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Abstract: In the context of global climate change, the carbon storage and sequestration
capacity of terrestrial ecosystems is of increasing concern. Poplars are widely planted
because of their fast growth and environmental adaptability. We reviewed the effects of
abiotic and biotic stresses on photosynthesis in poplar, focusing on the damage caused
by adversity conditions to photosynthetic apparatus, which leads to decreased carbon
dioxide (CO;) assimilation and an increase in reactive oxygen species (ROS)-induced
oxidative damage. The mechanisms of photosynthesis response to stress in poplar are
reviewed, especially the role of genes regulation in regulating photosynthetic efficiency.
These findings are particularly important for improving the resilience of poplar under
changing environmental conditions. In addition, we discussed a range of strategies to
enhance photosynthesis in poplar under stress, such as genetic engineering and synthetic
biology. These approaches provide theoretical guidance for improving the resilience of
poplar and insights for improving other crops facing similar challenges.
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1. Introduction

Climate change is an important cause of current carbon storage and fixation impacts [1].
Forests are one of the most important terrestrial ecosystems, actively removing carbon
dioxide from the atmosphere through carbon sequestration, which accounts for about
45% of terrestrial carbon stocks and is an important carbon sink [2,3]. Therefore, they
are crucial in balancing and offsetting anthropogenic carbon emissions [3].Trees account
for about 82% of terrestrial ecosystems and are an important vital renewable resource for
biofuels and biomaterials [4,5], providing oxygen and generating economic benefits [6].
Thus, afforestation has been promoted to enhance carbon sequestration [7].

Poplars are the most widely planted economic trees in the world due to their fast
growth rate and their important role in timber production and ecological restoration [8].
The cultivated poplar area in China has exceeded 700 million hectares [9], ranking first in the
world [10]. Studies have shown that poplars have a high capacity for carbon sequestration
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and adaptation to environmental conditions [11,12]. In addition, poplars also contributes
to conserving biodiversity and ecosystem water conservation [13].

Photosynthesis is highly sensitive to environmental stresses such as drought, high
salinity and temperature anomalies, which severely impair plant productivity [14]. Under
natural growing conditions, especially in terrestrial ecosystems, plant photosynthesis has
been under non-steady-state conditions due to changing environmental conditions [15]. For
example, plants are inevitably subjected to biotic and abiotic stresses in non-cultivated en-
vironments such as forests, grasslands, and wetlands [16]. Abiotic stresses such as drought,
temperature anomalies, salinity, and heavy metals significantly affect plant growth and
yield [17,18]. For example, drought stress reduces leaf chlorophyll content and photosyn-
thetic capacity by triggering the expression of transcription factors associated with abscisic
acid (ABA) biosynthesis and the regulation of photosynthesis-related genes in Trollius
chinensis [19]. Under drought and low temperature stress, chlorophyll content, stomatal
conductance, and thus the net photosynthetic rate of cotton were reduced [20]. Low tem-
peratures have been demonstrated to cause genes associated with photosynthesis in maize
plants to be downregulated [21]. High-temperature stress caused a decrease in photosyn-
thetic efficiency, supercomplexes of thylakoid membranes, and content of photosystem
reaction center proteins in Pisum sativum [22]. The vital photosynthetic enzymes Rubisco
and PEPCase activities were inhibited in rice seedling leaves under saline stress [23]. Heavy
metal stress reduces chlorophyll biosynthesis genes levels and interrupts the photosynthetic
apparatus in pepper seedlings [24].

In the current context of climate change, ecosystems and agricultural activities face
new challenges due to environmental stresses [25]. The effects of abiotic stresses on crop
photosynthesis were briefly described earlier, and the study of poplar, one of the trees
with high value in woody biomass production, on its tolerance to abiotic stresses has also
received extensive attention. However, the key issue is the lack of systematic research
or summaries in related fields. This paper provides an overview of recent developments
in our understanding of how poplar regulates its photosynthetic capacity to respond to
environmental stresses at the physiological and molecular levels. Additionally, we also
briefly summarize the impact of biotic stresses on poplar photosynthesis. The goal is to en-
hance our understanding of how poplar balances growth while coping with environmental
stresses, especially in climate change.

2. Poplar Photosynthesis Under Abiotic Stress
2.1. Drought Stress

Water-use efficiency (WUE) reflects a critical balance between carbon assimilation
and water loss in plants, making it a key determinant of plant fitness under changing
environmental conditions [26]. Plants with higher WUE will have a competitive advantage
in natural ecosystems and be economically significant for agricultural production. The
efficiency of carbon assimilation, particularly through Rubisco activity and the regeneration
of RuBP, plays a significant role in determining WUE [27].

The photosynthetic capacity of Populus cathayana is highly vulnerable under drought
conditions, with key physiological indicators such as photochemical quenching (qP) and
the maximum quantum yield of photosystem II ($PSII) significantly reduced [28]. This
reduction in photosynthesis is primarily attributed to stomatal closure, which limits the
entry of CO, from the atmosphere into the leaf, thereby diminishing canopy photosynthesis
and increasing the risk of carbon starvation [29]. Several studies have shown that stom-
atal regulation is critical for optimizing plant responses to water stress and maintaining
photosynthetic efficiency [30-32] (Figure 1).
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Figure 1. Effect of biotic and abiotic stresses on photosynthesis in poplar. (a) Photosynthesis in
leaves under normal conditions. Under suitable growth conditions, the cell morphology is stable,
the chloroplasts structure and the grana lamella in the chloroplasts are normal; the stomata are
open, and more CO; enters into the leaves and reaches the active site of Rubisco carboxylation.
The electron transfer that occurs in the thylakoid membrane carries on normally, and the ATP and
NADPH produced are used for carbon fixation and the formation of carbohydrates, which are used
in the normal conduct of life activities of poplar. (b) After experiencing abiotic stress (e.g., drought,
abnormal temperature, salt stress, etc.) and biotic stress (e.g., aphid infestation, fungal infection,
etc.), the cellular environment changes, and the grana lamella in the chloroplasts decreases; stomata
are closed, leading to a decrease in CO, reaching the carboxylation active site of Rubisco. After the
stress, the electron transport chain and the activity of Rubisco are inhibited, and an increase in ROS
leads to oxidative stress, impairing the photosynthetic apparatus and inhibiting the normal conduct
of photosynthesis. Carbon fixation is restricted, and the carbohydrates delivered to the plant are
reduced, which is unfavorable to the conduct of life activities.

A multi-omics approach identified DUF538, TAR2, and AbFH2 (Table 1) in Populus
tomentosa linked to stomatal morphology, suggesting their roles in stomatal development
and drought tolerance [21]. Overexpressing PAERECTA (Table 1) in triploid white poplar
reduced stomatal density and increased size, improving water use efficiency and photo-
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synthesis under drought stress [33]. ABA, a key regulator of stomatal movement, controls
CO, absorption during photosynthesis under water stress. An ABA-insensitive hybrid
poplar showed reduced stomatal conductance and lower photosynthesis under drought,
emphasizing the role of ABA in photosynthetic regulation [34]. In mature leaves of poplar,
overexpression of Pu-miR172d (Table 1) has been shown to negatively regulate stomatal
density by inhibiting PuGTL1 expression. This regulation reduces photosynthesis rates and
stomatal conductance, ultimately compromising drought tolerance [35].

Additionally, ectopic expression of a pine cytoplasmic glutamine synthetase gene
(GS1a) in hybrid poplar increased the expression of key chloroplast enzymes (Table 1),
such as superoxide dismutases (SOD). It reduced oxidative damage, thereby maintain-
ing photosynthetic activity under drought stress [36]. Transcription factors such as NAC,
DREB, MYB, and bZIP regulate plant responses to environmental stresses, influencing pho-
tosynthesis [37]. In Populus trichocarpa, NAC029 knockout preserved higher photosynthetic
capacity and photosystem efficiency under drought, while the miR6445-NAC029-GSTU23
module modulated photosynthesis through ROS homeostasis [38].

Moreover, changes in internal leaf CO, concentration (C;) are linked to fluctuations
in the maximum photosynthetic rate (Amax), which is the lowest due to carboxylation
limitations [39]. Overexpression of ZXzF from the drought-tolerant C4 plant Zygophyllum
xanthoxylon in Euro-american poplar increased chlorophyll content and intercellular C;
and alleviated drought-induced damage to PSII and photosystem I (PSI) proteins, mitigat-
ing carbon assimilation inhibition under drought [8]. These findings highlight complex
mechanisms in optimizing photosynthesis and drought tolerance in poplar.

2.2. Temperature Stresses

Tree growth and physiological metabolism are influenced by temperature fluctuations
and soil moisture changes [40]. Photosynthesis is inhibited just above optimal temperatures,
resulting in decreased productivity and enzyme deactivation [41]. High temperatures cause
physical, biochemical, and molecular changes in trees, reducing photosynthesis and pro-
ductivity. Overexpression of PagGRF15 in poplar lacking miR396a targets resulted in higher
chlorophyll content and photosynthetic efficiency under heat stress (Table 1). This effect
was mediated by miR396a through its regulation of genes related to photosynthesis [42].
Similarly, overexpression of PtEXPAS from Populus tomentosa increased chlorophyll content
under high temperatures (Table 1) [1]. Sex-specific differences in Populus cathayana response
to heat were observed, with females exhibiting greater heat resistance due to better stomatal
regulation and water use [40]. Meanwhile, males showed higher sensitivity to temperature
effects on carbon assimilation and water balance. Short heat periods reduce photosynthesis
in hybrid aspen, with irreversible inhibition under prolonged heat stress [40,43,44].

Heat stress decreases the net photosynthetic rate by inhibiting electron transport and
inactivating Rubisco (Figure 1). Studies show that heat stress affects PSII more than PSI
in Populus simonii, leading to the negative regulation of the carboxylation, reduction, and
regeneration processes of the Calvin cycle. Heat stress inhibits carboxylation and reduces
Rubisco activity, which leads to a significant decline in photosynthetic efficiency at higher
temperatures [45]. The temperature sensitivities of Rubisco and photosynthetic electron
transport differ. As plants adapt to higher temperatures, net assimilation per unit leaf area
decreases. This reduction is primarily due to decreased Rubisco carboxylase activity and
decreased CO;-saturated net absorption rate [46]. This may be linked to genetic variation
in Rubisco activase heat sensitivity (Table 1), as shown in differences between Populus
balsamifera and Populus deltoides [41].

In addition, low temperatures also negatively affect the growth and development
of poplar, causing damage to chloroplast structure and reducing photosynthetic rates in



Int. ]. Plant Biol. 2025, 16, 42

50f 16

Populus cathayana [47]. However, poplar transformed with Cryptomeria fortunei CfICE1
showed improved chloroplast integrity, higher chlorophyll content, and increased antioxi-
dant enzyme activity, which helped maintain photosynthesis. CfICE1 exerted its role by
promoting the expression of stress-responsive genes, thereby enhancing heat tolerance
through the upregulation of CBF1 and CBF3 while repressing CBF2 (Table 1), which sup-
ported photosynthesis [48]. Low temperatures also produce ROS, leading to chloroplast
oxidative damage [49]. Low temperatures disrupt chloroplast function by altering mem-
brane lipids and enzyme activity, reducing photosynthetic efficiency and excessive ROS
production. This oxidative stress contributes to visible chilling injury, including chlorosis,
stunted growth, and cell death [50,51]. Overexpressing Populus euphratica PeSTZ1 in 84k
poplar enhanced ROS scavenging by activating PeAPX2 (Table 1). This resulted in higher
photosynthetic activity than the wild type [52].

2.3. Salt Stress

Salt stress reduces photosynthesis, plant biomass, and crop production [53,54]. Under
abiotic stress, chloroplasts shape and structure change affect cytosolic CO, diffusion [55].
Salt stress significantly lowers intercellular CO, concentration in mature leaves of Populus
balsamifera, reducing carbon assimilation [56]. In female Populus cathayana, salt stress
increases mesophyll spongy cell density, decreases chloroplast density and surface area,
and reduces CO; diffusion to chloroplasts, inhibiting photosynthesis [57].

Salt stress damages photosystems and disrupts the PSII electron transport chain
(Figure 1). AMF can enhance plant tolerance to high salt and alkali levels [58,59]. For
example, AMF enhances plant resistance to salt stress by improving osmotic protection,
boosting antioxidant capacity, and regulating ion balance. Mycorrhizal halophytes exhibit
lower sodium and soluble sugar concentrations than non-mycorrhizal plants, indicating
better salt regulation. AMF also increases root H* efflux and K* influx, promoting fatty acid
metabolism and improving salt tolerance [60,61]. In Populus cathayana, salt exposure de-
creased the maximal photosynthetic efficiency of PSII (Fv/Fm) and ®PSII values, reducing
plant biomass, but inoculation with Rhizophagus intraradices improved these parameters [62].
Funneliformis mosseae inoculation reduced Na* toxicity in salt-stressed poplar by stabilizing
the photosynthetic electron transport chain and enhancing photosynthesis [63]. In 84k
poplar, salt stress decreased photosynthetic rate and chlorophyll fluorescence parameters,
which were improved by inoculation with Rhizophagus irregularis [64]. In Populus euphratica,
AMF inoculation increased PSII efficiency and improved Fv/Fm and non-photochemical
quenching (NPQ) in male and female plants under salt stress [65].

Autophagy plays a role in plant photosynthesis under salt stress [66]. PagATG18a,
involved in autophagy, interacts with PagAPX2/PagLHCB1 to maintain photosynthetic
efficiency in Populus trichocarpa under salt stress (Table 1), increasing antioxidant enzyme
activity and reducing ROS accumulation [67]. In Populus euphratica, overexpression of
PeNAC045 reduced stomatal conductance and photosynthesis under salt stress (Table 1),
suggesting it may act as a stress response regulator with a negative function [37]. Over-
expressing transcription factors such as PeSTZ1 boosts PeZAT12 expression and activates
PeAPX2 (Table 1), enhancing antioxidant accumulation, ROS detoxification, chlorophyll re-
tention, and photosynthesis, improving salt tolerance [68]. Using new technologies such as
RNA affinity purification sequencing (RAP), PeGRP2 was found to interact with the mRNA
of PetC and RbcMT (Table 1), negatively affecting photosynthesis under salt stress [69].

2.4. Other Stress

Cadmium (Cd) negatively impacts thylakoid membranes and reduces enzyme activity,
particularly by inhibiting Rubisco (Figure 1), a key enzyme in photosynthesis [70,71]. Cd
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can also disrupt the structure of Rubisco by replacing magnesium (Mg), leading to the
irreversible separation of its subunits [72,73]. Populus yunnanensis shows an imbalance in
its photosynthetic system under Cd stress [72]. Genotypic differences in poplar, such as in
Populus nigra genotypes Poli and 58-861, showed varied Cd stress responses, with geno-
type 58-861 experiencing more damage to carbon assimilation and electron transport [74].
Hybrid poplar A4A (Populus nigra x Populus americana) was less affected by Cd than other
genotypes [71]. Transcriptome analysis of Populus tomentosa under Cd stress identified
photosynthesis as the main pathway impacted, with two Cd-responsive IncRNA gene pairs
(MSTRG.22608.1-PtoMYB73 and MSTRG.5634.1-PtoMYB27) suggesting MYB transcription
factors modulate photosynthesis through ROS production (Table 1) [75].

Ambient ozone (O3) levels reduce photosynthesis in trees and crops by decreasing
chloroplast size, impairing mesophyll conductance, and limiting CO, transport to the
chloroplast carboxylation site in poplar [76]. The oxidative effect of O3 damages mesophyll
cells and inhibits photosynthetic enzymes [77]. Furthermore, plant density stress leads to
competition for light and affects microhabitat conditions such as temperature, water, and
nutrients [78]. High-density stress activates poplar carbonic anhydrase (CA) genes, which
increase CO, fixation by facilitating inorganic carbon movement to the carboxylase site,
improving carbon sequestration. Adjusting planting density can optimize gene expression
and enhance the carbon sequestration capacity of poplar [13,79].

In addition, the interaction of multiple abiotic stressors, such as drought combined
with high temperature or heavy metal contamination, exerts non-additive and often syn-
ergistic effects on poplar physiology, critically impairing photosynthetic capacity, ROS
homeostasis, and resource allocation [80]. For instance, in Populus yunnanensis, concurrent
drought and heat stress sharply reduce photosynthetic efficiency, evidenced by Fv/Fm
and ETR declines while triggering ROS overproduction and lipid peroxidation (elevated
MDA and proline). The antioxidant system becomes overwhelmed, as seen in suppressed
enzyme activities and disrupted ROS scavenging, further exacerbating oxidative damage.
Protective mechanisms such as ABA and dehydrin synthesis may fail under severe stress
combinations, leading to cellular dysfunction [81]. Drought and heavy metals jointly reduce
biomass, PSII efficiency, and long-term WUE, with Populus cathayana females exhibiting
greater sensitivity than males [82].

3. Poplar Photosynthesis Under Biotic Stress

In addition to abiotic stresses, poplars are threatened by various biotic stresses during
its growth (Figure 1) [83]. Pemphigus spirothecae infests poplar woodlands, producing galls
on petioles [84]. The net photosynthetic rate per area decreased with increasing infestation
severity [85]. Aphid eating further diminishes the quantity of carbon exported from the
leaf [86]. It has been suggested that reduced mesophyll diffusion conductance, decreased
amounts or activities of photosynthetic rate-limiting proteins, and inhibition of photosyn-
thetic electron transport are the main factors contributing to the gall-triggered reduction
in leaf photosynthesis. These factors collectively led to a decrease in photosynthetic effi-
ciency [87]. Fungal infections can likewise lead to reduced photosynthesis [88]. The trees
were found to be infected with a fungal pathogen called Melampsora larici-populina, which
causes a disease known as Populus balsamifera leaf rust. This illness decreases both the total
biomass of the leaves and their photosynthetically active portion. A contributing factor to
this decrease is the spread of chlorosis and necrosis [89].

EDS1 is a crucial regulator of salicylic acid (SA)-dependent defense responses against
biotic stress [90]. Hybrid aspen EDS1 influences the expression of genes encoding pro-
teins involved in photosynthesis and hormone homeostasis regulation (Table 1) [91]. The
genes responsible for encoding photosystem subunits, pigment-binding proteins, ATP syn-
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thase, and cytochromes have been observed to be downregulated in EDS1-silenced lines.
However, the transgenic lines had higher CO, assimilation rates and photosynthetic perfor-
mance than wild-type plants. The authors speculate that the increase in photosynthesis in
EDS1-silenced poplar may be related to reduced SA levels [91].

Table 1. Related genes regulating photosynthesis in poplar under stress.

Stress Gene Species
DUF538, TAR2, AbFH?2 Populus tomentosa [21]
Drought PAERECTA Populus nigra x (Populus deltoides x Populus nigra) [33]
& Pu-miR172d, PuGTL1 Populus ussuriensis [35]
GSla Populus tremula x Populus alba [36]
PagGRF15 Populus alba x Populus glandulosa [42]
PHEXPAS8 Populus tomentosa [1]
Temperature Rubisco activase Populus deltoides [41]
CBF1, CBF2, CBF3 Populus davidiana x Populus bolleana) [48]
PeSTZ1, PeAPX2 Populus euphratica [52]
PagATG18a, PagAPX2, PagLHCB1 Populus trichocarpa [67]
Sal PeNAC045 Populus euphratica [37]
alt PeSTZ1, PeZAT12, PeAPX2 Populus alba x Populus glandulosa [68]
PeGRP2 Populus euphratica [69]
Heavy metal PtoMYB73, PtoMYB27 Populus tomentosa [75]
Biotic Stress EDS1 Populus tremula x P. tremuloides [91]

This table shows genes that respond to drought, temperature, salt, heavy metal, oxidization, and biotic stress
in poplar.

4. Improvement Strategy

Gene editing technology, particularly CRISPR-based systems, offers new opportunities
to enhance photosynthesis in poplar under stress (Figure 2). CRISPR/Cas9 provides high
precision and cost-effectiveness for modifying plant traits, but its efficiency and off-target
rates still need improvement [92,93]. Multiple factors and genes regulate photosynthesis
in poplar, so it is often difficult to comprehensively improve photosynthetic capacity by
editing only a single gene. Although simultaneous editing of multiple genes has great
potential, it presents technical challenges and complexity. Advances in CRISPR systems,
such as CRISPR-Cas12a, CRISPR-Combo, and CRISPR-CasF offer new possibilities for
expanding gene editing [94,95]. These technologies exploit a powerful approach to poplar
trait improvement by enabling the modification of the genome, which would be difficult
to achieve with traditional breeding techniques [96]. However, challenges remain in opti-
mizing the expression and coordination of multiple sgRNAs, managing editing efficiency,
and understanding the complex gene networks that control plant traits [97]. The MISSA
2.0 toolkit offers a promising solution to these challenges, enabling the efficient assembly
of multiple CRISPR systems for multiplex genome editing [98]. Nevertheless, regulatory
gene network dynamics are important for fully realizing the potential of multiplex genome
editing for plant improvement. In addition, the ability of multiplexed CRISPR to precisely
modify multiple gene family members offers the possibility of addressing the complexity
of polygenic regulation [99].
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Figure 2. Strategies to improve photosynthesis in poplar under stress. (a) Proteins in chloroplasts
are encoded by the nuclear and chloroplast genomes, respectively. Proteins with chloroplast transit
peptides encoded by the nuclear genome are transported to chloroplasts via the TIC/TOC transporter,
where the transit peptides are excised, and the mature proteins function in the chloroplasts. Stress
can cause a surge in ROS, which may damage chloroplasts. However, small amounts of ROS also act
as signaling molecules, regulating nuclear genes expression through retrograde signaling pathways
to maintain cellular homeostasis. (b) The application of new technologies is conducive to the analysis
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of regulatory mechanisms. GWAS reveals the relationship between genes and phenotypes through a
comprehensive study of the genome and can further edit the nuclear genome and the chloroplast
genome by means of gene editing and genetic transformation, i.e., analyze and create phenotypes by
means of genetic engineering; and the analysis of the three-dimensional (3D) structure of components
by means of technologies related to structural biology is conducive to the increase in the understand-
ing of the functions of components, thus providing a theoretical basis for synthetic biology. The
analysis of the 3D structure of components by structural biology-related technologies is conducive to
increasing the understanding of the functions of components, thus providing a theoretical basis for
synthetic biology; structural biology and synthetic biology are conducive to the development and
application of genetic engineering, thus promoting the generation of beneficial traits.

Genetic modification can be a valuable strategy for tree improvement. It is especially
useful for creating poplar hybrids with enhanced stress resistance and improved photosyn-
thesis under stress conditions (Figure 2). Chloroplasts, essential for photosynthesis, rely on
the coordinated expression of both plastid and nuclear genomes [100]. While chloroplast
transformation offers a promising platform for creating transgenic plants, progress has been
slow due to challenges such as polyploidy and limited transformation techniques [101].
Nanotechnology advances chloroplast transformation, using nanomaterials to transfer
DNA and enhance stress resistance [102,103]. For example, single-walled carbon nanotubes
have been coated with single-stranded DNA to effectively deliver it to chloroplasts. Addi-
tionally, polyethylenimine has been used to promote the binding and release of plasmid
DNA into the nuclei of mature land plants [104,105]. Moreover, selenium-chitosan nanopar-
ticles regulate photosynthesis and antioxidant activity in Dracocephalum moldavica under
Cd stress [106]. However, exogenous genes may cause genetic contamination, affecting
wild poplar genetics and ecosystem stability. A minichromosome-based approach could
enable stable chloroplast transformation without introducing foreign genes [107].

Synthetic biology offers novel ways to enhance photosynthesis (Figure 2). Combining
photosynthetic improvements in poplar under stress with synthetic biology can design more
efficient photosynthetic and carbon fixation pathways [108]. Studies have been conducted
to transfer several enzyme genes into rice through genetic engineering techniques, resulting
in new photorespiratory pathways that regulate photosynthesis and increase yield [109].
Stomatal engineering strategies have also expanded recently, aiming to increase water use
efficiency while improving plant carbon assimilation efficiency [110]. Structural biology
helps determine protein 3D structures. This information allows synthetic biology to design
new biological systems and enable specific biosynthetic reactions or biotransformation
processes (Figure 2). For example, PSI-LHCI structures in Arabidopsis were studied using
cryo-electron microscopy [111]. Future research using advanced structural biology and
spectroscopy techniques could reveal how photosynthetic protein complexes in forest trees
respond to stress, providing insights to enhance photosynthesis under adverse conditions.

In addition, the poplar genome and transcriptome can be further explored. Methods
such as genome-wide association studies (GWAS), co-expression analysis, metabolomics,
proteomics, and other multi-omics analyses can be integrated to better understand the reg-
ulatory mechanisms of photosynthesis in poplar under stress conditions (Figure 2). GWAS
is one of the most important methods for discovering genetic variations controlling impor-
tant agronomic traits. Recently, GWAS has been used to identify genetic determinants of
metabolic diversity in plants and has been widely used to address the genetic architecture of
important metabolic traits in different species. [112-114]. In addition, integrated metabolic
GWAS (mGWAS), expression quantitative trait nucleotides (eQTNs), and weighted gene
co-expression network analysis (WGCNA) provide a powerful framework for studying
gene interactions [115]. These research tools have been instrumental in increasing our
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understanding of the genetic basis of resistance and have provided insights to improve
breeding programs for poplar under adverse environmental conditions.

5. Conclusions and Future Perspectives

In recent years, there has been increasing attention on poplar photosynthesis under
stress, due to its vital role in ecosystem functioning. We reviewed the effects of abiotic
stress and biological stress on the photosynthesis of poplar and prospected the strategies
to improve the photosynthetic capacity of poplar. Poplar photosynthesis under stress
involves multi-gene regulatory networks, and the expression of chloroplast nuclear genes
also involves chloroplast retrograde signaling pathways.

However, the following challenges still exist in the current research on the mechanism
of photosynthesis in poplar under adversity. The deep-seated molecular mechanisms
regulating photosynthesis, the complexity of genetic variation among poplar species, and
the specific mechanisms of synergistic or antagonistic effects between adversities are still
unclear. In addition, there are fewer studies on the links between photosynthesis and other
metabolic pathways. In future studies, emphasis should be placed on multidisciplinary
cross-fertilization and integration of genomics, transcriptomics, and metabolomics to gain a
deeper understanding of the genetic and biochemical pathways involved in photosynthesis.
Further research on these mechanisms will provide new ideas for poplar resistance breeding.
At the same time, it promotes the carbon cycle of terrestrial ecosystems and improves the
carbon sequestration capacity. These are of great significance in addressing the ecological
challenges in the context of current climate change.
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Abbreviations

The following abbreviations are used in this manuscript:

CO, Carbon dioxide

ROS Reactive oxygen species

AMF  Arbuscular mycorrhizal fungi

qP Photochemical quenching

PSII Photosystem II

®PSII  The maximum quantum yield of photosystem II
ABA  Abscisic acid

SOD  Superoxide dismutases

G CO; concentration

Amax  The maximum photosynthetic rate
PSI Photosystem I
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Fv/Fm The maximal photosynthetic efficiency of PSII
NPQ  The nonphotochemical quenching

RAP RNA affinity purification sequencing

Cd Cadmium

Mg Magnesium

O3 Ambient ozone

SA Salicylic acid

GWAS Genome-wide association study

3D Three-dimensional

References

1.  Zhang, H,; Liu, H,; Yang, R.; Xu, X,; Liu, X.; Xu, J. Over-expression of PttEXPA8 gene showed various resistances to diverse
stresses. Int. J. Biol. Macromol. 2019, 130, 50-57. [CrossRef]

2. Bonan, G.B. Forests and Climate Change: Forcings, Feedbacks, and the Climate Benefits of Forests. Science 2008, 320, 1444-1449.

3. Xu, Z.; Qin, L.; Zhou, G,; SiQing, B.; Du, W.; Meng, S.; Yu, J.; Sun, Z.; Liu, Q. Exploring carbon sequestration in broad-leaved
Korean pine forests: Insights into photosynthetic and respiratory processes. Sci. Total Environ. 2024, 906, 167421. [CrossRef]
[PubMed]

4. Raupach, J].G.C.a.M.R. Managing Forest for Climate Change Mitigation. Science 2008, 320, 1456-1457.

5. Neale, D.B.; Kremer, A. Forest tree genomics: Growing resources and applications. Nat. Rev. Genet. 2011, 12, 111-122. [CrossRef]
[PubMed]

6. Xiao, L,; Liu, X,; Lu, W.; Chen, P; Quan, M.; 5i, J.; Du, Q.; Zhang, D. Genetic dissection of the gene coexpression network
underlying photosynthesis in Populus. Plant Biotechnol. ]. 2019, 18, 1015-1026. [CrossRef]

7. Hong, S.; Piao, S.; Chen, A,; Liu, Y; Liu, L.; Peng, S.; Sardans, J.; Sun, Y.; Pefiuelas, J.; Zeng, H. Afforestation neutralizes soil pH.
Nat. Commun. 2018, 9, 520. [CrossRef]

8. Yao, T; Ding, C.; Che, Y;; Zhang, Z.; Cui, C; Ji, G.; Song, J.; Zhang, H.; Ao, H.; Zhang, H. Heterologous expression of Zygophyllum
xanthoxylon zinc finger protein gene (ZxZF) enhances the tolerance of poplar photosynthetic function to drought stress. Plant
Physiol. Biochem. 2023, 199, 107748. [CrossRef]

9. Du, K,;Wu, W, Liao, T; Yang, ]J.; Kang, X. Transcriptome analysis uncovering regulatory networks and hub genes of Populus
photosynthesis and chlorophyll content. Genomics 2022, 114, 110385. [CrossRef]

10. Wang, D.; Fan, J; Jing, P; Cheng, Y.; Ruan, H. Analyzing the impact of climate and management factors on the productivity and
soil carbon sequestration of poplar plantations. Environ. Res. 2016, 144, 88-95. [CrossRef]

11.  Jin, S.; Zhang, E.; Guo, H.; Hu, C.; Zhang, Y.; Yan, D. Comprehensive evaluation of carbon sequestration potential of landscape
tree species and its influencing factors analysis: Implications for urban green space management. Carbon Balance Manag. 2023, 18,
17. [CrossRef] [PubMed]

12. Lemus, R.; Lal, R. Bioenergy Crops and Carbon Sequestration. Crit. Rev. Plant Sci. 2005, 24, 1-21. [CrossRef]

13. Rogers, E.R.; Zalesny, R.S.; Lin, C.-H.; Vinhal, R.A. Intrinsic and extrinsic factors influencing Populus water use: A literature
review. J. Environ. Manag. 2023, 348, 119180. [CrossRef]

14. Talaat, N.B.; Shawky, B.T. Protective effects of arbuscular mycorrhizal fungi on wheat (Triticum aestivum L.) plants exposed to
salinity. Environ. Exp. Bot. 2014, 98, 20-31. [CrossRef]

15.  Ashraf, M.; Harris, PJ.C. Photosynthesis under stressful environments: An overview. Photosynthetica 2013, 51, 163-190. [CrossRef]

16. Rietz, S.; Stamm, A.; Malonek, S.; Wagner, S.; Becker, D.; Medina-Escobar, N.; Corina Vlot, A ; Feys, B.J.; Niefind, K.; Parker, J.E.
Different roles of Enhanced Disease Susceptibilityl (EDS1) bound to and dissociated from Phytoalexin Deficient4 (PAD4) in
Arabidopsis immunity. New Phytol. 2011, 191, 107-119. [CrossRef] [PubMed]

17.  Vaughan, M.M,; Block, A.; Christensen, S.A.; Allen, L.H.; Schmelz, E.A. The effects of climate change associated abiotic stresses
on maize phytochemical defenses. Phytochem. Rev. 2017, 17, 37-49. [CrossRef]

18.  Zorb, C,; Geilfus, C.M.; Dietz, K.J.; Weber, A. Salinity and crop yield. Plant Biol. 2018, 21, 31-38. [CrossRef]

19. Xu, W,; Wuyun, T; Chen, |J.; Yu, S.; Zhang, X.; Zhang, L. Responses of Trollius chinensis to drought stress and rehydration: From
photosynthetic physiology to gene expression. Plant Physiol. Biochem. 2023, 201, 107841. [CrossRef]

20. Lu, G,;Wang, L,; Zhou, L; Su, X,; Guo, H.; Cheng, H. Overexpression of AmCBF1 enhances drought and cold stress tolerance,
and improves photosynthesis in transgenic cotton. Peer] 2022, 10, e13422. [CrossRef]

21. Li, L; Jin, Z,; Huang, R.; Zhou, J.; Song, F; Yao, L.; Li, P; Lu, W.; Xiao, L.; Quan, M.; et al. Leaf physiology variations are

modulated by natural variations that underlie stomatal morphology in Populus. Plant Cell Environ. 2022, 46, 150-170. [CrossRef]
[PubMed]


https://doi.org/10.1016/j.ijbiomac.2019.02.115
https://doi.org/10.1016/j.scitotenv.2023.167421
https://www.ncbi.nlm.nih.gov/pubmed/37774859
https://doi.org/10.1038/nrg2931
https://www.ncbi.nlm.nih.gov/pubmed/21245829
https://doi.org/10.1111/pbi.13270
https://doi.org/10.1038/s41467-018-02970-1
https://doi.org/10.1016/j.plaphy.2023.107748
https://doi.org/10.1016/j.ygeno.2022.110385
https://doi.org/10.1016/j.envres.2015.10.016
https://doi.org/10.1186/s13021-023-00238-w
https://www.ncbi.nlm.nih.gov/pubmed/37668811
https://doi.org/10.1080/07352680590910393
https://doi.org/10.1016/j.jenvman.2023.119180
https://doi.org/10.1016/j.envexpbot.2013.10.005
https://doi.org/10.1007/s11099-013-0021-6
https://doi.org/10.1111/j.1469-8137.2011.03675.x
https://www.ncbi.nlm.nih.gov/pubmed/21434927
https://doi.org/10.1007/s11101-017-9508-2
https://doi.org/10.1111/plb.12884
https://doi.org/10.1016/j.plaphy.2023.107841
https://doi.org/10.7717/peerj.13422
https://doi.org/10.1111/pce.14471
https://www.ncbi.nlm.nih.gov/pubmed/36285358

Int. J. Plant Biol. 2025, 16, 42 12 of 16

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Rath, J.R.; Pandey, J.; Yadav, RM.; Zamal, M.Y.; Ramachandran, P; Mekala, N.R.; Allakhverdiev, S.I.; Subramanyam, R.
Temperature-induced reversible changes in photosynthesis efficiency and organization of thylakoid membranes from pea (Pisum
sativum). Plant Physiol. Biochem. 2022, 185, 144-154. [CrossRef]

Xu, Z.; Liu, H; Yu, Y;; Gao, D.; Leng, C.; Zhang, S.; Yan, P. MWCNTs Alleviated saline-alkali stress by optimizing photosynthesis
and sucrose metabolism in rice seedling. Plant Signal. Behav. 2023, 18, 2283357. [CrossRef]

Altaf, M.A.; Hao, Y; Shu, H.; Mumtaz, M.A; Cheng, S.; Alyemeni, M.N.; Ahmad, P.; Wang, Z. Melatonin enhanced the heavy
metal-stress tolerance of pepper by mitigating the oxidative damage and reducing the heavy metal accumulation. J. Hazard. Mater.
2023, 454, 131468. [CrossRef] [PubMed]

Rosso, L.; Cantamessa, S.; Bergante, S.; Biselli, C.; Fricano, A.; Chiarabaglio, PM.; Gennaro, M.; Nervo, G.; Secchi, F,; Carra, A.
Responses to Drought Stress in Poplar: What Do We Know and What Can We Learn? Life 2023, 13, 533. [CrossRef]

Petrik, P.; Petek-Petrik, A.; Lamarque, L.J.; Link, RM.; Waite, P.A.; Ruehr, N.K.; Schuldt, B.; Maire, V. Linking stomatal size
and density to water use efficiency and leaf carbon isotope ratio in juvenile and mature trees. Physiol. Plant. 2024, 176, e14619.
[CrossRef]

Petrik, P.; Petek-Petrik, A.; Mukarram, M.; Schuldt, B.; Lamarque, L.J.; Sonawane, B. Leaf physiological and morphological
constraints of water-use efficiency in C3 plants. AoB PLANTS 2023, 15, plad047. [CrossRef]

Li, Z.; Wu, N,; Liu, T,; Chen, H.; Tang, M. Effect of arbuscular mycorrhizal inoculation on water status and photosynthesis of
Populus cathayana males and females under water stress. Physiol. Plant. 2015, 155, 192-204. [CrossRef] [PubMed]

Sevanto, S.; McDowell, N.G.; Dickman, L.T.; Pangle, R.; Pockman, W.T. How do trees die? A test of the hydraulic failure and
carbon starvation hypotheses. Plant Cell Environ. 2013, 37, 153-161. [CrossRef]

Li, Q.; Shen, C.; Zhang, Y.; Zhou, Y.; Niu, M.; Wang, H.-L.; Lian, C.; Tian, Q.; Mao, W.; Wang, X,; et al. PePYL4 enhances drought
tolerance by modulating water-use efficiency and ROS scavenging in Populus. Tree Physiol. 2023, 43, 102-117. [CrossRef]

Xia, Y.; Han, Q.; Shu, J.; Jiang, S.; Kang, X. Stomatal density suppressor PagSDD1 is a “generalist” gene that promotes plant
growth and improves water use efficiency. Int. . Biol. Macromol. 2024, 262, 129721. [CrossRef]

Lertngim, N.; Ruangsiri, M.; Klinsawang, S.; Raksatikan, P.; Thunnom, B.; Siangliw, M.; Toojinda, T.; Siangliw, J.L. Photosynthetic
Plasticity and Stomata Adjustment in Chromosome Segment Substitution Lines of Rice Cultivar KDML105 under Drought Stress.
Plants 2022, 12, 94. [CrossRef] [PubMed]

Li, H.; Yang, Y.; Wang, H.; Liu, S.; Jia, E; Su, Y.; Li, S.; He, E; Feng, C.; Niu, M.; et al. The Receptor-Like Kinase ERECTA Confers
Improved Water Use Efficiency and Drought Tolerance to Poplar via Modulating Stomatal Density. Int. J. Mol. Sci. 2021, 22, 7245.
[CrossRef]

Ridolfi, M.; Dreyer, E. Responses to water stress in an ABA-unresponsive hybrid poplar (Populus koreanaxtrichocarpa cv. Peace) IIL
Consequences for photosynthetic carbon assimilation. New Phytol. 2008, 135, 31-40. [CrossRef]

Liu, Q.; Wang, Z; Yu, S.; Li, W.; Zhang, M.; Yang, ].; Li, D.; Yang, ].; Li, C.; Sunkar, R. Pu-miR172d regulates stomatal density and
water-use efficiency via targetingPuGTL1in poplar. J. Exp. Bot. 2021, 72, 1370-1383. [CrossRef]

Blazquez, M.A.; Molina-Rueda, ].J.; Tsai, C.J.; Kirby, E.G. The Populus Superoxide Dismutase Gene Family and Its Responses to
Drought Stress in Transgenic Poplar Overexpressing a Pine Cytosolic Glutamine Synthetase (GS1a). PLoS ONE 2013, 8, e56421.
[CrossRef]

Lu, X.; Zhang, X.; Duan, H; Lian, C.; Liu, C.; Yin, W,; Xia, X. Three stress-responsive NAC transcription factors from Populus
euphratica differentially regulate salt and drought tolerance in transgenic plants. Physiol. Plant. 2017, 162, 73-97. [CrossRef]
Niu, M.X,; Feng, C.H.; He, F; Zhang, H.; Bao, Y.; Liu, S.J; Liu, X,; Su, Y,; Liu, C.; Wang, H.L.; et al. The miR6445-NAC029 module
regulates drought tolerance by regulating the expression of glutathione S-transferase U23 and reactive oxygen species scavenging
in Populus. New Phytol. 2024, 242, 2043-2058. [CrossRef]

Park, S.; Frost, C.J.; Nyamdari, B.; Tsai, C.-].; Harding, S.A. The Tonoplast-Localized Sucrose Transporter in Populus (PtaSUT4)
Regulates Whole-Plant Water Relations, Responses to Water Stress, and Photosynthesis. PLoS ONE 2012, 7, e44467. [CrossRef]
Liu, J.; Zhang, R.; Xu, X.; Fowler, J.C.; Miller, TE.X; Dong, T.; Tognetti, R. Effect of summer warming on growth, photosynthesis
and water status in female and male Populus cathayana: Implications for sex-specific drought and heat tolerances. Tree Physiol.
2020, 40, 1178-1191. [CrossRef]

Hozain, M.I; Salvucci, M.E.; Fokar, M.; Holaday, A.S. The differential response of photosynthesis to high temperature for a boreal
and temperate Populus species relates to differences in Rubisco activation and Rubisco activase properties. Tree Physiol. 2009, 30,
32-44. [CrossRef] [PubMed]

Zhao, Y.; Xie, J.; Wang, S.; Xu, W.; Chen, S.; Song, X.; Lu, M.; El-Kassaby, Y.A.; Zhang, D.; Dietz, K.-]. Synonymous mutation in
Growth Regulating Factor 15 of miR396a target sites enhances photosynthetic efficiency and heat tolerance in poplar. J. Exp. Bot.
2021, 72, 4502-4519. [CrossRef]

Ameye, M.; Wertin, T.M.; Bauweraerts, I.; McGuire, M.A.; Teskey, R.O.; Steppe, K. The effect of induced heat waves on Pinus
taeda and Quercus rubra seedlings in ambient and elevated CO2 atmospheres. New Phytol. 2012, 196, 448-461. [CrossRef]


https://doi.org/10.1016/j.plaphy.2022.05.036
https://doi.org/10.1080/15592324.2023.2283357
https://doi.org/10.1016/j.jhazmat.2023.131468
https://www.ncbi.nlm.nih.gov/pubmed/37146338
https://doi.org/10.3390/life13020533
https://doi.org/10.1111/ppl.14619
https://doi.org/10.1093/aobpla/plad047
https://doi.org/10.1111/ppl.12336
https://www.ncbi.nlm.nih.gov/pubmed/25720810
https://doi.org/10.1111/pce.12141
https://doi.org/10.1093/treephys/tpac106
https://doi.org/10.1016/j.ijbiomac.2024.129721
https://doi.org/10.3390/plants12010094
https://www.ncbi.nlm.nih.gov/pubmed/36616222
https://doi.org/10.3390/ijms22147245
https://doi.org/10.1046/j.1469-8137.1997.00624.x
https://doi.org/10.1093/jxb/eraa493
https://doi.org/10.1371/journal.pone.0056421
https://doi.org/10.1111/ppl.12613
https://doi.org/10.1111/nph.19703
https://doi.org/10.1371/journal.pone.0044467
https://doi.org/10.1093/treephys/tpaa069
https://doi.org/10.1093/treephys/tpp091
https://www.ncbi.nlm.nih.gov/pubmed/19864261
https://doi.org/10.1093/jxb/erab120
https://doi.org/10.1111/j.1469-8137.2012.04267.x

Int. ]. Plant Biol. 2025, 16, 42 13 of 16

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Zhu, L.; Bloomfield, K.J.; Hocart, C.H.; Egerton, J.].G.; O’Sullivan, O.S.; Penillard, A.; Weerasinghe, L.K.; Atkin, O.K. Plasticity
of photosynthetic heat tolerance in plants adapted to thermally contrasting biomes. Plant Cell Environ. 2018, 41, 1251-1262.
[CrossRef] [PubMed]

Song, Y.; Chen, Q.; Ci, D.; Shao, X.; Zhang, D. Effects of high temperature on photosynthesis and related gene expression in
poplar. BMC Plant Biol. 2014, 14, 111. [CrossRef]

Rasulov, B.; Bichele, I; HUVe, K.; Vislap, V.; Niinemets, U. Acclimation of isoprene emission and photosynthesis to growth
temperature in hybrid aspen: Resolving structural and physiological controls. Plant Cell Environ. 2014, 38, 751-766. [CrossRef]
[PubMed]

Zhang, S.; Jiang, H.; Peng, S.; Korpelainen, H.; Li, C. Sex-related differences in morphological, physiological, and ultrastructural
responses of Populus cathayana to chilling. J. Exp. Bot. 2010, 62, 675-686. [CrossRef]

Zhu, L,; Yang, J.; Zhang, Y.; Hu, H.; Cui, J.; Xue, J.; Xu, ]. Overexpression of CfICE1 from Cryptomeria fortunei Enhances Cold,
Drought and Salt Stress in Poplar. Int. ]. Mol. Sci. 2022, 23, 15214. [CrossRef]

Liu, X.; Zhou, Y.; Xiao, ].; Bao, F. Effects of Chilling on the Structure, Function and Development of Chloroplasts. Front. Plant Sci.
2018, 9, 1715. [CrossRef]

Lunn, D.; Smith, G.A.; Wallis, ].G.; Browse, J.; Foyer, C. Overexpression mutants reveal a role for a chloroplast MPD protein in
regulation of reactive oxygen species during chilling in Arabidopsis. J. Exp. Bot. 2022, 73, 2666-2681. [CrossRef]

Zhou, L.; Ullah, E; Zou, J.; Zeng, X. Molecular and Physiological Responses of Plants that Enhance Cold Tolerance. Int. J. Mol. Sci.
2025, 26, 1157. [CrossRef] [PubMed]

He, F; Li, H.G.; Wang, ].J.; Su, Y.; Wang, H.L.; Feng, C.H.; Yang, Y.; Niu, M.X; Liu, C.; Yin, W,; et al. PeSTZ1, a C2H2-type zinc
finger transcription factor from Populus euphratica, enhances freezing tolerance through modulation of ROS scavenging by
directly regulating PeAPX2. Plant Biotechnol. |. 2019, 17, 2169-2183. [CrossRef]

Praxedes, S.C.; De Lacerda, C.F.; DaMatta, EM.; Prisco, J.T.; Gomes-Filho, E. Salt Tolerance is Associated with Differences in Ion
Accumulation, Biomass Allocation and Photosynthesis in Cowpea Cultivars. J. Agron. Crop Sci. 2010, 196, 193-204. [CrossRef]
Wankhade, S.D.; Cornejo, M.-].; Mateu-Andrés, I.; Sanz, A. Morpho-physiological variations in response to NaCl stress during
vegetative and reproductive development of rice. Acta Physiol. Plant. 2012, 35, 323-333. [CrossRef]

Sheng, S. Effects of exogenous spermidine on photosynthesis, xanthophyll cycle and endogenous polyamines in cucumber
seedlings exposed to salinity. Afr. J. Biotechnol. 2012, 11, E05604. [CrossRef]

Bilek, M.A.; Soolanayakanahally, R.Y.; Guy, R.D.; Mansfield, S.D. Physiological Response of Populus balsamifera and Salix
eriocephala to Salinity and Hydraulic Fracturing Wastewater: Potential for Phytoremediation Applications. Int. . Environ. Res.
Public Health 2020, 17, 7641. [CrossRef] [PubMed]

Liu, M.; Liu, X;; Du, X.; Korpelainen, H.; Niinemets, U.; Li, C.; Whitehead, D. Anatomical variation of mesophyll conductance
due to salt stress inPopulus cathayanafemales and males growing under different inorganic nitrogen sources. Tree Physiol. 2021,
41, 1462-1478. [CrossRef]

Evelin, H.; Devi, T.S.; Gupta, S.; Kapoor, R. Mitigation of Salinity Stress in Plants by Arbuscular Mycorrhizal Symbiosis: Current
Understanding and New Challenges. Front. Plant Sci. 2019, 10, 470. [CrossRef]

Wang, X.-Q.; Wang, Y.-H.; Song, Y.-B.; Dong, M. Formation and functions of arbuscular mycorrhizae in coastal wetland ecosystems:
A review. Ecosyst. Health Sustain. 2022, 8, 2144465. [CrossRef]

Wang, Q.; Liu, M.; Wang, Z.; Li, J.; Liu, K,; Huang, D. The role of arbuscular mycorrhizal symbiosis in plant abiotic stress. Front.
Microbiol. 2024, 14, 1323881. [CrossRef]

Chen, G,; Yang, A.; Wang, J.; Ke, L.; Chen, S.; Li, W. Effects of the synergistic treatments of arbuscular mycorrhizal fungi and
trehalose on adaptability to salt stress in tomato seedlings. Microbiol. Spectr. 2024, 12, e0340423. [CrossRef] [PubMed]

Wu, N; Li, Z.; Wu, E; Tang, M. Comparative photochemistry activity and antioxidant responses in male and female Populus
cathayana cuttings inoculated with arbuscular mycorrhizal fungi under salt. Sci. Rep. 2016, 6, 37663. [CrossRef]

Dong, F.; Wang, Y.; Tao, J.; Xu, T.; Tang, M. Arbuscular mycorrhizal fungi affect the expression of PxINHX gene family, improve
photosynthesis and promote Populus simoniixP. nigra growth under saline-alkali stress. Front. Plant Sci. 2023, 14, 1104095.
[CrossRef] [PubMed]

Han, S.; Cheng, Y.; Wu, G.; He, X.; Zhao, G. Enhancing Salt Tolerance in Poplar Seedlings through Arbuscular Mycorrhizal Fungi
Symbiosis. Plants 2024, 13, 233. [CrossRef]

Wu, N; Li, Z.; Wu, E; Zhen, L. Sex-specific photosynthetic capacity and Na+ homeostasis in Populus euphratica exposed to NaCl
stress and AMF inoculation. Front. Plant Sci. 2022, 13, 1066954. [CrossRef]

Su, W.; Bao, Y;; Ly, Y.; He, F; Wang, S.; Wang, D.; Yu, X,; Yin, W.; Xia, X,; Liu, C. Poplar Autophagy Receptor NBR1 Enhances Salt
Stress Tolerance by Regulating Selective Autophagy and Antioxidant System. Front. Plant Sci. 2021, 11, 568411. [CrossRef]

Yu, X.-Q.; Su, W,; Zhang, H.; Niu, M.; Liu, X; Li, Z; Liu, C.; Wang, H.-L.; Yin, W,; Xia, X. Genome-wide analysis of autophagy-
related gene family and PagATG18a enhances salt tolerance by regulating ROS homeostasis in poplar. Int. J. Biol. Macromol. 2023,
224,1524-1540. [CrossRef] [PubMed]


https://doi.org/10.1111/pce.13133
https://www.ncbi.nlm.nih.gov/pubmed/29314047
https://doi.org/10.1186/1471-2229-14-111
https://doi.org/10.1111/pce.12435
https://www.ncbi.nlm.nih.gov/pubmed/25158785
https://doi.org/10.1093/jxb/erq306
https://doi.org/10.3390/ijms232315214
https://doi.org/10.3389/fpls.2018.01715
https://doi.org/10.1093/jxb/erac029
https://doi.org/10.3390/ijms26031157
https://www.ncbi.nlm.nih.gov/pubmed/39940925
https://doi.org/10.1111/pbi.13130
https://doi.org/10.1111/j.1439-037X.2009.00412.x
https://doi.org/10.1007/s11738-012-1075-y
https://doi.org/10.5897/ajb11.1354
https://doi.org/10.3390/ijerph17207641
https://www.ncbi.nlm.nih.gov/pubmed/33092092
https://doi.org/10.1093/treephys/tpab017
https://doi.org/10.3389/fpls.2019.00470
https://doi.org/10.1080/20964129.2022.2144465
https://doi.org/10.3389/fmicb.2023.1323881
https://doi.org/10.1128/spectrum.03404-23
https://www.ncbi.nlm.nih.gov/pubmed/38259091
https://doi.org/10.1038/srep37663
https://doi.org/10.3389/fpls.2023.1104095
https://www.ncbi.nlm.nih.gov/pubmed/36794207
https://doi.org/10.3390/plants13020233
https://doi.org/10.3389/fpls.2022.1066954
https://doi.org/10.3389/fpls.2020.568411
https://doi.org/10.1016/j.ijbiomac.2022.10.240
https://www.ncbi.nlm.nih.gov/pubmed/36441079

Int. J. Plant Biol. 2025, 16, 42 14 of 16

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

He, F; Niu, M.-X,; Feng, C.-H.; Li, H.-G,; Su, Y.; Su, W.-L,; Pang, H.; Yang, Y.; Yu, X.; Wang, H.-L.; et al. PeSTZ1 confers salt stress
tolerance by scavenging the accumulation of ROS through regulating the expression of PeZAT12 and PeAPX2 in Populus. Tree
Physiol. 2020, 40, 1292-1311. [CrossRef]

Li, J.; Zhao, R;; Liu, J.; Yao, J.; Ma, S;; Yin, K.; Zhang, Y,; Liu, Z.; Yan, C.; Zhao, N.; et al. Populus euphratica GRP2 Interacts with
Target mRNAs to Negatively Regulate Salt Tolerance by Interfering with Photosynthesis, Na+, and ROS Homeostasis. Int. |. Mol.
Sci. 2024, 25, 2046. [CrossRef]

Pietrini, F.; Zacchini, M.; Iori, V.; Pietrosanti, L.; Bianconi, D.; Massacci, A. Screening of Poplar Clones for Cadmium Phy-
toremediation Using Photosynthesis, Biomass and Cadmium Content Analyses. Int. ]. Phytoremediation 2009, 12, 105-120.
[CrossRef]

Marmiroli, M.; Imperiale, D.; Maestri, E.; Marmiroli, N. The response of Populus spp. to cadmium stress: Chemical, morphological
and proteomics study. Chemosphere 2013, 93, 1333-1344. [CrossRef] [PubMed]

Wang, W.; Yang, Y.; Li, X,; Yang, S.; Zhou, Y.; Dong, C.; Ren, J.; Sun, X.; Yang, Y. Comparative Physiological and Proteomic
Analysis Reveals the Leaf Response to Cadmium-Induced Stress in Poplar (Populus yunnanensis). PLoS ONE 2015, 10, e0137396.
[CrossRef]

Toppi, L.S.d.; Gabbrielli, R. Response to cadmium in higher plants. Environ. Exp. Bot. 1999, 41, 105-130.

Gaudet, M.; Pietrini, F.,; Beritognolo, I.; Iori, V.; Zacchini, M.; Massacci, A.; Mugnozza, G.S.; Sabatti, M. Intraspecific variation of
physiological and molecular response to cadmium stress in Populus nigra L. Tree Physiol. 2011, 31, 1309-1318. [CrossRef] [PubMed]
Quan, M,; Liu, X;; Xiao, L.; Chen, P,; Song, F.; Lu, W.; Song, Y.; Zhang, D.; Kopriva, S. Transcriptome analysis and association
mapping reveal the genetic regulatory network response to cadmium stress in Populus tomentosa. J. Exp. Bot. 2021, 72, 576-591.
[CrossRef] [PubMed]

Xu, Y.; Feng, Z.; Peng, J.; Uddling, ]. Variations in leaf anatomical characteristics drive the decrease of mesophyll conductance in
poplar under elevated ozone. Glob. Change Biol. 2023, 29, 2804-2823. [CrossRef]

Wang, Z.; Wang, C.; Wang, B.; Wang, X.; Li, J.; Wu, J.; Liu, L. Interactive effects of air pollutants and atmospheric moisture stress
on aspen growth and photosynthesis along an urban-rural gradient. Environ. Pollut. 2020, 260, 114076. [CrossRef]

Gao, K,; Yu, Y.F; Xia, Z.T.; Yang, G.; Xing, Z.L.; Qi, L.T.; Ling, L.Z. Response of height, dry matter accumulation and partitioning
of oat (Avena sativa L.) to planting density and nitrogen in Horqin Sandy Land. Sci. Rep. 2019, 9, 7961. [CrossRef]

Ning, K; Ding, C.; Huang, Q.; Zhang, W.; Yang, C.; Liang, D.; Fan, R.; Su, X. Transcriptome profiling revealed diverse gene
expression patterns in poplar (Populus x euramericana) under different planting densities. PLoS ONE 2019, 14, e0217066. [CrossRef]
Torun, H.; Cocozza, C.; Petrik, P.; Stojnic, S. Editorial: Combined abiotic interactions in woody plants. Front. Plant Sci. 2024, 15,
1455459. [CrossRef]

Zhang, ].-S.; Li, X,; Yang, Y,; Sun, X,; Lin, H.; Chen, J.; Ren, J.; Hu, X,; Yang, Y. Comparative Physiological and Proteomic Analyses
of Poplar (Populus yunnanensis) Plantlets Exposed to High Temperature and Drought. PLoS ONE 2014, 9, e107605. [CrossRef]
Han, Y.; Wang, L.; Zhang, X.; Korpelainen, H.; Li, C. Sexual differences in photosynthetic activity, ultrastructure and phy-
toremediation potential of Populus cathayana exposed to lead and drought. Tree Physiol. 2013, 33, 1043-1060. [CrossRef]
[PubMed]

Wei, M.; Xu, X; Li, C. Identification and expression of CAMTA genes in Populus trichocarpa under biotic and abiotic stress. Sci.
Rep. 2017, 7, 17910. [CrossRef]

Wool, D. GALLINGAPHIDS: Specialization, Biological Complexity, and Variation. Annu. Rev. Entomol. 2004, 49, 175-192.
[CrossRef] [PubMed]

Li, Y,; Nan, Z.; Matthew, C.; Wang, Y.; Duan, T. Arbuscular mycorrhizal fungus changes alfalfa (Medicago sativa) metabolites in
response to leaf spot (Phoma medicaginis) infection, with subsequent effects on pea aphid (Acyrthosiphon pisum) behavior. New
Phytol. 2023, 239, 286-300. [CrossRef] [PubMed]

Charters, M.D.; Sait, S.M.; Field, K.J. Aphid Herbivory Drives Asymmetry in Carbon for Nutrient Exchange between Plants and
an Arbuscular Mycorrhizal Fungus. Curr. Biol. 2020, 30, 1801-1808.e1805. [CrossRef]

Ye, J.; Jiang, Y.; Veromann-Jiirgenson, L.-L.; Niinemets, U. Petiole gall aphid (Pemphigus spyrothecae) infestation of Populus
x petrovskiana leaves alters foliage photosynthetic characteristics and leads to enhanced emissions of both constitutive and
stress-induced volatiles. Trees 2018, 33, 37-51. [CrossRef] [PubMed]

Sulaiman, H.Y.; Runno-Paurson, E.; Kaurilind, E.; Niinemets, U.; Lunn, J. Differential impact of crown rust (Puccinia coronata)
infection on photosynthesis and volatile emissions in the primary host Avena sativa and the alternate host Rhamnus frangula. J.
Exp. Bot. 2023, 74, 2029-2046. [CrossRef]

Jiang, Y.; Ye, J.; Veromann, L.-L.; Niinemets, U.; Schnitzler, J.-P. Scaling of photosynthesis and constitutive and induced volatile
emissions with severity of leaf infection by rust fungus (Melampsora larici-populina) inPopulus balsamiferavar.suaveolens. Tree
Physiol. 2016, 36, 856-872. [CrossRef]

Parker, J.E.; Holub, E.B.; Frost, L.N.; Falk, A.; Gunn, N.D.; Daniels, M.]. Characterization of edsl, a Mutation in Arabidopsis
Suppressing Resistance to Peronospora parasiiica Specified by Several Different RPP Genes. Plant Cell. 1996, 8, 2033-2046.


https://doi.org/10.1093/treephys/tpaa050
https://doi.org/10.3390/ijms25042046
https://doi.org/10.1080/15226510902767163
https://doi.org/10.1016/j.chemosphere.2013.07.065
https://www.ncbi.nlm.nih.gov/pubmed/23981839
https://doi.org/10.1371/journal.pone.0137396
https://doi.org/10.1093/treephys/tpr088
https://www.ncbi.nlm.nih.gov/pubmed/21949013
https://doi.org/10.1093/jxb/eraa434
https://www.ncbi.nlm.nih.gov/pubmed/32937662
https://doi.org/10.1111/gcb.16621
https://doi.org/10.1016/j.envpol.2020.114076
https://doi.org/10.1038/s41598-019-44501-y
https://doi.org/10.1371/journal.pone.0217066
https://doi.org/10.3389/fpls.2024.1455459
https://doi.org/10.1371/journal.pone.0107605
https://doi.org/10.1093/treephys/tpt086
https://www.ncbi.nlm.nih.gov/pubmed/24186942
https://doi.org/10.1038/s41598-017-18219-8
https://doi.org/10.1146/annurev.ento.49.061802.123236
https://www.ncbi.nlm.nih.gov/pubmed/14651461
https://doi.org/10.1111/nph.18924
https://www.ncbi.nlm.nih.gov/pubmed/37010085
https://doi.org/10.1016/j.cub.2020.02.087
https://doi.org/10.1007/s00468-018-1756-2
https://www.ncbi.nlm.nih.gov/pubmed/31700201
https://doi.org/10.1093/jxb/erad001
https://doi.org/10.1093/treephys/tpw035

Int. ]. Plant Biol. 2025, 16, 42 15 of 16

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.
109.

110.

111.

112.

113.

Bernacki, M.].; Czarnocka, W.; Witon, D.; Rusaczonek, A.; Szechyiiska-Hebda, M.; Slesak, I; Dabrowska-Bronk, J.; Karpinski, S.
ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1) affects development, photosynthesis, and hormonal homeostasis in hybrid
aspen (Populus tremula L. x P. tremuloides). ]. Plant Physiol. 2018, 226, 91-102. [CrossRef] [PubMed]

Saini, H.; Thakur, R.; Gill, R.; Tyagi, K.; Goswami, M. CRISPR/Cas9-gene editing approaches in plant breeding. GM Crops Food
2023, 14, 1-17. [CrossRef]

Nor A’azizam, N.M.; Chopra, S.; Guleria, P.; Kumar, V.; Abd Rahim, M.H.; Yaacob, ].S. Harnessing the potential of mutation
breeding, CRISPR genome editing, and beyond for sustainable agriculture. Funct. Integr. Genom. 2024, 24, 44. [CrossRef]

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

Pan, C; Li, G.; Malzahn, A.A.; Cheng, Y.; Leyson, B.; Sretenovic, S.; Gurel, F.; Coleman, G.D.; Qi, Y. Boosting plant genome editing
with a versatile CRISPR-Combo system. Nat. Plants 2022, 8, 513-525. [CrossRef]

Zhang, Y.; Ren, Q.; Tang, X,; Liu, S.; Malzahn, A.A.; Zhou, J.; Wang, J.; Yin, D.; Pan, C.; Yuan, M.; et al. Expanding the scope
of plant genome engineering with Cas12a orthologs and highly multiplexable editing systems. Nat. Commun. 2021, 12, 1944.
[CrossRef]

Raitskin, O.; Patron, N.J. Multi-gene engineering in plants with RNA-guided Cas9 nuclease. Curr. Opin. Biotechnol. 2016, 37,
69-75. [CrossRef] [PubMed]

Zhang, H.-Y,; Wang, X.-H.; Dong, L.; Wang, Z.-P; Liu, B.; Lv, J.; Xing, H.-L.; Han, C.-Y.; Wang, X.-C.; Chen, Q.-]. MISSA 2.0: An
updated synthetic biology toolbox for assembly of orthogonal CRISPR/Cas systems. Sci. Rep. 2017, 7, srep41993. [CrossRef]
Anders, C.; Hoengenaert, L.; Boerjan, W. Accelerating wood domestication in forest trees through genome editing: Advances and
prospects. Curr. Opin. Plant Biol. 2023, 71, 102329. [CrossRef]

Wang, X.; Shao, C.; Liu, L.; Wang, Y.; An, Y.; Li, H.; Ding, Y; Jing, Y.; Li, X.; Xiao, J. PtrDJ1C, an atypical member of the DJ-1
superfamily, is essential for early chloroplast development and lignin deposition in poplar. Hortic. Plant J. 2023, 9, 1039-1054.
[CrossRef]

An, Y,; Wang, Y.; Wang, X.; Xiao, J. Development of chloroplast transformation and gene expression regulation technology in land
plants. Front. Plant Sci. 2022, 13, 1037038. [CrossRef]

Kwak, S.-Y.; Lew, T.T.S.; Sweeney, C.J.; Koman, V.B.; Wong, M.H.; Bohmert-Tatarev, K.; Snell, K.D.; Seo, ].S.; Chua, N.-H.; Strano,
M.S. Chloroplast-selective gene delivery and expression in planta using chitosan-complexed single-walled carbon nanotube
carriers. Nat. Nanotechnol. 2019, 14, 447-455. [CrossRef]

El-Saadony, M.T.; Saad, A.M.; Soliman, S.M.; Salem, H.M.; Desoky, E.-S.M.; Babalghith, A.O.; El-Tahan, A.M.; Ibrahim, O.M,;
Ebrahim, A.A.M.; Abd El-Mageed, T.A; et al. Role of Nanoparticles in Enhancing Crop Tolerance to Abiotic Stress: A Compre-
hensive Review. Front. Plant Sci. 2022, 13, 946717. [CrossRef]

Giraldo, ].P; Landry, M.P; Faltermeier, S.M.; McNicholas, T.P; Iverson, N.M.; Boghossian, A.A.; Reuel, N.F,; Hilmer, A.J.; Sen, E;
Brew, ].A.; et al. Plant nanobionics approach to augment photosynthesis and biochemical sensing. Nat. Mater. 2014, 13, 400-408.
[CrossRef]

Demirer, G.S.; Zhang, H.; Goh, N.S.; Gonzélez-Grandjio, E.; Landry, M.P. Carbon nanotube-mediated DNA delivery without
transgene integration in intact plants. Nat. Protoc. 2019, 14, 2954-2971. [CrossRef] [PubMed]

Azimi, F; Oraei, M.; Gohari, G.; Panahirad, S.; Farmarzi, A. Chitosan-selenium nanoparticles (Cs—Se NPs) modulate the
photosynthesis parameters, antioxidant enzymes activities and essential oils in Dracocephalum moldavica L. under cadmium
toxicity stress. Plant Physiol. Biochem. 2021, 167, 257-268. [CrossRef]

Jakubiec, A.; Sarokina, A.; Choinard, S.; Vlad, F; Malcuit, I.; Sorokin, A.P. Replicating minichromosomes as a new tool for plastid
genome engineering. Nat. Plants 2021, 7, 932-941. [CrossRef] [PubMed]

Ducat, D.C;; Silver, P.A. Improving carbon fixation pathways. Curr. Opin. Chem. Biol. 2012, 16, 337-344. [CrossRef]

Xu, H.; Wang, H.; Zhang, Y.; Yang, X; Lv, S.; Hou, D.; Mo, C.; Wassie, M.; Yu, B.; Hu, T. A synthetic light-inducible photorespiratory
bypass enhances photosynthesis to improve rice growth and grain yield. Plant Commun. 2023, 4, 100641. [CrossRef]

Nguyen, T.B.-A.; Lefoulon, C.; Nguyen, T.-H.; Blatt, M.R.; Carroll, W. Engineering stomata for enhanced carbon capture and
water-use efficiency. Trends Plant Sci. 2023, 28, 1290-1309. [CrossRef]

Wu, J.; Chen, S.; Wang, C.; Lin, W.; Huang, C.; Fan, C.; Han, D.; Lu, D.; Xu, X,; Sui, S.; et al. Regulatory dynamics of the
higher-plant PSI-LHCI supercomplex during state transitions. Mol. Plant 2023, 16, 1937-1950. [CrossRef] [PubMed]

Nagle, M.E; Yuan, J.; Kaur, D.; Ma, C.; Peremyslova, E.; Jiang, Y.; Goralogia, G.S.; Magnuson, A.; Li, ].Y.; Muchero, W.; et al.
Genome-wide association study and network analysis of in vitro transformation in Populus trichocarpa support key roles of
diverse phytohormone pathways and cross talk. New Phytol. 2024, 242, 2059-2076. [CrossRef] [PubMed]

Yao, L.; Li, P; Du, Q.; Quan, M,; Li, L.; Xiao, L.; Song, E; Lu, W.; Fang, Y.; Zhang, D. Genetic Architecture Underlying the
Metabolites of Chlorogenic Acid Biosynthesis in Populus tomentosa. Int. J. Mol. Sci. 2021, 22, 2386. [CrossRef] [PubMed]


https://doi.org/10.1016/j.jplph.2018.04.014
https://www.ncbi.nlm.nih.gov/pubmed/29730441
https://doi.org/10.1080/21645698.2023.2256930
https://doi.org/10.1007/s10142-024-01325-y
https://doi.org/10.3389/fpls.2020.593938
https://doi.org/10.1038/s41477-022-01151-9
https://doi.org/10.1038/s41467-021-22330-w
https://doi.org/10.1016/j.copbio.2015.11.008
https://www.ncbi.nlm.nih.gov/pubmed/26707469
https://doi.org/10.1038/srep41993
https://doi.org/10.1016/j.pbi.2022.102329
https://doi.org/10.1016/j.hpj.2023.05.011
https://doi.org/10.3389/fpls.2022.1037038
https://doi.org/10.1038/s41565-019-0375-4
https://doi.org/10.3389/fpls.2022.946717
https://doi.org/10.1038/nmat3890
https://doi.org/10.1038/s41596-019-0208-9
https://www.ncbi.nlm.nih.gov/pubmed/31534231
https://doi.org/10.1016/j.plaphy.2021.08.013
https://doi.org/10.1038/s41477-021-00940-y
https://www.ncbi.nlm.nih.gov/pubmed/34155372
https://doi.org/10.1016/j.cbpa.2012.05.002
https://doi.org/10.1016/j.xplc.2023.100641
https://doi.org/10.1016/j.tplants.2023.06.002
https://doi.org/10.1016/j.molp.2023.11.002
https://www.ncbi.nlm.nih.gov/pubmed/37936349
https://doi.org/10.1111/nph.19737
https://www.ncbi.nlm.nih.gov/pubmed/38650352
https://doi.org/10.3390/ijms22052386
https://www.ncbi.nlm.nih.gov/pubmed/33673666

Int. ]. Plant Biol. 2025, 16, 42 16 of 16

114. Xiao, L.; Du, Q.; Fang, Y.; Quan, M.; Lu, W.; Wang, D.; Si, ].; El-Kassaby, Y.A.; Zhang, D.; Plomion, C. Genetic architecture of the
metabolic pathway of salicylic acid biosynthesis in Populus. Tree Physiol. 2021, 41, 2198-2215. [CrossRef]

115. Song, Y.; Chen, P; Xuan, A.; Bu, C.; Liu, P; Ingvarsson, PK,; El-Kassaby, Y.A.; Zhang, D. Integration of genome wide association
studies and co-expression networks reveal roles of PtoWRKY42-PtoUGT76C1-1 in trans-zeatin metabolism and cytokinin
sensitivity in poplar. New Phytol. 2021, 231, 1462-1477. [CrossRef]

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/10.1093/treephys/tpab068
https://doi.org/10.1111/nph.17469

	Introduction 
	Poplar Photosynthesis Under Abiotic Stress 
	Drought Stress 
	Temperature Stresses 
	Salt Stress 
	Other Stress 

	Poplar Photosynthesis Under Biotic Stress 
	Improvement Strategy 
	Conclusions and Future Perspectives 
	References

