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Abstract: Wood is an abundant and essential renewable resource whose production is threatened in
some parts of the world by drought. A better understanding of the molecular mechanisms underlying
wood formation during drought is critical to maintaining wood production under increasingly
adverse environmental conditions. In this study, we investigated wood formation in black cottonwood
(Populus trichocarpa) during drought stress. The morphological changes during drought stress in
P. trichocarpa included the wilting and drooping of leaves, stem water loss, and a reduction in whole
plant biomass. The water embolism rate indicated that the water transport in stems was blocked
under drought conditions. An anatomical analysis of the xylem and cambium revealed that drought
stress changed the structure of vessel cells, increased lignin accumulation, and decreased the cambium
cell layers. We subsequently identified 12,438 and 9156 differentially expressed genes from stem
xylem and cambium tissues under well-watered and drought conditions, respectively. Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses revealed that
these genes were mainly involved in hormone signal transduction and amino sugar and nucleotide
sugar metabolism. To further explore the molecular mechanism of wood formation in response
to drought, we analyzed the expression patterns of the genes involved in lignin, cellulose, and
hemicellulose biosynthesis in xylem and the genes involved in cambial activity in the cambium. To
better understand the regulatory networks governing xylem development and cambium activity in
response to drought, we analyzed the MYB (138), AP2 (130), bHLH (89), and NAC (81) transcription
factor families to shed light on the interactions between the TFs in these families and the genes
they regulate. Identifying the key genes that regulate wood formation in P. trichocarpa during
drought provides a genetic foundation for further research on the molecular regulatory networks and
physiology underpinning wood formation during drought stress.

Keywords: drought stress; wood formation; transcriptomic sequencing; xylem; cambium; Populus
trichocarpa

1. Introduction

Wood formation is a complex developmental process comprising sequential rounds
of cell proliferation/differentiation (CPD), cell expansion (CE), secondary cell wall (SCW)
thickening, and programmed cell death (PCD) [1]. In the stem cambium, CPD is regulated
by structural genes [2], functional proteins [3], and plant hormones [4]. Auxin stimulates
cambial growth and mediates multiple stages of xylem development. Regulated auxin
transport and auxin-responsive genes in wood-forming tissues regulate cambial activity
and xylem differentiation during wood formation [5–7]. Brassinosteroid activates WALLS
ARE THIN1 (WAT1), a critical regulator of local auxin homeostasis and signaling outputs
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in the vascular cambium that facilitates wood formation in Solanum lycopersicum [8]. These
studies highlight the importance of plant hormones in cell proliferation and differentiation
in vascular tissues during wood formation.

Populus trichocarpa, also known as black cottonwood, is a pivotal species in the wood
industry due to its rapid growth, high biomass yield, and suitability for bioenergy and pulp
production. In the stem xylem of P. trichocarpa, CE, SCW thickening, and PCD are regulated
by metabolites, biosynthesis of secondary cell wall components, and complex molecular
networks. Wood formation requires secondary xylem cells in the vascular cambium to
differentiate into fibers, vessel elements, and ray cells concurrent with the biosynthesis
of the major cell wall components: cellulose, hemicellulose, and lignin [9]. Cellulose and
hemicellulose are major components of the primary cell wall, which play an important role
in CE. The metabolic pathway regulating UDP-sugar accumulation, a substrate used for the
synthesis of these polysaccharides, also plays an important role in cell wall biosynthesis [10].
Proteins associated with cellulose and hemicellulose, as well as xylem-specific transcription
factors regulating SCW biosynthesis, have been identified in P. trichocarpa. These include
14 proteins that have been accurately and precisely quantified during tree development
and environmental stress, which are essential for uncovering the changes in cellulose
biosynthesis [11]. Whereas cellulose and hemicellulose are necessary for SCW biosynthesis,
lignin is a complex polymer that is required for SCW thickening [12]. The main building
blocks of lignin are the monolignols guaiacyl (G), syringyl (S), and p-hydroxyphenyl
(H). Interestingly, the ratio of these monolignols in the lignin polymer contributes to
varying degrees of abiotic stress tolerance in the poplar [13]. The identification of genes
encoding specific monolignol biosynthetic enzymes in P. trichocarpa and their functional
characterization has revealed that the precise ratio of monolignols in lignin is determined
by the tightly regulated activity of these enzymes [14–16].

Cambial activity and xylem development during stem growth under drought condi-
tions are known to negatively affect wood formation [17–19]. Specifically, drought stress can
cause morphological, transcriptional, metabolic, and hormonal changes [20,21]. Drought
directly promotes the ability of the transcription factors PtoMYB170 and PtrbHLH186 to
bind AC- and G-box elements in the promoters of lignin biosynthetic genes in woody
plants [22]. Transgenic Morus alba, expressing the gene encoding cinnamyl-alcohol dehy-
drogenase (CAD), which catalyzes the final step of monolignol biosynthesis, revealed that
the MaCAD family members are responsible for the formation of various monolignols in
lignin biosynthesis under drought stress [23]. Overexpression of the Pennisetum purpureum
PpCCoAOMT gene promotes lignin accumulation, which is associated with drought tol-
erance and reduced accumulation of reactive oxygen species [24]. The phytohormones
auxin [25,26], cytokinin [27], gibberellin [28,29], brassinosteroids [30], ethylene [31], and
abscisic acid [32,33] form a complex regulatory network that controls both vascular cell
development during wood formation and plant responses to drought [34].

A comprehensive analysis of the impact of drought on gene regulation during wood
formation would help answer some important lingering questions. For instance, it is still
unknown how cambial activity is affected in the stem and how PD, CE, SCW thickening,
and PCD are regulated during wood formation in the stem xylem and cambium under
drought stress. In this study, we conducted a transcriptomic analysis of P. trichocarpa’s stem
xylem and cambium during wood formation under drought stress to better understand the
role of hormone signaling, sugar metabolism, and transcription factors in regulating wood
formation under this adverse condition. This study is expected to elucidate the molecular
regulatory mechanisms associated with drought response, aiding in the identification of key
genes or regulatory pathways, thereby enhancing the drought tolerance of crop plants. This
will make agricultural production systems more resilient to drought, thus better adapting
to the challenges of climate change.
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2. Materials and Methods
2.1. Plant Materials and Drought Treatment

P. trichocarpa plants were raised in 15 cm pots (one plant per pot) in a greenhouse
under long-day conditions (16 h light/8 h dark) at 23–25 ◦C as described previously [35].
Four-month-old plants of similar size and vigor were selected for the drought treatments.
The plants were well-watered up until the time of treatment, with the control plants
continuing to be watered while water was withheld from the drought-treated plants.
The soil volumetric water content (VWC) was measured every day using a soil moisture
meter (TDR 250; Spectrum Technologies, Aurora, CO, USA) as described previously [36].
Measurements of the VWC were taken at the beginning, middle, and end of each day for
5–7 days during the drought treatment to determine the final soil VWC (the soil VWC of the
control: 65%; the soil VWC of drought: 19%). Tissue for the RNA-seq was collected from
the stem cambium and included cambium zone cells and slight secondary phloem cells.
Cambium zone cells under control (WC) or drought (DC) conditions were kept separate
from the stem xylem (differentiating xylem) under control (WX) or drought (DX) conditions.
The tissue was collected between the seventh and basal internodes and flash-frozen directly
in liquid nitrogen, where it was kept until all samples had been harvested.

2.2. Quantification of Biomass and the Water Embolism Rate

The plants were cut at the base of the stem, and the fresh weight of all leaves and
the whole stem for each plant were measured after the control and drought treatments to
determine the effects of drought on the biomass. The XYL’EM-Plus xylem hydraulic con-
ductivity and embolism measurement system was used to determine the water embolism
rate. This was conducted by using the reference ‘water pressure’ method to first measure
the hydraulic conductivity (HC1) of the internodes that were 1 cm in length under low pres-
sure. The air within the xylem embolism catheter was then removed using high-pressure
continuous perfusion to saturate the water. The hydraulic conductivity (HC2) under low
pressure was then measured again, and the water embolism rate was calculated using the
formula below [37].

Water embolism rate (%) =
HC2 − HC1

HC2
× 100%

2.3. Analysis of Wood Anatomy

The stem internodes of wild-type P. trichocarpa were cut into 1 mm fragments, and
paraffin sectioning was performed as described previously [36]. The target stem segments
were cut into sections that were roughly 10 µm thick using a rotary microtome (RM2245;
Leica, Weztlar, Germany). Sections were stained with toluidine blue to observe the cambium
zone and stained with phloroglucinol-HCl to observe lignin. Micrographs of the stem
cross-sections were taken using a Scanner M8 (FM34F056; PreciPoint Lang Drake, TX, USA)
and VIEWPOINT (v1.0.0.0) setup software.

2.4. RNA Extraction and Sequencing

Total RNA from the stem xylem or cambium tissue of P. trichocarpa wild-type plants
under well-watered or drought treatments was extracted using a Qiagen RNeasy Plant
Mini Kit. The DNA was digested for 15 min using an RNase-Free DNase Set (QIAGEN,
Hilden, Germany) to remove contamination from the genomic DNA. The quality of the
purified RNA was determined using a Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA).
Ribosomal RNA (rRNA) was removed from the total RNA by hybridizing the rRNA to a
DNA probe and digesting the DNA/RNA hybrid strands with RNaseH. The DNA probe
was then degraded with a DNase I treatment. The mRNA was then used as a template
to synthesize first-strand cDNA. This was followed by double-stranded cDNA synthesis
using a two-strand synthesis reaction. The quality and quantity of the constructed libraries
were assessed using an Agilent 2100 Bioanalyzer and an ABI StepOnePlus Real-Time PCR
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System. A total of 12 libraries were sequenced using an Illumina HiSeq platform. After
removing the library index sequences from each read, the clean reads were mapped to the
P. trichocarpa genome v.3.0 (https://phytozome-next.jgi.doe.gov/info/Ptrichocarpa_v3_0,
accessed on 14 May 2024) using Bowtie2 [38].

2.5. Identifying Differentially Expressed Genes

Differentially expressed genes (DEGs) were identified between the stem cambium
and xylem tissues under multiple conditions, with three biological replicates used per
treatment condition [39]. A negative binomial distribution was used in DESeq to determine
if the genes were differentially expressed between treatments. Furthermore, p-values were
adjusted using Benjamini and Hochberg’s false discovery rate (FDR) with a p-adjust value
of <0.05 and a |log2Fold Change (FC)| of ≥1 used as a threshold to classify genes as
differentially expressed. To understand the biological function of the DEGs, Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were
performed using the GOseq R package 2.10 and KOBAS 2.0 software, respectively. The
transcription factors (TFs) were predicted using PlantTFDB (http://planttfdb.gao-lab.org/).
The interactions were analyzed using STRING (https://cn.string-db.org/) (version 11.5),
and interaction networks were constructed using Cytoscape (3.7.2).

2.6. Quantitative Reverse-Transcription PCR (qRT-PCR)

A total of 200 ng of RNA was used for synthesizing cDNA with the PrimeScript RT kit
(TaKaRa, Kusatsu, Japan). qRT-PCR was performed in triplicate on an Agilent M×3000P
Real-Time PCR System using the TB Green Premix Ex Taq II (Tli RNaseH Plus) kit (TaKaRa).
A single 20 µL reaction mixture comprised 10 µL of 2× TB Green Premix Ex Taq, 2 µL of
cDNA template, 6 µL of ddH2O, 0.8 µL of upstream and downstream primers, and 0.4 µL
of ROX reference dye. The PCR reaction conditions were as follows: 95 ◦C for 10 min,
40 cycles at 95 ◦C for 30 s, and 60 ◦C for 1 min, followed by 95 ◦C for 1 min, 55 ◦C for 30 s,
and 95 ◦C for 30 s. The relative expression levels of all the DEGs were calculated using
the 2−∆∆Ct method [40]. The primers used for qRT-PCR can be found in Supplementary
Table S1.

2.7. Statistical and Visualization Analysis

Raw data were analyzed using Excel 2016 (Microsoft Corp., Albuquerque, NM, USA).
Analysis of variance (ANOVA) was performed using SPSS 25.0 statistical software (IBM
Crop, Armonk, NY, USA) with the S–N–K significant difference test at p < 0.05. Heatmaps
and the UpSet diagram were created with TBtools (v1.1043).

3. Results
3.1. Morphological and Anatomical Analyses of P. trichocarpa under Drought Stress

We subjected the wild-type plants to control and drought conditions (as described in
the Materials and Methods section) to better understand the response of P. trichocarpa to
drought stress. At 3 months of age, the drought treatment was initiated with a starting
soil VWC of 65.8% (Figure 1a). The soil VWC of the control group was maintained at 65%
through the duration of the experiment, whereas the soil VWC of the drought-treated
plants declined from 65% to 19% (Figure 1b). At the Drought-1 stage (35.4% soil VWC),
leaves 2–5 displayed a slight wilting phenotype. Signs of severe wilting were evident in
just the first leaf at the Drought-2 stage (19% soil VWC), and the fresh weight of the stems
and leaves was significantly lower than at Drought-1 (Figure 1c,d). The water embolism
rate of the stems, a reference index for evaluating the severity of drought stress in plants,
was much higher in the plants subjected to drought than in the control plants (Figure 1e).

https://phytozome-next.jgi.doe.gov/info/Ptrichocarpa_v3_0
http://planttfdb.gao-lab.org/
https://cn.string-db.org/
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Figure 1. Morphological and anatomical analyses of plants under control and drought conditions. 
(a) Images of whole P. trichocarpa plants taken under control, Drought-1, and Drought-2 conditions. 
The scale bar is equal to 8.5 cm. (b) Quantification of soil VWC under control, Drought-1, and 
Drought-2 conditions. (c) Quantification of stem biomass and (d) leaf biomass under control and 
drought conditions. (e) Quantification of the water embolism rate between the 15th and 20th inter-
nodes under control and drought conditions. Error bars indicate the mean ± SE (n = 3) from three 
independent experiments. A two-tailed Student’s t-test was used to determine statistical signifi-
cance. * p < 0.05 and ** p < 0.01. 

The xylem plays an essential role in hydraulic conduction during wood formation. 
To assess the impact of drought stress on the xylem morphology, we performed scanning 
electron microscopy on the control and drought-treated plant stems (Figure 2a). Our im-
aging analysis revealed that P. trichocarpa, subjected to drought, had a smaller vascular 
luminal area and a higher vessel density compared with the control plants (Figure 2c–e). 
Additionally, lignin-specific histochemical staining revealed that drought stress resulted 
in increased lignin accumulation (Figure 2b). Toluidine blue staining of the cambium zone 
revealed that drought stress resulted in fewer cambium cell layers (Figure 2b). These find-
ings indicate that drought alters the anatomical structure of the xylem and cambium cells 
in the stem of P. trichocarpa. 

Figure 1. Morphological and anatomical analyses of plants under control and drought conditions.
(a) Images of whole P. trichocarpa plants taken under control, Drought-1, and Drought-2 conditions.
The scale bar is equal to 8.5 cm. (b) Quantification of soil VWC under control, Drought-1, and Drought-
2 conditions. (c) Quantification of stem biomass and (d) leaf biomass under control and drought
conditions. (e) Quantification of the water embolism rate between the 15th and 20th internodes under
control and drought conditions. Error bars indicate the mean ± SE (n = 3) from three independent
experiments. A two-tailed Student’s t-test was used to determine statistical significance. * p < 0.05
and ** p < 0.01.

The xylem plays an essential role in hydraulic conduction during wood formation.
To assess the impact of drought stress on the xylem morphology, we performed scanning
electron microscopy on the control and drought-treated plant stems (Figure 2a). Our
imaging analysis revealed that P. trichocarpa, subjected to drought, had a smaller vascular
luminal area and a higher vessel density compared with the control plants (Figure 2c–e).
Additionally, lignin-specific histochemical staining revealed that drought stress resulted in
increased lignin accumulation (Figure 2b). Toluidine blue staining of the cambium zone
revealed that drought stress resulted in fewer cambium cell layers (Figure 2b). These
findings indicate that drought alters the anatomical structure of the xylem and cambium
cells in the stem of P. trichocarpa.

3.2. Functional Classification of DEGs Using GO and KEGG Enrichment

We assessed the transcriptional profiles of the stem xylem and cambium tissues under
drought stress to explore the impact of drought on the wood formation in P. trichocarpa. A
range of 26–38 million reads were generated from the samples, which yielded an average of
~24 million clean reads that were used for subsequent bioinformatic analyses after filtering
and sequencing error checks. The average Q20 and total mapped reads were 98.09% and
89.6%, respectively, indicating the reads were of good overall quality (Supplementary
Table S2). We identified 12,438 DEGs (4782 upregulated and 7656 downregulated) between
the cambium cells under control (WC) versus drought (DC) conditions. The number of
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DEGs between the xylem cells under control (WX) versus drought (DX) conditions was
9156 (5008 upregulated and 4148 downregulated) (Figure 3a). Among these DEGs, 6366
and 3084 were specific to the stem cambium and xylem, respectively, whereas 6072 were
common in both the cambium and xylem (Figure 3b).
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Figure 2. Analyses of xylem and cambium morphologies and lignin deposition under drought
stress. (a) Stem cross-sections taken from the 15th internode of plants under control and Drought-2
conditions were observed with a scanning electron microscope (SEM). Red scale bars are equal to
100 µm, vessel cell (ve). (b) Lignin-specific histochemical and toluidine blue staining of stem cross-
sections taken from the 15th internode of plants under control and Drought-2 conditions. The black
scale bars are equal to 20 µm, and the white scale bars are equal to 100 µm, xylem zone (X), cambium
zone (C), and phloem zone (P). (c) Quantification of lumen area per vessel, (d) vessel number, and
(e) area of the vessel. Error bars indicate the mean ± SE (n = 3) from six sections per three independent
experiments. A two-tailed Student’s t-test was used to assess statistical significance; ** p < 0.01.
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Figure 3. Identification and functional enrichment of DEGs (differentially expressed genes) in WX
(xylem under control) versus DX (xylem under drought) and WC (cambium under control) versus DC
(cambium under drought). (a) Statistical analyses of upregulated and downregulated DEGs under
different treatment conditions. (b) UpSet diagram of DEGs under different treatment conditions.
(c) GO enrichment analysis for DEGs between WX and DX. (d) GO enrichment analysis for DEGs
between WC and DC. (e) KEGG enrichment analysis for DEGs between WX and DX. (f) KEGG
enrichment analysis for DEGs between WC and DC. The color scale represents log2 fold-change
values with light blue to dark blue, indicating expression values from low to high, respectively. The
area of the circle represents the number of genes annotated with the given term.

We next performed a GO annotation enrichment analysis on the DEGs to better assess
their biological function. Many of the DEGs could be grouped into three GO categories as
follows: biological process (BP), molecular function (MF), and cellular component (CC). Of
the DEGs in the stem xylem tissue, twelve were annotated as CP, one as BP, and seven as MF
(Figure 3c, Supplementary Table S3). Of the DEGs in the stem cambium tissue, twelve2 were
annotated as CP, four as BP, and four as MF (Figure 3d, Supplementary Table S4). A KEGG
pathway enrichment analysis revealed that most of the DEGs were involved in amino sugar
and nucleotide sugar metabolism (ko00520) and the plant hormone signal transduction
pathway (ko04075) in both tissues (Figure 3e,f, Supplementary Tables S5 and S6).

3.3. Analysis of Plant Hormone Signal Transduction Pathways

Plant hormones play an important role in signaling during the drought response
and regulate the wood formation in stem cambium tissue [41]. We identified 77 DEGs
from the stem xylem and cambium of P. trichocarpa that are associated with the signal
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transduction pathways for eight plant hormones (Figure 4, Supplementary Table S7). Three
genes encoding AUX/IAA were significantly downregulated in the stem cambium tissues
in response to drought, whereas three genes encoding ABF in the abscisic acid pathway
were significantly upregulated under the drought conditions. In the jasmonic acid and
ethylene pathways, eight genes encoding JAZ, four genes encoding ERF1/2, and four genes
encoding EIN3 were significantly upregulated in the stem xylem tissues in response to
drought. A few genes in the salicylic acid and brassinosteroid pathways were slightly
downregulated in the stem xylem tissues. In general, the expression patterns of the DEGs
involved in the plant signal transduction pathways in the stem xylem and cambium tissues
indicated that drought inhibited cambium activity and accelerated xylem differentiation
by suppressing the expression of the auxin and cytokinin transport channels. This likely
inhibits stem growth and accelerates lignification. Moreover, our results provide insight
into the complex relationship between plant hormones and cambium activity and xylem
development [42].
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Figure 4. Analyses of DEGs related to the plant hormone signal transduction pathway. Abbreviations:
xylem under control (WX); xylem under drought (DX); cambium under control (WC); cambium
under drought (DC); cytokinin receptor (CRE1); histidine-containing phosphotransfer protein (AHP);
two-component response regulator ARR-B family (B-ARR); two-component response regulator ARR-
A family (A-ARR); gibberellin receptor (GID1); F-box protein (GID2); DELLA protein (DELLA);
auxin influx carrier (AUX1); transport inhibitor response 1 (TIR1); auxin-responsive protein IAA
(AUX/IAA); auxin response factor (ARF); auxin-responsive GH3 gene family (GH3); SAUR family
protein (SAUR); abscisic acid receptor PYR/PYL family (PYR/PYL); protein phosphatase 2C
(PP2C); serine/threonine-protein kinase SRK2 (SnRK2); ABA-responsive element-binding factor



Forests 2024, 15, 873 9 of 23

(ABF); jasmonic acid-amino synthetase (JAR1); coronatine-insensitive protein 1 (COI1); jasmonate
ZIM domain-containing protein (JAZ); transcription factor MYC2 (MYC2);regulatory protein NPR1
(NPR1); transcription factor TGA (TGA); pathogenesis-related protein 1 (PR1); ethylene receptor
(ETR); mitogen-activated protein kinase kinase 4/5 (SIMKK); EIN3-binding F-box protein (EBF1/2);
ethylene-insensitive protein 3 (EIN3); ethylene-responsive transcription factor 1 (ERF1); brassinos-
teroid insensitive 1-associated receptor kinase 1 (BAK1); protein brassinosteroid insensitive 1 (BRI1);
BR-signaling kinase (BSK); brassinosteroid resistant 1/2 (BZR1/2); xyloglucan: xyloglucosyl trans-
ferase TCH4 (TCH4); cyclin D3 (CYCD3). The color scale represents the log2 fold-change in gene
expression, with the lowest expression represented by blue to the highest expression in red.

3.4. Analyses of the Amino Sugar and Nucleotide Sugar Metabolism Pathways

Primary cell wall biosynthesis and secondary cell wall thickening occur throughout
the process of wood formation [43]. We decided to focus our analysis on the pentose and
glucuronate interconversion pathways, the glycolysis and gluconeogenesis pathways, and
the galactose metabolism pathway. These pathways provide the UDP-sugar metabolism
that is essential for cell wall formation (Figure 5). A total of 33 genes were identified,
including 14 related coding proteins (Supplementary Table S8). The genes encoding abfA
(1 gene), UXE (4 genes), and galE (2 genes) were significantly upregulated in the stem xylem
and cambium tissues in response to drought, whereas two genes encoding 1,4-beta-D-xylan
synthase (E2.4.2.24) were significantly downregulated in the stem cambium tissues in
response to drought. The genes encoding XYL4 (6 genes), USP (1 gene), GALAK (1 gene),
GAUT (2 genes), and UXS1 (2 genes) were significantly downregulated in the stem xylem
tissues in response to drought. Embolism formation, as a consequence of drought, led to an
altered metabolic profile in the cambium and xylem. This led to the upregulation of the
genes involved in disaccharide metabolism and the downregulation of the genes involved
in monosaccharide metabolism. These changes in carbohydrate metabolism promoted
starch degeneration and intracellular and extracellular osmotic pressure increases, which
provided energy for the stem to resist drought stress [44].
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Figure 5. Analyses of DEGs related to the amino sugar and nucleotide sugar metabolism pathways.
Abbreviations: xylem under control (WX); xylem under drought (DX); cambium under control (WC);
cambium under drought (DC); L-Arabinose (L-Ara); beta-L-Arabinose 1-phosphate (L-Ara-1P); UDP-
L-arabinose (UDP-L-Ara); UDP-L-arabinofuranose (UDP-L-Araf); UDP-D-xylose (UDP-D-Xyl); 1,4-
beta-D-Xylan (1,4-β-D-Xylan); D-Xylose (D-Xyl); D-Glucuronate (GlcA); D-Glucuronate 1-phosphate
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(GlcA-1P); UDP-glucuronate (UDP-GlcA); UDP-apiose (UDP-D-Api); alpha-D-Glucose (Glc); D-
Glucose 1-phosphate (Glc-1P); alpha-D-Glucose 6-phosphate (Glc-6P); UDP-glucose (UDP-Glc); UDP-
4-dehydro-6-deoxy-D-glucose (UDP-4-keto-6-deoxy-D-Glc); UDP-4-keto-rhamnose (UDP-4-keto-
Rha); UDP-L-rhamnose (UDP-Rha); UDP-6-sulfoquinovose (UDP-SQ); UDP-alpha-D-galactofuranose
(UDP-Galf); alpha-D-Galactose (α-Gal); alpha-D-Galactose 1-phosphate (Gal-1P); UDP-alpha-D-
galactose (UDP-Gal); D-Galacturonate (GalA); 1-Phospho-alpha-D-galacturonate (GalA-1P); UDP-
D-galacturonate (UDP-GalA); L-arabinokinase (E2.7.1.46); 1,4-beta-D-xylan synthase (E2.4.2.24);
hexokinase (HK); alpha-L-arabinofuranosidase (abfA); UDP-glucose 4-epimerase (galE); phospho-
glucomutase (pgm); UDP-glucuronate decarboxylase (UXS1); UDP-glucuronate 4-epimerase (GAE);
UDP-sugar pyrophosphorylase (USP); UDP-arabinose 4-epimerase (UXE); UDP-apiose/xylose
synthase (AXS); UDP-glucose 4,6-dehydratase (RHM); 3,5-epimerase/4-reductase (UER1); UDP-
arabinopyranose mutase (RGP); xylan 1,4-beta-xylosidase (XYL4); glucuronokinase (GLCAK);
UTP-glucose-1-phosphate uridylyltransferase (UGP2); alpha-1,4-galacturonosyltransferase (GAUT);
UDPglucose 6-dehydrogenase (UGDH); galacturonokinase (GALAK). The color scale represents the
log2 fold-change in gene expression, with the lowest expression represented by blue to the highest
expression in red.

3.5. Analysis of Xylem Development under Drought Stress

Lignin, cellulose, and hemicellulose are important components of the primary and sec-
ondary cell walls that play key roles in the development of xylem cells [45]. We performed
a cluster analysis of the genes related to the monolignol (Figure 6a), cellulose (Figure 6b),
and hemicellulose (Figure 6c) biosynthesis pathways to better understand how the lignin,
cellulose, and hemicellulose metabolisms were affected during drought. Notably, drought
stress affected the expression of the genes related to the monolignol biosynthesis pathway
in P. trichocarpa. This was especially apparent in the stem xylem tissue (Supplementary
Table S9), where one PAL gene was upregulated in response to drought, whereas one COMT
gene, one C3H gene, and two 4CL genes were significantly downregulated. Interestingly,
most genes related to monolignol biosynthesis were downregulated in the xylem under
drought stress. Genes related to cellulose biosynthesis were also largely downregulated
under drought stress. Specifically, PtrCesA15, PtrCesA2, and PtrCesA14 were primarily ex-
pressed in the cambium, and PtrCesA8, PtrCesA4, PtrCesA18, PtrCesA7, and PtrCesA17 were
primarily expressed in the xylem. Most genes related to hemicellulose biosynthesis were
significantly downregulated in the xylem under drought stress, whereas PtrPARVUS-L-1,
which had higher expression in the cambium, was upregulated. To verify the accuracy
of our transcriptomic data, we used qRT-PCR to validate the expression pattern of the
16 genes specifically expressed in the xylem of P. trichocarpa (Supplementary Figure S1).
The qRT-PCR results showed that the key genes involved in the xylem development were
significantly downregulated in the xylem in response to drought, consistent with the
RNA-seq analysis.

3.6. Analysis of Cambial Activity under Drought Stress

In poplar, LBD3, WOX4, HB4, and HB7 regulate the cambial activity by regulating
plant hormones and other factors that affect wood formation directly or indirectly [26,46–48].
We analyzed the expression patterns of 19 of these genes in the cambium using our tran-
scriptomic data (Table 1). Most of these genes were significantly downregulated in response
to drought, such as PtrHB4 and PtrHB7, whereas only four genes were significantly upreg-
ulated. Interestingly, LBD3a and LBD3b expression was inversely related in the cambium
(Supplementary Table S10). We used homologous proteins in Arabidopsis to predict the
protein interactions by STRING, and interactions between some of these proteins were
found, such as WOX4, LBD4, and PXY. We also used qRT-PCR to validate the expression of
12 DEGs related to cambial activity in the cambial tissue of P. trichocarpa randomly (Sup-
plementary Figure S2). The expression of these DEGs in the cambium was consistent with
the results from the RNA-seq analysis and confirmed that the expression of these genes
is inhibited in response to drought. Most DEGs with functions related to the cambium



Forests 2024, 15, 873 11 of 23

were downregulated in response to drought in the cambium. The expression of these DEGs
provides new insights into how the cambium responds to drought.
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Figure 6. Analyses of DEGs related to the monolignol, cellulose, and hemicellulose biosyn-
thesis pathways. (a) DEGs related to the monolignol biosynthesis pathway. (b) Heatmaps of
DEGs related to cellulose, and (c) hemicellulose biosynthesis. Abbreviations: xylem under control
(WX); xylem under drought (DX); cambium under control (WC); cambium under drought (DC);
phenylalanine ammonia-lyase (PAL); 4-coumarate-CoA ligase (4CL); ferulate-5-hydroxylase (F5H);
cinnamoyl-CoA reductase (CCR); shikimate O-hydroxycinnamoyltransferase (HCT); caffeic acid 3-O-
methyltransferase/acetylserotonin O-methyltransferase (COMT); cinnamyl-alcohol dehydrogenase
(CAD); caffeoyl-CoA O-methyltransferase (CCoAOMT); trans-cinnamate 4-monooxygenase (C4H); 5-
O-(4-coumaroyl)-D-quinate 3′-monooxygenase (C3H). The color scale represents the log2 fold-change
in gene expression, with the lowest expression represented by blue to the highest expression in red.
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Table 1. Functional analyses from the literature of homologs to the DEGs identified in this study related to cambium activity in the cambium.

Gene ID Gene Name Species Method Used for
Characterization Plant Age Function References

Potri. 014G039900 PagDA1a
P. alba × P. glandulosa

PagDA1a/1b overexpressing lines 3-month
The PagDA1-PagWOX4 regulatory complex is

involved in cambial activity during wood formation [47]PagDA1a/1b/1a-b knockout
mutants 3-month

Potri. 014G025300 PagWOX4a PagWOX4a/b-RNAi lines in WT 3-month

Potri. 002G124100 PagWOX4b PagWOX4a/b-RNAi lines in
da1mutants 3-month

Potri. 012G100200 VCM1 P. deltoides × P. euramericana
‘Nanlin895’

PtrVCM1-overexpressing lines 3-mouth Regulation of vascular cambium proliferation
activity and xylem tissue increment in Populus [5]Potri. 015G098400 VCM2 PtrVCM1-2-RNAi lines 3-month

Potri. 007G066700
AtLBD4

A. thaliana

tmo6 wox14 double mutants and
tmo6 wox14 lbd4 triple mutants 5-week

Critical for controlling vascular proliferation and
shape as feed-forward loop transcription factors

[49]
Potri. 001G081400

Potri. 001G049700 AtCLE44 cle41 cle42 cle43 cle44 quadruple
mutants 5-week PXY/TDIF activates the expression of all genes

within the feed-forward loopPotri. 003G107600 AtWOX4
(AtPXY)

pxy mutants and wox4 wox14
double mutants 8-weekPotri. 001G126100

Potri. 013G119400

PtoTCP20 P. tremloides PtomTCP20-overexpressing lines 2-mouth

Controls vascular cambium proliferation by binding
to PtoWOX4a and promotes secondary xylem

differentiation by activating PtoWND6 transcription
to regulate secondary growth

[50]Potri. 011G096600

Potri. 018G045100 PtrHB7
P. trichocarpa

PtrHB7-RNAi lines 4-mouth
Critical for controlling the differentiation between

secondary xylem and phloem tissues during
secondary growth

[48]

Potri. 001G372300
PtrHB4 PtrHB4 RNAi lines 2-mouth Required for vascular cambium development [26]Potri. 011G098300

Potri. 015G077100 PdeHCA2 (PdeDof5.6) P. deltoides × P. euramericana
‘Nanlin895’ PdeHCA2-overexpressing lines 1-mouth

Repressed cambium formation and xylem
proliferation and differentiation in a

dosage-dependent manner
[51]

Potri. 017G074600 PttCLE47 P. tremula × tremuloides PttCLE47-RNAi lines 10-week A positive regulator of cambial activity. It also
promotes secondary xylem production [52]

Potri. 008G043900 PagLBD3 P. alba × P. glandulosa PagLBD3-overexpressing lines 2-mouth Involved in cambial cell differentiation into
secondary phloem [46]Potri. 010G217700 PagLBD3-SRDX mutants 2-mouth
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3.7. Analysis of Transcription Factors under Drought Stress

Transcription factor (TF) families possessing specific conserved domains play key roles
in plant growth, development [53], and responses to drought stress [54]. Among the DEGs
identified between the WC versus DC and WX versus DX were 1098 TF genes. Specific to
the WC versus DC were 380 TFs (134 upregulated and 246 downregulated), and specific to
the WX versus DX were 205 TFs (136 upregulated and 69 downregulated). A total of 513 TFs
were common between both groups, with 330 upregulated and 183 downregulated in WC
versus DC, and 339 upregulated and 174 downregulated in WX versus DX (Figure 7a). We
focused our analysis on the genes from the top ten TF families identified (Figure 7b). A
total of 138 MYB genes (Figure 7c), 130 AP2/EREBP genes (Figure 7d), 89 bHLH genes
(Figure 7e), and 81 NAC genes (Figure 7f) were differentially expressed in the stem xylem
and cambium tissues in response to drought. Interestingly, some genes in the AP2/EREBP
family were upregulated in the xylem and downregulated in the cambium, such as Ptr-
RAP2.3 and PtrCRF2. These results indicated that TF genes in the cambium and xylem
play different regulatory roles in response to drought. Most TF genes were downregulated
in the cambium in response to drought but upregulated in the xylem (Supplementary
Tables S11 and S12). This suggests a coordinated function between different plant tissues
during the drought response.
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versus DX. The black number indicates the number of DEGs, the red number indicates the number of
upregulated DEGs, and the green number indicates the number of downregulated DEGs annotated
as TFs. (b) The number of differentially expressed TFs within each of the top ten most abundant
TF families. (c) Heatmap showing the expression of TFs in the MYB family, (d) AP2-EREBP family,
(e) bHLH family, and (f) NAC family. Abbreviations: xylem under control (WX); xylem under drought
(DX); cambium under control (WC); cambium under drought (DC). The color scale represents the
log2 fold-change with blue to red, indicating expression values from low to high.

We next analyzed the upregulated TFs from the top four TF families within the WX
versus DX (Supplementary Figure S3a) and WC versus DC (Supplementary Figure S3b)
groups. The TFs were ranked according to their fold-change increase. The top five TFs
with the greatest change in gene expression upon drought treatment for each family
were analyzed in greater detail. MYB102-2, NAC047-1, NAC047-2, NAC072, bHLH162-1,
bHLH162-2, ERF114, and ERF021-2 had the greatest increase in expression based on a
normalized FPKM comparison for each module. These results suggest that these eight TFs
are intimately associated with stem xylem development and cambial activity.

3.8. Interaction Networks for Proteins Related to Wood Formation

To better understand the mechanism of wood formation during drought stress, we fo-
cused on the eight TFs identified in the previous paragraph. We constructed an interaction
network of proteins with functions related to plant hormone signal transduction and amino
sugar and nucleotide sugar metabolism (Figure 8a). The proteins’ physical interactions
between NAC047, NAC072, and MYB102 were closely related to plant hormone signal
transduction. MYB102 directly interacted with ABF2, NAC072 directly interacted with
BZR1 and MYC2, and NAC047 and NAC072 directly interacted with EIN3. Interestingly,
MYC2 and EIN3 directly interacted with PAL1, which is involved in monolignol biosyn-
thesis. Monolignol, cellulose, and hemicellulose biosynthesis-related proteins are closely
related to sugar metabolism pathway proteins. Meanwhile, ERF021 directly interacted
with LBD1 and LBD4, which are proteins involved in the regulation of cambium activity,
and the cambium activity-related proteins are closely related to the proteins involved in
plant hormone signal transduction. To support these results, we verified the expression
of the TFs in the xylem and cambium under drought stress using RT-qPCR (Figure 8b).
The results showed that PtrERF021-2 was significantly upregulated in the cambium under
drought, and PtrMYB102-2, PtrNAC047-1, PtrNAC047-2, and PtrNAC072 were significantly
upregulated in the xylem under drought. Therefore, we concluded that PtrERF021-2,
PtrMYB102-2, PtrNAC047-1, PtrNAC047-2, and PtrNAC072 played important roles in wood
formation by regulating the hormone signal transduction and amino sugar and nucleotide
sugar metabolisms under drought stress.
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Figure 8. An analysis of the interactions between structural genes and transcription factors (TFs)
and their expression patterns. (a) An interaction network map of TFs and proteins related to xylem
development, cambial activity, plant hormone signal transduction, and sugar metabolism. (b) RT-
qPCR results show the expression level of five TF genes in stem xylem and cambium tissue. The
Y-axis on the left indicates the relative gene expression levels, and the X-axis represents the two
treatment types. Error bars indicate the mean ± SE (n = 3) from three independent experiments. A
two-tailed Student’s t-test was used to assess statistical significance. * p < 0.05 and ** p < 0.01.

4. Discussion

In woody plants, wood formation is a significant part of the plant’s growth, involving
complex regulatory mechanisms and abiotic stress adaptation [55,56]. In this study, we
analyzed the gene expression changes in hormone, metabolic, and biosynthetic pathways
during CPD, CE, SCW thickening, and PCD in stem xylem and cambium tissues under
drought stress. Studying gene expression changes in hormone, metabolic, and biosynthetic
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pathways during different stages of stem development under drought stress provides
valuable insights into how plants respond and adapt to environmental challenges. By
elucidating the molecular mechanisms associated with these processes, we can better
understand the regulatory networks involved in drought responses and potentially identify
the key genes or pathways that can be targeted for improving drought tolerance in crop
plants, leading to more resilient agricultural systems in the face of climate change.

4.1. Drought Stress Interferes with Stem Growth and Development in P. trichocarpa

We used the model woody plant P. trichocarpa to explore the molecular mechanism of
wood formation in response to short-term drought, consisting of a SWC of 19%. Studies
have shown that drought greatly impacts the production of secondary metabolites in
roots [57], photosynthesis in leaves [58], and water transport in stems [59]. We found that
severe short-term drought causes obvious phenotypic changes in the growth of leaves and
stems (Figure 1a,c). As the soil VWC declines (Figure 1b), stems lose water and become
blocked during water transport (Figure 1d,e). This could be the result of changes in
the recycling photosynthesis in the stem [60] and the size and number of vessels in the
xylem [61]. We observed that the number of vessel cells in the xylem increases during
drought, whereas the average area of each vessel cell actually decreases (Figure 2a,c–e). The
amount of lignin deposited in the cell wall of the fiber cells increases upon drought stress
(Figure 2b). The number of cambium cell layers between internodes was one or two fewer
under the drought conditions compared to the control conditions (Figure 2b). These results
are consistent with previous studies of xylem in Populus tomentosa [62] and cambium in
P. trichocarpa [63].

4.2. Drought Stress Disrupts Plant Hormone Signal Transduction and Carbohydrate Metabolism
during Wood Formation

During wood formation under non-stressed conditions, CPD in the stem cambium is
regulated by plant hormones and genes related to cambial activity [64], but how this process
is affected by drought stress is less understood. Plant hormones play an important role
in regulating vascular cambial activity and plant responses to drought [65]. For example,
cytokinin and brassinosteroid play important regulatory roles in cambium cell prolifera-
tion [66,67], while auxin promotes the differentiation of cambial cells into xylem [68]. The
PP2A phosphatase binds to PIN proteins directly to affect auxin transport. ABA inhibits
PP2A phosphatase activity after binding to the PYR/PYL receptors, which results in a
greater abundance of phosphorylated PIN proteins that affect auxin transport [69]. In-
terestingly, we found that the genes involved in plant hormone signal transduction were
enriched during drought stress (Figure 3a–f). Most of the genes involved in ABA transport
were significantly upregulated under drought stress. This included the PP2C genes, which
were more highly upregulated than others. Other hormone pathways were also clearly
impacted by drought in the cambium (Figure 4).

The expression patterns of the genes related to cambial activity also changed in the
cambium under drought stress (Supplementary Figure S2), which showed that most genes
were downregulated, except for LBD3a, VCM1, VCM2, and DA1. Briefly, CPD in the cam-
bium during wood formation is inhibited under drought stress, including the transduction
of plant hormone signals and the regulation of the genes related to cambial activity.

For the processes involving CE, SCW, and PCD in the stem xylem, cell wall biosyn-
thesis determines xylem development, which includes the primary and secondary cell
walls [70]. However, drought led to impaired xylem development and affected the ex-
pression of the genes related to lignin biosynthesis. Previous studies have demonstrated
that drought stress increases the percentage of transcripts with long poly (A) tails in the
stem-differentiating xylem of P. trichocarpa [55,56]. The cellulose and hemicellulose contents
of the primary cell wall during CE [71] are regulated by the genes related to cellulose and
hemicellulose biosynthesis. For example, CesA genes encode proteins that combine to form
functional CESA complexes that are active during SCW thickening [72]. Genes related
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to cellulose (Figure 6b) and hemicellulose (Figure 6c) biosynthesis in the xylem of P. tri-
chocarpa [14,73] were primarily downregulated during drought (Supplementary Figure S1).
The expression patterns of most genes in the monolignol biosynthesis pathway were down-
regulated in response to drought (Figure 6a). UDP-sugar is a substrate for polysaccharides,
so the metabolic pathway involved in UDP-sugar biosynthesis also plays an important
role during cell wall biosynthesis [74]. Although the metabolic pathway of UDP-sugar is
involved in complex reactions, the metabolic process was limited by the expression pattern
analysis of the DEGs related to UDP-sugar metabolism (Figure 5). We found that the genes
related to PCD were slightly downregulated by drought in the xylem (Supplementary
Table S13) [75–77]. This is despite the fact that many nucleases and proteases are present in
tracheary elements [78]. The xylem of P. trichocarpa during wood formation under drought
stress exhibits problems with primary cell wall formation, accelerated SCW thickening, and
changes in the biosynthesis of lignin, cellulose, hemicellulose, and UDP-sugar metabolism.

4.3. Molecular Regulation of Wood Formation in Response to Drought Stress

TFs are important regulators of plant growth, development, and tolerance to drought
stress [79]. Specifically, MYB TFs are involved in the drought stress response in P. tri-
chocarpa and P. tomentosa [80,81]. In this study, we identified 10 TF families consisting of
hundreds of DEGs in the cambium and xylem under drought stress (Figure 7b). The MYB,
AP2, bHLH, and NAC families had the most DEGs (Figure 7c–f). The TFs in these four
families are known to promote tolerance against drought by regulating secondary growth
in Oryza sativa [82], Sorghum bicolor [83], Betula platyphylla [84], Vitis vinifera L. [85], and
Apium graveolens L. [86]. MYB and NAC TFs, in particular, regulate secondary cell wall
biosynthesis [4]. For instance, wood-associated NAC domain (WND) TFs are part of a
hierarchical network regulating wood formation in woody plants. Alternatively, spliced
isoforms of PtrWND1B are negative regulators of fiber cell wall thickening during wood
formation [87]. The PtrMYB74-PtrWRKY19-PtrbHLH186 network also plays a vital role in
regulating wood formation in addition to promoting drought tolerance in plants [36].

We identified eight TFs that might play critical roles during wood formation (Sup-
plementary Figure S3) and selected five TFs (PtrMYB102-2, PtrNAC047-1, PtrNAC047-2,
PtrNAC072, and PtrERF021-2) by analyzing the interaction network among the genes
related to xylem development and cambial activity (Figure 8b). An Arabidopsis thaliana
atnac029/atnac047/atnac092 triple mutant exhibited delayed ovule degeneration [88].
AtNAC072 (RD26) is a key regulator of metabolic reprogramming during dark-induced
senescence [89], which plays an important role in regulating ABA signal transduction in
response to drought [90,91]. AtMYB102 expression was rapidly induced by osmotic stress
and ABA treatment and depends on and integrates signals derived from both wounding
and osmotic stress [92]. We believe that PtrMYB102-2, PtrNAC047-1, PtrNAC047-2, and
PtrNAC072 may regulate lignin deposition and PCD to accelerate xylem development
in response to drought stress. These proteins likely accomplish this by interacting with
proteins related to lignin, cellulose, and hemicellulose biosynthesis and sugar metabolism
(Figure 8a). AtERF021 (FUF1) suppresses the Ethylene response DNA-binding Factors
(EDFs) that promote floral senescence/abscission by regulating ethylene signal transduc-
tion [93]. We believe that PtrERF021-2 may regulate cambium activity in response to
drought stress by interacting with the proteins related to plant hormone signal transduction
(Figure 8a). In summary, TFs such as PtrMYB102-2, PtrNAC047-1, PtrNAC047-2, PtrNAC072,
and PtrERF021-2 are differentially expressed under drought conditions and interact with
the proteins involved in plant hormone signal transduction and the amino sugar and
nucleotide sugar metabolisms. As a result, wood formation is affected. The genes related
to cambium activity (WOX4, VCM1/2, and LBD4), xylem development (CesAs, GUX1a/b,
IRXs, PARVUS-L-1, PALs, 4CLs, and COMTs), vacuole collapse, and cell autolysis (XCP1/2,
MC9, and APX) also undergo expression changes during drought stress. These changes in
gene expression affect CPD, CE, SCW, and PCD to influence wood formation (Figure 9).
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5. Conclusions

We analyzed the changes in gene expression during wood formation under drought
stress in P. trichocarpa. PtrERF021-2 modulates cambium activity in the stem by regulating
plant hormone signal transduction to suppress CPD. PtrMYB102, PtrNAC47-1, PtrNAC47-2,
and PtrNAC072 modulate xylem development in the stem by regulating lignin, cellulose,
and hemicellulose biosynthesis and sugar metabolism in response to drought stress to
suppress CE and SCW thickening. The effects of drought stress on wood formation are
complex. This is particularly true for the effects of drought on CPD, CE, SCW thickening,
and PCD in the stem xylem and cambium. In future studies, we will focus on uncovering
new details about the role played by TFs in wood formation during drought stress and the
gene networks they regulate.
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