HSD test. Means not sharing any letter are
significantly different at the 5% level of significance.
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applied with NH4
+ or NO3

� in terms of growth within the same

N-level (Figures 1D, E and S1D, E). The biggest difference between

the different N-sources was the higher potency of NO3
� and

NH4NO3 than of NH4
+ or arginine to stimulate growth and in par-

ticular the total shoot biomass accumulation of the trees in the

conditions of the optimal N-level (Figure 1D).

3.2 | The effect of nitrogen on xylem cell
morphology and stem hydraulic conductivity

Instantaneous gas exchange measurements showed a tendency

towards increased photosynthetic rate with increased N-level but no

difference between the different N-sources within each N-level

F IGURE 3 Wood anatomy in response to nitrogen application. (A-C) Cross sections of wood from NO3
�-treated trees in limited (A), sub-

optimal (B) and optimal (C) N-conditions. (D-G) Vessel cell size (D), fiber cell size (E), vessel frequency (F), and fiber frequency (G). Xylem cell sizes
and frequencies were calculated per representative area in radial sections of wood. n = 6. Data is collected from Experiment I. The violin plots
show data distribution. Red dots, bars and error bars display mean values ± SD. Statistical significance was tested by two-way ANOVA and
Tukey's HSD test. Means not sharing any letter are significantly different at the 5% level of significance.
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(Figures 2A and S2A). Instantaneous water use efficiency (iWUE)

and stomatal conductance were not influenced by the source or the

availability of N (Figures 2B, C and S2B, C).

Carbon discriminant analysis was used to analyse the cumula-

tive, rather than instantaneous, effect of N. A decrease in 13C dis-

crimination with increasing N-availability indicated elevated

photosynthetic efficiency even though the effect levelled off with

the highest N-levels (Figures 2D and S2D). As carbon discrimination

can also be used as a proxy for plant water use efficiency (Farquhar

et al. 1989), the observed trends of 13C discrimination were indica-

tive of increased water use efficiency in response to increased N

availability.

F IGURE 4 Wood chemical composition in response to nitrogen application. (A-F) The analysis of the chemical components of wood by
pyrolysis-GC/MS analysis. Relative contents are shown for carbohydrates (A), total lignin (B) S-type lignin (C), G-type lignin (D), H-type lignin (E)
and pHB-lignin units (F). n = 6. Bars with error bars indicate means ± SD. Statistical significance was tested by two-way ANOVA and Tukey's
HSD test. Means not sharing any letter are significantly different at the 5% level of significance.
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In line with the increase in water use efficiency, the analysis of wood

anatomy (Figure 3A-C) revealed that the radial dimensions of the xylem

vessel elements increased with increasing N-levels, independent of

the N-source (Figure 3D). Also, xylem fibers showed a tendency

towards increased cell size in response to increasing N-levels (Figure 3E).

The frequencies of both vessels and fibers increased from limited to sub-

optimal N-level (Figure 3F, G). Neither cell frequencies nor cell sizes

changed further with increasing N-availability (Figure S3).

3.3 | The effect of nitrogen on wood chemistry

The effect of the different N-sources was studied on wood

chemistry by Py-GC/MS (Table S2), which provides an estimate of the

relative contents of the cell wall chemical components (Gerber

et al. 2012). The relative content of carbohydrates did not change in

any of the N conditions (Figures 4A and S4A). The relative content of

total lignin as well as S- and G-type lignin decreased slightly from lim-

ited to suboptimal N-level for all N-sources except for NO3
�

(Figures 4B-D and S4B-D). In NO3
�-treated trees, however, lignin

content did not decrease in response to increasing NO3
�-level

(Figures 4B and S4B). Most strikingly, increasing levels of NO3
� and,

to a lesser extent, NH4NO3 increased the relative content of H-lignin

(Figures 4E and S4E). p-hydroxybenzoylated lignin levels tended to

increase with increasing N-levels for all N-sources (Figures 4F and

S4F). NMR analysis revealed similar results for the levels and composi-

tion of lignin in a subset of NO3
�-treated trees (Table S1).

Saccharification efficiency was analysed in conditions of limited,

sub-optimal and optimal N availability to analyse whether changes in

lignin content influence feedstock processability in our conditions.

There were no statistically significant differences in saccharification

yields of any of the sugars (glucose, xylose, mannose, arabinose, galac-

tose) after mild acidic pretreatment. Without the pretreatment, the

release of xylose increased slightly with increasing N-level but statisti-

cally significantly only for the arginine treatment (Table S1). The poten-

tial influence of wood hemicelluloses on the saccharification efficiency

was excluded on the basis of wood monosaccharide composition that

did not differ between either N-sources or N-levels (Table S1).

3.4 | The effect of nitrate application on global
gene expression

Since NO3
� has been shown to have a signaling function in planta, this

treatment was selected for transcriptional analysis. Transcriptome profiles

from RNA-sequencing data were analysed to assess the gene expression

changes in developing xylem under limited, sub-optimal and optimal

NO3
� availabilities. The PCA plot, based on the normalized gene counts,

showed a clear separation of samples treated with limited NO3
� from

sub-optimal and optimal ones that grouped together (Figure 5A). The GO

analysis presented significant enrichment of ‘oxidation–reduction pro-

cess’ among the upregulated and the ‘transcription factor complex’
among the downregulated differentially expressed genes (DEGs) in opti-

mal NO3
� conditions (Figure 5B). The differential gene expression analysis

showed a total of 832DEGs (FDR <0.01) between three pairwise compar-

isons (a higher NO3
� vs a lower NO3

�-level) (Figure 5C; Table S3). The

spatial expression pattern of theDEGs thatwere common for the pairwise

comparisons varied across the secondary vascular tissues in the AspWood

database, suggesting that many processes of wood formation were

affected by changes in N availability (Figure 5C). For instance, MYB-like

helix-turn-helix transcription factor (Potra2n16c29671) was upregulated

in all three pairwise comparisons and could be involved inNO3
�-mediated

lignification based on its AspWood expression in the transition zone

between xylem cell wall formation and cell death (Figure 5C). Three genes

homologous to theA. thaliana YELLOWSTRIPE-LIKE 3 (YSL3) were likewise

upregulated in all pairwise comparisons. A. thaliana YSL3 is a plasma

membrane-localised metal transporter (Chu et al. 2010) that was shown

to beNO3
�-induced in an earlier study (Poovaiah et al. 2019). Further sup-

port for the connection between YSL3 and NO3
� was provided by co-

expression of the YSL3 homologs with oligopeptide transporters (OPT)

and a nitrate transporter familymember (NPF2.11) (Table S3).

Significant changes were observed in the expression of key NO3
�

sensing, signaling, assimilation, and transporter genes, including homo-

logs of the A. thaliana NIN LIKE PROTEIN 2 (NLP2), NITRILASE 4 (NIT4),

NITRITE REDUCTASE 1 (NIR1), NITRATE REDUCTASE 2 (NR2) and

nitrate transporters NPF7.1 and PTR3 (Figure 5D). Although NIN LIKE

PROTEIN 7 (NLP7), recently identified as a NO3
� sensor (Liu

et al. 2022), did not show any significant change, 20 potential targets

of NLP7 were found among the DEGs, including NIR, LIK1, MTP10,

OSCA1.5, MLKL1 and MTP10 (Table S3).

The possible role of cytokinins in NO3
� signaling and cambial

activity was supported by increased expression of the cytokinin-

biosynthetic isopentenyltransferases (IPT5a, 5b, and 6b) in response

to increasing NO3
� level (Figure 5E).

The effect of NO3
� on cell expansion has been proposed to be

mediated by induction of the expression of aquaporin family genes

(Hacke et al. 2010), and seven aquaporin genes displayed significant

expression changes across the three NO3
� concentrations in our

RNAseq data (Figure 5F).

Among the lignin-biosynthetic machinery, significant changes

were evident for the laccases LAC2, 4, 6, 11 and 17, but not for any of

the lignin-biosynthetic genes (Figure 5E). However, most of the lignin-

biosynthetic genes, including HCT1 and C3H3 that act in the branch-

point towards G and S-type lignin biosynthesis, showed trends of

lower expression in the optimal NO3
� level compared to the subopti-

mal and limited levels, while CSE2 and CCoAOMT1 and 2 as well as

the pHBMT acyltransferases, involved in lignin p-hydroxybenzoylation,

showed the opposite trends (Figure 6).

4 | DISCUSSION

4.1 | Nitrogen in the form of nitrate surpasses
other N-sources in stimulating tree biomass
accumulation

The type of N-source available to the plants influences N assimilation

and plant growth. The organic forms have energetic assimilation

RENSTRÖM ET AL. 9 of 15
Physiologia Plantarum

 13993054, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ppl.14219 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [23/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



F IGURE 5 Legend on next page.
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advantages over inorganic N (Franklin et al. 2017). Nitrogen is also, at

least in boreal forest soils, mostly available in organic form

(Inselsbacher & Näsholm 2012). On the other hand, plant species seem

to differ in their preference for the N form they take up (Scott & Roth-

stein 2011). In the current work, the N-source had an influence on tree

growth and wood properties, even though it was less pronounced than

the effect of the N-level (Figure S5A-B). The organic N, applied in the

form of arginine, stimulated growth and biomass accumulation of the

hybrid aspen trees but less than the inorganic N forms of NH4NO3 and

NO3
� (Figures 1 and S1). The effect of arginine was similar to the effect

of NH4
+, another positively charged N-form (Figure 1C-D). Similar

results were earlier obtained in Populus x canescens, where shoot

growth was stimulated more by the inorganic NH4NO3 than the

organic N-source of phenylalanine (Jiao et al. 2018).

A well-documented effect of organic N is the influence on plant bio-

mass partitioning and stimulation of biomass accumulation primarily in the

roots, which leads to an increased root-to-shoot ratio compared to inor-

ganic N sources (Cambui et al. 2011; Franklin et al. 2017). This may be

due to the direct incorporation of organic N into the roots (Cambui

et al. 2011) or differences in the cost of assimilation in different plant parts

(Franklin et al. 2017). Therefore, the question arises whether, in our exper-

iments, the lower biomass stimulation of shoots by arginine, compared to

NO3
� and NH4NO3, was due to preferential accumulation of root biomass

in response to arginine. Arginine did, however, not increase the root

growth of hybrid aspen trees compared to the inorganic N-sources

(Figure 1H). Organic N has been shown to primarily stimulate the rooting

of young seedlings (Lim et al. 2022), and it is possible that the inability of

arginine to stimulate root growth in our experiments was due to the fact

that we used in vitro-propagated saplings that had pre-formed roots

before exposure to the different N conditions in the soil. It is also possible

that arginine and NH4
+ are less accessible to the roots due to their posi-

tive charge and, hence, attraction to the negatively charged surfaces of

organic soil particles, as proposed earlier (Inselsbacher et al. 2011; Lim

et al. 2022). In any case, in our experimental conditions, it is the NO3
�

complemented, inorganic forms that seem to stimulate biomass accumula-

tion more than the organic N-source in hybrid aspen trees.

Increased biomass accumulation is commonly associated with

decreased wood density (Lindström 1996; Luo et al. 2005; Hacke

et al. 2010). In our experimental setup, all measured biomass-related

traits showed increases in response to increasing N-level, independent

of the source of N, up to the application level of 1 g per tree

(Figures 1 and S1). In the same range of increasing N levels, wood

density decreased in the tree stem (Figure 1F), confirming the

frequently observed negative relationship between biomass accumu-

lation and wood density also in our experimental conditions. Conse-

quently, wood density correlated negatively with N-level as well as

leaf N-content (Figure S6). Interestingly, even though wood density

decreased with increasing N-level, the overall biomass accumulation

on a dry weight basis continued to increase (Figures 1G and S1G),

supporting the potential of increased nitrogen availability in stimulat-

ing biomass accumulation without a drastic negative impact on wood

density in hybrid aspen trees.

4.2 | Water transport and use efficiency are
influenced by nitrogen level

Stems' hydraulic conductivity can be estimated theoretically according to

the Poiseuille equation according to which the volumetric flow of water is

proportional to the 4th power of the radius of the water-conducting tubes

(Tyree & Ewers 1991). This means that the diameter of the vessel ele-

ments has a significant influence on water transport and, hence, nutrient

uptake of tree stems. Interestingly, N is known to stimulate vessel expan-

sion (Hacke et al. 2010; Plavcová et al. 2013) and, hence, increase its own

uptake and transport potential along with the increase in mass flow

(McMurtrie & Näsholm 2018). Increased N-level increased the diameter

of the vessels also in our experiments (Figures 3 and S3) in a manner that

did not depend on N-source. Increased vessel diameter correlated also

with increased water-use efficiency according to the 13C-discriminant

analysis (Figures 2D and S6). Therefore, we can conclude that N had a

positive influence on the water transport capacity of our trees. On another

note, the positive influence of N on water transport capacity and xylem

expansion entails risk for a trade-off with xylem safety in conditions of lim-

ited water availability (Pratt & Jacobsen 2017). Increased vessel diameter

makes N-fertilised trees presumably more susceptible to cavitation, and it

will therefore be necessary to explore, in future experiments, the effects

of N on xylem cavitation as well as drought resistance of trees.

4.3 | Nitrate has a unique influence on lignin
accumulation and composition

Lignification is a developmentally regulated process that is also influ-

enced by biotic and abiotic stresses as well as limitations in nutrients,

F IGURE 5 Differential gene expression in response to three NO3
� levels. (A) Principal component analysis of RNA-sequencing data from

differentiating xylem tissues of hybrid aspen trees exposed to optimal, sub-optimal and limited NO3
�-levels. n = 4. (B) Significantly represented gene

ontology (GO) terms for differentially regulated genes (DEGs). DEGs were defined on the basis of up- or downregulation in at least one of the three
pairwise comparisons (optimal vs sub-optimal, optimal vs limited, sub-optimal vs limited; see Table S3 for additional information). (C) Venn diagram of

up- and down-regulated DEGs (fitting the criteria of lfc >1 and FDR <0.01) in pairwise comparisons between the three NO3
� levels. Heatmaps for

DEGs that overlap between pairwise comparisons display their expression profile during cambial growth according to the AspWood database (Sundell
et al. 2017; plantgenie.org). P/Ca, phloem/cambium; Ex, expanding xylem; SCW, secondary cell wall formation; CD, cell death. (D-F) Heatmaps for
expression profiles for selected gene families, including Nitrate transporters (NRT/NPF), Nitrite reductase (NIR) Nitrate reductase (NR), and NIN-Like
Proteins (NLPs) (D), lignin biosynthetic genes, laccases (LAC), and isopentenyl transferase (IPT) (E) and aquaporins (F). The DEGs are shown in red. The
gene annotations in (C-F) are based on the closest A. thaliana gene from TAIR, except for the lignin biosynthetic and the IPT genes that are annotated
according to the closest homolog in Populus trichocarpa (Shi et al. 2010; Immanen et al. 2016). Data was collected from Experiment I.
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such as iron, phosphorus and N (Liu et al. 2018; Cesarino 2019; Chan-

treau & Tuominen 2022). Increased availability of N inhibits, in gen-

eral, the lignin-biosynthetic pathway, whereas limiting N stimulates

lignification (Fritz et al. 2006). In woody tissues of Populus trees,

increased N supply resulted in wood properties having a juvenile char-

acter with decreased lignin and S/G content (Pitre et al. 2007b). We

detected, similarly, that the lignin content decreased at optimal and

sub-optimal levels of N compared to limited N but did not further

F IGURE 6 The expression of genes involved in lignin biosynthesis and polymerization in response to three NO3
� levels. (A) Lignin biosynthesis and

polymerization. The monomer biosynthesis represents the dominating pathway in Populus according to Wang et al. (2019). The gene annotations are
based on the closest homologs of the Populus trichocarpa (Pt) lignin-biosynthetic genes from Shi et al. (2010) and the Populus tremula (Potra) laccases
and peroxidases from Sundell et al. (2017). Only highly expressed laccases and peroxidases (VST >3) in the secondary xylem tissues, according to the
Aspwood database (plantgenie.org), are shown. (B) Incorporation of monolignol–pHB conjugates into lignin polymer. The gene annotations were based
on the closest Populus trichocarpa (Pt) pHBMT genes from de Vries et al. (2022). PAL, L-phenylalanine ammonia-lyase; C4H, cinnamate 4-hydroxylase;
C3H, 4-coumarate 3-hydroxylase; COMT, caffeic acid/5- hydroxyconiferaldehyde O-methyltransferase; F5H, ferulate-5-hydroxylase/coniferaldehyde
5-hydroxylase; 4CL, 4-coumarate:CoA ligase; HCT, p-hydroxycinnamoyl-CoA:quinate shikimate p-hydroxycinnamoyltransferase; C3H, 4-coumarate
3-hydroxylase; CSE, caffeoyl shikimate esterase; CCoAOMT, caffeoyl-CoA 3-O-methyltransferase; CCR, cinnamoyl-CoA reductase; CAD, cinnamyl
alcohol dehydrogenase; pHBMT, p-hydroxybenzoyl-CoA monolignol transferase; LAC, laccase; PRX, peroxidase.
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decrease with excessive N-levels (Figures 4 and S4). This holds true

for all N-sources tested except for NO3
�, which did not significantly

influence lignin content in any of the applied N-levels (Figures 4B

and S4B). Even though increased NO3
� availability did not influence

the total lignin content, there was a clear stimulatory effect on the

accumulation of the H-type lignin (Figures 4E and S4E). Also, the

other NO3
� containing N-source, NH4NO3, increased H-type lignin

accumulation in the higher N-levels. An increase in the relative con-

tent of H-lignin was also observed by Pitre et al. (2007b) after appli-

cation of high (10 mM) NH4NO3 compared to adequate (1 mM)

NH4NO3 in hybrid poplar. The fact that H-type lignin is mainly

deposited in the middle lamella and primary cell walls (Fukushima &

Terashima 1990) suggests that a larger proportion of the xylem tis-

sues were in the stage of early differentiation and/or having thinner

secondary cell walls, which in turn could be due to changes in cam-

bial activity or the spatio-temporal regulation of xylem differentia-

tion. Increased H-lignin could also be related to H-type lignin

functioning as a “stress lignin” (Lange et al. 1995; Cesarino 2019)

and hence excessive NO3
� being experienced as some kind of stress

(Plavcová et al. 2013) even though it should be noted that stress-

related symptoms were not observed in terms of growth penalty of

the trees and that the effect was not only related to excessive NO3
�

but discernible already at optimal level.

Lignin biosynthesis is known to be transcriptionally regulated in

response to N-availability both at the level of lignin monomer biosyn-

thesis and lignin polymerization (Cooke et al. 2003; Poovaiah

et al. 2019; Zhao et al. 2022). Our RNAseq analysis revealed that the

lignin-biosynthetic genes did not significantly (FDR <0.01) respond to

added NO3
�. Suppression of lignin-polymerising laccases, in particular

the homologs of the A. thaliana LAC17 and LAC2, have been linked to

reduced lignification in high-N-treated plants (Plavcová et al. 2013).

We also detected suppression of several homologs of the A. thaliana

secondary cell wall-related LAC4 and 17 in the optimal and sub-

optimal NO3
� compared to the limited NO3

�-level (Figures 5E and 6;

Table S3). Interestingly, homologs of LAC6 and 11 were upregulated

in the optimal NO3
� level, and the question is whether the expression

of these laccases could be related to increased deposition of H-type

lignin in response to increased availability of NO3
�. Furthermore, a

MYB-like transcription factor was upregulated by increasing NO3
� avail-

ability (Figure 5C). As MYBs are widely recognized as central regulators

of lignin biosynthesis, it is possible that this previously uncharacterized

transcription factor is related to the specific changes observed in

response to increased NO3
� availability.

5 | CONCLUSIONS

Increased availability of N affected growth and wood formation of

hybrid aspen trees in many ways. We observed increased diameter

of xylem elements and decreased wood density in response to increas-

ing availability of N.We also identified N-level that was optimal for bio-

mass accumulation of the trees in our experimental conditions.

Biomass accumulation was not significantly influenced by N-source

even though the NO3
�-containing N-sources were somewhat more

efficient. However, lignin composition was influenced by the N-source,

as increased levels of NO3
� had a stimulatory effect on the accumula-

tion of H-type lignin. This is an interesting observation from an applied

point of view as lignin composition is known to influence both wood

pulping and bioprocessing (Ragauskas et al. 2014). H-lignin, in particu-

lar, can confer a high abundance of condensed-type linkages and

decrease the degree of lignin polymerization (Ziebell et al. 2010; San-

gha et al. 2014). Targeted fertilization with NO3
�-containing com-

pounds could be used in cases when wood with these lignin properties

is desired. On the other hand, avoiding NO3
�-containing fertilization of

forest feedstocks could be advantageous for downstream applications

where relatively lowH-lignin content is preferred.
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