‘ International Journal of

S .
S Molecular Sciences

Review

Physiological and Molecular Mechanisms of Tree Responses to
Combined Drought and Low-Nitrogen Stress: A Review

Yang Xu 12, Zhao Yang 12, Lijing Yu "2, Xia Wang 12(%, Chenghao Li 1-2*

W) Check for updates

Academic Editor: Michael Moustakas

Received: 28 August 2026

Revised: 30 September 2026
Accepted: 1 October 2026

Published: 4 October 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

and Ming Wei 1.2/*

State Key Laboratory of Tree Genetics and Breeding, Northeast Forestry University, Harbin 150040, China;
15148962246@163.com (Y.X.); 15822929677@163.com (Z.Y.); ylj1140602651@163.com (L.Y.);
13789644342@163.com (X.W.)

2 School of Forestry, Northeast Forestry University, Harbin 150040, China

*  Correspondence: chli@nefu.edu.cn (C.L.); weiming0312@nefu.edu.cn (M.W.)

Abstract

Drought and low nitrogen often co-occur in forests, yet their combined effects cannot be
inferred reliably from single-stress studies. This review synthesizes physiological and
molecular evidence for tree responses to combined drought and low nitrogen at four levels,
namely stress perception, signal transduction, metabolic reprogramming, and adaptive
phenotypes. It compares single-stress baselines and evaluates reported interactions in
photosynthesis, water-use efficiency, root traits, and carbon-nitrogen allocation. The
review distinguishes direct tree evidence from mechanistic context derived from crops and
model plants. Abscisic acid-nitrogen signaling crosstalk is considered alongside reactive
oxygen species, energy, hydraulics, and transcriptional regulation as candidate integration
routes. Candidate genes are classified by species context and experimental evidence;
responsiveness to the two single stresses is not interpreted as proof of a combined-stress
function. The review also assesses the opportunities and current limitations of multi-omics
and genome editing for trees. It identifies priorities for factorial experiments, multi-year
validation, and molecular breeding for climate-resilient forestry.

Keywords: drought stress; low-nitrogen stress; combined stress; ABA signaling; carbon—
nitrogen metabolism; forest trees

1. Introduction

Global climate change is increasing the frequency and intensity of drought while
reducing nitrogen availability, making these two stresses critical constraints on sustainable
forestry [1-3]. Drought and nitrogen deficiency often co-occur in natural ecosystems, re-
sulting in combined stress with complex interactive effects [1,3]. A systematic review of
combined drought and salinity stress demonstrated that plants activate distinct mecha-
nisms under combined stress that cannot be predicted from responses to individual stress
alone [4,5]. Because tree varieties selected for tolerance to a single stress often underperform
under field conditions, elucidating the unique responses and key regulatory genes involved
in combined stress is essential for breeding trees capable of sustaining productivity under
variable environmental conditions.

Trees differ from annual model plants in several characteristics that are relevant to
stress adaptation. Their long generation cycles and perennial growth can result in cu-
mulative physiological effects that differ from those observed during short-term stress
responses [6,7]. Seasonal source-sink dynamics regulate carbon and nitrogen alloca-
tion, while extensive root systems can buffer acute stress but may impose substantial
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metabolic costs under chronic stress conditions [6-8]. Consequently, knowledge of single-
stress responses derived from model plants cannot fully explain how trees adapt to
combined stresses.

To systematically synthesize this field, this review is structured around stress per-
ception, signal transduction, metabolic reprogramming, and adaptive phenotypes, with
single-stress responses serving as a baseline for evaluating interactive effects. Crosstalk
between abscisic acid (ABA) signaling and nitrogen transport is discussed as a potential
point of integration, alongside the roles of reactive oxygen species (ROS), energy status,
hydraulics, and transcriptional regulation [3,9,10]. By integrating recent advances in multi-
omics and clustered regularly interspaced short palindromic repeats/CRISPR-associated
protein 9 (CRISPR/Cas9) technologies [11-13], this review establishes a unified framework
for understanding combined drought and nitrogen stress responses in trees and extends
beyond previous reviews of drought responses in woody crops [14].

2. Tree-Specific Context for Drought and Low-Nitrogen Adaptation

Trees experience drought and nitrogen limitations within perennial, spatially heteroge-
neous, and developmentally structured systems. Their long-life cycles allow stress effects to
accumulate across seasons, while deep and heterogeneous root systems, secondary growth,
hydraulic architecture, and seasonal source-sink dynamics link local stress perception to
whole-plant resource allocation. Consequently, evidence from annual crops and model
plants is valuable for generating mechanistic hypotheses but should not be regarded as
direct functional evidence for forest trees. In addition, tree species and genotypes vary
considerably in their responses and performance under drought and low-nitrogen con-
ditions. Key axes of variation include stomatal regulation, xylem embolism resistance,
osmotic adjustment, fine-root proliferation, nitrogen uptake preference, and the capacity to
maintain nonstructural carbon reserves. These traits should be evaluated as continuous,
context-dependent strategies rather than as fixed categories of tolerance or sensitivity.
Recent studies in trees have shown that nitrogen-efficient poplar genotypes differ in fine-
root plasticity, while hydraulic and stomatal strategies vary both among and within tree
species [15,16].

A systematic understanding of combined stress requires clear baselines for each in-
dividual stress. Drought and nitrogen limitation affect tree growth through overlapping,
multiscale processes of stress perception and signaling. ABA is a major drought-responsive
hormone that coordinates stomatal and transcriptional responses, while hydraulic signals,
osmotic status, calcium, ROS, and peptide signals also contribute to drought responses.
Nitrate transporter 1.1 (NRT1.1), also known as nitrate transporter 1/peptide transporter
family 6.3 (NPF6.3), functions as a nitrate transceptor in some plant systems. Responses
to low nitrogen additionally involve the sensing of external and internal nitrate status,
high-affinity nitrate transporter 2 (NRT2) systems, ammonium transporters (AMTs), carbon-
to-nitrogen (C/N) metabolites, and transcriptional regulators. We therefore use crosstalk
between ABA signaling and nitrogen transport as an illustrative integration point rather
than as the sole or universal module for stress perception. ROS signaling, energy status, os-
motic adjustment, and carbon-nitrogen balance represent additional points of convergence
through which drought and nitrogen limitation may interact.

2.1. Photosynthetic Inhibition and Osmotic Adjustment Under Drought Stress

Drought stress rapidly reduces photosynthetic rates in trees, and this response under-
goes a stage-dependent transition. Under mild drought, stomatal closure is the predomi-
nant limitation on photosynthesis. ABA activates anion channels in guard cells, promoting
potassium and anion efflux, guard cell water loss, and subsequent stomatal closure [2,3].
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As drought severity increases, non-stomatal limitations become progressively more pro-
nounced, including reduced photosystem II (PSII) photochemical efficiency, decreased
ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) activity, and degradation of
photosynthetic pigments [17]. The threshold at which this transition occurs varies markedly
among species. For example, Scots pine (Pinus sylvestris) maintains relatively high pho-
tosynthetic rates under prolonged drought through sustained osmotic adjustment and
efficient water uptake [8], whereas poplar exhibits pronounced non-stomatal limitations
even under moderate drought conditions [17,18].

Osmotic adjustment is another key strategy for coping with drought stress. Drought
induces the accumulation of compatible osmolytes, such as proline, soluble sugars, and
glycine betaine, which lower cellular osmotic potential and help maintain turgor and
water uptake [2]. Proline accumulation is commonly associated with increased expres-
sion of Al-pyrroline-5-carboxylate synthetase (P5CS) and reduced expression of proline
dehydrogenase (ProDH), although the magnitude and direction of these changes vary
among species and experimental conditions [3]. P5CS catalyzes the first committed steps
in proline biosynthesis from glutamate, and its expression can be regulated through both
ABA-dependent and ABA-independent pathways [19]. Notably, osmotic adjustment strate-
gies vary among tree species. Poplar relies mainly on soluble sugar accumulation, whereas
pine depends more on the coordinated accumulation of proline and glycine betaine [8]. In
addition to osmotic regulation, drought stress activates antioxidant defense systems that
mitigate oxidative damage caused by ROS [2,20]. These antioxidant systems, comprising
both enzymatic and non-enzymatic components, play a central role in drought tolerance by
collectively maintaining redox homeostasis under water-deficit conditions [21].

2.2. Nitrogen Uptake and Metabolic Reprogramming Under Low-Nitrogen Stress

Under low-nitrogen stress, plants enhance nitrogen uptake and assimilation efficiency
by increasing root surface area and regulating the activities of key nitrogen-metabolizing
enzymes [22,23]. Trees activate high-affinity nitrate transport systems; for example, mem-
bers of the high-affinity nitrate transporter 2 (NRT2) family, particularly NRT2.1, NRT2.4,
and NRT2.5, are strongly upregulated under low-nitrogen conditions [24]. For ammonium
uptake, AMT1 family transporters exhibit species-specific responses. Poplar upregulates
AMT1.1 expression under low nitrogen, whereas pine tends to enhance nitrate uptake
instead [17]. In Malus prunifolia, drought stress significantly affects both ammonium and
nitrate uptake, with AMT genes showing greater sensitivity to drought than NRT genes [25].

The nitrogen assimilation machinery undergoes substantial adjustments under low-
nitrogen stress. Nitrate reductase (NR) and nitrite reductase (NiR) activities decline in
response to reduced substrate availability, whereas the GS1 isoform of glutamine synthetase
(GS) maintains relatively high expression levels in roots [17]. Concurrently, nitrogen re-
mobilization from senescing leaves to developing tissues is enhanced through increased
phloem transport of amino acids, particularly glutamine and asparagine [26], representing
an important strategy for improving nitrogen use efficiency under low-nitrogen conditions.
In banana seedlings, nitrogen deficiency was associated with differential expression of
myeloblastosis (MYB) and GAI, RGA, and SCR (GRAS) family transcription factors (TFs),
as well as changes in root-system development [27]. Studies of nitrogen supplementation
under drought stress also reveal context-dependent effects in trees. For example, tran-
scriptome analysis of Sophora japonica roots exposed to polyethylene glycol (PEG)-induced
drought stress under different nitrogen conditions showed that nitrogen starvation resulted
in more downregulated genes than normal nitrogen conditions, particularly those involved
in carbon metabolism [28]. In Abies fabri seedlings, nitrogen supply significantly altered
ecophysiological responses to drought stress, including photosynthetic parameters and
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water-use efficiency [29]. Table 1 provides a systematic comparison of tree responses to

drought and low-nitrogen stress across multiple dimensions.

Table 1. Expanded comparison of drought and low-nitrogen responses in trees, with implications for

factorial combined-stress experiments.

Question Under

Response Domain  Drought Stress Low-N Stress Combined Stress Evidence Context
. Limited inorganic o
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. e restricts L intensify N-acquisition single-stress evidence;
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CO; supply. two single effects? for interaction.

protein investment.
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N-status signaling
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Which ABA-N
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assimilation systems.
water responses. developmental stages?
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dehydration. capacity.
Water status, gas Leaf N, N uptake Full factorial .
. ’ ’ ! . lassif
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readout hydraulic traits, expression, and with pre-specified  SYNETgISUc,

and root traits.

N-use efficiency.

interaction contrasts.

antagonistic responses.

Note: The table separates well-established single-stress responses from questions that require direct
factorial evaluation in trees. The table should not be interpreted as evidence that any listed combined-
stress outcome is universal.

3. Interactive Effects of Combined Drought and Low-Nitrogen Stress

Drought and low nitrogen often co-occur, but their interaction should be distinguished

from studies examining nitrogen supplementation under drought. The term “combined

drought and low nitrogen” refers to factorial experiments that include drought, low-

nitrogen, and combined drought and low-nitrogen treatments, whereas “drought with

nitrogen supplementation” refers to studies assessing whether supplemental nitrogen mod-
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ifies drought responses without directly addressing tolerance to low nitrogen. Interaction
effects should be evaluated using factorial models that explicitly test the drought x nitrogen
interaction. On a response scale defined a priori, an additive response is expected when the
combined effect equals the sum of the effects of the two individual stresses. A synergistic
response occurs when the combined effect deviates from the additive expectation in the
same direction and is stronger than predicted by the individual stress effects, whereas an
antagonistic response occurs when the combined effect is weaker than expected or shifts
toward the direction of the individual effects. Cross-system evidence from multiple stud-
ies [30-32] indicates that additive, antagonistic, and synergistic interactions depend on the
response trait and experimental context. Without an appropriate factorial interaction test
and corresponding controls, descriptive comparisons alone cannot establish the presence
of synergy or antagonism.

The strength of evidence also varies among species. Direct evidence from trees in-
cludes factorial physiological, transcriptomic, and functional studies conducted in woody
species. Recent studies of S. japonica and four urban tree species illustrate the value of
explicitly manipulating water and nitrogen availability when assessing transcriptional and
nitrogen-uptake responses [28,33]. Evidence from Arabidopsis and crop species is discussed
as mechanistic context, with its origin indicated. For example, the dynamic interaction
reported by Xue et al. in Arabidopsis illustrates a model-plant response [30], whereas the
transcriptional reprogramming observed in Camellia oleifera following nitrogen supple-
mentation under drought addresses the effects of nitrogen supplementation rather than
combined drought and low-nitrogen stress [31].

3.1. Impairment of Photosynthetic Carbon Assimilation

Drought limits CO, diffusion through stomatal closure, whereas low nitrogen limits
photosynthetic carboxylation capacity through reduced Rubisco content. These mecha-
nisms can result in substantial combined inhibition of photosynthetic carbon assimilation;
however, the interaction should be characterized as additive or synergistic only when
supported by an appropriate factorial analysis. In barley, the combined treatment caused
greater downregulation of photosynthetic proteins than either individual treatment, pro-
viding crop-based evidence of a non-additive response [34]. In poplar, drought and low
nitrogen have been associated with reduced photosynthesis and altered nitrogen uptake,
but the magnitude and direction of their interaction depend on genotype, treatment in-
tensity, and duration [24]. Similarly, nitrogen supplementation studies in Alhagi sparsifolia
should be interpreted as evidence that nitrogen availability modulates drought responses
rather than as evidence of adaptation to combined drought and low-nitrogen stress [35].

3.2. Divergent Responses of Water Use Efficiency and Nutrient Uptake

Changes in water-use efficiency (WUE) under combined stress exhibit species-specific
patterns. Under moderate drought, reduced nutrient uptake, together with changes in leaf
nitrogen status, chlorophyll content, stomatal conductance, and transpiration, can alter
instantaneous WUE (WUEI) [17,29,36]. The magnitude and direction of WUE; responses
should be evaluated using species-specific factorial experiments in trees. In Calligonum
mongolicum seedlings, nitrogen supplementation enhanced leaf-root coordination of hor-
monal, redox, and carbohydrate metabolism and improved drought tolerance [37]. These
findings illustrate how nutrient supply can modify drought responses but do not establish
responses to simultaneous drought and low-nitrogen stress.

The ABA signaling pathway coordinates plant responses to multiple stresses [38,39].
Drought-induced ABA signaling can influence root development and nitrogen transport
processes, including the regulation of NRT1.1/NPF6.3 in model systems [10]. These obser-
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vations identify potential molecular links between water and nitrogen signaling pathways.
However, their contributions to responses to simultaneous drought and low-nitrogen stress
in trees require direct validation using factorial experiments.

With respect to nutrient uptake, drought-induced inhibition of soil nitrogen min-
eralization, together with reduced root nitrogen uptake under low-nitrogen stress, can
produce additive effects. Reduced soil moisture further limits the mass flow and diffusion
of nitrogen, ultimately resulting in significantly decreased root uptake fluxes of NOz™
and NH4* [40]. A 13C isotope tracer experiment in Sophora moorcroftiana demonstrated
that, compared with single-stress treatments, combined drought and nitrogen deficiency
significantly reduced '*C accumulation in plants while increasing the proportion of resid-
ual 13C in soil, suggesting altered carbon allocation from plants to soil microorganisms
under combined stress [40]. In guar (Cyamopsis tetragonoloba), drought-induced changes
in enzymes involved in carbon and nitrogen metabolism were accompanied by increased
carbohydrate accumulation, highlighting the coordinated interaction between carbon and
nitrogen metabolism in drought tolerance [41].

3.3. Root Architecture and Functional Plasticity Trade-Offs

Tree root architecture exhibits substantial plasticity under water and nitrogen limi-
tation; however, the direction of biomass allocation under concurrent drought and low-
nitrogen availability depends on species, developmental stage, carbon status, and treatment
duration. In Scots pine, prolonged drought alters carbon allocation to roots [8], whereas
studies in poplar demonstrate that nitrogen availability modulates drought-associated
root development [17]. In Catalpa bungei, factorial drought and nitrogen treatments altered
proline accumulation, antioxidant activity, root development, and biomass allocation [42].
Collectively, these studies identify root allocation and function as key dimensions of the
response to combined stress. To date, consistent effect sizes and a universal trade-off under
combined stress have not been established across tree species. Consequently, Figure 1
summarizes testable response domains rather than uniform directional outcomes.

Drought Low N Drought + Low N

" Species- |
dependent
intrraction

co Rubisco
> D investment Stomatal +

dry soil inorganic N

assimilation Stomatal N remobilization biochemical C-N
closure limitation allocation
Osmolytes A Xylem: | Phloem:
ROS defense Reduced N signals "‘ C signals

Water—N
transport
constraint

Fine-root |° = o

o« foraging |'gh e ies-dependent || Factorial test
[N}
[N}

Carbon-limited
root plasticity

Root water | Reduced
access inorganic N

Water
limitation

. : B nomction R requined
Readouts  Water status Gas exchange N uptake Root traits C/N metabolites
Key: —— Tree-supported single-stress evidence ~ ----- Combined-stress hypothesis

Figure 1. A multi-level comparison of tree responses to drought, low nitrogen, and their com-
bined treatment. The panels integrate soil resource limitation, root traits and nitrogen acquisition,
canopy gas exchange, osmotic and redox adjustment, and root-shoot carbon—nitrogen signaling.
Solid outlines indicate tree-supported single-stress evidence; dashed outlines identify candidate
combined-stress interactions that require species-specific factorial validation. The lower strip lists the
complementary physiological and metabolic readouts for factorial drought x nitrogen experiments.
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Arbuscular mycorrhizal fungi (AMF) can modulate host water relations and nutrient
acquisition under water-limited conditions. By extending the soil exploration volume of
roots, AMF hyphal networks can enhance nitrogen acquisition; in sugarcane, this effect
has been associated with improved host plant water status under drought conditions [43].
In a factorial greenhouse experiment with Commiphora myrrha seedlings, mycorrhizal
plants exhibited greater root and shoot biomass and higher nutrient concentrations than
non-mycorrhizal controls, while their drought response index increased under lower
water availability [44]. Nevertheless, the contribution of AMF to tree performance under
combined drought and low-nitrogen stress remains insufficiently resolved because of
limited direct factorial evidence. Consequently, rhizosphere management represents a
promising research direction, requiring tree-focused experiments that simultaneously
quantify AMF colonization, plant water status, nitrogen acquisition, and growth under
combined-stress regimes.

4. Molecular Regulatory Networks Under Combined Stress

Combined drought and low-nitrogen stress may involve crosstalk among ABA and
nitrogen signaling pathways, as well as redox, energy, hydraulic, and transcriptional
processes. In forest trees, direct evidence for a single hierarchical regulatory network
integrating ABA and nitrogen signaling remains limited. NAM, ATAF, and CUC (NAC)
TF families are discussed here as candidate integrators because they are represented in
drought- and nitrogen-responsive datasets; however, their functions under combined stress
require direct validation using factorial experiments. Evidence from crops and model
plants is used to identify testable mechanisms rather than to establish regulatory pathways
in forest trees [5,10,45]. A review of drought-resistance engineering in forest trees identifies
osmotic adjustment, antioxidant defense, and WUE as potential targets, but findings from
laboratory studies require validation across tree genotypes, developmental stages, and
field-relevant environments [46].

4.1. Crosstalk Between ABA Signaling and Nitrogen Signaling

The core components of the ABA signaling pathway include pyrabactin resis-
tance/pyrabactin resistance-like /regulatory component of ABA receptor (PYR/PYL/RCAR)
proteins, protein phosphatase 2C (PP2C) phosphatases, and SNF1-related protein kinase
2 (SnRK2) kinases. Under drought stress, ABA binds to PYR/PYL receptors, relieving
PP2C-mediated inhibition of SnRK2 and thereby enabling downstream stress-responsive
transcription [3]. Under combined stress, crosstalk between ABA and nitrogen signaling
pathways can occur at multiple levels. For example, SnRK2 kinases can directly phos-
phorylate the NRT2.1 transporter, thereby affecting its plasma membrane localization and
transport activity [19]. On the other hand, nitrate signaling regulates the expression of
the key ABA biosynthesis enzyme 9-cis-epoxycarotenoid dioxygenase 3 (NCED3) through
NIN-like protein (NLP) TFs, thereby influencing endogenous ABA levels [17]. These
two regulatory pathways—ABA-to-NRT signaling, which regulates nitrogen uptake, and
nitrate-to-ABA signaling, which influences stomatal regulation—may form a complemen-
tary regulatory circuit [5]. In poplar, exogenous nitrogen supply under drought stress
promotes the expression of key genes involved in ABA signaling, which may enhance
stomatal regulatory capacity [17]. This ABA-nitrogen crosstalk may integrate water and
nutrient signals, enabling trees to coordinate carbon and nitrogen acquisition under stress.
Recent findings further suggest that SNF1-related protein kinase 1 (SnRK1), a central energy
sensor, integrates metabolic and stress signals. By phosphorylating antioxidant enzymes,
ion channels, and immune-related factors, SnRK1 may contribute to the reprogramming of
carbon-nitrogen metabolism and resource allocation during drought [47].
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4.2. Transcription Factor Regulatory Networks Integrating Drought and Nitrogen Signals
4.2.1. Evidence Framework and NAC Family as Dual Integrators

TFs are plausible integrators of combined-stress responses, but the evidence should
be distinguished by species and level of validation. Throughout this section, we organize
the evidence into three categories. Category I comprises direct functional evidence from a
tree species for one relevant stress. Category II includes dual-function evidence derived
from separate drought and nitrogen experiments involving the same tree gene or ortholog.
Category IIl encompasses mechanistic evidence from Arabidopsis or crop species that
provides testable hypotheses for trees. In Populus davidiana, drought transcriptomic analysis
identified APETALA2/ethylene-responsive factor (AP2/ERF), WRKY, C2H2, and NAC
TFs among the differentially expressed genes (DEGs), providing tree-specific evidence
for candidate regulators under single-stress conditions [19]. Direct functional validation
of drought- and nitrogen-responsive regulatory modules under factorial combined-stress
conditions remains rare in forest trees. Accordingly, examples from crops and model plants
are retained to illustrate candidate mechanisms, whereas conclusions regarding forest-tree
breeding are limited to genes supported by tree-specific evidence and are explicitly framed
as priorities for further validation.

NAC TFs are increasingly recognized as regulatory nodes that link adaptation to
water deficit with nitrogen acquisition. One of the strongest examples supporting a dual-
integrator model is STRESS-RESPONSIVE NAC1 (OsSNAC1) in rice. First characterized
as a drought-inducible factor enriched in guard cells, OsSNAC1I overexpression enhanced
drought resistance in field-grown rice, promoted stomatal closure, reduced water loss,
and increased the expression of stress-responsive genes without causing apparent yield
penalties under the reported conditions [48]. Subsequent studies established a direct role
for OsSNACI in nitrogen-related regulation. OsSNAC1 is induced by nitrogen deficiency
in both roots and shoots and directly activates the nitrate transporter genes OsNRT2.1,
OsNRT2.2, OsNRT1.1A, and OsNRT1.1B. Its overexpression increased nitrate accumulation,
nitrogen uptake, nitrogen use efficiency, biomass, and grain yield, whereas loss of OsSNAC1
produced the opposite phenotypes [49]. Thus, a single NAC regulator can coordinate a
drought-response program that conserves water with a nutrient-acquisition program that
enhances nitrate uptake.

This convergence is physiologically plausible because drought and nitrogen limitation
jointly constrain root function, carbon allocation, stomatal regulation, and redox homeosta-
sis. Under combined stress, a NAC-centered regulatory network could potentially enhance
root nutrient-acquisition capacity while limiting transpirational water loss, thereby helping
plants maintain growth when both resources are limited. Available mechanistic studies
place SNAC1 upstream of targets involved in guard cell regulation, redox homeostasis,
ABA-associated responses, and nitrate uptake, supporting its potential role as an integrator
of these pathways rather than as a regulator of independent responses [50]. Network
analyses have also identified NAC candidates in modules responsive to nitrogen deficiency,
including PtaNAC1 in poplar and OsNAC36 in rice, although their direct targets and roles
in drought responses remain poorly resolved [51].

Future research should test this model under factorial drought x low-nitrogen treat-
ments and across different developmental stages. Priority experiments include tissue-
resolved chromatin profiling, time-series transcriptomics, nitrate flux measurements, and
field trials that simultaneously quantify yield and nitrogen-use efficiency. Such studies will
help distinguish NAC factors that independently respond to the two stresses from true
dual-signal integrators whose shared target networks coordinate responses to drought and
low-nitrogen conditions.
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4.2.2. Cooperative Participation of AP2/ERF Families

In addition to NAC factors, the AP2/ERF, WRKY, basic leucine zipper (bZIP), and
dehydration-responsive element-binding (DREB) families are relevant candidates for the
regulation of combined-stress responses. OsDREB1C, an AP2/ERF Al-subfamily TF,
activates the photosynthesis-related gene OsRBCS3 and the nitrogen-metabolism genes
OsNRT2.4 and OsNRT1.1B. By enhancing photosynthetic and nitrogen-use efficiency, Os-
DREBIC increased yield in transgenic rice [52], providing a representative example of a
TF with potential relevance to combined-stress engineering. Similarly, Zhou et al. (2022)
reported that the AP2/ERF A5-subfamily TF GmTDN1 functions under combined drought
and low-nitrogen stress in wheat, enhancing photosynthetic capacity, osmotic adjustment,
and antioxidant metabolism through regulation of drought-responsive genes, including
those encoding late embryogenesis abundant proteins, and the nitrate transporter gene
NRT2.5 [53]. These crop studies provide mechanistic context, whereas corresponding
functional evidence in forest trees remains limited.

4.2.3. HD-ZIP I and GATA /GNC Families in Trees

The homeodomain leucine zipper I (HD-ZIP I) TF family has emerged as a potential in-
tegrator of drought adaptation and nutrient acquisition in poplar. In P. ussuriensis, PuHox52
was initially characterized for its role in adventitious root formation and was subsequently
shown to be specifically induced in roots by nitrogen deficiency, promoting the coordinated
uptake of nitrate, phosphate, and iron [54]. Under nitrogen deficiency, PuHox52 directly
targets and upregulates nitrate-related genes (PuNRT1.1, PuNRT2.4, PuCLC-b, PuNIA2,
PuNIR1, and PuNLP1), phosphate-responsive genes (PuPHL1A and PuPHL1B), and the
iron transporter gene PulRT1, thereby establishing a regulatory network that coordinates
multiple nutrient homeostasis processes under nitrogen-limited conditions [54].

In P. trichocarpa, the ortholog PtrHox52 is a direct target of the PtrSWRA-PtrAREB1/2
histone H3 lysine 4 trimethylation (H3K4me3) pentameric complex. This complex is re-
cruited to the promoters of drought-tolerance genes, including PtrHox2, PtrHox46, and
PtrHox52, under drought stress, where it deposits H3K4me3 marks to maintain their
transcriptional activation. CRISPR/Cas9-mediated disruption of the pentameric complex
impaired drought tolerance [55]. Increased expression of PtrHox52 improved both drought
tolerance and growth. HD-ZIP I members have also been implicated in reducing drought-
induced losses in hydraulic conductivity through alterations in vessel architecture [55].
Together, these findings suggest that the conserved Hox52 function across Populus species
may contribute to nutrient acquisition under nitrogen deficiency and drought tolerance
through chromatin-level regulation, positioning the HD-ZIP I family as a potential regula-
tory nexus linking water and nitrogen stress responses in trees.

The GATA TF GNC in poplar functions as a regulator of nitrogen-use efficiency.
CRISPR/Cas9-mediated knockout of GNC reduced nitrogen-use efficiency and nitrate up-
take, whereas its overexpression enhanced nitrogen-use efficiency through the upregulation
of NRT2.4b/c and NIA1 [56,57]. Notably, GNC also contributes to drought responses through
stomatal regulation, making it a potential tree TF with dual functions in coordinating water-
and nitrogen-related stress responses [58].

Significant differences exist in the transcriptional regulatory mechanisms underlying
stress responses in trees and herbaceous plants. For example, overexpression of maize
ZmDOF1 significantly increases nitrogen assimilation capacity and biomass accumulation
under low-nitrogen conditions [59], whereas its overexpression in poplar does not confer
a growth advantage, with GS activity and total nitrogen content showing no significant
differences from those in wild-type plants [60]. This contrast highlights the distinct regula-
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tory mechanisms underlying stress responses in trees and underscores the limitations of
directly extrapolating findings from herbaceous plants to trees under stress conditions.

In summary, the current literature identifies candidate transcriptional links between
drought and nitrogen responses rather than a validated hierarchical regulatory network
in forest trees. The strongest tree-based candidate is GNC, for which separate studies
in poplar provide functional evidence for roles in nitrogen-use efficiency and drought-
associated stomatal regulation. PuHox52 and PtrHox52 illustrate complementary nitrogen-
and drought-related functions in different Populus species, but their roles under com-
bined stress remain to be experimentally tested. Regulators identified in crops and model
plants are included as hypothesis-generating examples only. Table 2 distinguishes these
evidence categories.

Table 2. Candidate drought and nitrogen regulatory genes, species context, and evidence strength.

Gene

Supported

Interpretation Reference

Species Context Evidence Category

GNC

CRISPR-supported
nitrogen-use function
II, separate tree and separate
Populus drought and N drought-associated [57,58]
studies stomatal function,
combined-stress
phenotype untested

PuHox52/PtrHox52

Nutrient-acquisition and
drought-associated
functions were reported [54,55]
in separate species and
experiments

II, complementary

Populus species ortholog evidence

GSla

Supports nitrogen
homeostasis
Pinus transgene in I, tree single-stress maintenance during
poplar evidence drought, and the
low-nitrogen role
requires direct testing

[61]

SNAC1, OsDREBIC,
GmTDN1

Rice or crop systems

Candidate mechanisms
III, non-tree for tree testing, not
mechanistic context direct forest-tree
evidence

[48,49,52,53]

4.3. Molecular Synergy Between Antioxidant Systems and Osmotic Adjustment

Combined stress can increase the production of ROS, including superoxide anions,
hydrogen peroxide, and hydroxyl radicals. ROS function as signaling molecules, but
their excessive accumulation can cause lipid peroxidation and protein damage [20,21].
Accordingly, the expression and activity of superoxide dismutase (SOD), catalase (CAT),
ascorbate peroxidase (APX), and other antioxidant systems represent important response
variables in factorial experiments examining drought and nitrogen stress. In Chinese fir,
nitrogen supply enhanced antioxidant enzyme activities and reduced malondialdehyde
accumulation under PEG-induced drought, indicating that nitrogen supplementation can
modulate drought-induced oxidative damage [28].

Proline, soluble sugars, and glycine betaine can contribute to osmotic adjustment,
but their accumulation and transcriptional regulation vary among species, tissues, and
experimental conditions. Direct evidence for the transcriptional regulation of osmolyte
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biosynthesis under combined drought and low-nitrogen stress remains limited in trees.
Therefore, coordinated changes in osmolyte levels should be interpreted as physiological
responses that require validation in factorial drought and nitrogen experiments rather than
as evidence of a universally established transcriptional program.

5. Carbon-Nitrogen Metabolic Reprogramming Under Combined Stress

5.1. Restricted Nitrogen Acquisition and Amino-Acid Remobilization Under Water and
Nitrogen Co-Limitation

Combined drought and low nitrogen constrain carbon assimilation, nitrogen up-
take, and the availability of carbon skeletons for amino acid synthesis, thereby driving
the reorganization of carbon—nitrogen metabolism. In Populus simonii, transcriptome
profiling of fine roots under long-term drought and low-nitrogen conditions identified
4642 DEGs. Most AMT genes were strongly induced; the tissue NHy*/NO3 ™ ratio in-
creased under drought, and the aspartate-derived amino acid pathway emerged as a
potentially important component of root drought tolerance [24]. Consistent with these
findings, under PEG-simulated drought combined with low (0.01 mM NH4NOj3) or normal
nitrogen supply, drought reduced root and leaf NH4* and NO3 ™~ concentrations and sup-
pressed NR and glutamate synthase (GOGAT) activities, whereas AMT1;2 and AMT1;6 were
upregulated. These responses suggest a shift toward ammonium acquisition when nitrate
assimilation is constrained [62]. In the woody legume Robinia pseudoacacia, low nitrogen
repressed genes involved in nitrate transport and assimilation and reduced photosynthetic
pigment and carbohydrate levels, while pathways associated with amino acid metabolism
and senescence-mediated nitrogen remobilization were activated in roots [63]. Factorial
drought x nitrogen-deficiency proteomics in barley further showed that combined stress
reduced photosynthesis through both decreased stomatal conductance and increased pho-
torespiration; preferentially induced proteins involved in energy, carbohydrate, and amino
acid metabolism; and enhanced protein degradation, thereby increasing the availability of
free amino acids [34]. In oilseed rape, low nitrogen strongly depleted major amino acid
pools and attenuated the magnitude, but not the overall pattern, of the drought-induced
metabolic response, indicating that nitrogen status modulates the extent of metabolic repro-
gramming under drought [64]. Research in cotton has shown that prolonged drought can
alter the coordination of carbon and nitrogen metabolism between roots and shoots [65].
Together, these studies identify candidate metabolic response domains, whereas the direc-
tion and magnitude of metabolic fluxes under simultaneous drought and low-nitrogen
stress remain to be resolved across tree species through factorial experiments.

5.2. Adaptive Shift of Carbon Metabolism from Growth to Defense

The reprogramming of photosynthetic carbon allocation under combined stress in-
volves the conversion of starch to soluble sugars and changes in nonstructural carbohydrate
(NSC) pools. A meta-analysis of 32 tree species showed that drought consistently decreases
leaf and root nitrogen concentrations while increasing leaf soluble sugars and root starch,
with the soluble sugar-to-nitrogen ratio serving as a sensitive indicator of short-term ac-
climation [66]. In Pinus massoniana seedlings exposed to combined high temperature and
drought, the soluble sugar-to-starch ratio increased, and PmTPS1, PmTPS5, and PmTPPD
were identified as candidate regulators of trehalose accumulation [67]. A two-year fac-
torial experiment examining drought and nitrogen supplementation in coexisting Pinus
koraiensis and Fraxinus mandshurica saplings revealed contrasting species-specific carbon
responses: nitrogen supplementation impaired root development and exacerbated carbon
limitation in the drought-treated conifer, whereas the drought-sensitive broadleaf species
accumulated NSCs despite reduced biomass [68]. Similarly, in Quercus mongolica seedlings
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grown under a drought gradient combined with nitrogen addition, leaf soluble sugar
concentrations and the soluble sugar-to-starch ratio increased with nitrogen supply under
well-watered conditions but decreased under severe drought, when carbon allocation
shifted from growth toward storage-based defense [69]. Because these studies examined
nitrogen supplementation rather than low-nitrogen availability, they provide evidence
for drought X nitrogen-supply interactions but do not establish responses to combined
drought and low-nitrogen stress.

Carbon skeletons are also redirected toward secondary metabolism, including the
biosynthesis of phenolics, terpenoids, and alkaloids, which contribute to antioxidant de-
fense and signaling [70]. In the dioecious tree Salix rehderiana, drought and nitrogen
availability exerted opposing, sex-specific effects on flavonoid metabolism. Drought re-
duced flavonoid biosynthesis, whereas nitrogen addition increased it in female plants.
Under the combined treatment, nitrogen addition enhanced flavonoid biosynthesis and gly-
cosylation in females but reduced glycosylation in males, accompanied by ABA-mediated
stomatal regulation and changes in C/N accumulation [71]. In Camellia oleifera, nitrogen
supply under drought restored NSC balance and chlorophyll content and maintained
flavonoid—sucrose homeostasis through coordinated regulation of genes involved in starch
and sucrose metabolism and flavonoid biosynthesis, including CoCHI, CoLAR, CoSPS, and
Colnv [32]. These woody-plant studies show that water and nitrogen availability jointly
influence secondary carbon allocation, although nitrogen-addition experiments alone do
not establish an interaction between drought and low-nitrogen stress. Excessive activation
of secondary metabolism may further consume carbon skeletons, imposing an additional
carbon cost when carbon availability is already limited [72]. This additional carbon demand
may contribute to growth inhibition in trees under combined stress.

5.3. Reprogramming of Nitrogen Assimilation and Amino Acid Metabolism

Under combined stress, the nitrogen assimilation machinery undergoes substantial
remodeling. NR activity declines in response to reduced substrate availability and ABA-
mediated regulation, while the activities of the glutamine synthetase/glutamate synthase
(GS/GOGAT) cycle are significantly reduced [24]. Nevertheless, sustained expression of
the GS1 isoform in roots remains important for maintaining primary nitrogen assimilation.
Studies of transgenic poplar expressing pine G51a demonstrate that GS1a contributes to
nitrogen homeostasis and reduces ammonium toxicity under drought conditions [61]. In
Camellia oleifera, nitrogen supplementation under drought restored nonstructural carbo-
hydrate balance and enhanced antioxidant capacity. Furthermore, coexpression network
analysis identified two highly interconnected modules enriched in genes associated with
carbon metabolism, nitrogen metabolism, and secondary metabolism [31].

Under combined stress, amino acid metabolism may shift from protein synthesis
toward the accumulation of proline and y-aminobutyric acid (GABA). Proline functions as
both an osmolyte and a molecular chaperone, contributing to protein stabilization, ROS
scavenging, and maintenance of cellular redox balance [24]. GABA accumulation is closely
associated with cytoplasmic acidification. Combined stress can decrease cytoplasmic pH,
thereby activating glutamate decarboxylase and promoting the conversion of glutamate to
GABA [12]. Consistent with these metabolic shifts, transcriptome analysis of S. japonica
roots exposed to PEG-induced drought stress under varying nitrogen conditions showed
that carbon metabolism was most strongly affected by the interaction between drought and
nitrogen availability [28].
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5.4. Long-Distance Root-Shoot Carbon—Nitrogen Signaling

Under combined stress, trees establish a bidirectional root-shoot signaling network
in which roots transport amino acids, such as glutamine and asparagine, and cytokinin
precursors to the shoots through the xylem to convey nitrogen status, while shoots transport
sucrose and microRNA signals to the roots through the phloem to convey carbon status
and systemic stress cues [68]. Direct evidence under combined drought and low-nitrogen
conditions comes from poplar, where overexpression of PsAMT1.2 improved growth and
photosynthesis under PEG-simulated drought with 0.001 mM NH4NOj3, upregulated genes
involved in the GS/GOGAT cycle in both roots and leaves, and enhanced antioxidant de-
fenses. These responses suggest that PSAMT1.2 contributes to the coordination of nitrogen
acquisition with whole-plant carbon—nitrogen balance under combined stress [73]. Support-
ing studies in woody plants show that xylem-sap amino acid and specialized-metabolite
composition respond dynamically to nitrogen availability in Populus x canescens [74];
stem ABA is associated with hexose mobilization during drought and rewatering in P.
nigra [75]; nitrogen availability modulates leaf ABA levels and stomatal responses under
drought in hybrid poplar [76]; and nitrogen supply enhances leaf-root coordination of
hormonal, redox, and carbohydrate metabolism in the desert shrub C. mongolicum [37].
Mechanistic studies in herbaceous model plants have identified several mobile signaling
components, including the root-derived CLE25 peptide, which promotes ABA biosynthesis
in shoots [77]; drought-induced phosphorylation of SWEET sucrose transporters, which
enhances phloem sucrose transport to roots [78]; and trehalose-6-phosphate, which coor-
dinates nitrate assimilation with carbon availability [79]. Beyond these model systems,
drought alters root-shoot carbon—nitrogen interactions and signal transport in cotton [65],
while suppressing nitrogen-metabolism enzymes and promoting compensatory carbohy-
drate accumulation in C. tetragonoloba [41]. As illustrated in Figure 2, carbon—nitrogen
metabolic reprogramming in trees under combined stress involves coordinated regulation
at three levels: carbon-metabolism reallocation, nitrogen-assimilation remodeling, and
root—shoot signal transmission.

Carbon and nitrogen metabolic reprogramming in trees under
combined drought and low nitrogen stress

@ Root-to-Shoot
Long-Distance Signaling

@ Carbon Metabolism Shift @ Nitrogen Assimilation Remodeling
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Conditions Low N Stress .-~ (;r Control
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/v
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Redirectic
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Figure 2. A conceptual model of carbon—nitrogen metabolic reprogramming under drought and low
nitrogen. Carbon redistribution, nitrogen assimilation, and xylem-phloem communication are shown
as interconnected processes. These connections depict candidate integration routes that require direct
testing in tree species under factorial combined stress.
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6. Advances in Multi-Omics Integrative Analysis of Combined
Stress Research

6.1. Multi-Omics Landscape and Transcriptomic Analysis

Traditional single-factor, single-omics approaches are insufficient to comprehensively
characterize the regulatory networks underlying combined stress. In contrast, integrative
transcriptomic, proteomic, metabolomic, and epigenomic analyses provide systematic ap-
proaches for dissecting tree responses to combined drought and nitrogen limitation [6,13].
In this context, factorial experimental designs are essential for distinguishing individual
stress effects from their interactions. A multi-omics study of combined water and ni-
trogen deficiency across five Arabidopsis accessions showed that drought attenuated the
nitrogen-deficiency response in a genotype-dependent manner, demonstrating that additive
models alone cannot adequately predict interactive drought x low-nitrogen responses [30].
Similarly, an analytical framework that separates additive from interactive molecular re-
sponses, developed through transcriptome-metabolome co-analysis of drought and heat
stress in Arabidopsis [80], provides a useful framework for designing and interpreting tree
drought x low-nitrogen experiments.

At the transcriptomic level, RNA sequencing has revealed diverse molecular responses
of trees to combined drought and low-nitrogen stress. In fine roots of P. simonii, 4642 DEGs
were identified under drought and/or low-nitrogen conditions. Drought increased am-
monium uptake and the ammonium-to-nitrate ratio, while the aspartate-derived amino
acid pathway emerged as a potential contributor to drought tolerance [24]. In the woody
legume R. pseudoacacia, transcriptomic analysis under combined low-nitrogen and drought
conditions showed that low nitrogen repressed genes involved in nitrate transport and
assimilation while activating pathways related to amino acid metabolism and nitrogen re-
mobilization in roots; higher nitrogen availability, in contrast, enhanced nitrate metabolism
and growth under drought [63]. In S. japonica roots, PEG-induced drought under nitrogen-
starvation conditions resulted in greater transcriptomic downregulation than either stress
alone, with carbon metabolism emerging as the most affected KEGG (Kyoto Encyclopedia
of Genes and Genomes) pathway [28]. In Camellia oleifera, nitrogen-mediated transcriptional
reprogramming coordinated carbon metabolism and flavonoid biosynthesis under drought,
while coexpression network analysis identified two interconnected modules enriched in
carbon and nitrogen metabolism [31]. Complementary evidence from other combined
stresses in trees also points to carbon—nitrogen metabolic reprogramming as a recurring
response. For example, heat x drought stress in P. massoniana identified starch and sucrose
metabolism as a core carbon-metabolism pathway, accompanied by coordinated expression
of PmTPS1, PmTPS5, and PmTPPD [67]. Similarly, drought stress in P. davidiana enriched
DEGs involved in photosynthesis, carbon metabolism, and hormone signaling, including
members of the NAC, MYB, bZIP, and AP2/ERF transcription factor families [19]. Never-
theless, molecular signatures specific to combined drought and low-nitrogen stress remain
poorly defined in trees.

6.2. Proteomic, Metabolomic, and Epigenomic Evidence

Proteomic evidence for combined drought and low-nitrogen stress in trees remains lim-
ited. In barley leaves, combined drought and nitrogen deficiency increased the abundance
of proteins involved in energy, carbohydrate, and amino acid metabolism, while increased
photorespiration and reduced stomatal conductance jointly contributed to lower photo-
synthetic capacity [34]. In rice, integrated proteomic—metabolomic profiling showed that
nitrogen management before drought enhanced NR and GS activities, promoted osmolyte
accumulation, and improved yield relative to nitrogen application after drought [81].
However, these findings derive from herbaceous annual crops and may not directly
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reflect responses in woody perennials. Proteomics can determine whether transcrip-
tional changes are accompanied by changes in protein abundance, but it cannot by it-
self establish enzyme activity, metabolic flux, or causal relationships. Accordingly, tree
studies should integrate proteomic analyses with gas-exchange measurements, nitrogen-
uptake assays, enzyme activity measurements, and factorial models that explicitly test
drought X nitrogen interactions.

Metabolomics provides a complementary, phenotype-proximal layer by quantifying
soluble sugars, amino acids, organic acids, and secondary metabolites. Metabolomic studies
in forest trees have expanded across Pinus, Quercus, and Eucalyptus species [12], although
metabolite profiles are strongly influenced by tissue type, season, developmental stage,
and analytical platform. Findings from combined heat and drought experiments in P.
massoniana [67], together with studies of herbaceous systems exposed to drought, nitrogen
limitation, or other stress combinations [70,82,83], indicate that carbon- and nitrogen-related
metabolites are responsive to environmental stress. However, these findings do not yet
establish a conserved metabolic signature of combined drought and low-nitrogen stress in
trees. Targeted isotope tracing, combined with matched transcriptomic, proteomic, and
metabolomic sampling, is therefore needed to distinguish changes in metabolite pool sizes
from alterations in metabolic flux.

Epigenomic approaches can identify changes in DNA methylation, histone modifica-
tions, and RNA modifications associated with stress memory. In the stem-differentiating
xylem of P. trichocarpa, drought increased Nm6A modification levels in cellulose- and
lignin-related transcripts while weakening transcriptome-proteome coupling, providing
evidence for an epitranscriptomic layer of drought regulation during wood formation [84].
However, interpretation is constrained by cell-type heterogeneity and the difficulty of
distinguishing stable stress memory from transient responses. Current literature remains
largely methodological [85], and direct evidence for epigenetic regulation under factorial
drought x low-nitrogen stress in trees is limited. Longitudinal, cell-type-resolved sampling
combined with functional perturbation will be necessary to determine whether specific
epigenomic marks play causal roles in responses to combined stress.

6.3. CRISPR/Cas9 Functional Validation

CRISPR/Cas9 has enabled functional validation of individual drought- and nitrogen-
related genes in trees, with most studies conducted in Populus. The evidence should be
interpreted according to the specific stress context in which each phenotype was eval-
uated. Drought-related targets include PANF-YB21, PagEPFL9, PagHB?7, PagHCF106,
and PagHyPRP1, for which CRISPR/Cas9-mediated editing produced phenotypes involv-
ing root architecture, xylem development, stomatal density, or stomatal aperture under
drought-related conditions [13,86-88]. Beyond Populus, a growth-point transformation-
based CRISPR/Cas9 system in Fraxinus mandshurica was used to validate FmbHLH1 as a
positive regulator of drought tolerance, acting through ROS scavenging and osmotic ad-
justment [89]. Second, the GATA transcription factor GNC has been functionally validated
as a positive regulator of nitrate uptake, nitrogen assimilation, growth, and nitrogen-use
efficiency (NUE). In poplar, gnc knockouts exhibit reduced nitrate acquisition and slower
growth, whereas GNC overexpression directly upregulates PAINRT2.4b, PANR, PANiR, and
PdGS2 and improves NUE, particularly under low-nitrate conditions [57]. Third, GNC rep-
resents a candidate dual-function regulator because an independent study in poplar linked
it to drought tolerance. PAGNC directly activates PAHXK1, promoting guard-cell NO and
H,O; production and reducing stomatal aperture, whereas gnc mutants exhibit greater
water loss and increased drought sensitivity [58]. However, these independent assays do
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not constitute functional validation of a combined drought x low-nitrogen phenotype
(Table 3).

Table 3. CRISPR/Cas9 studies in poplar grouped by evidence context for drought and nitrogen traits.

Target Gene Gene Family Editing Approach Phenotype Reference
Reduced root growth and
PANF-YB21 NF-Y Knockout drought tolerance; OE [13]
enhances drought tolerance
Reduced stomatal density,
PagEPFL EPFL Knockout enhanced drought tolerance [86]
Increased stomatal density,
PagHB7 HD-ZIP Knockout reduced drought tolerance [86]
(negative regulator of EPFL9)
Reduced stomatal opening
PagHCF106 Chloroplast protein Promoter editing and water loss, elevated [87]
guard cell HyO,
Reduced NUE and nitrate
GNC GATA Knockout uptake; OE increases NUE [57]
via NRT2.4b/c and NIA1
Hvbrid proline rich Reduced ROS accumulation
PagHyPRP1 y prI?) tein Knockout and increased root growth, [88]

enhanced drought tolerance

To date, no tree study has reported CRISPR/Cas9-based functional testing of a target
gene under factorial combined drought and low-nitrogen stress [90]. Combined-stress gene
editing is technically feasible in trees, as demonstrated by a CRISPR/Cas9 strategy that
simultaneously enhanced drought and salt tolerance in poplar [88]; however, an equivalent
factorial drought x low-nitrogen design has not yet been reported. Transcriptomic studies
of combined stress in P. simonii [24] and R. pseudoacacia [63] have identified candidate path-
ways involving ammonium transporters (AMTs), aspartate-derived amino acid metabolism,
and nitrate assimilation that remain to be functionally validated through gene editing. Sta-
ble phenotyping of edited poplar also requires careful consideration of chimerism. A second
round of shoot regeneration increased the frequency of homozygous mutants [91], while
heat treatment combined with adventitious-bud redifferentiation further improved editing
efficiency in Shanxin poplar [92]. Recent technological advances have made multiplex
editing of candidate genes involved in drought and nitrogen responses increasingly feasible.
CRISPR/Cas12a enables multiplexed multi-target knockout in poplar [93], while efficient
Agrobacterium rhizogenes-mediated transformation combined with transgenic hairy-root
shoot regeneration can accelerate the generation of edited poplar lines [94]. Transgene-free
ribonucleoprotein delivery has also enabled DNA-free genome editing in poplar meris-
tems [95] and larch [96], extending the RNP-based approach beyond Populus to conifers
while potentially reducing concerns associated with transgene integration. Combined with
factorial phenotyping, explicit tests of drought x nitrogen interactions, and field validation
in mature trees, these approaches provide a framework for addressing the current gap in
functional validation of combined-stress responses.

7. Conclusions

Established evidence. Tree studies support the conclusion that drought and nitro-
gen availability jointly influence photosynthesis, nitrogen uptake, root traits, and carbon
allocation. The direction and magnitude of these responses vary with species, genotype, de-
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velopmental stage, treatment duration, and the form and level of nitrogen supply. Factorial
studies and Populus functional work provide valuable entry points, but direct genetic vali-
dation of an integrated drought and low-nitrogen regulatory module in forest trees remains
limited. Crosstalk between ABA and nitrogen transport is therefore best viewed as one
prominent integration hypothesis alongside ROS, energy signaling, hydraulic regulation,
and transcriptional control.

Future directions. Progress requires experiments that separate combined drought and
low nitrogen from nitrogen supplementation during drought, quantify interaction terms
with factorial designs, and compare species and genotypes using structural, hydraulic, fine-
root, physiological, and molecular traits. Single-cell transcriptomics, spatial metabolomics,
and epigenomic profiling are promising approaches, but they have not yet established
combined-stress mechanisms in mature forest trees. Similarly, multiplex genome editing
may test coordinated drought and nitrogen candidates, yet no tree study has directly
evaluated edited lines under factorial combined stress. Multi-year experiments and field
validation in mature trees are needed before laboratory-derived candidate modules can
guide operational breeding or forest management.

Looking ahead, this four-level framework can serve as a unified evaluation scheme,
enabling systematic comparison of response patterns across tree species and stress combi-
nations. It can advance the field from fragmented description toward systematic prediction,
providing a theoretical foundation for adaptive forest management and molecular breeding
of stress-tolerant trees under climate change.

Author Contributions: Writing—original draft preparation, Y.X., Z.Y., L.Y. and X.W.; writing—review
and editing, Y.X.,, Z.Y., C.L. and M.W.,; visualization, Y.X.; supervision, C.L. and M.W.; project
administration, C.L. and M.W.; funding acquisition, C.L. and M.W. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China under
Grant Nos. 32371899 (C.L.) and 32201577 (M.W.).

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Gonzélez de Andrés, E. Interactions between climate and nutrient cycles on forest response to global change: The role of mixed
forests. Forests 2019, 10, 609. [CrossRef]

2. Gupta, A,; Rico-Medina, A.; Cafio-Delgado, A.I. The physiology of plant responses to drought. Science 2020, 368, 266-269.
[CrossRef] [PubMed]

3. Shinozaki, K.; Yamaguchi-Shinozaki, K. Gene networks involved in drought stress response and tolerance. J. Exp. Bot. 2006, 58,
221-227. [CrossRef] [PubMed]

4. Angon, PB,; Tahjib-Ul-Arif, M.d.; Samin, S.I.; Habiba, U.; Hossain, M.A.; Brestic, M. How do plants respond to combined drought
and salinity stress?—A systematic review. Plants 2022, 11, 2884. [CrossRef] [PubMed]

5. Zandalinas, S.I.; Fritschi, F.B.; Mittler, R. Signal transduction networks during stress combination. J. Exp. Bot. 2019, 71, 1734-1741.
[CrossRef] [PubMed]

6. Hamanishi, E.T.; Campbell, M.M. Genome-wide responses to drought in forest trees. Forestry 2011, 84, 273-283. [CrossRef]

7. Cao, X, Jia, J.; Zhang, C.; Li, H,; Liu, T,; Jiang, X.; Polle, A.; Peng, C.; Luo, Z.B. Anatomical, physiological and transcriptional
responses of two contrasting poplar genotypes to drought and re-watering. Physiol. Plant. 2014, 151, 480—494. [CrossRef]
[PubMed]

8. Aaltonen, H.; Lindén, A.; Heinonsalo, J.; Biasi, C.; Pumpanen, J. Effects of prolonged drought stress on Scots pine seedling carbon
allocation. Tree Physiol. 2016, 37, 418—427. [CrossRef] [PubMed]

9.  Aerts, N,; Pereira Mendes, M.; Van Wees, 5S.C.M. Multiple levels of crosstalk in hormone networks regulating plant defense. Plant

J. 2020, 105, 489-504. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27198853


https://doi.org/10.3390/f10080609
https://doi.org/10.1126/science.aaz7614
https://www.ncbi.nlm.nih.gov/pubmed/32299946
https://doi.org/10.1093/jxb/erl164
https://www.ncbi.nlm.nih.gov/pubmed/17075077
https://doi.org/10.3390/plants11212884
https://www.ncbi.nlm.nih.gov/pubmed/36365335
https://doi.org/10.1093/jxb/erz486
https://www.ncbi.nlm.nih.gov/pubmed/31665392
https://doi.org/10.1093/forestry/cpr012
https://doi.org/10.1111/ppl.12138
https://www.ncbi.nlm.nih.gov/pubmed/24320774
https://doi.org/10.1093/treephys/tpw119
https://www.ncbi.nlm.nih.gov/pubmed/27974653
https://doi.org/10.1111/tpj.15124
https://www.ncbi.nlm.nih.gov/pubmed/33617121
https://doi.org/10.3390/ijms27198853

Int. J. Mol. Sci. 2026, 27, 8853 18 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Cerda, A.; Alvarez, ].M. Insights into molecular links and transcription networks integrating drought stress and nitrogen signaling.
New Phytol. 2024, 241, 560-566. [CrossRef] [PubMed]

Ahmar, S; Ballesta, P.; Ali, M.; Mora-Poblete, F. Achievements and challenges of genomics-assisted breeding in forest trees: From
marker-assisted selection to genome editing. Int. J. Mol. Sci. 2021, 22, 10583. [CrossRef] [PubMed]

Rodrigues, A.M.; Miguel, C.; Chaves, I.; Anténio, C. Mass spectrometry-based forest tree metabolomics. Mass Spectrom. Rev. 2019,
40, 126-157. [CrossRef] [PubMed]

Zhou, Y.; Zhang, Y.; Wang, X.; Han, X.; An, Y,; Lin, S.; Shen, C.; Wen, J.; Liu, C.; Yin, W,; et al. Root-specific NF-Y family
transcription factor, PANF-YB21, positively regulates root growth and drought resistance by abscisic acid-mediated indoylacetic
acid transport in Populus. New Phytol. 2020, 227, 407-426. [CrossRef] [PubMed]

Carraro, E.; Iorio, A.D. Eligible strategies of drought response to improve drought resistance in woody crops: A mini-review.
Plant Biotechnol. Rep. 2022, 16, 265-282. [CrossRef]

Chen, C.; Chu, Y,; Huang, Q.; Zhang, W.; Ding, C.; Zhang, ].; Li, B.; Zhang, T; Li, Z.; Su, X. Morphological, physiological, and
transcriptional responses to low nitrogen stress in Populus deltoides Marsh. clones with contrasting nitrogen use efficiency. BMIC
Genom. 2021, 22, 697. [CrossRef] [PubMed]

Chen, Z.; Zhang, Y.; Yuan, W.; Zhu, S.; Pan, R.; Wan, X,; Liu, S.; Meinzer, F. Coordinated variation in stem and leaf functional traits
of temperate broadleaf tree species in the isohydric-anisohydric spectrum. Tree Physiol. 2021, 41, 1601-1610. [CrossRef] [PubMed]
Lu, M,; Chen, M;; Song, J.; Wang, Y.; Pan, Y.; Wang, C.; Fan, ].; Zhang, Y. Anatomy and transcriptome analysis in leaves revealed
how nitrogen (N) availability influence drought acclimation of Populus. Trees 2019, 33, 1003-1014. [CrossRef]

Yang, M.; Wang, L.; Wang, X.; Li, Y.; Huang, H. Transcriptomic response to drought stress in Populus davidiana Dode. Forests 2023,
14, 1465. [CrossRef]

Yue, Y.; Zhang, M.; Zhang, ].; Tian, X.; Duan, L.; Li, Z. Overexpression of the AtLOS5 gene increased abscisic acid level and
drought tolerance in transgenic cotton. J. Exp. Bot. 2012, 63, 3741-3748. [CrossRef] [PubMed]

Hasanuzzaman, M.; Bhuyan, M.H.M.; Zulfigar, F; Raza, A.; Mohsin, S.; Mahmud, J.; Fujita, M.; Fotopoulos, V. Reactive oxygen
species and antioxidant defense in plants under abiotic stress: Revisiting the crucial role of a universal defense regulator.
Antioxidants 2020, 9, 681. [CrossRef] [PubMed]

Laxa, M.; Liebthal, M.; Telman, W.; Chibani, K.; Dietz, K.J. The role of the plant antioxidant system in drought tolerance.
Antioxidants 2019, 8, 94. [CrossRef] [PubMed]

Gao, K,; Chen, F; Yuan, L.; Zhang, F.; Mi, G. A comprehensive analysis of root morphological changes and nitrogen allocation in
maize in response to low nitrogen stress. Plant Cell Environ. 2015, 38, 740-750. [CrossRef] [PubMed]

Kiba, T.; Krapp, A. Plant nitrogen acquisition under low availability: Regulation of uptake and root architecture. Plant Cell Physiol.
2016, 57, 707-714. [CrossRef] [PubMed]

Zhang, C.; Meng, S.; Li, M.; Zhao, Z. Transcriptomic insight into nitrogen uptake and metabolism of Populus simonii in response
to drought and low nitrogen stresses. Tree Physiol. 2018, 38, 1672-1684. [CrossRef] [PubMed]

Huang, L.; Li, M.; Zhou, K,; Sun, T.; Hu, L.; Li, C.; Ma, F. Uptake and metabolism of ammonium and nitrate in response to
drought stress in Malus prunifolia. Plant Physiol. Biochem. 2018, 127, 185-193. [CrossRef] [PubMed]

Li, H; Li, H,; Mo, Y,; Cui, Q.; Yang, X.; Guo, Y.; Wei, C.; Yang, J.; Zhang, Y.; Ma, J.; et al. Transcriptomic and physiological analyses
reveal drought adaptation strategies in drought-tolerant and -susceptible watermelon genotypes. Plant Sci. 2019, 278, 32—43.
[CrossRef] [PubMed]

Zhao, L.; Cai, B.; Zhang, X.; Zhang, B.; Feng, J.; Zhou, D.; Chen, Y.; Zhang, M.; Qi, D.; Wang, W.; et al. Physiological and
transcriptional characteristics of banana seedlings in response to nitrogen deficiency stress. Horticulturae 2024, 10, 290. [CrossRef]
Tian, J.; Pang, Y.; Zhao, Z. Comparative transcriptome analysis of Sophora japonica (L.) roots reveals key pathways and genes in
response to PEG-induced drought stress under different nitrogen conditions. Forests 2021, 12, 650. [CrossRef]

Guo, J.; Yang, Y,; Wang, G.; Yang, L.; Sun, X. Ecophysiological responses of Abies fabri seedlings to drought stress and nitrogen
supply. Physiol. Plant. 2010, 139, 335-347. [CrossRef] [PubMed]

Xue, Z.; Ferrand, M.; Gilbault, E.; Zurfluh, O.; Clément, G.; Marmagne, A.; Huguet, S.; Jiménez-Gémez, ] M.; Krapp, A.; Meyer,
C.; et al. Natural variation in response to combined water and nitrogen deficiencies in Arabidopsis. Plant Cell 2024, 36, 3378-3398.
[CrossRef] [PubMed]

Chen, S.; Zhang, J.; Zhang, Y.; Wang, Q.; Lu, M.; Wan, F. Nitrogen-mediated transcriptional reprogramming balances carbon
metabolism and flavonoid biosynthesis to enhance drought resilience in Camellia oleifera. Tree Physiol. 2025, 46, tpaf157. [CrossRef]
[PubMed]

Sadras, V.,; Jiménez, J.; Lépez Juncay, M.; Moreno, A.; Fereres, A. Biotic and abiotic modulation of drought effects on aphids and
plants. Ann. Appl. Biol. 2025, 187, 142-156. [CrossRef]

Zhang, Q.; Zhang, ].; Shi, Z.; Kang, B.; Tu, H.; Zhu, J.; Li, H. Nitrogen addition and drought affect nitrogen uptake patterns and
biomass production of four urban greening tree species in North China. Sci. Total Environ. 2023, 893, 164893. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27198853


https://doi.org/10.1111/nph.19403
https://www.ncbi.nlm.nih.gov/pubmed/37974513
https://doi.org/10.3390/ijms221910583
https://www.ncbi.nlm.nih.gov/pubmed/34638922
https://doi.org/10.1002/mas.21603
https://www.ncbi.nlm.nih.gov/pubmed/31498921
https://doi.org/10.1111/nph.16524
https://www.ncbi.nlm.nih.gov/pubmed/32145071
https://doi.org/10.1007/s11816-021-00733-x
https://doi.org/10.1186/s12864-021-07991-7
https://www.ncbi.nlm.nih.gov/pubmed/34579659
https://doi.org/10.1093/treephys/tpab028
https://www.ncbi.nlm.nih.gov/pubmed/33693879
https://doi.org/10.1007/s00468-019-01834-5
https://doi.org/10.3390/f14071465
https://doi.org/10.1093/jxb/ers069
https://www.ncbi.nlm.nih.gov/pubmed/22412184
https://doi.org/10.3390/antiox9080681
https://www.ncbi.nlm.nih.gov/pubmed/32751256
https://doi.org/10.3390/antiox8040094
https://www.ncbi.nlm.nih.gov/pubmed/30965652
https://doi.org/10.1111/pce.12439
https://www.ncbi.nlm.nih.gov/pubmed/25159094
https://doi.org/10.1093/pcp/pcw052
https://www.ncbi.nlm.nih.gov/pubmed/27025887
https://doi.org/10.1093/treephys/tpy085
https://www.ncbi.nlm.nih.gov/pubmed/30099549
https://doi.org/10.1016/j.plaphy.2018.03.031
https://www.ncbi.nlm.nih.gov/pubmed/29609174
https://doi.org/10.1016/j.plantsci.2018.10.016
https://www.ncbi.nlm.nih.gov/pubmed/30471727
https://doi.org/10.3390/horticulturae10030290
https://doi.org/10.3390/f12050650
https://doi.org/10.1111/j.1399-3054.2010.01370.x
https://www.ncbi.nlm.nih.gov/pubmed/20230480
https://doi.org/10.1093/plcell/koae173
https://www.ncbi.nlm.nih.gov/pubmed/38916908
https://doi.org/10.1093/treephys/tpaf157
https://www.ncbi.nlm.nih.gov/pubmed/41400507
https://doi.org/10.1111/aab.70034
https://doi.org/10.1016/j.scitotenv.2023.164893
https://www.ncbi.nlm.nih.gov/pubmed/37327891
https://doi.org/10.3390/ijms27198853

Int. J. Mol. Sci. 2026, 27, 8853 19 of 21

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

Li, L.; Wang, Y. Independent and combined influence of drought stress and nitrogen deficiency on physiological and proteomic
changes of barley leaves. Environ. Exp. Bot. 2023, 210, 105346. [CrossRef]

Ullah, A.; Tariq, A.; Zeng, F.; Asghar, M.A.; Sardans, ].; Pefiuelas, J. Insights into Alhagi sparsifolia seedlings adaptations to drought
stress under nitrogen addition: Regulation of sugar metabolism, hormones, and anti-oxidant potential. J. Soil Sci. Plant Nutr. 2024,
24,4145-4166. [CrossRef]

Wilkinson, S.; Davies, W.J. ABA-based chemical signalling: The co-ordination of responses to stress in plants. Plant Cell Environ.
2002, 25, 195-210. [CrossRef] [PubMed]

Ullah, A,; Tariq, A.; Zeng, F.; Noor, J.; Asghar, M.A,; Sardans, J.; Pefiuelas, J. Nitrogen enhances leaf-root coordination of
hormonal, redox, and carbohydrate metabolism to improve drought tolerance in Calligonum mongolicum seedlings. . Plant Growth
Regul. 2026. [CrossRef]

Abhilasha, A.; Choudhury, S.R. Molecular and physiological perspectives of abscisic acid mediated drought adjustment strategies.
Plants 2021, 10, 2769. [CrossRef] [PubMed]

Benderradji, L.; Saibi, W.; Brini, F. Role of ABA in overcoming environmental stress: Sensing, signaling and crosstalk. Ann. Agric.
Crop Sci. 2021, 6, 1070. [CrossRef]

Xia, H.; Zhang, T.T; Li, X.S.; He, T.H.; Wang, X.; Zhang, ]. H.; Zhang, K.R. Effects of drought and nutrient deficiencies on the
allocation of recently fixed carbon in a plant—soil-microbe system. Tree Physiol. 2023, 43, 1903-1916. [CrossRef] [PubMed]
Pandey, K.; Kumar, R.S,; Prasad, P; Pande, V,; Trivedi, PK.; Shirke, P.A. Synchronised interaction of carbon and nitrogen provides
drought tolerance in Cyamopsis tetragonoloba. Environ. Exp. Bot. 2022, 199, 104899. [CrossRef]

Shi, H.; Ma, W.; Song, J.; Lu, M.; Rahman, S.U.; Bui, T.T.X.; Vu, D.D.; Zheng, H.; Wang, J.; Zhang, Y. Physiological and
transcriptional responses of Catalpa bungei to drought stress under sufficient- and deficient-nitrogen conditions. Tree Physiol. 2017,
37, 1457-1468. [CrossRef] [PubMed]

Fonseca, M.D.C.D.; Bossolani, ].W.; de Oliveira, S.L.; Moretti, L.G.; Portugal, J.R.; Scudeletti, D.; de Oliveira, E.F.; Crusciol, C.A.C.
Bacillus subtilis inoculation improves nutrient uptake and physiological activity in sugarcane under drought stress. Microorganisms
2022, 10, 809. [CrossRef] [PubMed]

Birhane, E.; Bongers, F; Damtew, A.; Tesfay, A.; Norgrove, L.; Kuyper, T.W. Arbuscular mycorrhizal fungi improve nutrient status
of Commiphora myrrha seedlings under drought. J. Arid Environ. 2023, 209, 104877. [CrossRef]

He, F; Wang, H.L.; Li, H.G,; Su, Y,; Li, S.; Yang, Y.; Feng, C.H.; Yin, W.; Xia, X. PeCHYR1, a ubiquitin E3 ligase from Populus
euphratica, enhances drought tolerance via ABA-induced stomatal closure by ROS production in Populus. Plant Biotechnol. ]. 2018,
16, 1514-1528. [CrossRef] [PubMed]

Polle, A.; Chen, S.L.; Eckert, C.; Harfouche, A. Engineering drought resistance in forest trees. Front. Plant Sci. 2019, 10, 1875.
[CrossRef] [PubMed]

Wang, |.; Xu, Z. Plant response to and recovery from drought. Curr. Biol. 2026, 36, R343-R362. [CrossRef] [PubMed]

Hu, H.; Dai, M,; Yao, J.; Xiao, B.; Li, X.; Zhang, Q.; Xiong, L. Overexpressing a NAM, ATAF, and CUC (NAC) transcription factor
enhances drought resistance and salt tolerance in rice. Proc. Natl. Acad. Sci. USA 2006, 103, 12987-12992. [CrossRef] [PubMed]
Qi, J.; Yu, L,; Ding, J.; Ji, C.; Wang, S.; Wang, C.; Ding, G.; Shi, L.; Xu, F.; Cai, H. Transcription factor OsSNAC1 positively regulates
nitrate transporter gene expression in rice. Plant Physiol. 2023, 192, 2923-2942. [CrossRef] [PubMed]

Kurowska, M.; Daszkowska-Golec, A. Molecular mechanisms of SNAC1 in conferring the abiotic stress tolerance. Plant Sci. 2023,
340, 111894. [CrossRef] [PubMed]

Ueda, Y.; Ohtsuki, N.; Kadota, K.; Tezuka, A.; Nagano, A.J.; Kadowaki, T.; Kim, Y.; Miyao, M.; Yanagisawa, S. Gene regulatory
network and its constituent transcription factors that control nitrogen-deficiency responses in rice. New Phytol. 2020, 227,
1434-1452. [CrossRef] [PubMed]

Wei, S.; Li, X,; Lu, Z,; Zhang, H.; Ye, X; Zhou, Y.; Li, J; Yan, Y.; Pei, H.; Duan, F; et al. A transcriptional regulator that boosts grain
yields and shortens the growth duration of rice. Science 2022, 377, eabi8455. [CrossRef] [PubMed]

Zhou, Y,; Liu, J.; Guo, J.; Wang, Y.; Ji, H.; Chu, X,; Xiao, K.; Qi, X.; Hu, L.; Li, H,; et al. GmTDN1 improves wheat yields by
inducing dual tolerance to both drought and low-N stress. Plant Biotechnol. J. 2022, 20, 1606-1621. [CrossRef] [PubMed]

Wei, M,; Zhang, M.; Sun, J.; Zhao, Y.; Pak, S.; Ma, M.; Chen, Y.; Lu, H.; Yang, J.; Wei, H.; et al. PuHox52 promotes coordinated
uptake of nitrate, phosphate, and iron under nitrogen deficiency in Populus ussuriensis. J. Integr. Plant Biol. 2023, 65, 791-809.
[CrossRef] [PubMed]

Zhang, B.; Wang, Z.; Dai, X.; Gao, J.; Zhao, J.; Ma, R.; Chen, Y,; Sun, Y.; Ma, H; Li, S.; et al. A COMPASS histone H3K4
trimethyltransferase pentamer transactivates drought tolerance and growth/biomass production in Populus trichocarpa. New
Phytol. 2024, 241, 1950-1972. [CrossRef] [PubMed]

Shen, C. Functional Analyses of Poplar PAGATA19 and PAGATA13 in Response to Low-Nitrogen and Drought Stress. Ph.D.
Dissertation, Beijing Forestry University, Beijing, China, 2021.

https://doi.org/10.3390/ijms27198853


https://doi.org/10.1016/j.envexpbot.2023.105346
https://doi.org/10.1007/s42729-024-01814-w
https://doi.org/10.1046/j.0016-8025.2001.00824.x
https://www.ncbi.nlm.nih.gov/pubmed/11841663
https://doi.org/10.1007/s00344-026-12402-w
https://doi.org/10.3390/plants10122769
https://www.ncbi.nlm.nih.gov/pubmed/34961239
https://doi.org/10.26420/annagriccropsci.2021.1070
https://doi.org/10.1093/treephys/tpad098
https://www.ncbi.nlm.nih.gov/pubmed/37584459
https://doi.org/10.1016/j.envexpbot.2022.104899
https://doi.org/10.1093/treephys/tpx090
https://www.ncbi.nlm.nih.gov/pubmed/28985426
https://doi.org/10.3390/microorganisms10040809
https://www.ncbi.nlm.nih.gov/pubmed/35456859
https://doi.org/10.1016/j.jaridenv.2022.104877
https://doi.org/10.1111/pbi.12893
https://www.ncbi.nlm.nih.gov/pubmed/29406575
https://doi.org/10.3389/fpls.2018.01875
https://www.ncbi.nlm.nih.gov/pubmed/30671067
https://doi.org/10.1016/j.cub.2026.02.025
https://www.ncbi.nlm.nih.gov/pubmed/42013817
https://doi.org/10.1073/pnas.0604882103
https://www.ncbi.nlm.nih.gov/pubmed/16924117
https://doi.org/10.1093/plphys/kiad290
https://www.ncbi.nlm.nih.gov/pubmed/37204801
https://doi.org/10.1016/j.plantsci.2023.111894
https://www.ncbi.nlm.nih.gov/pubmed/37813193
https://doi.org/10.1111/nph.16627
https://www.ncbi.nlm.nih.gov/pubmed/32343414
https://doi.org/10.1126/science.abi8455
https://www.ncbi.nlm.nih.gov/pubmed/35862527
https://doi.org/10.1111/pbi.13836
https://www.ncbi.nlm.nih.gov/pubmed/35514029
https://doi.org/10.1111/jipb.13389
https://www.ncbi.nlm.nih.gov/pubmed/36226597
https://doi.org/10.1111/nph.19481
https://www.ncbi.nlm.nih.gov/pubmed/38095236
https://doi.org/10.3390/ijms27198853

Int. J. Mol. Sci. 2026, 27, 8853 20 of 21

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Shen, C; Li, Q.; An, Y.; Zhou, Y.; Zhang, Y.; He, E; Chen, L.; Liu, C.; Mao, W.; Wang, X,; et al. The transcription factor GNC
optimizes nitrogen use efficiency and growth by up-regulating the expression of nitrate uptake and assimilation genes in poplar.
J. Exp. Bot. 2022, 73, 4778-4792. [CrossRef] [PubMed]

Shen, C,; Zhang, Y.; Li, Q.; Liu, S.; He, E; An, Y.; Zhou, Y;; Liu, C.; Yin, W.; Xia, X. PAGNC confers drought tolerance by mediating
stomatal closure resulting from NO and H;O, production via the direct regulation of PAHXK1 expression in Populus. New Phytol.
2021, 230, 1868-1882. [CrossRef] [PubMed]

Yanagisawa, S.; Akiyama, A.; Kisaka, H.; Uchimiya, H.; Miwa, T. Metabolic engineering with Dof1 transcription factor in plants:
Improved nitrogen assimilation and growth under low-nitrogen conditions. Proc. Natl. Acad. Sci. USA 2004, 101, 7833-7838.
[CrossRef] [PubMed]

Lin, W.; Hagen, E.; Fulcher, A.; Hren, M.T.; Cheng, Z.M. Overexpressing the ZmDof] gene in Populus does not improve growth
and nitrogen assimilation under low-nitrogen conditions. Plant Cell Tissue Organ Cult. 2013, 113, 51-61. [CrossRef]
Molina-Rueda, J.J.; Kirby, E.G. Transgenic poplar expressing the pine GS1la show alterations in nitrogen homeostasis during
drought. Plant Physiol. Biochem. 2015, 94, 181-190. [CrossRef] [PubMed]

Meng, S.; Zhang, C.; Su, L.; Li, Y.; Zhao, Z. Nitrogen uptake and metabolism of Populus simonii in response to PEG-induced
drought stress. Environ. Exp. Bot. 2016, 123, 78-87. [CrossRef]

Gu, ].; Li, Z,; Luo, L.; Wang, B.; Cui, H. Physiological and transcriptomic mechanisms underlying tolerance to low nitrogen and
drought stress in Robinia pseudoacacia. Environ. Exp. Bot. 2026, 249, 106424. [CrossRef]

Albert, B.; Dellero, Y.; Leport, L.; Aubert, M.; Bouchereau, A. Low nitrogen input mitigates quantitative but not qualitative
reconfiguration of leaf primary metabolism in Brassica napus L. subjected to drought and rehydration. Plants 2024, 13, 969.
[CrossRef] [PubMed]

He, J.; Hu, W.; Li, Y,; Zhu, H.; Zou, J.; Wang, Y.; Meng, Y.; Chen, B.; Zhao, W.; Wang, S.; et al. Prolonged drought affects the
interaction of carbon and nitrogen metabolism in root and shoot of cotton. Environ. Exp. Bot. 2022, 197, 104839. [CrossRef]

He, W,; Liu, H.; Li, W,; Dai, ].; Li, Z. Synergetic responses of nonstructural carbohydrates and nutrients in different tree organs to
drought. Glob. Change Biol. 2025, 32, €70680. [CrossRef] [PubMed]

Li, L.; Li, Y;; Ding, G. Response mechanism of carbon metabolism of Pinus massoniana to gradient high temperature and drought
stress. BMC Genom. 2024, 25, 166. [CrossRef] [PubMed]

Wang, X.; Lu, D.; Schonbeck, L.; Han, Y;; Bai, S.; Yu, D.; Han, Q.; Wang, Q. Contrasting effects of prolonged drought and nitrogen
addition on growth and non-structural carbohydrate dynamics in coexisting Pinus koraiensis and Fraxinus mandshurica saplings.
For. Res. 2025, 5, e003. [CrossRef] [PubMed]

Wang, R.; Yun, L.; Mao, Y,; Yan, T.; Wei, W. Nitrogen deposition alters drought-induced changes in biomass and nonstructural
carbohydrates allocation patterns of Quercus mongolica seedlings. Sci. Hortic. 2024, 325, 112573. [CrossRef]

Ghasemi, S.; Kumleh, H.H.; Kordrostami, M.; Rezadoost, M.H. Drought stress-mediated alterations in secondary metabolites
and biosynthetic gene expression in cumin plants: Insights from gene-specific and metabolite-level analyses. Plant Stress 2023,
10, 100241. [CrossRef]

Cai, Z.; Fu, M,; Yao, Y,; Chen, Y.; Song, H. Differences in phytohormone and flavonoid metabolism explain the sex-different
responses of Salix rehderiana under drought and nitrogen deposition. Plant J. 2023, 114, 534-553. [CrossRef] [PubMed]
Mutanda, M.; Mafirakurewa, T. Adaptive roles of plant secondary metabolites under drought stress conditions. Discov. Plants
2026, 3, 289. [CrossRef]

Zhang, C.; Li, Y.; Yang, T.; Shi, M. Overexpression of PsSAMT1.2 in poplar enhances nitrogen utilization and resistance to drought
stress. Tree Physiol. 2023, 43, 1796-1810. [CrossRef] [PubMed]

Kasper, K.; Abreu, LN.; Feussner, K.; Zienkiewicz, K.; Herrfurth, C.; Ischebeck, T; Janz, D.; Majcherczyk, A.; Schmitt, K.; Valerius,
O.; et al. Multi-omics analysis of xylem sap uncovers dynamic modulation of poplar defenses by ammonium and nitrate. Plant J.
2022, 111, 282-303. [CrossRef] [PubMed]

Brunetti, C.; Savi, T.; Nardini, A.; Loreto, F.; Gori, A. Changes in abscisic acid content during and after drought are related to
carbohydrate mobilization and hydraulic recovery in poplar stems. Tree Physiol. 2020, 40, 1043-1057. [CrossRef] [PubMed]
Song, J.; Wang, Y.; Pan, Y,; Pang, J.; Zhang, X. The influence of nitrogen availability on anatomical and physiological responses of
Populus alba x P. glandulosa to drought stress. BMC Plant Biol. 2019, 19, 63. [CrossRef] [PubMed]

Takahashi, F.; Suzuki, T.; Osakabe, Y.; Betsuyaku, S.; Kondo, Y.; Dohmae, N.; Fukuda, H. A small peptide modulates stomatal
control via abscisic acid in long-distance signalling. Nature 2018, 556, 235-238. [CrossRef] [PubMed]

Chen, Q.; Hu, T; Li, X.; Song, C.P; Zhu, ].K.; Chen, L.; Zhao, Y. Phosphorylation of SWEET sucrose transporters regulates plant
root:shoot ratio under drought. Nat. Plants 2022, 8, 534-553. [CrossRef] [PubMed]

Figueroa, C.M; Feil, R.; Ishihara, H.; Watanabe, M.; Kolling, K.; Krause, U.; Hohne, M.; Encke, B.; Plaxton, W.C.; Zeeman, S.C.;
et al. Trehalose 6-phosphate coordinates organic and amino acid metabolism with carbon availability. Plant J. 2016, 85, 410-423.
[CrossRef] [PubMed]

https://doi.org/10.3390/ijms27198853


https://doi.org/10.1093/jxb/erac190
https://www.ncbi.nlm.nih.gov/pubmed/35526197
https://doi.org/10.1111/nph.17301
https://www.ncbi.nlm.nih.gov/pubmed/33629353
https://doi.org/10.1073/pnas.0402267101
https://www.ncbi.nlm.nih.gov/pubmed/15136740
https://doi.org/10.1007/s11240-012-0250-6
https://doi.org/10.1016/j.plaphy.2015.06.009
https://www.ncbi.nlm.nih.gov/pubmed/26113157
https://doi.org/10.1016/j.envexpbot.2015.11.005
https://doi.org/10.1016/j.envexpbot.2026.106424
https://doi.org/10.3390/plants13070969
https://www.ncbi.nlm.nih.gov/pubmed/38611498
https://doi.org/10.1016/j.envexpbot.2022.104839
https://doi.org/10.1111/gcb.70680
https://www.ncbi.nlm.nih.gov/pubmed/41472651
https://doi.org/10.1186/s12864-024-10054-2
https://www.ncbi.nlm.nih.gov/pubmed/38347506
https://doi.org/10.48130/forres-0025-0002
https://www.ncbi.nlm.nih.gov/pubmed/40028427
https://doi.org/10.1016/j.scienta.2023.112573
https://doi.org/10.1016/j.stress.2023.100241
https://doi.org/10.1111/tpj.16152
https://www.ncbi.nlm.nih.gov/pubmed/36790349
https://doi.org/10.1007/s44372-026-00770-2
https://doi.org/10.1093/treephys/tpad082
https://www.ncbi.nlm.nih.gov/pubmed/37384396
https://doi.org/10.1111/tpj.15802
https://www.ncbi.nlm.nih.gov/pubmed/35535561
https://doi.org/10.1093/treephys/tpaa032
https://www.ncbi.nlm.nih.gov/pubmed/32186735
https://doi.org/10.1186/s12870-019-1667-4
https://www.ncbi.nlm.nih.gov/pubmed/30736746
https://doi.org/10.1038/s41586-018-0009-2
https://www.ncbi.nlm.nih.gov/pubmed/29618812
https://doi.org/10.1038/s41477-021-01040-7
https://www.ncbi.nlm.nih.gov/pubmed/34949800
https://doi.org/10.1111/tpj.13114
https://www.ncbi.nlm.nih.gov/pubmed/26714615
https://doi.org/10.3390/ijms27198853

Int. J. Mol. Sci. 2026, 27, 8853 21 of 21

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Georgii, E.; Jin, M.; Zhao, J.; Kanawati, B.; Schmitt-Kopplin, P.; Albert, A.; Winkler, J.B.; Schéffner, A.R. Relationships between
drought, heat and air humidity responses revealed by transcriptome-metabolome co-analysis. BMC Plant Biol. 2017, 17, 151.
[CrossRef] [PubMed]

Du, J.; Shen, T,; Xiong, Q.; Zhu, C.; Peng, X.; He, X.; Fu, ].; Ouyang, L.; Bian, J.; Hu, L.; et al. Combined proteomics, metabolomics
and physiological analyses of rice growth and grain yield with heavy nitrogen application before and after drought. BMC Plant
Biol. 2020, 20, 556. [CrossRef] [PubMed]

Ru, C.; Wang, K.; Hu, X.; Chen, D.; Wang, W.; Yang, H. Nitrogen modulates the effects of heat, drought, and combined stresses
on photosynthesis, antioxidant capacity, cell osmoregulation, and grain yield in winter wheat. J. Plant Growth Regul. 2022, 42,
1681-1703. [CrossRef]

Ahmad, S.; Wang, G.Y.; Muhammad, I; Chi, Y.X.; Zeeshan, M.; Nasar, J.; Zhou, X.B. Interactive effects of melatonin and nitrogen
improve drought tolerance of maize seedlings by regulating growth and physiochemical attributes. Antioxidants 2022, 11, 359.
[CrossRef] [PubMed]

Gao, Y,; Liu, X,; Jin, Y;; Wu, J; Li, S.; Li, Y.; Chen, B.; Zhang, Y.; Wei, L.; Li, W.; et al. Drought induces epitranscriptome and
proteome changes in stem-differentiating xylem of Populus trichocarpa. Plant Physiol. 2022, 189, 589—-606. [CrossRef] [PubMed]
Lephatsi, M.M.; Meyer, V.; Piater, L.A.; Dubery, I.A.; Tugizimana, F. Plant responses to abiotic stresses and rhizobacterial
biostimulants: Metabolomics and epigenetics perspectives. Metabolites 2021, 11, 457. [CrossRef] [PubMed]

Xia, Y; Xia, Y,; Guo, R.; Lu, T; Jiang, S.; You, K,; Xia, X; Du, K.; Kang, X. PagHB7 /Pag ABF4-PagEPFL9 module regulates stomatal
density and drought tolerance in poplar. Plant Biotechnol. |. 2025, 23, 4857-4871. [CrossRef] [PubMed]

Liu, J.; Ye, M.; Fan, Z.; Wang, Y.; Chen, J.; Li, H.,; Deng, X.; Kim, H.; Kwak, S.; Ke, Q. PagHCF106 negatively regulates drought
stress tolerance in poplar (Populus alba x Populus glandulosa) by modulating stomatal aperture. Tree Physiol. 2025, 45, tpaf012.
[CrossRef] [PubMed]

Zhang, T.; Zhang, W.; Ding, C.; Hu, Z,; Fan, C.; Zhang, ]J.; Li, Z.; Diao, S.; Shen, L.; Zhang, B.; et al. A breeding strategy for
improving drought and salt tolerance of poplar based on CRISPR/Cas9. Plant Biotechnol. J. 2023, 21, 2160-2162. [CrossRef]
[PubMed]

Li, L.; Wang, Y.; Yang, E; Li, W.; Wang, Q.; Xu, X.; Wu, Y,; Ji, X. Establishment of a CRISPR/Cas9 gene editing system based on
growth points transformation method in Fraxinus mandshurica. BMC Plant Biol. 2025, 25, 1127. [CrossRef] [PubMed]

Qin, D.; Wu, R; Niu, L.; Jiang, B.; Li, Y,; Chai, G.; Luo, J.; An, X. Optimizing nitrogen use efficiency in forest plantations:
Mechanistic insights from Arabidopsis, crops, and natural forestry ecosystems. For. Res. 2025, 5, e029. [CrossRef] [PubMed]
Ding, L.; Chen, Y.; Ma, Y.; Wang, H.; Wei, ]. Effective reduction in chimeric mutants of poplar trees produced by CRISPR/Cas9
through a second round of shoot regeneration. Plant Biotechnol. Rep. 2020, 14, 549-558. [CrossRef]

Yang, X.; Wang, J.; Sun, X.; Wang, P; Dou, H.; Yang, Z.; Wang, Y. A method for generating genome edited plant lines from
CRISPR-transformed Shanxin poplar plants. Plant Sci. 2023, 333, 111732. [CrossRef] [PubMed]

An, Y; Geng, Y.; Yao, J.; Fu, C.; Lu, M.; Wang, C.; Du, ]. Efficient genome editing in Populus using CRISPR/Cas12a. Front. Plant
Sci. 2020, 11, 593938. [CrossRef] [PubMed]

Wei, M.; Huang, Y.; Zhang, H.; Liu, Y.; Zhao, Y.; Zhang, M.; Li, C. Efficient Agrobacterium rhizogenes-mediated transformation of
poplar via transgenic hairy root shoot regeneration. Plant Cell Environ. 2026, 49, 1309-1312. [CrossRef] [PubMed]

Rocha, D.C.; Omoregbee, M.O.; Luo, W.; Fang, H.; Ye, Q.; Liu, Y.; Li, G.; Mascoveto, J.; De Souza, A.A.; Coleman, G.; et al.
Transgene-free genome editing in citrus and poplar meristem tissues via biolistic ribonucleoprotein delivery of CRISPR-Cas9.
Plant Cell Rep. 2026, 45, 58. [CrossRef] [PubMed]

Ma, M,; Zhang, C.; Yu, L.; Yang, J.; Li, C. CRISPR/Cas9 ribonucleoprotein-mediated DNA-free genome editing in larch. For. Res.
2024, 4, e036. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27198853


https://doi.org/10.1186/s12870-017-1062-y
https://www.ncbi.nlm.nih.gov/pubmed/28693422
https://doi.org/10.1186/s12870-020-02772-y
https://www.ncbi.nlm.nih.gov/pubmed/33302870
https://doi.org/10.1007/s00344-022-10650-0
https://doi.org/10.3390/antiox11020359
https://www.ncbi.nlm.nih.gov/pubmed/35204247
https://doi.org/10.1093/plphys/kiac272
https://www.ncbi.nlm.nih.gov/pubmed/35670753
https://doi.org/10.3390/metabo11070457
https://www.ncbi.nlm.nih.gov/pubmed/34357351
https://doi.org/10.1111/pbi.70273
https://www.ncbi.nlm.nih.gov/pubmed/40693307
https://doi.org/10.1093/treephys/tpaf012
https://www.ncbi.nlm.nih.gov/pubmed/39869785
https://doi.org/10.1111/pbi.14147
https://www.ncbi.nlm.nih.gov/pubmed/37535444
https://doi.org/10.1186/s12870-025-07094-5
https://www.ncbi.nlm.nih.gov/pubmed/40859134
https://doi.org/10.48130/forres-0025-0029
https://www.ncbi.nlm.nih.gov/pubmed/41312404
https://doi.org/10.1007/s11816-020-00629-2
https://doi.org/10.1016/j.plantsci.2023.111732
https://www.ncbi.nlm.nih.gov/pubmed/37207820
https://doi.org/10.3389/fpls.2020.593938
https://www.ncbi.nlm.nih.gov/pubmed/33329659
https://doi.org/10.1111/pce.70306
https://www.ncbi.nlm.nih.gov/pubmed/41277428
https://doi.org/10.1007/s00299-026-03741-9
https://www.ncbi.nlm.nih.gov/pubmed/41703314
https://doi.org/10.48130/forres-0024-0033
https://www.ncbi.nlm.nih.gov/pubmed/39552837
https://doi.org/10.3390/ijms27198853

	Introduction 
	Tree-Specific Context for Drought and Low-Nitrogen Adaptation 
	Photosynthetic Inhibition and Osmotic Adjustment Under Drought Stress 
	Nitrogen Uptake and Metabolic Reprogramming Under Low-Nitrogen Stress 

	Interactive Effects of Combined Drought and Low-Nitrogen Stress 
	Impairment of Photosynthetic Carbon Assimilation 
	Divergent Responses of Water Use Efficiency and Nutrient Uptake 
	Root Architecture and Functional Plasticity Trade-Offs 

	Molecular Regulatory Networks Under Combined Stress 
	Crosstalk Between ABA Signaling and Nitrogen Signaling 
	Transcription Factor Regulatory Networks Integrating Drought and Nitrogen Signals 
	Evidence Framework and NAC Family as Dual Integrators 
	Cooperative Participation of AP2/ERF Families 
	HD-ZIP I and GATA/GNC Families in Trees 

	Molecular Synergy Between Antioxidant Systems and Osmotic Adjustment 

	Carbon–Nitrogen Metabolic Reprogramming Under Combined Stress 
	Restricted Nitrogen Acquisition and Amino-Acid Remobilization Under Water and Nitrogen Co-Limitation 
	Adaptive Shift of Carbon Metabolism from Growth to Defense 
	Reprogramming of Nitrogen Assimilation and Amino Acid Metabolism 
	Long-Distance Root–Shoot Carbon–Nitrogen Signaling 

	Advances in Multi-Omics Integrative Analysis of Combined Stress Research 
	Multi-Omics Landscape and Transcriptomic Analysis 
	Proteomic, Metabolomic, and Epigenomic Evidence 
	CRISPR/Cas9 Functional Validation 

	Conclusions 
	References

