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Abstract: Pinus taeda is a key timber species, and extensive research has been conducted on its
wood formation. However, a comprehensive investigation into the biosynthetic pathways of lignin,
cellulose, and hemicellulose in P. taeda is lacking, resulting in an incomplete understanding of
secondary cell wall (SCW) formation in this species. In this study, we systematically analyzed
transcriptomic data from previously published sources and constructed detailed pathways for lignin,
cellulose, and hemicellulose biosynthesis. We identified 188 lignin-related genes and 78 genes
associated with cellulose and hemicellulose biosynthesis. An RT-qPCR highlighted 15 key lignin
biosynthesis genes and 13 crucial genes for cellulose and hemicellulose biosynthesis. A STEM analysis
showed that most essential enzyme-coding genes clustered into Profile 14, suggesting their significant
role in SCW formation. Additionally, we identified seven NAC and six MYB transcription factors
(TFs) from atypical evolutionary clades, with distinct expression patterns from those of the previously
characterized NAC and MYB genes, indicating potentially unique functions in SCW formation.
This research provides the first comprehensive overview of lignin, cellulose, and hemicellulose
biosynthetic genes in P. taeda and underscores the importance of non-canonical NAC and MYB TFs,
laying a genetic foundation for future studies on SCW regulatory mechanisms.

Keywords: Pinus taeda; secondary cell wall formation; lignin; cellulose; and hemicellulose
biosynthesis; NAC transcription factor; MYB transcription factor

1. Introduction

Wood is a vital biomass resource for producing timber, paper, chemicals, and biofuels.
The process of wood formation, known as xylogenesis, involves several stages: cell division,
cambial initial expansion, xylem cell differentiation, secondary cell wall (SCW) deposition,
and programmed cell death (PCD) [1–3]. Typically, SCWs are enriched with lignin, cellulose,
and hemicellulose [2]. Lignin, a key component of SCW, plays a crucial role in facilitating
water and mineral transport and providing mechanical strength [4]. Lignin consists of
three primary units: ρ-hydroxyphenyl (H), syringyl (S), and guaiacyl (G) [2]. There are
significant differences in the composition and quantity of lignin between gymnosperms and
angiosperms. Gymnosperm wood contains 25% to 35% lignin, predominantly of the HG
type, with G units being the most abundant and H units present in minor amounts [5–8].
In contrast, angiosperm wood contains 15% to 28% lignin, primarily of the GS type, with
the proportion of S units varying between species [5–7].

Lignin monomer biosynthesis begins with the phenylpropanoid pathway [1,8,9].
Through the action of several enzymes, such as phenylalanine ammonia-lyase (PAL), cinna-
mate 4-hydroxylase (C4H), 4-coumarate-CoA ligase (4CL), ρ-coumarate 3-hydroxylase
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(C3H), caffeoyl shikimate esterase (CSE), caffeic acid 3-O-methyltransferase (COMT),
ferulate-5-hydroxylase (F5H), shikimate O-hydroxycinnamoyltransferase (HCT), caffeoyl-
CoA O-methyltransferase (CCoA-OMT), cinnamoyl-CoA reductase (CCR), and cinnamyl-
alcohol dehydrogenase (CAD), phenylalanine is converted into the three lignin precursors:
ρ-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol [5,10,11]. These precursors are
then polymerized into H, G, and S lignin via the catalytic actions of peroxidase (POX) and
laccase (LAC) enzymes [12].

Cellulose, another critical SCW component, is synthesized through a distinct path-
way. Cellulose synthesis begins with UDP-glucose, catalyzed by cellulose synthases (CE-
SAs) [13,14]. UDP-glucose is derived from two main pathways: one involves sucrose
cleavage by sucrose synthase (SUS), and the other involves glucose-1-phosphate catalysis
by UDP-Glc pyrophosphorylase (UGP) [15,16]. Hemicellulose, an essential component of
plant cell walls, consists of heteropolysaccharides composed of various monosaccharides
linked in diverse arrangements [17,18]. Hemicellulose structures include xylan, xyloglucan,
mannan, and β-(1→3, 1→4)-glucan. Xylan and mannan are the predominant hemicellulose
types in grasses, hardwoods, and softwoods [17,18]. In Arabidopsis thaliana, xylan syn-
thesis begins with UDP-glucose, which is converted into UDP-D-xylose via UDP-glucose
dehydrogenase (UGD) and UDP-xylose synthase (UXS) [10]. The irregular xylem (IRX)
enzymes—IRX10 (IRX10L), IRX9L, IRX7, and IRX14—then catalyze the synthesis of 1,4-
β-D-xylan from UDP-D-xylose [19,20]. The xylan polymer is further modified by the
glucuronic acid substitution of xylan (GUX) and reduced wall acetylation (RWA), leading
to the formation of functional xylan [21–24].

SCW formation is a highly complex process, regulated by numerous transcription fac-
tors (TFs). Among these, NAC and MYB TFs are recognized as master regulators [1,25,26].
Vascular-related NAC domain (VND), NAC secondary wall thickening promoting factor
(NST), secondary wall-associated NAC domain protein (SND), and SOMBRERO (SMB)
subfamily TFs play critical roles in SCW formation [26,27]. Collectively referred to as
VND/NST/SMB (VNS) or wood-associated NAC domain (WND) TFs, these first-layer regu-
lators control SCW formation by activating secondary regulatory networks. For example, A.
thaliana AtNST1/2, AtSND1, AtVND1/2/3/4/5/6/7, Populus trichocarpa PtrSND2/3/4/5,
and P. deltoides PdWND3A have all been shown to play pivotal roles in SCW forma-
tion [28–33]. VNS TFs regulate second-layer master regulators such as AtMYB46 and At-
MYB63, which subsequently control other MYB TFs (e.g., AtMYB4/6/7/20/32/42/43/52/
54/58/63/69/85/99/103) and additional TFs (e.g., KNAT7), ultimately governing the
expression of SCW-related genes [25,26,34].

Loblolly pine (Pinus taeda), native to the southeastern United States, is the second
most abundant tree species in the country [35,36]. Its adaptability, high wood and fiber
yield, and rapid growth make it a valuable species for timber, paper, and resin production,
leading to its introduction in regions such as Brazil and China [36]. Studies on lignin
biosynthesis in P. taeda have identified NAC TFs such as PtaVNS1/2/3/5, which promote
SCW deposition by regulating genes like CESA, XYLEM CYSTEINE PEPTIDASE 1 (XCP1),
and PtaMYB4 [37]. MYB TFs, including PtaMYB1, PtaMYB4, and PtaMYB8, positively
regulate monolignol biosynthesis, while PtaMYB14 and PtaMYB15, which possess the
ERF-associated amphiphilic repression (EAR) motif, act as the negative regulators of lignin
biosynthesis [9,38–43]. However, these NAC and MYB TFs represent only a fraction of
the complex regulatory network involved in SCW formation in P. taeda. It is noteworthy
that most previous studies have focused on lignification in the aerial parts of the tree, with
limited research on root lignification. Furthermore, there has been no comprehensive char-
acterization of the genes involved in the biosynthesis of lignin, cellulose, and hemicellulose
in P. taeda.

To address these gaps, we utilized transcriptomic data from P. taeda bark, buds, needles,
roots, and twigs obtained from public databases, and applied homology-based alignment,
reverse transcription-quantitative polymerase chain reaction (RT-qPCR), and short time-
series expression miner (STEM) analyses [44]. We identified 188 genes involved in lignin
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biosynthesis and 78 genes associated with the synthesis of cellulose and hemicellulose,
including 28 key enzyme-coding genes. These enzyme genes were predominantly clustered
into Profile 14, underscoring the importance of these genes in SCW formation. Additionally,
we discovered seven NAC TFs outside of the VNS family and six MYB TFs that are active
in different tissues compared to the previously identified NAC and MYB genes regulating
SCW formation in P. taeda. This research enhances our understanding of the biosynthetic
pathways for lignin, cellulose, and hemicellulose in P. taeda, expands the scope of research
on NAC and MYB TFs involved in SCW regulation, and establishes a genetic foundation
for future investigations into the regulatory mechanisms of SCW formation in P. taeda.

2. Results
2.1. Overview of RNA Sequencing

Using the loblolly pine genome as a reference, the RNA sequencing of bark, bud,
needle, root, and twig samples identified 116,705 transcripts from 67,790 genes [44]. The
majority of the genes (69.30%) produced only one transcript, while 30.70% generated
multiple transcripts (two or more) (Figure S1A). The gene expression levels were quantified
using FPKM values, revealing a large number of genes with low expression (FPKM < 1)
across all the tissues (Figure S1B). After filtering out these low-expression genes (FPKM < 1
in all tissues), 40,639 genes remained (Figure S1C).

2.2. Identification of Lignin Biosynthesis-Related Genes and Potential Key Genes

A homology-based approach identified 188 lignin biosynthesis-related genes from
the 40,639 filtered genes (Figure S2). From these, 70 genes with FPKM values exceeding
10 were selected, including 2 PAL genes, 3 C4H genes, 1 C3H gene, 6 4CL genes, 2 HCT
genes, 1 CSE gene, 10 CCR genes, 2 CAD genes, 4 COMT genes, 4 CCoAOMT genes, 5 F5H
genes, 21 POX genes, and 9 LAC genes (Figure 1). A heatmap analysis indicated that
several of these 70 genes were highly expressed in the bark, root, and twig, while exhibiting
low expression in needles, suggesting their potential role as key lignin biosynthesis genes.
Notable examples include PITA_41378 (C4H), PITA_28257 (C3H), PITA_31897 (COMT),
PITA_44880 (CCoAOMT), PITA_20438 (POX), PITA_30025 (POX), and PITA_21162 (LAC)
(Figure 1).

Fifteen highly expressed genes were selected for further expression analysis in the stem
xylem, stem bark, root, needle, and young (unlignified) stem. The RT-qPCR results revealed
that PITA_14168 (4CL) and PITA_21162 (LAC) exhibited strong tissue-specific expression
in stem bark (Figure 2). In contrast, PITA_44880 (CCoAOMT) and PITA_24038 (POX)
were specifically expressed in the stem xylem and young stem (Figure 2). PITA_31897
(COMT) and PITA_02510 (CAD) showed high expression in the stem bark (Figure 2),
whereas PITA_41378 (C4H), PITA_14161 (CSE), novel.8888 (CCR), and PITA_20438 (POX)
were highly expressed in the stem xylem (Figure 2). The genes PITA_29315 (4CL) and
PITA_30025 (POX) exhibited similar expression patterns, being highly expressed in the
stem xylem, stem bark, and needle but lower in the root (Figure 2). Consistent with
RNA-seq data, RT-qPCR indicated that novel.14125 (POX) had the highest expression in
needles, followed by the stem xylem (Figure 2). Collectively, these findings suggest that
PITA_41378 (C4H), PITA_14161 (CSE), novel.8888 (CCR), PITA_20438 (POX), PITA_31897
(COMT), PITA_02510 (CAD), PITA_44880 (CCoAOMT), PITA_24038 (POX), PITA_14168
(4CL), and PITA_21162 (LAC) play key roles in lignin biosynthesis in loblolly pine.
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Figure 1. Crucial genes (FPKM values ≥ 10) in the lignin biosynthesis pathway. The log10(FPKM+1) 
values of genes were used to generate the heatmap of the gene expression levels. The numerical 
values in the heatmap represent the FPKM values of genes. PAL, phenylalanine ammonia-lyase; 
C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate-CoA ligase; CCR, cinnamoyl-CoA reductase; 
CAD, cinnamyl-alcohol dehydrogenase; POX, peroxidase; LAC, laccase; C3H, p-coumarate 3-hy-
droxylase; HCT, shikimate O-hydroxycinnamoyltransferase; CSE, caffeoyl shikimate esterase; 
COMT, caffeic acid 3-O-methyltransferase; CCoAOMT, caffeoyl-CoA O-methyltransferase; F5H, fer-
ulate-5-hydroxylase. 

Figure 1. Crucial genes (FPKM values ≥ 10) in the lignin biosynthesis pathway. The log10(FPKM+1)
values of genes were used to generate the heatmap of the gene expression levels. The numerical
values in the heatmap represent the FPKM values of genes. PAL, phenylalanine ammonia-lyase;
C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate-CoA ligase; CCR, cinnamoyl-CoA reductase; CAD,
cinnamyl-alcohol dehydrogenase; POX, peroxidase; LAC, laccase; C3H, p-coumarate 3-hydroxylase;
HCT, shikimate O-hydroxycinnamoyltransferase; CSE, caffeoyl shikimate esterase; COMT, caffeic acid
3-O-methyltransferase; CCoAOMT, caffeoyl-CoA O-methyltransferase; F5H, ferulate-5-hydroxylase.

2.3. Overview of the Cellulose and Hemicellulose Biosynthesis Pathways and Key
Gene Identification

In reference to previous studies, 78 genes associated with cellulose and hemicellulose
biosynthesis were identified from the 40,639 filtered genes through homology searches
(Figure S3). From these, 50 genes with FPKM values greater than 10 were selected, including
9 CESA genes, 3 UGD genes, 4 UXS genes, 2 IRX genes, 2 GUX genes, 1 RWA gene,
7 SUS genes, 4 invertase (INV) genes, 3 hexokinase (HXK) genes, 2 UGP genes, 3 glucose-
6-phosphate isomerase (G6PI) genes, 1 mannose-6-phosphate isomerase (M6PI) gene,
3 phosphoglucomutase (PGM) genes, 5 GDP-D-mannose pyrophosphorylase (GMP) genes,
and 1 cellulose synthase-like A (CSLA) gene (Figure 3). Similar to lignin biosynthesis,
several highly expressed genes in these pathways exhibited lower expression levels in
needles compared to the bark, root, and twig, such as PITA_04408 (CESA), PITA_07011
(CESA), PITA_05742 (SUS), PITA_42319 (UXS), novel.12743 (UGD), and PITA_34043 (IRX)
(Figure 3).
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the stem xylem, stem bark, root, needle, and young stem (unlignified), respectively. The error bars 
represent the SDs from three replicates. The Duncan test was used to determine the significance of 
gene expression differences between the different tissues. The different lowercase letters indicate 
significant differences in the gene expression levels between the different tissues (p < 0.05). 
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Figure 2. RT-qPCR analysis of lignin biosynthesis-related genes in the five tissues. The salmon,
orange, royal blue, spring green, and purple bars represent the relative expression levels of genes in
the stem xylem, stem bark, root, needle, and young stem (unlignified), respectively. The error bars
represent the SDs from three replicates. The Duncan test was used to determine the significance of
gene expression differences between the different tissues. The different lowercase letters indicate
significant differences in the gene expression levels between the different tissues (p < 0.05).

Thirteen highly expressed genes related to cellulose and hemicellulose biosynthesis
were selected for RT-qPCR analysis to examine their expression levels in the stem xylem,
stem bark, needle, root, and young stem. The RT-qPCR results showed that PITA_04408
(CESA), PITA_07011 (CESA), PITA_39478 (CESA), PITA_09044 (UGP), novel.12743 (UGD),
PITA_42319 (UXS), novel.14875 (RWA), and PITA_47988 (GMP) were most highly expressed
in the stem xylem and also showed significant expression in the needle and young stem
(Figure 3). In contrast, PITA_39609 (PGM) and PITA_07279 (HXK) had the highest ex-
pression in needles (Figure 4). These findings suggested that genes such as PITA_04408
(CESA), PITA_07011 (CESA), PITA_39478 (CESA), PITA_09044 (UGP), novel.12743 (UGD),
PITA_42319 (UXS), novel.14875 (RWA), PITA_47988 (GMP), PITA_05742 (SUS), novel.13077
(UXS), and PITA_34043 (IRX) were likely involved in cellulose, hemicellulose, and galac-
toglucomannan biosynthesis in loblolly pine.
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Figure 3. Main genes (FPKM values ≥ 10) in the cellulose and hemicellulose biosynthesis pathways.
The log10(FPKM+1) values of genes were used to generate the heatmap of the gene expression levels.
The numerical values in the heatmap represent the FPKM values of genes. CESA, cellulose synthase;
SUS, sucrose synthase; SPL, sucrose phosphorylase; UGP, UDP-Glc pyrophosphorylase; UGD, UDP-
glucose dehydrogenase; UXS, UDP-xylose synthase; IRX, irregular xylem; GUX, glucuronic acid
substitution of xylan; RWA, reduced wall acetylation; GPP, glucose-1-phosphate phosphodismutase;
INV, invertase; HXK, hexokinase; PGM, phosphoglucomutase; G6PI, glucose-6-phosphate isomerase;
M6PI, mannose-6-phosphate isomerase; PMM, phosphomannomutase; GMP, GDP-D-mannose py-
rophosphorylase; GGP, GDP-D-glucose pyrophosphorylase; CSLA, cellulose synthase-like A; GGT,
glucomannan-1,6-galactosyltransferase.
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Figure 4. RT-qPCR analysis of the genes related to cellulose and hemicellulose biosynthesis in the
five tissues. The salmon, orange, royal blue, spring green, and purple bars represent the relative
expression levels of genes in the stem xylem, stem bark, root, needle, and young stem (unlignified),
respectively. The error bars represent the SDs from three replicates. The Duncan test was used to
determine the significance of gene expression differences between the different tissues. The different
lowercase letters indicate significant differences in the gene expression levels between the different
tissues (p < 0.05).

2.4. Prediction of TFs and Validation of Expression Patterns

TFs are critical regulators of SCW formation. From the 40,639 detected genes, we
identified 1047 TF-encoding genes, with the ERF family being the most abundant, followed
by the bHLH, MYB, NAC, and WRKY families. Previous studies have highlighted the roles
of PtaMYB1 (PITA_47805), PtaMYB4 (PITA_05699), PtaMYB8 (PITA_06912), PtaMYB14
(PITA_48233), PtaVNS1 (PITA_19394), PtaVNS2 (PITA_33113), PtaVNS3 (PITA_06801), and
PtaVNS5 (PITA_38627) in SCW formation in loblolly pine [37–40]. However, RNA-seq data
indicated low expression levels of these eight genes in the bark, root, and twig samples
(Figure S4). Specifically, PtaVNS1 (PITA_19394) and PtaVNS2 (PITA_33113) were excluded
due to very low expression (FPKM < 1) (Figure S4). Interestingly, seven NAC and six MYB
genes showed high expression levels in the bark, root, and twig samples (Figure 5B).

To better understand the relationship between these highly expressed MYB and NAC
genes and the previously reported PtaMYB and PtaNAC genes, we constructed phyloge-
netic trees for MYB and NAC proteins. The analysis revealed that PtaMYB1 (PITA_47805),
PtaMYB4 (PITA_05699), PtaMYB8 (PITA_06912), and PtaMYB14 (PITA_48233) were clas-
sified into the MYB42/85, MYB46/83, MYB55/61, and MYB4/7/32 clades, respectively
(Figure 5C). Among the six newly identified MYB TFs, only PITA_17636 and PITA_12548
clustered into the MYB4/7/32 clade, while PITA_39801, PITA_15281, PITA_18689, and
PITA_18754 grouped into unknown clades. This suggests the involvement of additional
MYB TFs outside the traditional clades in SCW synthesis in loblolly pine.
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Figure 5. Statistics of transcription factors and the analysis of highly expressed MYB and NAC genes.
(A) The statistics of transcription factor families in the RNA sequencing data. (B) The heatmap of
highly expressed NAC and MYB genes (FPKM values > 50). (C,D) The phylogenetic trees of MYB and
NAC proteins from P. taeda (red star) and A. thaliana (blue circle). The Neighbor-Joining method was
used to construct the phylogenetic trees with the Jones–Taylor–Thornton model and 1000 bootstrap
replications. The MYB protein phylogenetic tree includes 12 A. thaliana MYB proteins and 10 P. taeda
MYB proteins, which were clustered into seven groups. The NAC protein phylogenetic tree includes
16 A. thaliana NAC proteins and 11 P. taeda NAC proteins, which were clustered into four groups.
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The VNS family, known for its role in SCW synthesis regulation, was divided into VND,
NST, and SMB clades, which aligned with our phylogenetic tree results (Figure 5D) [37]. The
previously reported PtaVNS1 (PITA_19394) and PtaVNS2 (PITA_33113) were classified into
the VND clade, while PtaVNS3 (PITA_06801) and PtaVNS5 (PITA_38627) were grouped
into the SMB clade (Figure 5D). The seven newly identified NAC TFs were assigned to non-
VNS clades, including PITA_04201, PITA_12328, PITA_17809, PITA_17325, PITA_24173,
PITA_29872, and PITA_10236 (Figure 5D). Research indicates that non-VNS NAC TFs can
also regulate SCW synthesis, suggesting that these NAC TFs might play roles in SCW
formation [4].

To further verify the functions of these NAC and MYB genes, we analyzed their ex-
pression patterns in the stem xylem, stem bark, root, needle, and young stem. Among the
four reported PtaVNS genes, only PtaVNS3 was undetected, whereas PtaVNS1, PtaVNS2,
and PtaVNS5 exhibited high expression levels in the needles (Figure 6). Additionally,
PtaVNS2 and PtaVNS5 showed elevated expression levels in the stem bark (Figure 6).
Notably, PITA_04201 (NAC) demonstrated an expression pattern similar to PtaVNS5, sug-
gesting a potential functional similarity (Figure 6). PITA_10236 (NAC), PITA_24173 (NAC),
PITA_17809 (NAC), and PITA_29872 (NAC) were predominantly expressed in the stem
xylem and needles (Figure 6). PITA_12328 (NAC) had significantly higher expression levels
in the root and stem xylem, while PITA_17325 (NAC) was highly expressed in both the
root and stem bark (Figure 6). Interestingly, PtaMYB1 shared an expression pattern with
PtaVNS5 and PITA_04201 (NAC). Furthermore, PtaMYB4, PtaMYB8, and PtaMYB14 dis-
played the highest expression levels in the stem bark, with lower levels in the needle, stem
xylem, and young stem (Figure 6). PITA_39801 (MYB), PITA_15281 (MYB), and PITA_18754
(MYB) were predominantly expressed in the stem xylem but showed lower expression
levels in the young stem, whereas PITA_17636 (MYB) had the highest expression level in
the young stem (Figure 6). PITA_12548 (MYB), belonging to the same clade as PITA_17636,
exhibited strong tissue specificity in the stem xylem (Figure 6). PITA_18689 (MYB) was
most highly expressed in the root, followed by the young stem, with significantly lower
levels in the stem xylem, stem bark, and needle (Figure 6). These findings suggest that
the highly expressed MYB and NAC genes identified in this study may influence SCW
formation in various tissues or developmental stages.

2.5. STEM Analysis of Selected Genes

Further clustering of the highly expressed enzyme-coding genes and TFs was achieved
through STEM analysis on 26,969 genes (FPKM > 5 in a single sample). The analysis re-
vealed that 7 out of the 30 profiles were significantly clustered: Profile 14, Profile 18,
Profile 26, Profile 5, Profile 12, Profile 4, and Profile 22 (Figures 7A and S5). These sig-
nificant clusters comprised 6636, 2803, 1323, 1274, 984, 718, and 660 genes, respectively
(Figure S6). Subsequently, we examined the expression levels of MYB and NAC genes,
as well as the genes involved in lignin, cellulose, and hemicellulose biosynthesis, with
FPKM values greater than 10 within these significant profiles. The results showed that
the key genes related to cellulose and hemicellulose biosynthesis were predominantly
clustered within Profile 14, with highly expressed genes (FPKM > 100) concentrated in this
profile (Figure 7B–H). Among the 11 potential key genes for cellulose and hemicellulose
biosynthesis identified by RT-qPCR, 10 were assigned to the Profile 14 (Figures 4 and 7B).
Additionally, lignin biosynthesis genes with high expression levels (FPKM > 100) were
found across Profile 14, Profile 18, Profile 22, Profile 26, and Profile 4, with a majority located
within Profile 14 (Figure 7B–H). Out of the 10 key lignin biosynthesis genes validated by
RT-qPCR, 7 were categorized within Profile 14 (Figures 2 and 7B).
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spring green, and purple bars represent the relative expression levels of genes in the stem xylem, stem
bark, root, needle, and young stem (unlignified), respectively. The error bars represent the SDs from
three replicates. The Duncan test was used to determine the significance of gene expression differences
between the different tissues. The different lowercase letters indicate significant differences in the
gene expression levels between the different tissues (p < 0.05).
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Figure 7. STEM analysis of the filtered genes. BA, barks; BU, buds; NE, needles; RO, roots; TW, twigs.
(A) Seven significantly clustered profiles. (B–H) The heatmaps of NAC, MYB, lignin biosynthesis-
related genes, and cellulose, and hemicellulose biosynthesis-related genes in Profile 14, Profile 4,
Profile 26, Profile 18, Profile 22, Profile 5, and Profile 12, respectively. The log10(FPKM+1) values of
genes were used to generate the heatmaps of gene expression levels. The numerical values in the
heatmaps represent the FPKM values of genes. Only the genes with FPKM values greater than 10 are
displayed in the figure.
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Among the 13 validated NAC and MYB genes, 2 were located in Profile 4, 3 in Profile
5, 1 in Profile 12, and 1 in Profile 14 (Figure 7B,C,G,H). The three TF genes within Profile
5, PITA_17809 (NAC), PITA_39801 (MYB), and PITA_15281 (MYB), were predominantly
expressed in the stem xylem, while PITA_24173 (NAC) in Profile 14 showed a similar
expression pattern (Figure 6). The genes within Profile 4 were anticipated to be highly
expressed in the bark and root samples (Figure 7A), with the RT-qPCR results confirming
that PITA_04201 (NAC) was highly expressed in the stem bark, and PITA_18689 (MYB)
was predominantly expressed in the root (Figure 6). The genes within Profile 12 were
expected to exhibit low expression in the needle and root samples, which was corroborated
by RT-qPCR, showing that PITA_18754 (MYB) exhibited low expression only in the root
(Figure 6). These observations suggest that there may be minor discrepancies between
the expression patterns obtained from the transcriptomic data and those derived from the
RT-qPCR analysis, possibly due to temporal and spatial differences in the samples used for
each method. Importantly, the seven identified MYB and NAC TFs do not belong to the
classical MYB subgroups or VNS clades associated with SCW formation but rather belong
to alternative evolutionary branches (Figure 5C,D). This indicates that the seven NAC
and six MYB TFs identified in this study provide a significant extension to the previously
characterized MYB and NAC TFs implicated in SCW formation in P. taeda.

3. Discussion
3.1. Lignin, Cellulose, and Hemicellulose Biosynthesis in P. taeda: A Complex and
Multifaceted Process

The biosynthesis of lignin, cellulose, and hemicellulose in P. taeda, as in other species,
is a complex process involving multiple pathways and the intricate coordination of var-
ious enzymatic activities [5,6,10–12,15,16,21–25]. Notably, the expression levels of genes
encoding these enzymes significantly influence the biosynthesis of lignin, cellulose, and
hemicellulose. For instance, silencing IRX9L, IRX10L, and IRX14 disrupts xylan biosyn-
thesis, while the overexpression of RWA enhances xylan acetylation in Populus [20,24].
Similarly, the downregulation of CAD reduces lignin content in Paspalum notatum, and in
A. thaliana, the ccd4 ccd5 double mutant exhibits lower lignin accumulation compared to
the wild type (WT) [45,46]. However, the specific enzyme-encoding genes involved in the
biosynthesis of lignin, cellulose, and hemicellulose in P. taeda remain unidentified.

Transcriptome-based gene identification is a widely adopted approach for studying
genes involved in lignin, cellulose, and hemicellulose biosynthesis. For example, Zhang
et al. identified 20 lignin biosynthesis-related genes during the pigmentation process in
Ziziphus jujube [47], and Chen et al. identified 42 lignin-related genes in Styphnolobium
japonicum [48]. In the species of the genus Pinus, a larger number of genes associated
with the biosynthesis of lignin, cellulose, and hemicellulose have been reported. Ni et al.
identified 122 lignin-related genes, 37 cellulose-related genes, and 71 hemicellulose-related
genes in P. massoniana [49]. Similarly, Kim et al. identified 56 genes involved in lignin
biosynthesis and 64 genes related to cellulose and hemicellulose biosynthesis in P. densi-
flora [10]. Furthermore, Nguyen et al. reported the identification of 34 key genes associated
with lignin biosynthesis and 36 genes involved in the biosynthesis of cellulose, galactoglu-
comannan, and xylan in P. densiflora [50]. In this study, we identified 188 genes related
to lignin biosynthesis and 78 genes involved in cellulose and hemicellulose biosynthesis
(Figures S2 and S3). It is noteworthy that these genes were identified through transcrip-
tomic data from bark, bud, needle, root, and twig tissues, rather than a comprehensive
whole-genome analysis. Previous studies have shown that sequencing depth, sample size,
and tissue developmental stage significantly impact the number of genes identified via
transcriptomic analysis [51,52]. Thus, the 266 genes identified in this study likely represent
only a subset of the total genes involved in lignin, cellulose, and hemicellulose biosynthesis
in P. taeda. To uncover additional genes, increasing sample size, improving sequencing
depth, or utilizing whole-genome data would be necessary.
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3.2. The Crucial Role of Non-Classic SCW-Related NAC and MYB TFs in P. taeda

NAC and MYB TFs are recognized as the master regulators of SCW formation. VNS
TFs, a subgroup of the NAC family, act as primary regulators in SCW formation, highlight-
ing their crucial role in this process [26]. Previous studies have identified five VNS TFs in
the P. taeda, with PtaVNS1, PtaVNS2, PtaVNS3, and PtaVNS5 promoting SCW formation,
albeit with varying efficiency—PtaVNS3 being the least efficient [37]. Interestingly, our
analysis revealed that in addition to VNS TFs, non-VNS NAC TFs also play significant roles
in SCW formation in P. taeda. Similar findings have been reported in studies of Eucalyptus
grandis, A. thaliana, and Populus. For example, EgNAC141, which positively regulates lignin
biosynthesis, does not belong to the VNS subfamily [53]. Likewise, XYLEM NAC DOMAIN
1 (XND1), a non-VNS subfamily TF, acts as a negative regulator of wood formation in
A. thaliana and its orthologs in Populus [54,55]. Notably, PITA_04201, a NAC gene in P.
taeda, exhibited an expression pattern similar to PtaVNS2 and PtaVNS5, suggesting its
involvement in SCW formation (Figure 6). These findings indicate that non-canonical NAC
genes also play significant roles in SCW biosynthesis in P. taeda.

Similarly, MYB TFs, which serve as the secondary regulators of SCW formation, are
indispensable to this process [26]. Most MYB TFs involved in SCW formation belong
to specific evolutionary clades, including MYB4/7/32, MYB58/63, MYB42/85, MYB103,
MYB46/83, MYB55/61, and SWAM [56]. The roles of MYB TFs from these clades in wood
formation have been extensively studied. For instance, PtrMYB24 (MYB46/83 subclade)
positively regulates lignin and cellulose biosynthesis in pear [57], and PlMYB43 (MYB42/85
clade), PlMYB83 (MYB46/83 clade), and PlMYB103 (MYB103 clade) activate lignin biosyn-
thesis in Paeonia lactiflora [58]. Additionally, PtrMYB3 and PtrMYB20 (MYB46/83 clade)
activate the biosynthesis of cellulose, xylan, and lignin in P. trichocarpa [59]. However, the
roles of MYBs outside of these clades in SCW formation should not be overlooked. Previous
research has implicated PtaMYB1, PtaMYB4, PtaMYB8, and PtaMYB14 in SCW regulation
in P. taeda, corresponding to the MYB42/85, MYB46/83, MYB55/61, and MYB4/7/32
clades, respectively [9,38–43]. In contrast, among the six key MYB TFs identified in this
study, only PITA_17636 and PITA_12548 belong to the same clade as PtaMYB14, while the
other four MYB TFs are not classified into canonical SCW-related MYB clades. Although
these MYB TFs may contribute to SCW formation, further validation is required.

4. Materials and Methods
4.1. Transcriptome Data Analysis

The raw data from the barks, roots, needles, buds, and twigs of loblolly pine were
acquired from the NCBI database (SRP304195) [44]. The Fastp v0.23.2 software was em-
ployed to process the raw data [60]. After eliminating adaptor sequences, low-quality
reads (single base error rate higher than Q20), reads shorter than 150 bp, and reads con-
taining poly(N), we obtained the cleaned data. The genome data of loblolly pine were
downloaded from the National Center for Biotechnology Information (NCBI) database
(https://www.ncbi.nlm.nih.gov/datasets/genome/?taxon=3352, accessed on 20 April
2024) [61]. The Hisat2 v2.2.0 software was then utilized to construct the loblolly pine
genome index and align the cleaned data to the genome [62]. Based on the alignment
outcomes, the Stringtie v2.2.3 software was used to assemble the RNA-seq reads into
transcripts [63]. Read counts were calculated using the FeatureCounts software (included
in the subread v2.0.6 software package) [64]. The calculated read counts were converted
into fragments per kilobase of exon model per million mapped fragments (FPKM) values
to quantify gene expression levels.

The open reading frame (ORF) of each transcript was predicted using the Complete
ORF Predict module of the TBtools v2.124 software 54. The transcript with the longest
ORF was selected as the representative transcript of each gene. The representative ORF
sequence of each gene was translated into a protein sequence using the Batch Translate CDS
to Protein module of the TBtools v2.124 software [65]. The protein sequences were used for

https://www.ncbi.nlm.nih.gov/datasets/genome/?taxon=3352


Int. J. Mol. Sci. 2024, 25, 11805 14 of 18

the identification of proteins related to lignin, cellulose, and hemicellulose biosynthesis, TF
prediction, and phylogenetic tree construction.

4.2. Identification of Lignin, Cellulose, and Hemicellulose Biosynthesis-Related Proteins

According to information provided by the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (https://www.kegg.jp/, accessed on 22 April 2024), we identified the
enzyme commission (EC) numbers of enzymes involved in lignin, cellulose, and hemi-
cellulose biosynthesis. Based on the EC numbers, we downloaded the enzyme protein
sequences from the UniProt database (https://www.uniprot.org/, accessed on 22 April
2024). The retrieved protein sequences (reference protein sequences) were used to iden-
tify homologous proteins in loblolly pine by performing a local BLAST. The homologous
proteins in loblolly pine were required to have more than 50% identity with the reference
protein sequences.

4.3. Prediction of TFs

The Plant TF Database (https://planttfdb.gao-lab.org/index.php, accessed on 25 April
2024) was utilized to identify TFs within the representative protein sequences obtained
from the RNA-seq analysis.

4.4. Plant Materials, Total RNA Extraction, and cDNA Synthesis

To identify the genes associated with SCW formation, samples of stem bark, stem
xylem, mature needles, and roots were collected to assess the expression levels of potential
SCW-related genes (Figure S7). These samples were taken from two-year-old loblolly pines
cultivated at the nursery of Jiangxi Academy of Forestry in China. Each sample type
consisted of three biological replicates. The collected tissues were immediately frozen in
liquid nitrogen and stored in a −80 ◦C ultra-low temperature freezer. Total RNA was
extracted using the RNAprep Pure Plant Plus Kit (Tiangen, Beijing, China), and the quality
and quantity of the RNA were assessed using 2% agarose gel electrophoresis and an Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). cDNA was synthesized
using the PrimeScriptTM FAST RT reagent Kit with gDNA Eraser (Takara, Beijing, China).

4.5. RT-qPCR Analysis of TF Genes and Genes Involved in Lignin, Cellulose, and
Hemicellulose Biosynthesis

Fifteen genes involved in lignin biosynthesis, thirteen genes related to cellulose and
hemicellulose biosynthesis, and twenty-one TF genes were selected for RT-qPCR analysis.
EF1α was used as the reference gene. Primers for EF1α, PtaVNS1, PtaVNS2, PtaVNS4, and
PtaVNS5 were obtained from a previous study [37]. All the primer sequences are listed
in Table S1. RT-qPCR was performed using the TB Green® Premix Ex Taq™ II kit on the
CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). Detailed RT-qPCR
parameters were set according to the kit instructions. The relative expression levels of the
genes were calculated using the 2−∆∆Ct method.

4.6. Construction of the Phylogenetic Trees of MYB and NAC TFs

To construct the phylogenetic trees of MYB and NAC TFs, we downloaded the MYB
and NAC protein sequences of A. thaliana from the Plant TF Database. Ten loblolly pine
MYB proteins and twelve A. thaliana MYB proteins were used to construct the MYB protein
phylogenetic tree, and eleven loblolly pine NAC proteins and sixteen A. thaliana NAC
proteins were used to construct the NAC protein phylogenetic tree. The MEGA X software
was applied to construct a Neighbor-Joining tree with the Jones–Taylor–Thornton model
and 1000 bootstrap replications [66].

4.7. STEM Analysis of Filtered Genes

To identify genes with specific expression patterns that may be associated with SCW
formation, we performed a STEM analysis to cluster genes into different expression
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profiles based on their expression levels (FPKM value) in barks, roots, needles, buds,
and twigs. The genes with FPKM > 5 in a single sample were input into the Omic-
Studio platform (Bioinformatic analysis was performed using the OmicStudio tools at
https://www.omicstudio.cn/tool, accessed on 28 April 2024) to perform the STEM analy-
sis. For data normalization, the log normalization method was employed, while the STEM
clustering method was used for clustering. The analysis was set to identify 30 expression
profiles, with a unit change of 1. The highly expressed genes in the significantly clustered
profiles were considered as the focus of the research.

5. Conclusions

As an economically significant timber species, understanding the molecular mecha-
nisms underlying SCW formation in P. taeda is of considerable importance. In this study, we
identified 188 lignin biosynthesis-related genes and 78 genes involved in the biosynthesis
of cellulose and hemicellulose, marking the first systematic identification of such genes
in P. taeda. From this set of 266 genes, 28 key synthase genes were selected for further
RT-qPCR analysis, revealing their high expression in the stem bark and stem xylem tissues.
Moreover, the STEM analysis indicated that genes with high expression related to lignin,
cellulose, and hemicellulose biosynthesis were predominantly grouped within Profile 14,
underscoring the critical importance of these genes in SCW formation in P. taeda. Addi-
tionally, we identified seven key NAC and six key MYB TFs, with the RT-qPCR results
demonstrating that most of these key NAC and MYB genes exhibited expression patterns
distinct from those of classical SCW-related NAC and MYB genes. These findings represent
a substantial contribution to the understanding of SCW formation in P. taeda, providing
a valuable genetic foundation for future studies on the regulatory mechanisms of SCW
formation.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/ijms252111805/s1.

Author Contributions: Conceptualization, Z.G. and C.Y.; methodology, Z.T. and Z.G.; software, Z.T.;
validation, Z.T., Z.D., and W.D.; formal analysis, Z.T, Z.D., Q.L., and W.D.; investigation, B.G.; data
curation, Z.G. and C.Y.; writing—original draft preparation, Z.T. and W.D.; project administration,
C.Y.; funding acquisition, C.Y. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the National Key Research and Development Program—Sub
Project (2022YFD2200204–4), 2023 Central Financial Forestry Science and Technology Promotion
Project in Jiangxi Province (JXTG (2023) 07), and the Basic Research and Talent Research Project of
Jiangxi Academy of Forestry (2023522903).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article and Supplementary Materials.

Acknowledgments: We would like to express our gratitude to our other colleagues in the research
group, Guang Zhou and Liao Xiang, for their assistance in this study. We would also like to express
our gratitude to Pingjiang Xiao for his assistance in plant material collection.

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

References
1. Demura, T.; Fukuda, H. Transcriptional regulation in wood formation. Trends Plant Sci. 2007, 12, 64–70. [CrossRef] [PubMed]
2. Plomion, C.; Leprovost, G.g.; Stokes, A. Wood Formation in Trees. Plant Physiol. 2001, 127, 1513–1523. [CrossRef]
3. Bailey, I.W. Biological Processes in the Formation of Wood. Science 1952, 115, 255–259. [CrossRef]
4. Yang, J.; Xu, J.; Xue, J.; Zhu, L. Expression and functional analysis of NAC transcription factors under five diverse growth stages

reveal their regulatory roles during wood formation in Chinese cedar (Cryptomeria fortunei Hooibrenk). Ind. Crop. Prod. 2023, 197,
116597. [CrossRef]

https://www.omicstudio.cn/tool
https://www.mdpi.com/article/10.3390/ijms252111805/s1
https://www.mdpi.com/article/10.3390/ijms252111805/s1
https://doi.org/10.1016/j.tplants.2006.12.006
https://www.ncbi.nlm.nih.gov/pubmed/17224301
https://doi.org/10.1104/pp.010816
https://doi.org/10.1126/science.115.2984.255
https://doi.org/10.1016/j.indcrop.2023.116597


Int. J. Mol. Sci. 2024, 25, 11805 16 of 18

5. Yoon, J.; Choi, H.; An, G. Roles of lignin biosynthesis and regulatory genes in plant development. J. Integr. Plant Biol. 2015, 57,
902–912. [CrossRef]

6. Hiraide, H.; Tobimatsu, Y.; Yoshinaga, A.; Lam, P.Y.; Kobayashi, M.; Matsushita, Y.; Fukushima, K.; Takabe, K. Localised laccase
activity modulates distribution of lignin polymers in gymnosperm compression wood. New Phytol. 2021, 230, 2186–2199.
[CrossRef]

7. Lourenço, A.; Pereira, H. Compositional Variability of Lignin in Biomass. In Lignin—Trends and Applications; BoD: Pittsburgh, PA,
USA, 2018.

8. Yeh, T.-F.; Braun, J.L.; Goldfarb, B.; Chang, H.-M.; Kadla, J.F. Morphological and chemical variations between juvenile wood,
mature wood, and compression wood of loblolly pine (Pinus taeda L.). Holzforschung 2006, 60, 1–8. [CrossRef]

9. Ma, D.; Constabel, C.P. MYB Repressors as Regulators of Phenylpropanoid Metabolism in Plants. Trends Plant Sci. 2019, 24,
275–289. [CrossRef]

10. Kim, M.-H.; Tran, T.N.A.; Cho, J.-S.; Park, E.-J.; Lee, H.; Kim, D.-G.; Hwang, S.; Ko, J.-H.; Coleman, H. Wood transcriptome
analysis of Pinus densiflora identifies genes critical for secondary cell wall formation and NAC transcription factors involved in
tracheid formation. Tree Physiol. 2021, 41, 1289–1305. [CrossRef]

11. Stasolla, C.; Scott, J.; Egertsdotter, U.; Kadla, J.; O’ Malley, D.; Sederoff, R.; van Zyl, L. Analysis of lignin produced by cinnamyl
alcohol dehydrogenase-deficient Pinus taeda cultured cells. Plant Physiol. Biochem. 2003, 41, 439–445. [CrossRef]

12. Mei, W.; Qin, Y.; Song, W.; Li, J.; Zhu, Y. Cotton GhPOX1 encoding plant class III peroxidase may be responsible for the high level
of reactive oxygen species production that is related to cotton fiber elongation. J. Genet. Genom. 2009, 36, 141–150. [CrossRef]
[PubMed]

13. McFarlane, H.E.; Döring, A.; Persson, S. The Cell Biology of Cellulose Synthesis. Annu. Rev. Plant Biol. 2014, 65, 69–94. [CrossRef]
[PubMed]

14. Juraniec, M.; Gajda, B. Cellulose biosynthesis in plants—The concerted action of CESA and non-CESA proteins. Biol. Plant. 2020,
64, 363–377. [CrossRef]

15. Baroja-Fernández, E.; Muñoz, F.J.; Saikusa, T.; Rodríguez-López, M.; Akazawa, T.; Pozueta-Romero, J. Sucrose Synthase Catalyzes
the de novo Production of ADPglucose Linked to Starch Biosynthesis in Heterotrophic Tissues of Plants. Plant Cell Physiol. 2003,
44, 500–509. [CrossRef] [PubMed]

16. Winter, H.; Huber, S.C. Regulation of Sucrose Metabolism in Higher Plants: Localization and regulation of Activity of Key
Enzymes. Crit. Rev. Plant Sci. 2010, 19, 31–67. [CrossRef]

17. Scheller, H.V.; Ulvskov, P. Hemicelluloses. Annu. Rev. Plant Biol. 2010, 61, 263–289. [CrossRef]
18. Zhang, W.; Qin, W.; Li, H.; Wu, A.-M. Biosynthesis and Transport of Nucleotide Sugars for Plant Hemicellulose. Front. Plant Sci.

2021, 12, 723128. [CrossRef]
19. Hu, R.; Li, J.; Yang, X.; Zhao, X.; Wang, X.; Tang, Q.; He, G.; Zhou, G.; Kong, Y. Irregular xylem 7 (IRX7) is required for anchoring

seed coat mucilage in Arabidopsis. Plant Mol. Biol. 2016, 92, 25–38. [CrossRef]
20. Mortimer, J.C.; Faria-Blanc, N.; Yu, X.; Tryfona, T.; Sorieul, M.; Ng, Y.Z.; Zhang, Z.; Stott, K.; Anders, N.; Dupree, P. An unusual

xylan in Arabidopsis primary cell walls is synthesised by GUX3, IRX9L, IRX10L and IRX14. Plant J. 2015, 83, 413–426. [CrossRef]
21. Lee, C.; Teng, Q.; Zhong, R.; Ye, Z.H. Arabidopsis GUX Proteins Are Glucuronyltransferases Responsible for the Addition of

Glucuronic Acid Side Chains onto Xylan. Plant Cell Physiol. 2012, 53, 1204–1216. [CrossRef]
22. Manabe, Y.; Verhertbruggen, Y.; Gille, S.; Harholt, J.; Chong, S.-L.; Pawar, P.M.-A.; Mellerowicz, E.J.; Tenkanen, M.; Cheng, K.;

Pauly, M.; et al. Reduced Wall Acetylation Proteins Play Vital and Distinct Roles in Cell Wall O-Acetylation in Arabidopsis. Plant
Physiol. 2013, 163, 1107–1117. [CrossRef] [PubMed]

23. Lyczakowski, J.J.; Yu, L.; Terrett, O.M.; Fleischmann, C.; Temple, H.; Thorlby, G.; Sorieul, M.; Dupree, P. Two conifer GUX clades
are responsible for distinct glucuronic acid patterns on xylan. New Phytol. 2021, 231, 1720–1733. [CrossRef] [PubMed]

24. Zhang, J.; Wang, X.; Wang, H.-T.; Qiao, Z.; Yao, T.; Xie, M.; Urbanowicz, B.R.; Zeng, W.; Jawdy, S.S.; Gunter, L.E.; et al.
Overexpression of REDUCED WALL ACETYLATION C increases xylan acetylation and biomass recalcitrance in Populus. Plant
Physiol. 2024, 194, 243–257. [CrossRef]

25. Zhong, R.; Ye, Z.-H. Secondary Cell Walls: Biosynthesis, Patterned Deposition and Transcriptional Regulation. Plant Cell Physiol.
2015, 56, 195–214. [CrossRef]

26. Nakano, Y.; Yamaguchi, M.; Endo, H.; Rejab, N.A.; Ohtani, M. NAC-MYB-based transcriptional regulation of secondary cell wall
biosynthesis in land plants. Front. Plant Sci. 2015, 6, 288. [CrossRef] [PubMed]

27. Pascual, M.B.; Llebrés, M.T.; Craven-Bartle, B.; Cañas, R.A.; Cánovas, F.M.; Ávila, C. PpNAC1, a main regulator of phenylalanine
biosynthesis and utilization in maritime pine. Plant Biotechnol. J. 2017, 16, 1094–1104. [CrossRef]

28. Yamaguchi, M.; Kubo, M.; Fukuda, H.; Demura, T. VASCULAR-RELATED NAC-DOMAIN7 is involved in the differentiation of
all types of xylem vessels in Arabidopsis roots and shoots. Plant J. 2008, 55, 652–664. [CrossRef]

29. Wang, H.H.; Tang, R.J.; Liu, H.; Chen, H.Y.; Liu, J.Y.; Jiang, X.N.; Zhang, H.X. Chimeric repressor of PtSND2 severely affects wood
formation in transgenic Populus. Tree Physiol. 2013, 33, 878–886. [CrossRef]

30. Yang, Y.; Yoo, C.G.; Rottmann, W.; Winkeler, K.A.; Collins, C.M.; Gunter, L.E.; Jawdy, S.S.; Yang, X.; Pu, Y.; Ragauskas, A.J.; et al.
PdWND3A, a wood-associated NAC domain-containing protein, affects lignin biosynthesis and composition in Populus. BMC
Plant Biol. 2019, 19, 486. [CrossRef]

https://doi.org/10.1111/jipb.12422
https://doi.org/10.1111/nph.17264
https://doi.org/10.1515/HF.2006.001
https://doi.org/10.1016/j.tplants.2018.12.003
https://doi.org/10.1093/treephys/tpab001
https://doi.org/10.1016/S0981-9428(03)00051-2
https://doi.org/10.1016/S1673-8527(08)60101-0
https://www.ncbi.nlm.nih.gov/pubmed/19302970
https://doi.org/10.1146/annurev-arplant-050213-040240
https://www.ncbi.nlm.nih.gov/pubmed/24579997
https://doi.org/10.32615/bp.2020.065
https://doi.org/10.1093/pcp/pcg062
https://www.ncbi.nlm.nih.gov/pubmed/12773636
https://doi.org/10.1080/07352680091139178
https://doi.org/10.1146/annurev-arplant-042809-112315
https://doi.org/10.3389/fpls.2021.723128
https://doi.org/10.1007/s11103-016-0493-4
https://doi.org/10.1111/tpj.12898
https://doi.org/10.1093/pcp/pcs064
https://doi.org/10.1104/pp.113.225193
https://www.ncbi.nlm.nih.gov/pubmed/24019426
https://doi.org/10.1111/nph.17531
https://www.ncbi.nlm.nih.gov/pubmed/34086997
https://doi.org/10.1093/plphys/kiad377
https://doi.org/10.1093/pcp/pcu140
https://doi.org/10.3389/fpls.2015.00288
https://www.ncbi.nlm.nih.gov/pubmed/25999964
https://doi.org/10.1111/pbi.12854
https://doi.org/10.1111/j.1365-313X.2008.03533.x
https://doi.org/10.1093/treephys/tpt058
https://doi.org/10.1186/s12870-019-2111-5


Int. J. Mol. Sci. 2024, 25, 11805 17 of 18

31. Zhong, R.; Lee, C.; Haghighat, M.; Ye, Z.H. Xylem vessel-specific SND5 and its homologs regulate secondary wall biosynthesis
through activating secondary wall NAC binding elements. New Phytol. 2021, 231, 1496–1509. [CrossRef]

32. Zhong, R.; Richardson, E.A.; Ye, Z.H. Two NAC domain transcription factors, SND1 and NST1, function redundantly in regulation
of secondary wall synthesis in fibers of Arabidopsis. Planta 2007, 225, 1603–1611. [CrossRef] [PubMed]

33. Mitsuda, N.; Seki, M.; Shinozaki, K.; Ohme-Takagi, M. The NAC transcription factors NST1 and NST2 of Arabidopsis regulate
secondary wall thickenings and are required for anther dehiscence. Plant Cell 2005, 17, 2993–3006. [CrossRef]

34. Geng, P.; Zhang, S.; Liu, J.; Zhao, C.; Wu, J.; Cao, Y.; Fu, C.; Han, X.; He, H.; Zhao, Q. MYB20, MYB42, MYB43, and MYB85
Regulate Phenylalanine and Lignin Biosynthesis during Secondary Cell Wall Formation. Plant Physiol. 2020, 182, 1272–1283.
[CrossRef] [PubMed]

35. Zimin, A.; Stevens, K.A.; Crepeau, M.W.; Holtz-Morris, A.; Koriabine, M.; Marçais, G.; Puiu, D.; Roberts, M.; Wegrzyn, J.L.; de
Jong, P.J.; et al. Sequencing and Assembly of the 22-Gb Loblolly Pine Genome. Genetics 2014, 196, 875–890. [CrossRef]

36. Rodrigues, V.D.S.; Motta, A.C.V.; Barbosa, J.Z.; Ercole, T.M.; Prior, S.A. Wood production and nutritional status of Pinus taeda L.
in response to fertilization and liming: A meta-analysis of the Americas. Iforest Biogeosciences For. 2023, 16, 195–201. [CrossRef]

37. Akiyoshi, N.; Nakano, Y.; Sano, R.; Kunigita, Y.; Ohtani, M.; Demura, T. Involvement of VNS NAC-domain transcription factors
in tracheid formation in Pinus taeda. Tree Physiol. 2020, 40, 704–716. [CrossRef]

38. Bomal, C.; Bedon, F.; Caron, S.; Mansfield, S.D.; Levasseur, C.; Cooke, J.E.K.; Blais, S.; Tremblay, L.; Morency, M.-J.; Pavy, N.; et al.
Involvement of Pinus taeda MYB1 and MYB8 in phenylpropanoid metabolism and secondary cell wall biogenesis: A comparative
in planta analysis. J. Exp. Bot. 2008, 59, 3925–3939. [CrossRef]

39. Patzlaff, A.; Newman, L.J.; Dubos, C.; Whetten, R.; Smith, C.; McInnis, S.; Bevan, M.W.; Sederoff, R.R.; Campbell, M.M.
Characterisation of PtMYB1, an R2R3-MYB from pine xylem. Plant Mol. Biol. 2003, 53, 597–608. [CrossRef]

40. Patzlaff, A.; McInnis, S.; Courtenay, A.; Surman, C.; Newman, L.J.; Smith, C.; Bevan, M.W.; Mansfield, S.; Whetten, R.W.; Sederoff,
R.R.; et al. Characterisation of a pine MYB that regulates lignification. Plant J. 2003, 36, 743–754. [CrossRef]

41. Bomal, C.; Duval, I.; Giguère, I.; Fortin, É.; Caron, S.; Stewart, D.; Boyle, B.; Séguin, A.; MacKay, J.J. Opposite action of R2R3-MYBs
from different subgroups on key genes of the shikimate and monolignol pathways in spruce. J. Exp. Bot. 2014, 65, 495–508.
[CrossRef]

42. Bedon, F.; Bomal, C.; Caron, S.; Levasseur, C.; Boyle, B.; Mansfield, S.D.; Schmidt, A.; Gershenzon, J.; Grima-Pettenati, J.;
Seguin, A.; et al. Subgroup 4 R2R3-MYBs in conifer trees: Gene family expansion and contribution to the isoprenoid- and
flavonoid-oriented responses. J. Exp. Bot. 2010, 61, 3847–3864. [CrossRef]

43. Kranz, H.D.; Denekamp, M.; Greco, R.; Jin, H.; Leyva, A.; Meissner, R.C.; Petroni, K.; Urzainqui, A.; Bevan, M.; Martin, C.; et al.
Towards functional characterisation of the members of the R2R3-MYB gene family from Arabidopsis thaliana. Plant J. 1998, 16,
263–276. [CrossRef] [PubMed]

44. Mao, J.; Huang, L.; Chen, M.; Zeng, W.; Feng, Z.; Huang, S.; Liu, T. Integrated Analysis of the Transcriptome and Metabolome
Reveals Genes Involved in Terpenoid and Flavonoid Biosynthesis in the Loblolly Pine (Pinus taeda L.). Front. Plant Sci. 2021, 12,
729161. [CrossRef]

45. Ng, H.M.; Gondo, T.; Yamada, T.; Tanaka, H.; Akashi, R. The expression of lignin biosynthesis genes during plant development
and effects of downregulated cinnamyl alcohol dehydrogenase (CAD) gene in bahiagrass (Paspalum notatum Flügge). Grassl. Sci.
2024, 70, 67–76. [CrossRef]

46. Blaschek, L.; Murozuka, E.; Serk, H.; Menard, D.; Pesquet, E. Different combinations of laccase paralogs nonredundantly control
the amount and composition of lignin in specific cell types and cell wall layers in Arabidopsis. Plant Cell 2023, 35, 889–909.
[CrossRef]

47. Zhang, Q.; Wang, L.; Wang, Z.; Zhang, R.; Liu, P.; Liu, M.; Liu, Z.; Zhao, Z.; Wang, L.; Chen, X.; et al. The regulation of cell wall
lignification and lignin biosynthesis during pigmentation of winter jujube. Hortic. Res. 2021, 8, 238. [CrossRef]

48. Chen, H.; Yao, X.; Cao, B.; Zhang, B.; Lu, L.; Mao, P. A chromosome-level genome assembly of Styphnolobium japonicum
combined with comparative genomic analyses offers insights on the evolution of flavonoid and lignin biosynthesis. Ind. Crop.
Prod. 2022, 187, 115336. [CrossRef]

49. Ni, Z.; Han, X.; Yang, Z.; Xu, M.; Feng, Y.; Chen, Y.; Xu, L.-a. Integrative analysis of wood biomass and developing xylem
transcriptome provide insights into mechanisms of lignin biosynthesis in wood formation of Pinus massoniana. Int. J. Biol.
Macromol. 2020, 163, 1926–1937. [CrossRef] [PubMed]

50. Nguyen, T.T.T.; Kim, M.-H.; Park, E.-J.; Lee, H.; Ko, J.-H. Seasonal Developing Xylem Transcriptome Analysis of Pinus densiflora
Unveils Novel Insights for Compression Wood Formation. Genes 2023, 14, 1698. [CrossRef]

51. Mirsafian, H.; Ripen, A.M.; Leong, W.M.; Manaharan, T.; Mohamad, S.B.; Merican, A.F. Transcriptome landscape of human
primary monocytes at different sequencing depth. Genomics 2017, 109, 463–470. [CrossRef]

52. Ching, T.; Huang, S.; Garmire, L.X. Power analysis and sample size estimation for RNA-Seq differential expression. RNA 2014, 20,
1684–1696. [CrossRef] [PubMed]

53. Sun, Y.; Jiang, C.; Jiang, R.; Wang, F.; Zhang, Z.; Zeng, J. A Novel NAC Transcription Factor From Eucalyptus, EgNAC141,
Positively Regulates Lignin Biosynthesis and Increases Lignin Deposition. Front. Plant Sci. 2021, 12, 642090. [CrossRef] [PubMed]

54. Grant, E.H.; Fujino, T.; Beers, E.P.; Brunner, A.M. Characterization of NAC domain transcription factors implicated in control of
vascular cell differentiation in Arabidopsis and Populus. Planta 2010, 232, 337–352. [CrossRef] [PubMed]

https://doi.org/10.1111/nph.17425
https://doi.org/10.1007/s00425-007-0498-y
https://www.ncbi.nlm.nih.gov/pubmed/17333250
https://doi.org/10.1105/tpc.105.036004
https://doi.org/10.1104/pp.19.01070
https://www.ncbi.nlm.nih.gov/pubmed/31871072
https://doi.org/10.1534/genetics.113.159715
https://doi.org/10.3832/ifor4296-016
https://doi.org/10.1093/treephys/tpz106
https://doi.org/10.1093/jxb/ern234
https://doi.org/10.1023/B:PLAN.0000019066.07933.d6
https://doi.org/10.1046/j.1365-313X.2003.01916.x
https://doi.org/10.1093/jxb/ert398
https://doi.org/10.1093/jxb/erq196
https://doi.org/10.1046/j.1365-313x.1998.00278.x
https://www.ncbi.nlm.nih.gov/pubmed/9839469
https://doi.org/10.3389/fpls.2021.729161
https://doi.org/10.1111/grs.12419
https://doi.org/10.1093/plcell/koac344
https://doi.org/10.1038/s41438-021-00670-4
https://doi.org/10.1016/j.indcrop.2022.115336
https://doi.org/10.1016/j.ijbiomac.2020.08.253
https://www.ncbi.nlm.nih.gov/pubmed/32898541
https://doi.org/10.3390/genes14091698
https://doi.org/10.1016/j.ygeno.2017.07.003
https://doi.org/10.1261/rna.046011.114
https://www.ncbi.nlm.nih.gov/pubmed/25246651
https://doi.org/10.3389/fpls.2021.642090
https://www.ncbi.nlm.nih.gov/pubmed/33897732
https://doi.org/10.1007/s00425-010-1181-2
https://www.ncbi.nlm.nih.gov/pubmed/20458494


Int. J. Mol. Sci. 2024, 25, 11805 18 of 18

55. Zhao, C.; Avci, U.; Grant, E.H.; Haigler, C.H.; Beers, E.P. XND1, a member of the NAC domain family in Arabidopsis thaliana,
negatively regulates lignocellulose synthesis and programmed cell death in xylem. Plant J. 2008, 53, 425–436. [CrossRef]

56. Miyamoto, T.; Tobimatsu, Y.; Umezawa, T. MYB-mediated regulation of lignin biosynthesis in grasses. Curr. Plant Biol. 2020, 24,
100174. [CrossRef]

57. Xue, Y.; Shan, Y.; Yao, J.-L.; Wang, R.; Xu, S.; Liu, D.; Ye, Z.; Lin, J.; Li, X.; Xue, C.; et al. The transcription factor PbrMYB24
regulates lignin and cellulose biosynthesis in stone cells of pear fruits. Plant Physiol. 2023, 192, 1997–2014. [CrossRef]

58. Tang, Y.; Lu, L.; Sheng, Z.; Zhao, D.; Tao, J. An R2R3-MYB network modulates stem strength by regulating lignin biosynthesis
and secondary cell wall thickening in herbaceous peony. Plant J. 2023, 113, 1237–1258. [CrossRef]

59. McCarthy, R.L.; Zhong, R.; Fowler, S.; Lyskowski, D.; Piyasena, H.; Carleton, K.; Spicer, C.; Ye, Z.-H. The Poplar MYB Transcription
Factors, PtrMYB3 and PtrMYB20, are Involved in the Regulation of Secondary Wall Biosynthesis. Plant Cell Physiol. 2010, 51,
1084–1090. [CrossRef]

60. Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018, 34, i884–i890. [CrossRef]
61. Zimin, A.V.; Stevens, K.A.; Crepeau, M.W.; Puiu, D.; Wegrzyn, J.L.; Yorke, J.A.; Langley, C.H.; Neale, D.B.; Salzberg, S.L. An

improved assembly of the loblolly pine mega-genome using long-read single-molecule sequencing. GigaScience 2017, 6, giw016.
[CrossRef]

62. Kim, D.; Paggi, J.M.; Park, C.; Bennett, C.; Salzberg, S.L. Graph-based genome alignment and genotyping with HISAT2 and
HISAT-genotype. Nat. Biotechnol. 2019, 37, 907–915. [CrossRef] [PubMed]

63. Pertea, M.; Pertea, G.M.; Antonescu, C.M.; Chang, T.-C.; Mendell, J.T.; Salzberg, S.L. StringTie enables improved reconstruction of
a transcriptome from RNA-seq reads. Nat. Biotechnol. 2015, 33, 290–295. [CrossRef] [PubMed]

64. Liao, Y.; Smyth, G.K.; Shi, W. featureCounts: An efficient general purpose program for assigning sequence reads to genomic
features. Bioinformatics 2014, 30, 923–930. [CrossRef] [PubMed]

65. Chen, C.; Wu, Y.; Li, J.; Wang, X.; Zeng, Z.; Xu, J.; Liu, Y.; Feng, J.; Chen, H.; He, Y.; et al. TBtools-II: A “one for all, all for one”
bioinformatics platform for biological big-data mining. Mol. Plant 2023, 16, 1733–1742. [CrossRef]

66. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K.; Battistuzzi, F.U. MEGA X: Molecular Evolutionary Genetics Analysis across
Computing Platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [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/10.1111/j.1365-313X.2007.03350.x
https://doi.org/10.1016/j.cpb.2020.100174
https://doi.org/10.1093/plphys/kiad200
https://doi.org/10.1111/tpj.16107
https://doi.org/10.1093/pcp/pcq064
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/gigascience/giw016
https://doi.org/10.1038/s41587-019-0201-4
https://www.ncbi.nlm.nih.gov/pubmed/31375807
https://doi.org/10.1038/nbt.3122
https://www.ncbi.nlm.nih.gov/pubmed/25690850
https://doi.org/10.1093/bioinformatics/btt656
https://www.ncbi.nlm.nih.gov/pubmed/24227677
https://doi.org/10.1016/j.molp.2023.09.010
https://doi.org/10.1093/molbev/msy096

	Introduction 
	Results 
	Overview of RNA Sequencing 
	Identification of Lignin Biosynthesis-Related Genes and Potential Key Genes 
	Overview of the Cellulose and Hemicellulose Biosynthesis Pathways and KeyGene Identification 
	Prediction of TFs and Validation of Expression Patterns 
	STEM Analysis of Selected Genes 

	Discussion 
	Lignin, Cellulose, and Hemicellulose Biosynthesis in P. taeda: A Complex andMultifaceted Process 
	The Crucial Role of Non-Classic SCW-Related NAC and MYB TFs in P. taeda 

	Materials and Methods 
	Transcriptome Data Analysis 
	Identification of Lignin, Cellulose, and Hemicellulose Biosynthesis-Related Proteins 
	Prediction of TFs 
	Plant Materials, Total RNA Extraction, and cDNA Synthesis 
	RT-qPCR Analysis of TF Genes and Genes Involved in Lignin, Cellulose, and Hemicellulose Biosynthesis 
	Construction of the Phylogenetic Trees of MYB and NAC TFs 
	STEM Analysis of Filtered Genes 

	Conclusions 
	References

