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Simple Summary: This study elucidates the intrinsic mechanisms through which poplars
optimize root architecture and enhance nutrient uptake efficiency via the synergistic action
of N and P. These elements, pivotal for plant growth, have long been recognized as having a
synergistic mechanism that has remained largely unexplored in woody plants. The research
demonstrates that N amplifies the activity of crucial enzymes and proteins related to P
absorption, facilitating root expansion to increase P capture. In low Pi availability envi-
ronments, N catalyzes recycling processes for reusing P, whereas P aids in N assimilation
within the plant. Nonetheless, the absence of a balanced nutrient supply impedes plant
growth efficiency. Further, this study unveils the role of natural plant hormones and genetic
pathways in orchestrating these processes. These findings expose a collaborative interplay
among nutrients, genes, and hormones that is crucial for root development and nutrient
optimization. Comprehending this natural system paves the way for formulating advanced
strategies in tree breeding or forest fertilization, minimizing waste and ecological damage.
Accordingly, this research contributes to sustainable forestry by promoting the growth
of healthier trees with minimized resource utilization, an essential endeavor in the fight
against climate change and ecosystem preservation.

Abstract: This article methodically reveals how, in woody plants (poplar), the interaction
between N and P coordinates root structure and nutrient absorption through a complex
hormone signaling network. This study bridges a significant gap in our knowledge of nu-
trient interaction networks. The results demonstrate that NO3; ™ significantly enhances the
gene expression and enzymatic activity of organic acid synthases (MDH, PEPC) and APs.
Furthermore, it synergizes with IAA /ABA signals to refine root structure, enhancing the
surface area for P absorption. In low Pi availability environments, NO3 ™ further promotes
P recycling by simultaneously boosting the levels of Pi transport proteins (notably, the
PHO family), facilitating myo-inositol phosphate metabolism (via IMP3/ITPK1-mediated
PP-InsPs degradation), and augmenting IAA /SA signals. Pi induces the activity of N as-
similation enzymes (GS/GOGAT/GDH)), facilitating nitrogen metabolism. However, in the
absence of N, it leads to a metabolic imbalance characterized by high enzymatic activity but
low efficiency. Alternatively, adequate N availability allows Pi to improve root robustness
and N assimilation efficiency, mediated by IAA/GA accumulation and ABA signaling (e.g.,
SNRK2/ABF). We propose the existence of an intricate network in poplar, orchestrated by
transcriptional cascades, metabolic regulation, and hormonal synergism. Key modules
such as SPX-PHR, NLA, HHO2, and MYB59 are likely central to this network’s function.
These findings offer a foundational framework for the development of molecular breeding
and precise fertilization strategies, enhancing the efficient use of N and P in forestry.
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1. Introduction

N and P are vital macronutrients for plant growth and development [1]. Plants mainly
take up and utilize phosphorus in the form of inorganic phosphate (Pi). However, Pi’s low
solubility and mobility in soil often result in minimal plant availability [2]. N is essential for
plants as it is a key element in proteins, nucleic acids, chlorophylls, and various secondary
metabolites. Nitrate (NO3 ™) is the primary N source for most terrestrial plants, although
its availability can substantially vary across locations and over time [3].

To mitigate N and P deficiencies in their environment, plants have evolved a suite
of adaptive strategies aimed at improving their capacity to absorb and utilize these
nutrients [4,5]. Plant roots are directly responsible for the exploration and absorption
of nitrogen and phosphorus elements in the soil. Therefore, plants typically adjust their
root system structure to adapt to different N and P nutritional conditions. Low N mainly
stimulated root elongation [6], but P deficiency increased root branching [7]. The combined
application of nitrogen and phosphorus enhanced root surface area, root length, and root
bud quality [8]. The addition of N and P influences their absorption and each other’s
uptake by impacting root development. Environmental factors modulate root architecture
through alterations in plant hormone dynamics and sensitivity [9]. Auxin, a pivotal hor-
mone for root growth and development, interacts with N and P availability to regulate
these processes. N and P influence root development by altering hormone biosynthesis,
signal transduction, and polar transport. The research of Tian et al. [10] demonstrated that
NO3~ supply reduced indole-3-acetic acid (IAA) levels in roots; however, the application
of exogenous IAA alleviated the inhibitory impact of high nitrogen on primary root elon-
gation. Similarly, P scarcity led to enhanced lateral root formation and inhibited primary
root growth when plants were treated with external auxin [11]. Abscisic acid (ABA) is
considered a growth inhibitor [12]. Elevated nitrate levels promote ABA accumulation in
the root endoderm and meristematic zones, aiding in meristem maintenance [13]. More-
over, phosphate availability modulates root development through interactions with ABA
signaling [14]. Low N conditions were found to activate gibberellin (GA) and jasmonic acid
(JA) signaling, altering the hormonal signal transduction network in plants [15]. Moreover,
P stress decreases GA bioactivity in Arabidopsis thaliana, affecting root architecture and
suggesting that optimal GA levels are vital for root growth and development [16]. Research
has also found that salicylic acid (SA) enhances phosphorus uptake by modulating the
expression of phosphorus transporter proteins [17]. The restructuring of the root architec-
ture, driven by the nutritional environment, essentially establishes the physical interface
for N and P absorption, while the synergistic regulatory mechanisms at the molecular level
further optimize the coupled utilization efficiency of nutrients.

The synergistic regulation of N and P at the molecular level plays a critical role in
maintaining the balance of N and P nutrition in plants [18]. This interaction includes the
N-regulated P response and the P-regulated N response. The former has been extensively
studied; for instance, phosphate availability has been shown to significantly influence the
expression of nitrate response genes in both Arabidopsis thaliana and Oryza sativa [19-21].
AtNRT1.5, a nitrate transporter in Arabidopsis thaliana, is instrumental in root-to-shoot
NOj3™ transport and regulates the plant’s response to Pi scarcity [22]. Furthermore, N
supplementation has been reported to trigger Pi starvation responses, bolstering plant
resistance to P stress [21]. Conversely, the P-regulated N response has received less attention.
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Transcriptome analyses in Arabidopsis have revealed that several Pi/N response genes, such
as NIA1, NIR, and CHL1/NRT1.1, are suppressed as soon as 24 h following the initiation
of P deprivation [23], highlighting a close association between the phosphate starvation
response (PSR) and primary nitrate response (PNR) pathways. Although research on certain
model plants has revealed the core regulatory nodes of N and P interactions, the unique
secondary growth patterns and long-term nutrient storage strategies of woody plants may
reshape their synergistic regulation network, necessitating further research and clarification.
Based on the evidence, we hypothesize that the availability of N and P influences will
differentially regulate the root morphology of woody plants, the efficiency of nutrient
absorption, and the expression of genes related to the absorption and metabolism of each
other. This is primarily achieved through the interaction between hormonal signaling
pathways (such as IAA, ABA, and GA) and nutrition response genes (such as NRT1.5, NIA1,
PSR/PNR related genes), which, in turn, regulate the structure of the root system and the
expression of transport proteins, affecting their absorption and utilization.

As a model species for woody plant research, Populus spp. has had its genome
widely deciphered [24]. This species has a wide distribution in the temperate and northern
forest regions of the Northern Hemisphere, where in its native environment, the supply
of nitrogen and phosphorus often exhibits significant imbalances, particularly with a
marked deficiency of soil Pi [25]. To sustain the demands for rapid growth, large amounts
of nitrogen and phosphorus fertilizers are often applied in the management of poplar
plantations to overcome soil nutrient limitations. However, this practice not only leads to
low fertilizer use efficiency but also results in a series of environmental issues. Therefore, it
is critically important for both theory and practice to conduct an in-depth analysis of the
molecular mechanisms underlying the synergistic absorption and utilization of N and P
in poplars. Coordinating the acquisition of N and P nutrients is essential for developing
targeted fertilization strategies, enhancing nutrient use efficiency, and reducing ecological
and environmental risks. This study investigates the interaction between N and P nutrition
in Populus alba x Populus glandulosa (84 K poplar) roots under different N-P treatments,
focusing on (1) the effects on root morphology and physiology, and (2) the underlying
mechanisms of these interactions.

2. Materials and Methods
2.1. Materials

Initially, 84 K poplar saplings derived from micropropagation were grown for one
month in an artificial climate chamber. These saplings were then transferred to columnar
flowerpots containing fine sand, with each pot containing one seedling that was 20 cm
deep and 10 cm in diameter. Following transplantation, they were further cultivated and
received treatments in a greenhouse (natural light; day/night temperature: 28/20 °C;
relative humidity: 75%). The saplings received 50 mL of Hoagland solution for irrigation
every two days. After cultivation for 1 week, the seedlings were transferred to a new
basin filled with 0.8 kg of clean fine sand, and 50 mL of pure water was irrigated every
2 days. Plants with comparable height (~15 cm) and growth performance were chosen
for nutritional treatments after one week of treatment. Each plant was gradually irrigated
with 50 mL of a modified Hoagland solution containing 2 mM MgSO4-7H,0, 1 mM KCl,
0.5 mM CaSOy4-2H;0, 45 uM H3BO3, 10 pM MnCl,-4H,0, 0.8 uM ZnSO4-7H,0, 0.3 uM
CuS0O4-5H,0, 0.4 uM Nay,MoQO4-2H,0, 20 uM FeSO,4-7H,0, and 20 uM EDTA-2Na, with
varying concentrations of KNOj (N) and KH;POy (P) as follows: 0 mM N and 0 mM P
(=N, =P),30 mM N and 0 mM P (+N, —P), 0 mM N and 1.5 mM P (—N, +P), and 30 mM N
and 1.5 mM P (+N, +P). Nutritional treatments were administered for 60 days to gather
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adequate plant material for physiological analyses. The experiment comprised 60 seedlings
in total (2N treatments x 2P treatments x 15 repeats).

2.2. Harvesting

The roots were harvested and thoroughly washed with the designated nutrient so-
lution after 60 days of treatment. Utilizing the method outlined by Luo et al. [25], root
samples were scanned in five replicates using the WinRHIZO system (WinRHIZO 2012b,
Regent Instruments Canada, Inc., Montreal, QC, Canada). The samples were frozen, ground
with liquid nitrogen, and stored at —80 °C. Dry weight was measured by oven-drying at
85 °C until a stable weight was reached.

2.3. Assessment of P and N Concentrations

Five biological replicates from each treatment were selected for assessment of P and
N concentrations, each subject to three technical duplications. The protocol by Wang
et al. [26] was followed, wherein plant dry powder was digested using sulfuric acid and
hydrogen peroxide. The N and P concentrations in the digest were analyzed at 660 nm
and 700 nm, respectively, using a Continuous-Flow Analyzer (AA3, Bran-Luebbe, Ham-
burg, Germany), as per the method by Gan et al. [27]. Phosphorus utilization efficiencies
(PUEs) and nitrogen utilization efficiencies (NUEs) were calculated using the formula:
efficiency = biomass/nutrient uptake, following the guidelines of Gan et al. [27].

2.4. Determination of Enzymatic Activities

Five biological replicates from each treatment were selected for enzyme activity assays,
each subject to three technical duplications. Phosphatase (APs, EC 3.1.3.2) activity in root
samples was evaluated according to the method described by Lei et al. [28]. A 50 mg
finely powdered sample was extracted using 1.8 mL of 0.04 M sodium acetate buffer
at pH 6.5. A 100 pL extract was mixed with 600 puL of 15 mM sodium 4-nitrophenyl
phosphate and 1.3 mL of 40 mM sodium acetate, followed by a 30 min incubation at 37 °C
in the dark. Absorbance was measured at 412 nm by spectrophotometry. The activities of
phosphoenolpyruvate carboxylase (PEPC, EC 4.1.1.31) and malate dehydrogenase (MDH,
EC 1.1.1.37) were assessed following the procedures outlined by Gajewska et al. [29] and
Li et al. [30], which involved the extraction of 100 mg from a frozen powdered sample.
The PEPC assay involved combining 100 pL of extract with 900 pL of a reaction mixture
comprising 25 mM Tris-HCI (pH 8.0), 5 mM MgCl,-6H,0, 1 mM DTT, 2 mM KHCO;,
0.1 mM NADH, 3U MDH, and 2.5 mM phosphoenolpyruvate, followed by incubation at
37 °C for 5 min. For MDH, a 900 pL reaction mixture containing 25 mM Tris-HCl (pH 8.0),
0.1 mM NADH, and 0.15 mM oxaloacetic acid was preheated at 37 °C for 5 min prior to
initiating the reaction with 100 pL of extract. The decrease in absorbance at 340 nm was
recorded over 5 min. Moreover, the enzymatic activities of glutamine synthetase (GS, EC
6.3.1.2), nitrate reductase (NR, EC 1.7.99.4), glutamate synthase (GOGAT, EC 1.4.7.1), and
glutamate dehydrogenase (GDH, EC 1.4.1.2) in poplar roots were thoroughly analyzed
using the method outlined by Luo et al. [25].

2.5. Levels of Malic and Citric Acids

Five biological replicates from each treatment were selected to measure the concentra-
tions of malic acid and citric acid, each subject to three technical duplications. Malic and
citric acid concentrations in root samples were measured following Lii et al. [30] and Dong
et al.’s [31] protocols. Initially, samples were homogenized in 80% ethanol and intermit-
tently oscillated at 80 °C for 20 min. Following cooling, the homogenate was centrifuged
to extract the supernatant, and subsequently dried under Nj. The dry residues were dis-
solved in ultrapure water and analyzed using High-Performance Liquid Chromatography
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(HPLC; Agilent 1260 Infinity, Agilent Technologies, Santa Clara, CA, USA). A C18 column
(5 um, 250 x 4.6 mm, Agilent) facilitated chromatographic separation with a mobile phase
comprising 0.02 M KH,POy (pH 2.8) and 3% methanol. The column was operated at 17 °C
with a flow rate of 0.5 mL/min, and detection was performed at 210 nm.

2.6. Levels of Phytohormone Concentrations

Five biological replicates from each treatment were selected for the determination of
hormone concentration levels, each subject to three technical duplications. Plant hormones,
such as ABA, GA3, IAA, SA, and JA, were extracted from fresh root powder by homog-
enization in 80% methanol with 200 mg-L~! butylated hydroxytoluene and 500 mg-L~!
citric acid monohydrate. After shaking and centrifugation, the supernatant was collected,
dried under Ny, and resuspended in 80% methanol. The solution was analyzed with a
Shimadzu LC-20AT HPLC system paired with an API 2000™ electrospray tandem mass
spectrometer. The chromatographic analysis was performed using an Eclipse XDB-C18
column (250 x 4.6 mm, 5 um) and plant hormone standards from Sigma Chemical Co.
(St. Louis, MO, USA) to develop quantitative standard curves [32].

2.7. Measurement of Carbohydrate Levels

Five biological replicates from each treatment were selected for the determination
of carbohydrate levels, each subject to three technical duplications. The levels of soluble
sugars and starch in root samples were quantified using the anthrone method described by
He et al. [33]. Briefly, 100 mg of fresh fine root powder was homogenized in 4 mL of 80%
ethanol and incubated at 75 °C for 35 min with intermittent shaking. The homogenate was
centrifuged at 8500 x ¢ for 15 min at 25 °C, and the supernatant was collected post-cooling.
As previously mentioned, the precipitate was re-extracted, and the supernatant from this
process was combined with the initial one. A total of 2 mL of anthrone reagent was added
to the combined supernatants and heated in boiling water for 15 min. After cooling to
room temperature, the absorbance of the solution was measured spectrophotometrically at
620 nm. A standard curve was generated from a range of diluted glucose solutions.

2.8. Ribonucleic Acid (RNA) Isolation and Sequencing

Root tissues from four treatment groups (three biological replicates per treatment)
underwent total RNA extraction using TRIzol® Reagent (Thermo Fisher Scientific, Waltham,
MA, USA), in accordance with the manufacturer’s guidelines. The RNA quality was
assessed with a 5300 Bioanalyser (Agilent), and quantification was performed using the
ND-2000 (NanoDrop Technologies (Thermo Fisher Scientific, Wilmington, DE, USA). Only
high-quality RNA samples (OD260/280 = 1.8~2.2, OD260/230 > 2.0, RON > 6.5, and
285:185 > 1.0; quantity > 1 ug) were utilized for sequencing library construction. RNA
purification, reverse transcription, library construction, and sequencing were conducted at
Shanghai Majorbio Bio-pharm Biotechnology Co., Ltd. (Shanghai, China) following the
manufacturer’s instructions. The root tissue RNA-seq transcriptome library was prepared
with 1 pg of total RNA using the Illumina® Stranded mRNA Prep, Ligation kit (San
Diego, CA, USA). Messenger RNA was isolated via the polyA selection method using
oligo (dT) beads, followed by fragmentation. Double-stranded cDNA was synthesized
using a SuperScript cDNA synthesis kit (Thermo Fisher Scientific, Carlsbad, CA, USA)
with random hexamer primers, followed by end-repair, phosphorylation, and adapter
ligation, according to the library construction protocol. cDNA libraries with 300 bp target
fragments were selected using 2% Low Range Ultra Agarose and amplified through 15 PCR
cycles with Phusion DNA polymerase (NEB (New England Biolabs, Ipswich, MA, USA).
Following quantification with Qubit 4.0, sequencing was performed on the NovaSeq X Plus
or DNBSEQ-T7 platform using the respective Kkits.
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The raw paired-end reads were trimmed and quality controlled by fastp [34] with de-
fault parameters. The specific steps are as follows: First, adapter sequences were removed,
and reads without inserts due to adapter self-ligation were filtered out. Subsequently, the
average quality value was calculated using a 4 bp sliding window method. Bases at the 5’
end with an average quality score below 20 were trimmed iteratively, while bases at the 3’
end with a quality score less than 3 were truncated. Furthermore, low-quality sequences
containing more than 5 ambiguous bases (N) were filtered out. Finally, high-confidence
clean reads with a length > 30 bp after the above processing were retained for subse-
quent analysis. Then, clean reads were separately aligned to the P. alba reference genome
(https:/ /ftp.cngb.org/pub/CNSA /datal/CNP0000339 /CNS0047055/CNA0003521/, ac-
cessed on 1 June 2024) with orientation mode using HISAT2 with default parameters [35].
The mapped reads of each sample were assembled by StringTie [36] using a reference-based
approach to obtain the number of fragments per kilobase of exon per million mapped reads
(FPKMs) for genes.

2.9. RNA Sequencing Analysis, Differential Expression Analysis, and Functional Enrichment

To identify DEGs (differentially expressed genes) between two different samples, the
expression level of each transcript was calculated according to the FPKM method. For
transcriptome profiling, raw read counts were quantified using RSEM [37] with Bowtie2
alignment under default parameters (end-to-end mode, <2 mismatches allowed per read).
Differential expression analysis was performed in DESeq2 [38], applying variance stabiliz-
ing transformation with normalized library sizes. Genes with average counts < 10 across
samples were filtered prior to statistical testing. We defined differentially expressed genes
(DEGs) as those meeting both thresholds: (i) false discovery rate (FDR)-adjusted p-value
(Benjamini-Hochberg procedure) < 0.05, and (ii) absolute |log2 (fold change)| > 1.

Additionally, functional enrichment analysis, encompassing both Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG), was conducted. This
analysis sought to identify significant enrichment of DEGs in GO terms and metabolic
pathways, applying a Bonferroni-corrected p-value < 0.05 against the whole-transcriptome
background. GO functional enrichment and KEGG pathway analyses were performed
using Goatools (v1.3.0) and a Python (v3.8.10)script.

2.10. Functional Classification and Comparative Analysis of Transcription Factors (TFs)

To identify TFs in DEGs, we referred to the following online databases: NCBI (www.
ncbinlm.nih.gov, accessed on 10 June 2024), PopGenie (https://popgenie.org/, accessed
on 10 June 2024), Pfam (https://www.ebi.ac.uk/interpro/, accessed on 10 June 2024),
EggNOG (https://eggnogdb.embl.de/, accessed on 10 June 2024), Swiss-Prot (https://
web.expasy.org/docs/swiss-prot_guideline.html, accessed on 10 June 2024), and Plant
TFDB (http://planttfdb.gao-lab.org/, accessed on 10 June 2024). Transcription factors
were categorized into functional groups using MapMan (v3.6.0), with P. alba serving as the
reference genome from PopGenie (https://popgenie.org/, accessed on 11 June 2024) and
Phytozome (https:/ /phytozome-next.jgi.doe.gov/, accessed on 11 June 2024).

2.11. Quantitative Real-Time PCR (qRT-PCR) Validation

To validate the RNA-seq results, the expression levels of 12 selected genes were
assessed through qRT-PCR. Total RNA was extracted following the procedure described by
Gan et al. [27]; the Poplar_84k_genome_v1.0 database was used to design specific primers.
Actin 2/7a gene was used as the housekeeping gene for normalization, with amplification
systems and protocols following the scheme specified by Zhu, et al. [39]. Gene expression
levels were quantified using the 2~#4CT method [40]. Primers utilized in qRT-PCR analyses
(Table S1) were developed with Premier 5.0 software (Premier Biosoft, Palo Alto, CA,
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Canada). These primers demonstrated PCR amplification efficiencies between 91% and
106% (Table S1).

2.12. Statistical Analysis

A one-way ANOVA and a two-way ANOVA were conducted in SPSS (v26.0.0.2) to
analyze result differences, with significance set at p < 0.05. Normalized Ct values from
qPCR were used to calculate transcription level fold changes via the Relative Expression
Software Tool (REST, v2.0.13) [41].

3. Results
3.1. Root Morphology

Soil N and P availability significantly affect plant root growth and development. In our
study, we analyzed the impact of varying treatments on the biomass and morphology of
the poplar roots (Figure 1). NO3; ™~ supplementation, regardless of Pi presence, significantly
enhanced several parameters, including the number of root tips, branches, total root length,
volume, surface area, the ratio of Length per Unit Volume, Average Diameter, and weight.
In addition, Pi addition and NO3 ™ led to significant increases in root weights, number of
tips, branches, total root length, volume, surface area, Length per Unit Volume, Average
Diameter, and overall biomass. Conversely, in low NOs ™ availability environments, Pi
supplementation alone notably improved the total root length, volume, surface area, Length
per Unit Volume, and Average Diameter.
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Figure 1. Number of Root Tips (a), Number of Branch Points (b), Total Root Length (c), Volume (d),
Weight (e), Average Diameter (f), Length per Unit Volume (g) and Surface Area (h) of 84 K poplar
subjected to varying nitrogen and phosphorus treatments. The data are shown as averages + standard
error (SE) with a sample size of 5. Distinct letters atop the bars denote significant differences
among treatments (p < 0.05). p-values obtained from the two-way ANOVAs for nitrogen treatments
(N), phosphorus treatments (P), and their interactions (N x P) are indicated. * indicates p < 0.05;
** indicates p < 0.01; *** indicates p < 0.001; NS, not significant.

3.2. N and P Content, Concentration, and Utilization Efficiency

The impact of soil N and P availability on plant N and P content, concentration, and
utilization efficiency is detailed in Figure 2. This study demonstrates that in low NO3 -
availability environments, adding Pi significantly elevates P concentration and content in
roots, notably reducing phosphorus utilization efficiencies (PUEs). Moreover, Pi addition
does not affect the N concentration and content or NUE. Incorporating P into the system
substantially increases P and N content when NO; ™ is supplied. However, it leads to a
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significant decrease in N concentration and PUE without affecting the concentration of P
and nitrogen utilization efficiencies (NUEs). Conversely, in low Pi availability environments,
adding NO3; ™ markedly enhances N concentration, N content, and PUE, but reduces NUE.
NOs3™ alone does not significantly impact P concentration or content. With Pi available, the
introduction of N significantly improves N concentration, N content, and P concentration
and content, alongside PUE, yet results in a considerable reduction in NUE.
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Figure 2. N concentrations (a), N amount (b), nitrogen utilization efficiencies (NUEs) (c), P concentra-
tions (d), P amount (e), and phosphorus utilization efficiencies (PUEs) (f) of 84 K poplar exposed to
different N and P treatments. The data are shown as averages & standard error (SE) with a sample
size of 5. Distinct letters atop the bars denote significant differences among treatments (p < 0.05).
p-values obtained from the two-way ANOVAs for nitrogen treatments (N), phosphorus treatments
(P), and their interactions (N x P) are indicated. * indicates p < 0.05; ** indicates p < 0.01; *** indicates
p < 0.001; NS, not significant.

3.3. Enzymatic Activities in Nitrogen and Phosphorus Assimilation

The activities of phosphatases (APs), phosphoenolpyruvate carboxylase (PEPC),
malate dehydrogenase (MDH), glutamine synthetase (GS), glutamate synthase (GOGAT),
glutamate dehydrogenase (GDH), and nitrate reductase (NR) in poplar roots were mea-
sured (Figure 3). In low NO3 ™~ availability environments, the addition of Pi stimulated the
activities of APs, PEPC, GS, GOGAT, GDH, and NR in the roots, significantly increasing
their activities by 44%, 60%, 27%, 67%, 39%, and 145%, respectively; it also significantly
reduced the activity of MDH by 46%. In NO3; ~-supplied treatments, Pi addition notably
enhanced GOGAT, GDH, and NR activities by 71%, 137%, and 62%, respectively, while
slightly reducing APs, PEPC, MDH, and GS activities by approximately 16%, 144%, 28%,
and 17%. The +N, —P treatment significantly enhanced root activities of APs, PEPC, MDH,
GOGAT, and NR by approximately 150%, 215%, 156%, 34%, and 98%, respectively, com-
pared to the —N, —P treatment, while slightly reducing GS and MDH activities by about
31% and 6%, respectively. The root activities of APs, PEPC, MDH, GOGAT, GDH, and NR
were significantly higher in the +N, +P treatment group compared to the —N, +P group.
The GS activity in roots was notably reduced in the +N, +P treatment group relative to the
—N, +P treatment group.
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Figure 3. Glutamine synthetase (GS) (a), glutamate synthase (GOGAT) (b), glutamate dehydrogenase
(GDH) (c), nitrate reductase (NR) (d), phosphoenolpyruvate carboxylase (PEPC) (e), phosphatases
(Aps) (f), and malate dehydrogenase (MDH) (g) of 84 K poplar exposed to different N and P treatments.
The data are shown as averages + standard error (SE) with a sample size of 5. Distinct letters atop the
bars denote significant differences among treatments (p < 0.05). p-values obtained from the two-way
ANOVAs for nitrogen treatments (N), phosphorus treatments (P), and their interactions (N x P) are
indicated. * indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001; NS, not significant.

3.4. Concentrations of Carbohydrate, Organic Acid

Soluble sugar and starch are important metabolic and storage substances in plants,
and the effects of different N and P treatments on their contents are significantly different
(Figure 4a,b). The addition of NO3; ™ increased the concentration of sugar regardless of the
availability of Pi, and the addition of Pi increased the concentration of sugar only when
the supply of NO3;~ was present. On the contrary, adding Pi significantly decreased sugar
concentration in low NO3 ™ availability environments. The —N, +P treatment increased
starch concentrations by 32%, while the +N, —P treatment resulted in a 15% increase,
compared to the —N, —P treatment. The +N, +P treatment decreased starch concentration
by 42% compared to the —N+P treatment and by 49% compared to the +N, —P treatment.
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Figure 4. Soluble sugars (a), starch (b), malic acid (c), and citric acid (d) levels in 84 K poplar under
varying N and P treatments. The data are shown as averages + standard error (SE) with a sample
size of 5. Distinct letters atop the bars denote significant differences among treatments (p < 0.05).
p-values obtained from the two-way ANOVAs for nitrogen treatments (N), phosphorus treatments
(P), and their interactions (N x P) are indicated. * indicates p < 0.05; ** indicates p < 0.01; *** indicates
p < 0.001; NS, not significant.

The nutritional status of N and P influences the synthesis and secretion of organic
acids in plants. Consequently, we measured the concentrations of malic and citric acids
in the roots of 84 K poplar (Figure 4c,d). The presence of NO3 ™ notably elevated malic
and citric acid levels, with increases of 57% and 682%, respectively, in low Pi availability
environments. Under Pi supply, these concentrations rose by about 155% and 116%,
respectively (Figure 4c,d). Furthermore, the +N, +P treatment significantly reduced malic
acid and citric acid concentrations by 46% and 47%, respectively, compared to the +N, —P
treatment. The —N, +P treatment significantly reduced malic acid concentrations by
67% compared to —N, —P treatment, resulting in a notable 91% increase in citric acid
concentrations.

3.5. Phytohormone Concentrations

Indole-3-acetic acid (IAA), salicylic acid (SA), jasmonic acid (JA), abscisic acid (ABA),
and gibberellin (GAj3) are crucial for root system growth and development. This study
quantifies the concentrations of these hormones in roots, as illustrated in Figure 5. In low Pi
availability environments, the addition of NO3~ significantly increased the concentrations
of IAA, SA, and ABA by 38%, 162%, and 103%, respectively, and significantly decreased
the concentrations of JA by 61% (Figs. 5). The addition of NO3; ™ also increased significantly
concentrations of IAA, SA and ABA by 30%, 95%, and 243%, respectively, and significantly
decreased the concentrations of JA by 86% when Pi was available. Meanwhile, these
treatments had no significant effect on GAj3 concentration. In low NO3z ™ -availability
environments, adding Pi significantly increased the concentrations of IAA and GAjz by
47% and 151%, respectively, and significantly decreased the concentrations of JA by 14%.
However, the above treatment did not obviously affect SA and ABA concentrations. Adding
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Figure 5. Indole-3-acetic acid (IAA) (a), salicylic acid (SA) (b), abscisic acid (ABA) (c), gibberellin
(GAj3) (d), and jasmonic acid (JA) (e) of 84 K poplar exposed to different N and P treatments. The
data are shown as averages + standard error (SE) with a sample size of 5. Distinct letters atop the
bars denote significant differences among treatments (p < 0.05). p-values obtained from the two-way
ANOVAs for nitrogen treatments (N), phosphorus treatments (P), and their interactions (N x P) are
indicated. * indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001; NS, not significant.

3.6. Transcriptome Sequencing Datasets

We performed genome-wide RNA sequencing to investigate the transcriptomic regu-
lation of poplar root morphology and physiology in response to N and P interactions, gen-
erating 112 million raw reads across libraries, each yielding from 42.8 to 51.8 million reads.
Sequence trimming resulted in from 42.3 to 51.4 million clean reads per library. Between
38.5 and 49.9 million clean reads per library were mapped to the P. alba genome, with
mapping ratios ranging from 88.42% to 97.43% (Table S2).

In comparison to the roots without N or P (—N, —P), roots exposed to NO3; ™~ applica-
tion (+N, —P vs. —N, —P) showed a significant increase in the transcript levels of 891 genes,
while 347 genes exhibited a significant decrease (Figure S1). In response to Pi application,
the expression levels of 615 genes increased, while those of 559 genes decreased (—N, +P
vs. —N, —P, Figure S1). Upon NO3~ application, compared to the roots with Pi only
(—N, +P), transcript levels of 1298 genes increased, whereas 1791 genes showed a decrease
(+N,+P vs. -N,+P, Figure S1). Finally, when compared to roots with only NO;~ application
(+N, —P), 333 genes displayed increased transcript levels in response to Pi application,
while 163 genes decreased (+N, +P vs. +N, —P, Figure S1).

In addition, 1633 genes showed a regulatory response to Pi application under different
NO;3;™ conditions, 1137 genes showed a regulatory response to Pi supply only under
NO; ™ supply, and 459 genes showed a regulatory response to Pi supply under no NO3™
supply conditions. In addition, 37 genes exhibited regulatory responses to both treatments
(Figure 6a,b).
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Figure 6. DEGs in the roots of 84 K poplar under varying N and P treatments. (a,b) The shared and
distinct genes between the contrasting groups in the roots. A Venn diagram was created using the
Calculate and Construct custom Venn diagrams tool.

Among them, 3830 genes showed a regulatory response to NO3~ application under
different Pi conditions, 2592 genes showed a regulatory response to NO3~ supply only
under Pi supply, and 497 genes showed a regulatory response to NO3~ supply under no Pi
application conditions (Figure 6a,b).

3.7. Functional Enrichment Analysis of Differentially Expressed Genes (DEGs)

We utilized Blast2GO to identify significant Gene Ontology (GO) terms, thereby im-
proving our understanding of the functions linked to upregulated and downregulated
genes in poplar roots across the following comparisons: (+N,—P vs. —N,—P), (=N,+P vs.
—N,—P), (+N,+P vs. —=N,+P), and (+N,+P vs. +N,—P). To clarify the differential gene expres-
sion profile under varying nutrient conditions in poplar roots, we investigated the enriched
GO terms of DEGs in response to NO3; ™~ supplementation with and without Pi deficiency.
The results indicated that upregulated DEGs under NO3 ™~ application, with concurrent Pi
application, were prominently enriched in processes such as “nitrate metabolic process”,
“phospholipid catabolic process”, and “negative regulation of cytokinin-activated signal-
ing pathway”. (Figure S2, Table S2). Conversely, downregulated DEGs were primarily
enriched in the subcategories “phosphatidylcholine biosynthetic process”, “adenylylsulfate
kinase activity”, and “auxin-activated signaling pathway”. In the “+N,+P vs. —N,+P”
comparison, most upregulated DEGs were enriched in “xyloglucan metabolic process”,
“auxin homeostasis”, and “cell wall polysaccharide metabolic process”, while downreg-
ulated DEGs were enriched in “jasmonic acid biosynthetic process”, “organophosphate
catabolic process”, and “phospholipid dephosphorylation” (Figure S2, Table S2). Significant
differences were also identified regarding DEG-enriched GO terms in response to Pi sup-
plementation with or without NO3; ™ deficiency. In the “—N,+P vs. —N,—P” comparison,
upregulated DEGs were largely enriched in “phosphorus metabolic process”, “phosphate-
containing compound metabolic process”, and “small molecule metabolic process”, while
downregulated DEGs were enriched in “biosynthetic process”, “polysaccharide metabolic
process”, and “flavonoid metabolic process” (referenced in Figure S2, Table S2). In the
“+N,+P vs. +N,—P” comparison, upregulated DEGs were enriched in “glutamate dehydro-
genase (NAD+) activity”, “peptidase inhibitor activity”, and “amine biosynthetic process”,
while downregulated DEGs were primarily enriched in “cellular response to phosphate
starvation”, “ferric iron binding”, and “phosphatase activity” (Figure S2, Table S2).

A KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway analysis was con-
ducted to systematically evaluate the metabolic pathways associated with DEGs. The
analysis indicated that roots, when exposed to either Pi or NO3; ™, respectively, were signifi-

cantly enriched in 17 pathways compared with the —IN, —P control group. Additionally,
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in the +N,+P treatment group, DEGs were significantly enriched in 23 or 14 pathways,
respectively, compared to the +P, —N or —N,+P treatment groups (Figure S3). Furthermore,
in the +N, —P vs. —N, —P comparison, most DEGs were predominantly enriched in path-
ways such as “Tropane, piperidine, and pyridine alkaloid biosynthesis”, “Amino sugar and
nucleotide sugar metabolism”, and “Inositol phosphate metabolism” (Figure S3). In the
+N, +P vs. —N, +P comparison, enriched pathways included “Biosynthesis of various sec-
ondary plant metabolites”, “Plant hormone signal transduction”, and “Starch and sucrose
metabolism” (Figure S3). For the —N, +P vs. —N, —P comparison, significant enrichment
was observed in “Flavonoid biosynthesis”, “Tropane, piperidine, and pyridine alkaloid
biosynthesis”, and “Starch and sucrose metabolism” (Figure S3). Lastly, in the +N, +P vs.
+N, —P comparison, the main enriched pathways were “Glycerophospholipid metabolism”,

“Plant hormone signal transduction”, and “Inositol phosphate metabolism” (Figure S3).

3.8. Functional Categorization of Transcriptional Factors (TFs) and Comparative Analysis

Recognizing the importance of TFs in gene expression regulation and plant physiolog-
ical responses to environmental stress, we thoroughly analyzed the TFs among the DEGs.

Our detailed analysis of the data revealed that the DEGs contained various TF families,
including AP2, B3, bHLH, bZIP, C3H, CO-like, Dof, EIL, ERF, GATA, GRAS, GRE, HB-other,
M_type, MYB, MYB_related, NAC, NF-YA, Nin-like, TCP, WRKY, ZF-HD, ARF, DBB, HSF,
LBD (AS2/LOB), TALE, C2H2, BES1, CPP, HD-ZIP, LSD, MIKC, NF-YB, SBP, and Trihelix.
In addition, specific, unspecified, and putative DNA-binding domain TFs were identified.
The data showed that 310 DEGs involving 32 TF families or 28 DEGs involving 9 TF families
were putatively related to TFs, respectively, in the +N,+P treatment group compared to the
—N, +P or +N, —P treatment group (Figure S4b,d). Compared with those in the —N, —P
treatment group, 99 involving 17 TF families or 91 DEGs involving 22 TF families were
putatively related to TFs, respectively, under the +N,—P or —N, +P conditions (Figure
Sda,c).

3.9. Validation of RNA-Seq Analysis

To validate the sequencing results, we selected 12 DEGs for further analysis by qRT-
PCR. The calculated Pearson’s correlation coefficient (R? = 0.88) indicated a high concor-
dance between the two techniques and, therefore, a high reliability of the data presented in
this study (Figure S5).

4. Discussion

4.1. The Supply of Nitrates and Phosphates Regulates the Plasticity of the Root System Through
Hormonal Networks

Plant hormones, including IAA, ABA, GA, JA, and SA, play a key role in regulating the
morphology of the root system in adapting to N and P nutritional conditions. Studies have
shown that these hormones regulate root length, surface area, and the number of branches
in response to changes in various nutritional levels [42—48]. The accumulation of auxin
fosters root development, thereby augmenting the plant’s capacity for nutrient uptake [49].
Specifically, nitrate regulates plant auxin concentrations by modulating the expression of
genes involved in auxin biosynthesis (e.g., TAA1, TARs, YUCs), auxin conjugation (GH3 fam-
ily), and auxin transport (AUXs, LAXs, PINs) [50-52]. Our research indicates that, in low Pi
availability environments, the supply of NO3; ™ leads to a decrease in the transcription levels
of ARF, AUX/IAA, PILS3, and ILL6, while increasing the transcription of the IAA biosynthe-
sis gene YUC6. This may be the primary reason for the increased IAA concentration in the
roots. It has been documented that MYB52 negatively impacts the transcription of critical
genes within the IAA biosynthetic pathway [53]. Our results indicate that, in conditions of
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Pi availability, NO3 ~ supply may enhance IAA synthesis by the downregulation of MYB52,
consequently increasing IAA concentrations. Furthermore, N and P nutrition significantly
influence JA metabolism. Our findings show that, in low Pi availability environments,
NO;3;~ supply substantially reduces the transcription levels of JOX2 and MYC2, while
simultaneously enhancing the transcription of MJE1. Upon Pi supplementation, a decrease
in the mRNA levels of JOX2, JAZ, and MYC2, along with an elevation in MJE1 transcription,
potentially results in lower root JA concentrations. N is a key regulator of ABA biosynthesis
and transport during root development, with ABA biosynthesis positively correlating with
elevated root NO3 ™ levels. Notably, nitrate facilitates ABA accumulation in the endodermis
and quiescent center to sustain meristem activity and upregulates B-glucosidase 1 (BG1)
expression, which releases active ABA from ABA-glucosyl ester (ABA-GE) [13]. Our results
imply that NO3 ~ supplementation boosts BG1 transcription, potentially leading to elevated
concentrations of ABA in the roots. Recent research underscores the interaction between
nitrate and other plant hormones, including GA and SA. It has been shown that DELLA
proteins modulate MYC2’s functions via interactions, thereby exerting complex regulatory
influence within the jasmonic acid signal pathway [54]. Our research reveals that NO3 ™
supplementation enhances the transcription of DELLA in the GA pathway, potentially
providing negative feedback for the increased expression of MYC2, thereby affecting root
cell differentiation. In conclusion, NO3~ supplementation significantly increases root IAA,
SA, and ABA concentrations while mitigating JA levels by modulating the expression
of genes within various hormone pathways. Rising IAA and ABA levels, coupled with
elevated expression of key pathway genes, potentially facilitate root elongation, surface
area expansion, and branching, enhancing nutrient acquisition. Additionally, elevated
ABA levels benefit drought resistance, and increased SA levels may enhance N absorption
via nitrate metabolism enhancement. Decreased JA concentrations might lower defense
mechanism activation, allocating more resources to growth and possibly contributing to
enhanced root biomass.

Adequate Pi supply enhances concentrations of plant hormones like IAA and GA,
promoting plant growth [55]. Our findings indicate that, without NO3 ™, Pi supplementa-
tion may promote the production of IAA by decreasing the transcription levels of PIN2,
PILS3, and AUX/IAA, while simultaneously increasing the transcription levels of SAUR and
YUCS6. The upregulation of SAUR will benefit the development of roots and hypocotyls, im-
proving nutrient absorption [56,57]. Notably, the impact of Pi on auxin metabolism hinges
on the availability of NO3; ™, as Pi supply without NO3; ™~ does not significantly alter gene
expression related to auxin metabolism (Figure 7). Additionally, Pi supplementation under
low NO; ™ availability environments augments the transcription levels of PYL, SNRK2, and
ABF, potentially inhibiting lateral root development [58]. However, with adequate NO;~,
Pi’s influence on ABA signaling pathway genes is minimal, though it does promote ABA
accumulation in roots. In the JA signaling pathway, increased JA concentration indirectly
stimulates MYC?2 transcription [59]. Our results show that Pi supply significantly enhances
MYC2 transcription levels only in the presence of NO3 ™, indicating that Pi’s impact on
MYC2 transcription might depend on NO3 ™~ availability and suggesting JA accumulation
in roots. Research indicates that overexpression of MYB62 in Arabidopsis suppresses early
gibberellin biosynthesis genes, leading to GA deficiency [60]. Our data demonstrate that Pi
addition notably raises MYB62 transcription, implying that the observed GA concentration
increase with Pi supplementation is partly due to MYB62 upregulation. Furthermore,
since SA bolsters nitrogen metabolism by enhancing nitrogenase activity [61], an increase
in SA from Pi supplementation in the presence of sufficient NO3 ™~ could boost nitrogen
metabolism by augmenting nitrogenase activity (Figure 7). In conclusion, in low NO3~
availability environments, Pi supply markedly improves the accumulation of IAA and GA3
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in poplar roots, thus enhancing root system length, volume, surface area, and specific root
length, and increasing average root diameter, thereby improving nitrogen and P absorption.
Additionally, the reduced JA concentration might mitigate the defense metabolic burden
induced by N deficiency to some extent. With available NO3 ™, Pi supply further increases
ABA concentration, promoting the development of a complex and refined root architecture,
increasing root branching density and specific surface area, thus facilitating the absorption
of N and P nutrients from soil.

Log2 (Fold

PHTI:5 change) of gens
|

PHT1:9

MYBS2 DAO IMP3

P —1

1 ILL6 Alem
.PIL.S Malate -——' - “ Malate
PHRI —  PSI ﬂ-’ C ALMTI10
cell [ PEP |
S PR R 2 «—JAZ + = -JA —PIN \ : MATE & = .
differentiation -M.YC' 0 \ Citrate 3 Citrate
T \ ] 4 —_—
N jox2 ~ MIEL -
DELLA «=- - L PEPC ’/ Lowering the pH
[N MYBG62 A ,, of the substrateis
NPF2.10 GA | * = S essential for
_— I - (’l‘ll’lﬂl’l(’illg
_— phosphorus
SA availability.
| O ' L
LR development |= = = = = ABF +—SNRK2 «=PYL +— ABA +— BGI ¥ v v .
NR NirA GS GOGAT
'n
Nitrate =* Nitrite = Ammonia —* L-Glutamine — L-Glutamate Q.[q_l Q] a
T d
! GDH +— ER2Z
] | NPF4:5 iy
/ NR12;5 || NRTS:1 \ m <iss
f i \ N
| \ #2272

Figure 7. Comprehensive model of nitrogen and phosphorus interaction at different levels. +N,—P vs.
—N,—P (first box on the left), +N,+P vs. —N,+P (second box on the left), —N,+P vs. —N, —P (middle
box), and +N,+P vs. +N,—P (first box on the right). In the metabolic pathway, a solid arrow indicates
a direct step, while a dotted arrow signifies an indirect step. On the color scale, green indicates an
increase, while red indicates a decrease. Inositol Phosphates (IPs), Inositol (I), Phosphoenolpyruvate
(PEP), Multidrug and Toxic Compound Extrusion (MATE), Aluminum-activated Malate Transporter
(ALMT), Acid Phosphatases (APs), Nitrite Reductase A (NirA).

In conclusion, NO3 ™ and Pi can independently enhance poplar root architecture by
promoting the accumulation of IAA and ABA, as well as IAA and GA3, thus broadening the
physical absorption surface and enhancing nutrient absorption. However, the simultaneous
decrease in JA concentration resulting from both inputs might partially impair the plant’s
defense mechanisms against biotic stresses and its adaptability to abiotic stresses.

4.2. Regulation of Plant Metabolic Networks Under Nitrogen and Phosphorus Interaction

Plants generate NH4* from NO;3; ™~ via NR and nitrite reductase [62]. Subsequently,
GS converts NH,* into glutamine, while GOGAT and GDH transform it into glutamate.
The activity of NR, GOGAT, and GDH enzymes in poplar roots and leaves declines with
low nitrogen levels but rises as nitrogen availability increases [25,63]. Data indicate that,
in low NO3™ availability environments, Pi supply markedly increases the transcription
levels and activities of GDH, GOGAT, and GS, along with NR, which may trigger N assimi-
lation potential via phosphorization signaling or energy sources like starch accumulation.
However, N deficiency, resulting in scarce nitrate substrates, renders the enzyme system
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ineffective, failing to assimilate nitrogen and leading to unchanged nitrogen content. This
scenario of high enzymatic activity but low efficiency highlights the imbalance in P-driven
N metabolism compensation. While Pi facilitates the expression of N assimilation enzymes
through carbon metabolism, the lack of a NO3 ™~ source disrupts the metabolic pathway,
leading to a noticeable decline in PUE and waste of N metabolism resources. Hence, while
P fertilizer alone can momentarily boost N metabolism potential in N-deficient soil, pairing
it with N supplementation is critical for the enzyme system’s functional transformation,
thus avoiding the metabolic dilemma of “high P, low N”.

PEPC, APs, and MDH are pivotal in both acquiring and assimilating phosphorus [64—66].
APs, functioning both extracellularly and intracellularly, are crucial for the uptake of exoge-
nous Pi from the soil and for catalyzing the hydrolysis of various phosphomonoesters [67].
In conditions of Pi scarcity, AP expression markedly increases, thereby boosting the ac-
tivity of AP enzymes outside and inside the cell [64]. PEPC facilitates the conversion of
phosphoenolpyruvate (PEP) into oxaloacetate (OAA), with MDH subsequently catalyzing
its transformation into malate. This malate, derived from citrate via glycolysis and the
tricarboxylic acid cycle (TCA), is excreted into the rhizosphere soil, where it chelates metal
ions like Ca?* and AI®*. This action aids Pi fixation and enhances its soil availability, a
process critical for plants to adapt to phosphorus scarcity [68,69]. Therefore, increasing soil
P concentration is essential for plant adaptation to P deficiency.

Our findings reveal that NO3 ™ supplementation significantly enhances the transcrip-
tion levels of MDH, PEPC, and APs, notably in low Pi availability environments, which
likely increases the production of these enzymes. Additionally, NO3;~ supply boosts the
enzymatic activities of MDH, PEPC, and APs, potentially improving P metabolism. NO3;~
addition raises malate and citrate levels in roots, leading to heightened carbon utilization
and a substantial decrease in soluble sugar levels. Even though the precise concentrations
of malate and citrate in root exudates remain unquantified, the elevated mRNA expression
of citrate transporter genes (MATEs) under low Pi availability environments implies that
NO3™ supply may augment citrate secretion. However, in Pi-adequate conditions, NO3 ™
supply does not significantly impact the mRNA levels of MATE but markedly reduces
the transcription of malate transporters (ALM15) (Figure 7). This reduction likely occurs
because ample P negates the need for pH modification of the substrate through excessive
acid secretion. Conversely, the absence of NO3; ™ attenuates the negative regulatory effect
of P on transporter proteins. Likewise, in low Pi availability environments, the addition of
NO;z™ does not substantially influence ALMT gene transcription. However, Pi availability
induces a notable increase in malate transporter gene activity, potentially augmenting
malate efflux. Based on the optimal resource allocation theory, plants assign biomass to the
most resource-constrained organs [70-72]. Although higher organic acid levels increase
carbon expenditure, our research suggests that NO3; ™~ supplementation enriches soluble
sugar accumulation in roots while diminishing starch reserves, highlighting a primary
resource allocation mechanism. In contrast to poplar trees, which rely on PEPC/MDH
for malate secretion, subtropical trees predominantly enhance phosphorus acquisition
under low phosphorus conditions by elevating root phosphatase activity [73]. Meanwhile,
Proteaceae adopt a combined strategy to activate soil phosphorus when facing phosphorus
scarcity [74]. Despite the variance in metabolite types, woody plants universally facilitate
P activation via optimized carbon allocation, such as reducing starch accumulation. This
suggests that a ‘carbon-P synergy’ represents a unified strategy across different species.

In conclusion, NO3; ™~ supplementation may enhance the production and secretion of
organic acids by upregulating the transcription and enzymatic activities of MDH and PEPC,
as well as increasing both the concentration of organic acids in roots and the transcription
levels of their transporter proteins. This process is complemented by the concurrent eleva-
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tion of APs’ transcription and enzymatic activities, contributing to a rise in the available
Pi concentration in the substrate. Ecologically, judicious use of nitrogen fertilizer may
facilitate P uptake, whereas excessive NO3; ™~ application risks soil acidification, P fixation,
and increased eutrophication in aquatic systems. Nevertheless, precise adjustment of the
N-P balance, coupled with leveraging the plant’s enzyme mechanics to boost P activation,
can mitigate reliance on P fertilizers.

4.3. Synergistic Regulation of Molecular Mechanisms in Nutrient Absorption by N and P
Interaction in Plants

Longer fine roots and expanded root surface areas enhance the uptake of Pi by plants,
with the augmentation of primary Pi transport mechanisms playing a crucial role in boost-
ing phosphorus absorption efficiency [75-77]. Our research demonstrates that NO3~
supplementation significantly enhances the expression levels of Pi transporters, particu-
larly when Pi is deficient, facilitating a greater expression of these transporters (Figure 7).
Although low phosphorus levels naturally stimulate Pi transporter expression [78], this reg-
ulatory effect by NO3; ~ diminishes with increased Pi supply, leading to the down-regulation
of certain phosphate transporters (Figure 7). Intriguingly, the inhibitory effect of Pi on Pi
transporter expression is contingent on the presence of NO3;~. In the absence of NO;~,
Pi induces the expression of only a few Pi transporters and suppresses the expression
of PHO1;H3.

In conditions of P scarcity, plants hydrolyze phosphorus-rich organic compounds,
including inositol phosphates, phospholipids, and phosphoenolpyruvate (PEP), to re-
cover phosphates. Lipid remodeling and the decomposition of organophosphates are
metabolic reactions to phosphorus starvation [79,80]. Our data indicated that, in low Pi
availability environments, increasing NO3 ™ supply elevated the transcription level of IMP3,
enhanced phosphoinositide degradation, and facilitated P recovery. Conversely, when N
was abundant, Pi supplementation down-regulated IMP3 transcription and exerted a nega-
tive regulatory effect (Figure 7). Studies have demonstrated that inositol pyrophosphates
(PP-InsPs), acting as nutrient messengers, critically influence phosphorus signaling through
inhibiting PHOSPHATE STARVATION RESPONSE2 (PHR2)—by activating Phosphate
Starvation-Induced (PSI) gene expression by mediating the SPX-PHR2 complex formation.
Under low Pi conditions, PP-InsPs decompose, leading to the dissociation of SPX and PHR2,
thereby allowing PHR?2 to enter the nucleus and activate PSI gene expression [81-83]. Ad-
ditionally, NLA1 has been shown to mediate PHR1 ubiquitination in a PP-InsPs-dependent
manner [84]. The biosynthesis of PP-InsPs in plants is primarily catalyzed by inositol
tetrakisphosphate kinase (ITPK) and diphosphoinositol pentakisphosphate kinase (VIH).
In Arabidopsis, ITPK1 phosphorylates InsPg to produce InsPy, a process dependent on the
phosphate concentration at the 5-position, subsequently leading to the degradation of
5-InsP7 [85]. ITPK1 phosphorylates InsP¢ to generate InsP; and mediates the decompo-
sition of 5-InsPy, a process that Pi concentration affects [86]. Our findings indicated that
providing NO3; ™ reduced the transcription of ITPK1 and the production of PP-IPs when Pi
was supplemented. Supplying NOs; ™~ under low Pi availability environments may boost
PSI gene expression and augment Pi absorption via the facilitation of PP-IPs degradation,
achieved through upregulating ITPK1 transcription. Consequently, PP-InsPs might be
crucial in mediating the interaction between N and P signaling in poplar.

Elevated IAA levels facilitate cell wall-associated phosphorus recycling, mitigating
Pi scarcity [87]. As noted, the rise in IAA concentrations induced by nitrate encourages
Pi recycling. Furthermore, SA enhances soluble P levels in roots and stems through the
modulation of cell wall P cycling [17,87]. Our research indicates that, in low Pi availability
environments, the supply of NO3;~ may improve P absorption and recycling efficiency.
This improvement is achieved through the co-regulation of PHO family gene expression,
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activation of the inositol phosphate metabolism pathway (notably by upregulating IMP3
and ITPK1 to aid PP-InsPs degradation), and the mediation of P cycling via hormone
signals controlled by IAA and SA. Moreover, it might maintain N-P metabolic balance
under conditions of elevated P through a feedback inhibition mechanism.

NRT2;5 is activated under prolonged nitrogen starvation conditions, forming an inte-
gral part of a high-affinity transport system [88]. Together, NRT2;1 and NRT3;1 constitute
a high-affinity nitrate transport complex [89] that is crucial for plant nitrate absorption.
Studies have demonstrated that phosphorus deficiency impedes nitrogen assimilation and
absorption in plants [90], leading to nitrogen accumulation in plant roots, thereby inhibit-
ing nitrogen absorption via a feedback mechanism [91]. Our findings corroborate this
observation. Specifically, Pi availability modulates the impact of NO3; ™~ on the expression
of NO3 ™~ transport proteins; under normative conditions, only NO3;~ supply reduces the
mRNA levels of NRT2,;5. However, in conditions lacking phosphorus, NO3; ™ availability el-
evates the mRNA levels of NRT2,;1 and NRT3;1. While NO3 ~-rich environments minimally
affect the mRNA levels of NO3 ™~ transport proteins with added Pi, Pi supplementation in
NOj3 ™ -deficient scenarios boosts the mRNA levels of NRT2;1, NRT2;5, and NRT3;1, thus
enhancing NO3; ™~ absorption in plants (Figure 7). Additionally, NO3;~ transport proteins
NPF3 and NPF2.10 have been identified as gibberellin transporters, contributing to the N
and GA interplay [92,93]. Our analysis reveals that only in the presence of Pi, the transcrip-
tional response of NPF2.10 to NO;~ diminishes, indicating Pi’s potential to impair NO3 ™~
transport by hindering NPF2.10 transcription. Pi regulation disrupts NO3 ™ absorption in
its absence, yet its supply could bolster plant nitrate assimilation by upregulating these
transport proteins (Figure 7). In poplar trees, Pi availability may affect N uptake through
the regulation of gene expression in the high-affinity NRT2.1/NRT3.1 system and the NPF
family. Pi activates the NO3; ™ transport system in low N availability environments, whereas
it triggers negative feedback by inhibiting the expression of transport proteins such as
NPF2.10 when N is plentiful.

In summary, in low Pi availability environments, NO3 ™ significantly enhances the
plant’s ability to absorb and recycle P. This enhancement occurs through a synergistic
upregulation of P transport proteins (e.g., the PHO family), activation of inositol phosphate
metabolism (through IMP3/ITPK1-mediated degradation of PP-InsPs), and stimulation
of hormone signaling pathways (IAA/SA promoting P cycling). Concurrently, Pi intri-
cately modulates the activity of NO3;~ transport proteins—activating the high-affinity
NRT2.1/NRT3.1 system in low N scenarios and inhibiting NPF2.10 in high N environ-
ments. This dynamic regulation might be pivotal in the N absorption’s negative feedback
mechanism and in sustaining the metabolic equilibrium between N and P.

4.4. The Interaction Between N and P Regulates a Cascading Network of TFs

Both NO3; ™~ and Pi affect the expression level of transcription factors. In this study, we
analyzed and identified many TFs (Figure 54). As shown in Figure S6, the expression of
most transcription factors is regulated by NO; ™~ and Pi.

Research has demonstrated that SPX1 and SPX2 proteins modulate the activity of
PHR2 by binding through their SPX domains, thus inhibiting its association with PIBS [94].
Moreover, analysis of genetic interactions has revealed that SPX3/5 acts as functional
repressors of OsPHR2, the rice analogue of AtPHR1, which is central to Pi homeostasis
and signaling [95]. PHR1, a transcription factor involved in phosphate starvation signal-
ing, binds to PIBS to enhance the expression of Pi starvation response genes [96]. Our
findings reveal that in low Pi availability environments, NO3; ~ supply may stimulate PSI
gene expression through a significant increase in PHR1-Like5 (PHL5) transcription, thereby
adapting to low Pi availability environments (Figure 8). This may contribute significantly



Biology 2025, 14, 490

19 of 28

to the marked improvement in plant phosphorus utilization efficiency and the upregulation
of PHO phosphate transporter family genes. Notably, PHL5 transcription is also induced
by NO;™ in the presence of Pi, potentially in response to elevated SPX2 and SPX3 tran-
scription, maintaining Pi homeostasis. Additionally, when NO3 ™ is abundant, Pi supply
downregulates the transcription of SPX2 and SPX3. This will facilitate the function of PHLS5,
which could be a critical reason for the increased P concentration and amount in roots.
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Figure 8. The schematic diagram model of interactive regulation of nitrogen and phosphorus in 84 K
poplar. +N,—P vs.-N,—P (first box on the left), +N,+P vs. —N,+P (second box on the left), —N,+P
vs. —N,—P (middle box), and +N,+P vs. +N,—P (first box from the right). Nitrogen and phosphorus
regulate each other’s absorption and metabolism through several core crosstalk factors.

Research has demonstrated that ARFs within the IAA signaling pathway facilitate the
upregulation of PHR1 [97]. The induction of ARFs by NO3 ™~ may enhance their functional-
ity. Additionally, the interaction between MYC2 and PHR1, which promotes JA-induced
anthocyanin biosynthesis and restricts root expansion [98], might be impacted by the re-
duction of NO3; ™ -triggered MYC2 expression. This alteration could potentially increase the
availability of PHR1 for activating PSR. It has been previously established that ABA exerts
an inhibitory effect on several genes induced by phosphate starvation [99,100]. Therefore,
the elevation of ABA concentrations, induced by NO3;~, may impede the expression of
these genes, negatively influencing PSR. Furthermore, the overexpression of MYB62 in
Arabidopsis dampens the expression of a range of PSI genes, thereby impairing phosphate
absorption [60]. Our findings indicate that, in the presence of adequate P, NO3~ selec-
tively diminishes the transcription of MYB62. This reduction is predictive of an enhanced
expression of PSI genes, subsequently improving phosphate uptake.

PHO2 (UBC24), an E2 hydrolase, responds to Pi availability by mediating the degra-
dation of PHO1 through vacuolar protein hydrolysis and also negatively regulates the
abundance of PHF1 and PHT1 under sufficient Pi conditions by facilitating PHT1 protein
degradation [101]. NLA, an E3 ubiquitin-protein ligase, governs phosphate homeostasis by
directing the ubiquitination and subsequent degradation of plasma membrane-localized
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phosphate transporters PHT1;1 and PHT1;4 [102]. It also aids in adapting to nitrogen defi-
ciency by regulating nitrate remobilization through the polyubiquitination and degradation
of the plasma membrane-localized nitrate transporter NPF2.13/NRT1.7 [103]. Our data
show that, in the presence of Pi, NO3~ downregulates the transcription of NLA, diminishing
its post-translational inhibition of PHT1;4 and also reducing PHO?2 transcription, thereby
weakening its repression of PHO1, PHF1, and PHT1;4, allowing for increased participation
in Pi uptake (Figure 8). In the absence of NO3; ™, Pi may upregulate NLA transcription to
enhance the ubiquitination and degradation of the nitrate transporter NPF2.13/NRT1.7,
thereby inhibiting the absorption and transport of NO3 ™. In the presence of sufficient
NOj3~, Pi supply does not significantly affect NLA transcription. Low NO3~ levels induce
NLA, so its expression is suppressed with ample NO3;~ (Figure 8). NLP2 emerges as a cru-
cial nitrate sensor and regulator in Arabidopsis, alongside NLP7 [104]. Our findings indicate
that NO3 ™~ and Pi supplies positively regulate NLP2 expression levels. Nevertheless, in
conditions of phosphorus or nitrogen deficiency, Pi supply exerts a negative regulatory
influence. Given that SPX4 can inhibit NLP3 from entering the nucleus by forming a
complex with it [105], we hypothesize that the interplay between nitrogen and phosphorus
signaling pathways might impact NLP2’s expression and its post-transcriptional regulation.

Additionally, MYB59, a member of the MYB family of transcription factors, plays
a direct role in modulating the expression of the nitrate transporter NRT1.5/NPF7.3 by
acting on its promoter region [106]. Increasing MYB59 transcription levels aids the up-
regulation of NRT1.5 transcription and protein accumulation. Our data reveal that a NO3 ™
supply in low Pi availability environments significantly enhances MYB59 transcription
levels, and, conversely, Pi availability can similarly elevate these levels in the absence of
NOj3 ™. Interestingly, elevated MYB59 expression resulted in divergent outcomes: despite
Pi-induced expression augmentation, N uptake did not significantly improve due to limited
NO3™ availability. This variation in MYB59 transcription levels implies that Pi levels could
potentially increase N absorption in poplar through the upregulation of MYB59. However,
this regulatory effect is markedly dependent on environmental NO3 ™ availability.

HHO2, a transcription factor responsive to Pi deprivation, has been shown, in over-
expression lines, to enhance lateral root development and Pi uptake rate; it also targets
the transcription factor PHR1 [107]. Known alternatively as NIGT1.2, HHO2 upregulates
the Pi transporter genes PHT1;1 and PHT1,;4 while downregulating nitrate transporters
NRT1;1, NRT2;1, NRT2;4, and NRT2;5, as well as SPX expression by binding to cis-elements
in their promoters [108-111]. Additionally, NLP triggers NIGT1.2 expression, inhibiting the
expression of NLP-activated nitrate metabolism genes to maintain nitrate homeostasis in
plants [19]. PHRs enhance NIGT1 expression, thereby limiting nitrate uptake and compet-
ing with PHRs for the binding site of the PHR regulatory gene. Conversely, NIGT1 inhibits
PSR gene expression and modulates the phosphorus uptake balance [112]. Our findings
suggest that an increased supply of NO3; ™ notably elevates HHO?2 transcription levels,
potentially facilitating improved phosphorus uptake and nitrogen equilibrium. Notably, in
low Pi availability environments, an NO3 ~-induced elevation in HHO?2 transcription could
enhance Pi absorption and suppress PSR activity, promoting P homeostasis. Conversely, Pi
supplementation decreases HHO?2 transcription, potentially limiting Pi uptake while possi-
bly increasing nitrate absorption, thus contributing to nutritional equilibrium (Figure 8).
In summary, NOs ™~ provision upregulates HHO2, which is implicated in Pi uptake. Such
increased expression likely bolsters Pi absorption in low Pi environments. Furthermore,
nitrate may modulate the PSR by orchestrating PHR?2 activity via SPX protein regulation.
This regulatory mechanism plays a crucial role in reestablishing P equilibrium following
depletion. Concurrently, NO; ™ may facilitate increased Pi uptake by downregulating the
NLA transcription factor and diminishing the post-translational repression of PHT1;4. In
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the absence of NO3 ™, higher Pi availability markedly upregulates MYB59 transcription,
thereby enhancing the induction of NRT1.5/NPF7.3 and potentially boosting NO3;~ ab-
sorption. Moreover, Pi provision downregulates HHO?2 transcription, which may restrict
Pi uptake but also enhance NO3; ™~ absorption, suggesting that Pi contributes to nutrient
balance by regulating NO3 ™ transporter activity. This dynamic regulatory network facili-
tates plant adaptability across diverse environmental conditions. In Chinese fir, despite
the evolutionary disparity in the specific proteins regulating nitrogen and phosphorus
nutritional balance compared to model plants, the SPX-PHR module still plays an integral
role [113]. Notwithstanding, there is a notable gap in research concerning homologous
genes of HHO2 within its module, hinting at potential alternative functional genes in N
and P management with analogous roles. In eucalyptus, although PHR boosts Pi tolerance
through PSI activation, its efficacy is significantly lower than in poplar [114]. This discus-
sion underscores the presence of a conserved N-P co-regulation mechanism, anchored by
the SPX-PHR module, across woody species.

The foundational discoveries outlined above possess considerable practical signif-
icance. Key targets, including SPX-PHR, NLA, HHO2, and MYB59, furnish an array of
regulatory nodes crucial for advancing the genetics of forestry species. Utilizing molecular
breeding strategies allows for the refinement of these targets” expression patterns, facili-
tating the development of novel varieties characterized by optimized nutrient utilization.
For instance, fine-tuning the spatial and temporal expression of HHO2 may synergistically
improve root architecture and nutrient absorption, whereas modulating NLA activity may
bolster the stability of transport proteins.

5. Conclusions

In summary, our research demonstrates that, in poplar, NO3~ may stimulate the
secretion of organic acids, thereby activating soil phosphorus through an upregulation of
genes and activity in organic acid synthases (e.g.,, MDH, PEPC) and APs. This process
also fine-tunes root architecture, for instance, by enhancing root length and branching
through TAA/ABA mediation, which broadens the absorption interface and bolsters P
activation capability, leading to a synergistic boost in P absorption efficiency. Furthermore,
under conditions of low Pi availability environments, NO3; ™ significantly improves P ab-
sorption and recycling by co-upregulating Pi transport proteins (e.g., the PHO family),
activating myo-inositol Pi metabolism (via IMP3/ITPK1 mediated PP-InsPs degradation),
and enhancing hormone signaling (through IAA /SA driven P cycling). Pi triggers potential
in nitrogen metabolism by activating transcription and the activity of nitrogen assimila-
tion enzymes (GS/GOGAT/GDH). However, under low NO3 ™~ availability environments,
this leads to a metabolic imbalance characterized by high enzyme activity but low effi-
ciency. Conversely, with adequate nitrogen, Pi fosters N absorption both physically, by
enlarging the root system and its surface area, and metabolically, through improved N
assimilation efficiency facilitated by increased IAA/GA accumulation and ABA signaling
(e.g., SNRK2/ABF). Under conditions of low NO3~ availability environments, the sup-
ply of Pi may promote nitrogen uptake by activating the high-affinity transport system
(NRT2.1/NRT3.1). Conversely, under conditions of high N, potential inhibition of NPF2.10
could serve as negative feedback to preserve the equilibrium between N and P metabolism.
The pivotal elements of nitrogen-phosphorus interaction (SPX-PHR, NLA, HHO2, MYB59)
may orchestrate a dynamic network integrating transcription factor cascades, metabolic
remodeling, and hormone synergy within poplar roots, thus balancing the expression
and degradation of transport proteins. These insights are crucial for diminishing reliance
on chemical fertilizers, mitigating forestry non-point source pollution, rejuvenating the
soil nutrient reservoir, fostering soil health and biodiversity, and strengthening ecosystem
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resilience, thus supporting sustainable production amidst climate change. Looking ahead,
by leveraging precision agronomic management (like dynamic fertilizer application) and
molecular design breeding (e.g., efficient transporter engineering), we can translate the
N-P interaction mechanism into environmentally friendly forestry practices, propelling
a “green-efficient-resilient” forestry transformation. Nevertheless, the current research
presents certain limitations.

Although it offers preliminary insights into N-P interactions in woody plants, the
complex habitats of these plants and varying substrate types may impact the interaction
effects. Moreover, mycorrhizal symbiosis and other biotic interactions, playing a pivotal
role in natural systems, require validation in conditions mimicking field settings. Future
studies should employ multi-omics approaches for comparative investigations across
different woody plant ecotypes, aiming to unravel the evolutionary adaptation mechanisms
underlying N-P interactions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biology14050490/s1, Figure S1: Expression difference volcano
map. (a) +N,—Pvs. —N,—P, (b) —N,+P vs. —N,—P, (c) +N,+P vs. —N,+P and (d) +N,+P vs. +N,—P.
Note: The abscissa is the multiple of gene expression difference between the two samples, that is,
the expression of the treated sample is divided by the expression of the control sample, and the
ordinate is the statistical test value of the difference in gene expression change, that is, the p value. The
greater the —log10 (p value), the more significant the difference in expression, and the values of the
horizontal and vertical coordinates are logarithmically processed. Each point in the figure represents
a specific gene. The red point represents a significantly up-regulated gene, the green point represents
a significantly down-regulated gene, and the gray point is a non-significant difference gene. After
mapping all genes up, it can be learned that the point on the left is the gene with down-regulated
expression difference, and the point on the right is the gene with up-regulated expression difference.
The closer to the two sides and the upper point, the more significant the difference in expression;
Figure S2: The GO functional enrichment of up-regulated and down-regulated DEGs under different
N and P treatments was only shown in the graph showing the top 30 GOterms. (a) show the Up-
regulated Gene Enrichment GO terms of the +N,—P vs. —N,—P groups and the +N,+P vs. —N,+P
groups. (b) show the Down-regulated Gene Enrichment GO terms of the —N,+P vs. —N,—P groups
and the +N,+P vs. +N,—P groups. (c) show the Up-regulated Gene Enrichment GO terms of the
—N,+P vs. —N,—P groups and the +N,+P vs. +N,—P groups. (d) show the Down-regulated Gene
Enrichment GO terms of the +N,—P vs. —N,—P groups and the +N,+P vs. —N,+P groups. Note: The
vertical axis represents the Term name, the horizontal axis represents the gene set name, the size of the
point represents the number of genes in this Term, and the color of the point corresponds to different p
value ranges; Figure S3: The KEEG functional enrichment of DEGs under different N and P treatments.
(a) present the +N,—P and —N,+P comparisons within the root contrast groups. (b) compare +N,—P
with —N,—P and —N,+P with —N,+P in root contrast groups. Gene Ratio is defined as the proportion
of enriched genes for a specific term relative to the total number of DEGs provided as input. Circle
size indicates the number of DEGs, while color denotes the p-adjusted value; Figure S4: Families of
transcription factors (TFs) under different N and P treatments and the proportion of these families.
(a) show the —N,+P vs. —N,—P groups. (b) show the +N,+P vs. —N,+P groups. (c) show the +N,—P
vs. —N,—P groups. (d) show the +N,+P vs. +N,—P groups; Figure S5: The correlations between
fold changes of gene expression were analyzed by RNA-sequencing and RT-qPCR. RT-qPCR results
were expressed on the basis of actin 2/7. The regression equation, correlation coefficient (R) and
the significant level of correlation are indicated. The deep red represents a 99 % confidence interval
and the light red represents a 99 % prediction interval; Figure S6: The expression heat map of TFs
identified from differential genes responding to different N and P treatments; Table S1: Primers
used for qRT-PCR; Table S2: Summary of Illumina sequencing reads mapped to the P. alba genome;
Table S3: The enriched GO terms of the DEGs.
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