
Citation: Xiao, Y.; Sha, G.; Wang, D.;

Gao, R.; Qie, B.; Cong, L.; Zhai, R.;

Yang, C.; Wang, Z.; Xu, L. PbXND1

Results in a Xylem-Deficient Dwarf

Phenotype through Interaction with

PbTCP4 in Pear (Pyrus bretschneideri

Rehd.). Int. J. Mol. Sci. 2022, 23, 8699.

https://doi.org/10.3390/

ijms23158699

Academic Editor: Pedro

Martínez-Gómez

Received: 30 June 2022

Accepted: 1 August 2022

Published: 4 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

PbXND1 Results in a Xylem-Deficient Dwarf Phenotype
through Interaction with PbTCP4 in Pear
(Pyrus bretschneideri Rehd.)
Yuxiong Xiao , Guangya Sha , Di Wang, Rui Gao, Bingqing Qie, Liu Cong, Rui Zhai, Chengquan Yang,
Zhigang Wang and Lingfei Xu *

College of Horticulture, Northwest A&F University, Taicheng Road No.3, Xianyang 712100, China
* Correspondence: lingfxu2013@sina.com; Tel.: +86-029-87081023

Abstract: Dwarfing is an important agronomic characteristic in fruit breeding. However, due to
the lack of dwarf cultivars and dwarf stocks, the dwarfing mechanism is poorly understood in
pears. In this research, we discovered that the dwarf hybrid seedlings of pear (Pyrus bretschneideri
Rehd.), ‘Red Zaosu,’ exhibited a xylem-deficient dwarf phenotype. The expression level of PbXND1,
a suppressor of xylem development, was markedly enhanced in dwarf hybrid seedlings and its
overexpression in pear results in a xylem-deficient dwarf phenotype. To further dissect the mechanism
of PbXND1, PbTCP4 was isolated as a PbXND1 interaction protein through the pear yeast library.
Root transformation experiments showed that PbTCP4 promotes root xylem development. Dual-
luciferase assays showed that PbXND1 interactions with PbTCP4 suppressed the function of PbTCP4.
PbXND1 expression resulted in a small amount of PbTCP4 sequestration in the cytoplasm and
thereby prevented it from activating the gene expression, as assessed by bimolecular fluorescence
complementation and co-location analyses. Additionally, PbXND1 affected the DNA-binding ability
of PbTCP4, as determined by utilizing an electrophoretic mobility shift assay. These results suggest
that PbXND1 regulates the function of PbTCP4 principally by affecting the DNA-binding ability of
PbTCP4, whereas the cytoplasmic sequestration of PbTCP4 is only a minor factor. Taken together,
this study provides new theoretical support for the extreme dwarfism associated with the absence of
xylem caused by PbXND1, and it has significant reference value for the breeding of dwarf varieties
and dwarf rootstocks of the pear.

Keywords: dwarfing; xylem development; pear; Red Zaosu; PbXND1; PbTCP4

1. Introduction

Plant height is one of the most important target traits in fruit breeding. High-density
planting can save labor and improve productivity and quality. Pear is widely cultivated
worldwide because of its high economic value. However, the lack of dwarf varieties and
dwarf rootstocks severely restricts the intensive cultivation of pears. At present, several
hypotheses are considered to be important for the dwarfing of fruit trees. On the one hand,
many plant hormones, such as auxin, gibberellins (Gas) and brassinolide (BR), are reported
to be involved in dwarf fruit trees and rootstock-induced dwarfing scions. Based on the
importance of plant hormones, many genes related to plant hormone synthesis, degradation,
transport and signal transduction have proved to be involved in the dwarfing of fruit trees.
The auxin transport-related gene, PcPIN-L, and brassinolide biosynthesis-related gene,
PcDWF1, are involved in the dwarf-style pear [1,2]. The inhibition of the expression of the
gene encoding the gibberellin (GA) biosynthesis enzyme GA20 oxidase reduced the level
of bioactive GAs, resulting in a decrease in plant height in apples and bananas [3,4]. A
nonsynonymous single nucleotide mutation in GID1c disrupts its interaction with DELLA1,
resulting in a GA-insensitive dwarf phenotype in peach [5]. A gibberellin-related gene,
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DkGA2ox1, was found to move from the rootstock to the scion and reduce the gibberellin
content in scions, thereby resulting in interstock-induced dwarfism in Sweet Persimmon
(Diospyros kaki Thunb.) [6]. On the other hand, xylem development is considered to be an
important dwarfing factor and has become an important index for evaluating the dwarfism
of fruit trees and rootstocks. Meanwhile, some theories have been proposed that seek to
evaluate the dwarf rootstock based on xylem development, such as the wood/bark ratio,
vessel diameter and vessel density [7–9]. The dwarfing rootstocks exhibit a reduction in
the number and diameter of xylem cells, which leads to low water transport efficiency
in apples [10]. The xylem of the dwarf pear has less lignification, smaller vessels and
lower vessel density than the standard pear [11]. Therefore, strengthening research on the
molecular mechanisms of dwarf varieties and dwarf rootstocks, especially the molecular
mechanism of xylem development, can provide effective theoretical guidance and technical
support for high-density planting.

Xylem development as an important factor affecting plant height. The xylem in-
cludes several cell types, including fiber cells, xylem parenchymal cells and tracheary
elements (TEs) [12,13]. The synthesis and deposition of secondary cell wall components,
including cellulose, hemicellulose and lignin, are required for xylem formation [14]. In
addition, programmed cell death is involved in the differentiation of xylem vessels [15].
All of these cellular events in xylem formation are directed by similar master regula-
tors, plant-specific NAM/ATAF/CUC (NAC) domain transcription factors. For example,
VASCULAR-RELATED NAC-DOMAIN1 (VND) 1–7 are identified as master regulators of
xylem vessel formation, and the VND6 and VND7 proteins fusing to the SRDX strong
repression domain results in a xylem-deficient dwarf phenotype [16]. There are other
secondary wall NAC (SWN) genes involved in xylem development, including the NAC
secondary wall thickening-promoting factors1/2/3 (NST1/2/3) and the secondary wall-associated
NAC domain proteins1/2/3 (SND1/2/3). NST1/2/3 promote secondary wall thickening and
regulate anther dehiscence. They are also specifically involved in the secondary wall thick-
ening of interfascicular fibers [17–20]. SND1/2/3 are also master transcriptional switches
that activate the secondary wall biosynthesis and enhanced secondary wall thickening in
the fibers. SND1 silencing did not lead to stems that stand as straight as wild-type stems in
Arabidopsis and Populus, and its overexpression showed significant growth retardation in
Arabidopsis [21,22]. These SWNs induced a hierarchical network of transcriptional regula-
tion associated with MYB-type transcription factors, such as MYB46 and MYB83, which are
secondary master regulators of secondary cell wall formation. MYB46 and MYB83 silencing
lead to reduced growth, with shorter inflorescence stems compared with the wild type, and
their overexpression exhibited obvious stunted growth in Arabidopsis and apple [23–29]. In
addition, other transcription factors are involved in xylem formation. The knat3 knat7 dou-
ble mutant inhibited xylem development and exhibited a dwarf phenotype [30]. ANAC005
overexpression resulted in a similar xylem-deficient dwarf phenotype in Arabidopsis [31].
TCP4 directly binds to the promoter of VND7 to activate secondary cell wall biosynthesis
and programmed cell death, and to accelerate vessel formation [32]. In general, xylem
development is closely related to plant height, and irregular xylem severely affects plant
growth and development.

XND1, as a negative regulator of secondary wall formation and programmed cell
death, is highly expressed in xylem and during TEs differentiation [33,34]. XND1 overex-
pression results in extreme dwarfism, associated with the absence of xylem vessels, and
XND1 knockout plants exhibit decreased plant height and tracheary element length in
Arabidopsis thaliana [35]. XND1 is involved in the differentiation of xylem TEs through
interactions with RETINOBLASTOMA-RELATED, but the exact molecular mechanism
of this interaction remains unclear [36]. KNAT2/6b directly activates the expression of
PagXND1a, resulting in a xylem-deficient dwarf phenotype [37]. However, PagGRF12a
directly activates the expression of PagXND1a, but does not affect the plant height in the
poplar [38]. This may be related to the ability of upstream genes to promote the XND1
promoter. Different promoters expressing XND1 can produce different phenotypes, and
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the overexpression of XND1 under the promoter of the secondary wall-specific cellulose
synthase A8 (CESA8) gene and the constitutive CaMV 35S promoter results in a xylem-
deficient dwarf phenotype, while growth in Arabidopsis is not affected by the promoter of
the fiber-specific SND1 gene [39].

In this study, we found that PbXND1 interacted with PbTCP4 to coordinate xylem de-
velopment in the pear. PbXND1 overexpression inhibited xylem development and reduced
plant height, whereas PbTCP4 promoted xylem development in the pear. PbTCP4 directly
activated the expression of PbVND7. In addition, our results demonstrated that PbXND1
acts as a transcriptional repressor of PbTCP4 through protein interactions. PbXND1 regu-
lates the function of PbTCP4 primarily by affecting the DNA-binding ability of PbTCP4, and
the cytoplasmic sequestration of PbTCP4 was only a minor factor. The mechanism whereby
PbXND1 can affect the binding of interacting proteins to downstream gene promoters is
proposed for the first time. In brief, this study provides new theoretical support for the
xylem-deficient dwarf phenotype caused by PbXND1.

2. Results
2.1. Expression Patterns of PbXND1

In this study, we found that the dwarf hybrid seedlings of the ‘Red Zaosu’ pear
showed obvious growth retardation and reduced plant height. Phloroglucinol-HCl staining
observation and xylem measurements indicated abnormal xylem development in the dwarf
hybrid seedlings (Figure 1A–C). To investigate the xylem formation-related mechanism,
we analyzed the expression levels of xylem-related genes between the dwarf and the
standard hybrid seedlings. The expression level of some positive regulators of xylem
development was decreased, whereas the level of the negative regulator PbXND1 was
increased in the dwarf hybrid seedlings (Figure 1D). We cloned the coding sequence of
PbXND1 from the dwarf hybrid seedlings (Figure S1A). The constructed phylogenetic tree
showed that PbXND1 was homologous with AtXND1, and the highly conserved NAM
superfamily DNA-binding domain was identified in the PbXND1 N-terminal sequence
(Figure S1B). Moreover, we analyzed the expression levels of PbXND1 in the roots, stems
and leaves of the pear at different developmental stages. The expression level of PbXND1
was the highest in the leaves, followed by the stems, and it was the lowest in the roots. The
PbXND1 expression level increased along with plant tissue maturation and lignification
(Figure 1E). Furthermore, PbXND1 was mainly expressed in the vascular tissue, as shown
by a promoter GUS assay (Figure 1F). These results indicated that PbXND1 may be involved
in the xylem-deficient dwarf phenotype of the dwarf hybrid seedlings.

2.2. PbXND1 Results in a Xylem-Deficient Dwarf Phenotype in Tobacco and Pear

Next, we verified the function of PbXND1 using transgenic technology. The PbXND1
transgenic lines of tobacco and pear were obtained after characterization using GFP fluores-
cence and quantitative analyses (Figures S2, 2A and S3A,B). To understand the mechanism
by which PbXND1 affects stem growth, structural changes of one-month-old tobacco and
pear stems were observed in paraffin sections. PbXND1 overexpression disrupted the stem
meristematic activity, leading to reduced plant height and size of the secondary xylem and
vessels, whereas PbXND1 silencing significantly increased xylem size but reduced vessel
size in the pear (Figures S3C–F and 2B–E). To explore the xylem change mechanism, we
next quantified the three main components of xylem in the transgenic tobacco and pear.
Compared with those of the wild type, the lignin, cellulose and hemicellulose contents were
significantly reduced in the PbXND1-overexpression tobacco and pear lines, but they were
significantly increased in the PbXND1-RNAi lines (Figures S3G and 2F–H). In addition,
microscopic observations showed that PbXND1 overexpression resulted in the loss of root
vessel elements (Figure S3K). Similar results were observed in transgenic pear roots, in
which xylem and vessel sizes decreased in the PbXND1-overexpression plants (Figure 2I–L).
In brief, our results showed that PbXND1 overexpression resulted in a xylem-deficient
extreme dwarf phenotype.
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Figure 1. PbXND1 is closely correlated with xylem development. (A) ‘Red Zaosu’ filial generations 

and phloroglucinol-HCl staining of the stem. X, xylem. Bars, 4 cm and 1 mm. (B) Plant height of the 
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ard hybrid seedling. Data are shown as means ± SD (n = 3). Asterisks indicate significance levels. (*, 

P < 0.05). (D) Relative expression of xylem-related genes in filial generations. Data are shown as 

means ± SD (n = 3). (E) Expression levels of PbXND1 and PbTCP4 in different tissues and develop-

mental stages. YL, young stem; ML, middle stem; OL, old stem; YL, young leaf; OL, old leaf; YR, 

young root; OR, old root. Data are shown as means ± SD (n = 3). Different letters denote statistical 

Figure 1. PbXND1 is closely correlated with xylem development. (A) ‘Red Zaosu’ filial generations
and phloroglucinol-HCl staining of the stem. X, xylem. Bars, 4 cm and 1 mm. (B) Plant height of
the dwarf hybrid seedling and standard hybrid seedling. Data are shown as means ± SD (n = 25).
Asterisks indicate significance levels. (*, p < 0.05). (C) Xylem size of the dwarf hybrid seedling and
standard hybrid seedling. Data are shown as means ± SD (n = 3). Asterisks indicate significance
levels. (*, p < 0.05). (D) Relative expression of xylem-related genes in filial generations. Data are
shown as means ± SD (n = 3). (E) Expression levels of PbXND1 and PbTCP4 in different tissues and
developmental stages. YL, young stem; ML, middle stem; OL, old stem; YL, young leaf; OL, old
leaf; YR, young root; OR, old root. Data are shown as means ± SD (n = 3). Different letters denote
statistical significance (p < 0.05). (F) Activity of the PbXND1 promoter in the pear vascular tissue.
Bars, 200 µm.
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Data are shown as means ± SD (n = 5). (I) GFP and transverse section observation of wild-type (WT), 
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Figure 2. PbXND1 inhibited xylem development in the transgenic pear. (A) The growth pheno-
types and green fluorescence detection of one-month-old PbXND1 overexpression and silencing pear
plants and control plants. Bars, 2 mm. (B) Plant height of one-month-old PbXND1 overexpression
and silencing pear plants and control plants. (C) Cross sections of the stems of pear plants stained
with safranin O and fast green. X, xylem; V, vessel. Bars, 200 µm and 50 µm. Data are shown as
means ± SD (n = 3). (D) Xylem size of PbXND1 overexpression and silencing pear plants. Data are
shown as means ± SD (n = 3). (E) Vessel size of PbXND1 overexpression and silencing pear plants.
Data are shown as means ± SD (n = 3). (F–H) Lignin, cellulose and hemicellulose content of PbXND1
overexpression and silencing pear plants. One month-old pear stems as experimental materials. Data
are shown as means ± SD (n = 5). (I) GFP and transverse section observation of wild-type (WT),
PbXND1-OX and PbTCP4-OX roots. X, xylem; V, vessel. Bars, 20 µm. (J) Relative expression of
PbXND1 in transgenic pear roots. Data are shown as means ± SD (n = 3). Different letters denote
statistical significance (p < 0.05). (K) Xylem size of pear roots. (L) Vessel size of pear roots. Data are
shown as means ± SD (n = 3). Different letters denote statistical significance (p < 0.05).
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2.3. PbTCP4 Physically Interacts with PbXND1

To understand the action mechanism of PbXND1, we screened for the PbXND1 inter-
action protein using a pear yeast library. We used the variant PbXND1 N-terminal section
as bait for the screening, because the PbXND1 C-terminal section of the protein shows high
autoactivation in yeast cells (Figure S4). PbTCP4 was screened and obtained as a candidate
PbXND1-interacting protein. Subsequently, we cloned the two genes and carried out Y2H
assays to verify the interaction between PbXND1 and PbTCP4. PbTCP4 interacted with
PbXND1 in yeast cells (Figure 3A). To further verify the interaction between the PbTCP4
and PbXND1 proteins in plant cells, a bimolecular fluorescence complementation assay
was performed on tobacco leaves. The sequences encoding PbTCP4 and PbXND1 were
fused to pSPYNE and pSPYCE, respectively. When PbTCP4-NE and PbXND1-CE were
transiently co-expressed in tobacco leaves, YFP fluorescence was observed mainly in the
nuclei, with a small amount in the cytoplasm (Figure 3B). In summary, our results indicated
an interaction between the PbTCP4 and PbXND1 proteins.
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2.4. PbTCP4 Promotes Xylem Development in Pear Roots

We analyzed whether PbTCP4 was involved in xylem development in the pear. We
cloned the sequence encoding PbTCP4 from the dwarf hybrid pear seedlings. The resulting
phylogenetic tree constructed showed that PbTCP4 was homologous with AtTCP4, and the
highly conserved TCP superfamily DNA-binding domain was identified in the PbTCP4
N-terminal sequence (Figure S5). In addition, we analyzed the expression levels of PbTCP4
in pear roots, stems and leaves at different developmental stages. The expression level of
PbTCP4 was the highest in the leaves, followed by the stems, and it was the lowest in the
roots. The expression level of PbTCP4 increased along with plant tissue maturation and
lignification (Figure 4A). In addition, PbTCP4 was mainly expressed in the vascular tissue,
as determined by a promoter GUS assay (Figure 4B).

Next, we demonstrated the function of PbTCP4, a protein that interacts with PbXND1.
The transgenic roots of the PbTCP4-overexpression and RNAi plants were obtained to validate
PbTCP4’s function in the pear. The same methods were used to identify the transgenic roots.
Green fluorescence was observed in the transgenic pear roots, whereas green fluorescence
was not observed in the non-transgenic roots (Figure 4C). In addition, the PbTCP4 expression
level increased in the roots of the overexpression plants and decreased in the roots of the
RNAi plants (Figure 4D). To understand whether PbTCP4 participated in the xylem regulatory
network, we first performed paraffin sectioning to observe the xylem development (Figure 4E).
PbTCP4 overexpression significantly increased the xylem size but did not affect the vessel
size in the transgenic pear roots. However, PbTCP4 silencing reduced the xylem and vessel
size as compared with the wild-type (Figure 4F,G). Then, the contents of the xylem-related
components were determined in the roots. PbTCP4 overexpression significantly increased the
contents of lignin, cellulose and hemicellulose in the roots of overexpressing plants, whereas
the opposite was found in the roots of silenced plants (Figure 4H–J). Thus, PbTCP4, as a
positive regulator, promoted xylem formation in the pear.
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Figure 4. PbTCP4 promoted xylem development in transgenic pear roots. (A) Expression levels of
PbTCP4 in different tissues and developmental stages. YL, young stem; ML, middle stem; OL, old
stem; YL, young leaf; OL, old leaf; YR, young root; OR, old root. Data are shown as means ± SD
(n = 3). (B) Activity of the PbTCP4 promoter in pear vascular tissue. (C) The growth phenotypes
and green fluorescence detection of two-month-old PbTCP4 overexpression and silencing pear roots.
Bars, 2 cm. (D) Cross sections of roots from pear stained with safranin O and fast green. X, xylem;
V, vessel. Bars, 50 µm and 10 µm. (E) Relative expression of PbTCP4 in transgenic pear roots. Data
are shown as means ±SD (n = 3). (F) Xylem size of PbTCP4 overexpression and silencing pear roots.
(G) Vessel size of PbTCP4 overexpression and silencing pear roots. (H–J) The Lignin, cellulose and
hemicellulose contents of transgenic roots. Data are shown as means ± SD (n = 3). Different letters
denote statistical significance (p < 0.05).
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2.5. PbXND1 Resulted in the Cytoplasm Sequestration of PbTCP4 and Affected Its
DNA-Binding Ability

To investigate how PbXND1 and PbTCP4 regulate xylem in the pear, we performed
a quantitative analysis of the genes associated with xylem development in the transgenic
pear, including lignin (PbCCR, PbCCoAOMT, PbHCT, PbC3H, Pb4CL and PbCAD) and
cellulose (PbCESA4, PbCESA7 and PbCESA8) biosynthetic genes and transcription factors
(PbMYB46, PbMYB83, PbVND7 and PbNST1). PbXND1 overexpression significantly re-
duced the expression levels of xylem-related genes, except for PbNST1. However, PbXND1
silencing promoted the expression of some xylem-related genes (Figure S5A). Additionally,
PbTCP4 overexpression promoted the expression of xylem-related genes, and PbTCP4
silencing reduced the expression of xylem-related genes in the transgenic roots (Figure S5B).
Among these xylem-related genes, the secondary wall NAC (SWN) genes are master regu-
lators of xylem formation that are located upstream of the MYB transcription factors and
xylem-related functional genes. In this study, the expression level of one secondary wall
NAC (SWN) gene, PbVND7, transformed differently in the transgenic pear in response to
PbXND1 and PbTCP4 expression. PbTCP4 activated the expression of PbVND7, whereas
PbXND1 inhibited the expression of PbVND7 (Figure S5). Thus, we hypothesized that
PbXND1 and PbTCP4 are involved in PbVND7-mediated xylem regulatory networks.

To further understand how PbXND1 and PbTCP4 are involved in PbVND7-mediated
xylem regulatory networks, we performed yeast one-hybrid (Y1H) assays. We first analyzed
the promoter of PbVND7, which contained the GGACCA motif, a reported binding site of
TCP4. We used the promoter of PbVND7 as a bait for analysis, and the Y1H results showed
that PbXND1 could not bind to the promoter. In contrast, PbTCP4 bound to the promoter
of ProPbVND7 (Figure 5A). In addition, an effector plasmid, Pro35S:PbTCP4, and reporter
plasmid, ProPbVND7-LUC, were constructed, and dual-LUC transient transcriptional
activity assays were performed on tobacco leaves (Figure 5B). Transactivation assays
showed that PbXND1 did not inhibit the enzyme activities of promoters in ProPbVND7,
and PbTCP4 activated the expression of PbVND7 (Figure 5B). These results revealed that
PbVND7 was directly activated by PbTCP4.

To understand the PbXND1–PbTCP4 interaction mechanism, Pro35S:PbXND1 and
Pro35S:PbTCP4 were co-transformed together with ProPbVND7-LUC. The LUC activity
was significantly suppressed, in comparison with co-transformations without PbXND1-
62SK. Thus, the transcriptional effect of PbTCP4 on its downstream genes was inhibited
by PbXND1 (Figure 5B). These results indicated that PbXND1 acts as a transcriptional
repressor of PbTCP4 through protein interactions. To gain further insight into the functions
of PbTCP4 and PbXND1 in regulating xylem development, we analyzed the localization of
PbTCP4 and PbXND1 in plant cells. The GFP fluorescence signal revealed that PbXND1
was localized to the nuclei and the cytoplasm, and the RFP fluorescence showed that
PbTCP4 was localized to the nuclei. Co-localization analyses showed that PbXND1 and
PbTCP4 were located in the nuclei and the cytoplasm (Figure 5C). These results indicated
that PbXND1 repressed the transcriptional activity of PbTCP4 by affecting the localization
of PbTCP4 in the nuclei.

PbXND1 heavily inhibited the PbTCP4 function, but PbXND1 expression resulted
only in a small amount of PbTCP4 sequestration in the cytoplasm. Therefore, cytoplasmic
sequestration may not be the main cause of PbTCP4 dysfunction. To explore other PbXND1
and PbTCP4 mechanisms, purified PbXND1-HIS and GST-PbTCP4 were used to investigate
their DNA-binding activities (Figure S7). PbTCP4, but not PbXND1, directly bound to the
PbVND7 promoter. When PbXND1 was incubated with PbTCP4, the PbTCP4 DNA-binding
was compromised, as assessed by an electrophoretic mobility shift assay (Figure 5D).
Therefore, we concluded that PbXND1 inhibits the function of PbTCP4 mainly by competing
for the target DNA-binding site.
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Figure 5. PbXND1 can repress the transcriptional activity of PbTCP4. (A) Interaction of PbTCP4
with the promoters of PbVND7. (B) Vector structure of the effector and reporter used for the tobacco
transient expression assays. PbXND1 can repress the transcriptional activity of PbTCP4, as verified
by the luciferase assay. Data are shown as means ± SD (n = 3). Different letters denote statistical
significance (p < 0.05). (C) Subcellular localization and co-localization of PbTCP4 and PbXND1. Bars,
50 µm. (D) PbXND1 affected the DNA-binding ability of PbTCP4 according to EMSA analysis.

To further dissect the relationship between PbXND1 and PbTCP4 in the regulation of
xylem, we generated PbXND1 and PbTCP4 co-expression pear roots. Green fluorescence
was observed in all the transgenic roots, whereas red fluorescence was only observed
in the co-expression roots because PbTCP4 was fused with the RFP protein. The xylem
phenotype and vessel size were indistinguishable from those of the wild type (Figure 6B–D).
Furthermore, the expression levels of PbXND1 and PbTCP4 increased in the co-expression
pear roots as compared with the wild type, whereas that of PbVND7 was similar to that
of the wild type (Figure 6E–G). Consequently, the xylem phenotypes of the co-expression
pear roots and wild-type roots were similar, indicating an antagonistic effect on the xylem
between PbXND1 and PbTCP4. Thus, PbXND1 and PbTCP4 play completely opposite
roles in regulating xylem in pear stems and roots.
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Figure 6. The xylem development was restored by overexpressing PbTCP4 in the PbXND1-
overexpressed pear roots. (A) Fluorescence detection of transgenic pear roots. Bars, 1 cm and
50 µm. (B) Transverse section observation of wild-type (WT), PbXND1-OX, PbTCP4-OX and co-
expression roots (PbXND1-OX+PbTCP4-OX). X, xylem; V, vessel. Bars, 20 µm. (C) Xylem size of
pear roots. (D) Vessel size of pear roots. Data are shown as means ± SD (n = 6). Different letters
denote statistical significance (p < 0.05). (E–G) Relative expression of PbTCP4, PbXND1 and PbVND7
in transgenic pear roots. Data are shown as means ± SD (n = 3). Different letters denote statistical
significance (p < 0.05).

3. Discussion

As demonstrated in a previous study, ‘Red Zaosu’ seedlings exhibited a xylem-
deficient dwarf phenotype, and PbXND1 was identified and obtained from transcriptome
data [40]. In this study, the transgenic pears were used to investigate the functional and
molecular mechanisms of PbXND1 and PbTCP4 involved in regulating xylem develop-
ment in the pear. In A. thaliana, XND1 overexpression disturbed the xylem vessel element
formation and resulted in dwarfing [35]. TCP4 promoted xylem formation by activating
secondary cell wall biosynthesis [32]. However, whether there is an interaction between
PbXND1 and PbTCP4 in regulating xylem development was not reported.

We isolated PbTCP4 in the pear library as an interacting protein of PbXND1 through
Y2H assay, and further confirmed the result through BiFC (Figure 3). A co-expression
analysis of PbTCP4 and PbXND1 during the pear development and maturation processes
showed a strong correlation between the two expressions (Figure S8). The xylem formation
increased with the development and tissue maturation of the pear, and PbTCP4 and
PbXND1 showed a similar expression pattern in the vascular tissue, as shown by a promoter
GUS assay, suggesting a potential unknown interaction between PbTCP4 and PbXND1 in
xylem development in the pear (Figures 1F and 4B).

Subsequently, we verified the function of PbXND1 and PbTCP4 in the pear. PbXND1
overexpression resulted in a xylem-deficient dwarf phenotype, whereas PbTCP4 overex-
pression promoted xylem development in the pear (Figures 2 and 4). PbXND1 and PbTCP4
play opposite roles in xylem development, corresponding to PbXND1 and PbTCP4, regu-
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lating the expression of xylem-related genes in opposite ways (Figure S6). TCP4 and XND1
have been reported to regulate xylem vessel formation by activating or inhibiting VND7
expression [32,36]. We further revealed that PbTCP4 activated PbVND7 by binding to the
promoter of PbVND7, while PbXND1 cannot directly bind to the promoter of PbVND7
(Figure 5A,B). Thus, the inhibition of VND7 promoter activity by XND1 may occur through
the indirect inhibition of TCP4.

Synergistic or antagonistic interactions between proteins play important roles in plant
growth and development. XND1 is expressed in a pattern that is similar to that of NST1
and interacts with NST1 to inhibit the transcriptional activation activity of NST1 [41].
The XND1 protein interacts with the VND family of genes and affects their regulation
of downstream secondary wall-related genes. Furthermore, XND1 affects the entry of
VND6 into the nucleus, resulting in VND6 being unable to activate the expression of
downstream genes [39]. In this study, we demonstrated the existence of interactions
between the PbXND1 and PbTCP4 proteins. Dual-LUC assays showed that PbXND1
affected the activation of PbTCP4 (Figure 5B). To further investigate the action mechanism
of the PbXND1–PbTCP4 complex, we determined the subcellular localization and co-
localization of PbXND1 and PbTCP4 in tobacco leaves. Unlike the exclusive nuclear
localization of PbTCP4, PbXND1 was localized to the nuclei and the cytoplasm. Similarly,
PbXND1 co-expression with PbTCP4 resulted in a small amount of PbTCP4 sequestration
in the cytoplasm, but it did not affect the localization of the PbXND1 protein (Figure 5C).
Thus, PbXND1 may interact with PbTCP4 and prevent it from entering the nucleus in
order to perform transcriptional activation. The interaction between TCP4 and AtWRI1
represses the transcriptional activity of AtWRI1 and reduces the synthesis of fatty acids
in Arabidopsis [42]. Therefore, we hypothesized that PbTCP4 promoted xylem formation
in the pear by inhibiting the transcriptional activity of PbXND1. Here, we showed that
the PbXND1 expression-related cytoplasmic sequestration of PbTCP4 may be a minor
factor. Furthermore, we concluded that PbXND1 inhibits the function of PbTCP4 mainly
by competing for the target DNA-binding site, as assessed using electrophoretic mobility
shift assays (Figure 5D). Current studies suggest that XND1 inhibits the transcriptional
activation of NST1, but other studies suggest that XND1 inhibits the VNDs family genes
mainly through cytoplasmic isolation [39,41]. However, these studies mainly focused on
the XND1 and NAC transcription factor families, including VNDs and NST1, which are
related to secondary wall development. In this study, we verified the interaction between
PbXND1 and PbTCP4 proteins and identified a new regulatory mechanism in the xylem
development of the pear. Overall, XND1-regulated xylem development is complex and
involves multiple key regulators of xylem development.

Previous studies have shown that XND1 overexpression results in extreme dwarfism,
associated with the absence of xylem development [35]. Other studies have further demon-
strated that XND1 inhibits the function of multiple key regulators of xylem development
through protein interactions, including VND family genes and NST1 [39,41]. In this study,
we discovered a previously unreported mechanism of action between PbXND1 and PbTCP4,
and this finding opens the door to understanding the complex regulatory network of xylem
development centered on PbXND1. The pathways and specific molecular mechanisms
by which PbXND1 and PbTCP4 regulate xylem formation are summarized in Figure 7.
In contrast to the reported mechanism of action of XND1, we report a novel mechanism
of action of PbXND1 in this study. PbXND1 affects the function of PbTCP4 mainly by
affecting the DNA-binding ability of PbTCP4, and the cytoplasmic sequestration of PbTCP4
is only a minor factor. Plant NAC transcription factors are also actively involved in the
regulation of plant hormones. For example, the Arabidopsis NAC transcription factor
JUB1 reduces plant height by regulating GA/BR metabolism and signal transduction [43].
OsNAC2 encodes an NAC transcription factor that affects plant height through mediating
the gibberellic acid pathway in rice [44]. Therefore, PbXND1 may also be involved in the
hormonal pathways in plants. In conclusion, our study provides new theoretical support
for the extreme dwarfism associated with the absence of xylem caused by PbXND1, and it
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has significant reference value for the breeding of dwarf varieties and dwarf rootstocks of
the pear.
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Figure 7. A model of PbXND1 and PbTCP4 in the xylem regulatory pathways. Unlike the exclusive
nuclear localization of PbTCP4, most of the PbXND1 protein is localized to the nucleus, and only a
small fraction is localized to the cytoplasm. Therefore, PbXND1 co-expression with PbTCP4 resulted
in a small amount of PbTCP4 sequestration in the cytoplasm and thereby prevented it from activating
gene expression. Moreover, the PbXND1-PbTCP4 protein complex affects the DNA-binding ability
of PbTCP4 to the PbVND7 promoter. Overall, PbXND1 affects the function of PbTCP4 mainly by
affecting the DNA-binding ability of PbTCP4, and a small amount of cytoplasm sequestration of
PbTCP4 may be a minor factor in the pear. Finally, the overexpression of PbXND1 reduced the
expression of secondary wall-related genes and the synthesis of xylem-related components, thereby
inhibiting xylem development in pears.

4. Methods
4.1. Plant Materials

Pyrus betulifolia Bunge cv Duli seedlings were used for the tissue culture derived from
mature seed germination. Pyrus betulaefolia Bunge seeds were cultured in a medium (MS
medium supplemented with 0.4 mg/L 6-BA, 0.1 mg/L IBA) in dark conditions at 25 ◦C.

The seeds of the wild-type (NC89) and transgenic tobacco were sown into soil. After
germination, the tobacco seedlings were individually transplanted into pots, and the growing
conditions of the greenhouse were controlled at 23 ± 2 ◦C with a 16/8 h light/dark cycle.

4.2. RNA Extraction and qRT-PCR

Samples from different tissues and developmental stages of Pyrus betulaefolia Bunge
and the transgenic pear and tobacco were used to analyze the tissue-specific expression
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and the differential expression of downstream genes. RNA extraction and qRT-PCR were
the same as the findings described by Wang et al. [45]. Primers are listed in Table S1.

4.3. Vectors and Transformation

PbXND1 was cloned into the PK7-203 and PK7WWG2D vector to generate overex-
pression and silence construct PK7-203-35S-PbXND1 and PK7WWG2D-RNAi- PbXND1,
respectively. The overexpression and RNAi vectors of PbXND1 were then introduced
into Agrobacterium tumefaciens strain EHA105 for tobacco and Pyrus betulaefolia transfor-
mation according to the methods of Zheng et al. and Xiao et al. [2,46]. The PbTCP4
overexpression vector was transferred into Agrobacterium rhizogenes K599, the methods of
root transformation according to Xiao et al. [46]. All amplification primers were listed in
Table S1.

4.4. Histological Analysis

The stems of Pyrus betulaefolia and tobacco were cut at 0.5 cm above the ground, and
roots with diameters of 0.5–1 mm were selected for the xylem analyses. Three stem and
three root segments per plant were fixed with FAA for 24 h. Then, paraffin sections of the
stems and roots were performed by embedding, sectioning and dyeing. The specific steps
were consistent with those described by Wang et al. [45]. A fluorescence microscope (BX63,
Olympus, Tokyo, Japan) was used for the anatomical observations, and the xylem and
vessel cells were measured using cellSens software.

4.5. Xylem Components

Fresh stem segments of 2-month-old Pyrus betulaefolia and tobacco plants were cut and
five segments of each line were used for the determination of the xylem components. The
total lignin, cellulose and hemicellulose were extracted using the lignin content kit (Comin,
Suzhou, China), cellulose content kit (Comin, Suzhou, China) and hemicellulose content
kit (Comin, Suzhou, China), respectively, and the three components were measured using
an ultraviolet spectrophotometer.

4.6. Dual-Luciferase Assay

The 2000 bp promoters of PbVND7 were inserted into the plasmid pGreenII 0800-LUC
and used as the reporter vector. The full-length CDS sequences of PbXND1 and PbTCP4
were cloned and inserted into the plasmid pGreenII 0029-62SK as the effector. The dual-
luciferase assay was performed in accordance with the method of Wang et al. [45]. All
amplification primers are listed in Table S1.

4.7. Interaction Analysis

The interaction between PbXND1 and PbTCP4 was verified using the yeast two-hybrid
method. The DNA-binding domain of PbXND1 was fused to the GAL4 DNA-binding
domain in the pGBKT7 vector as the bait, and the full-length PbTCP4 was inserted into the
pGADT7 as the prey. The bait and prey were co-transformed into the yeast strain Y2H Gold
and the protein–protein interaction was tested using the medium (-Trp/-Leu/-His/-Ade).

BiFC experiments were performed to further verify the protein interactions. The CDS
sequences of PbXND1 and PbTCP4 were inserted into the pSPYCE-35S and pSPYNE-35S,
respectively. The fused plasmids were transformed into GV3101, and the transformed
strains were co-injected into the leaves of Nicotiana benthamiana. Fluorescence was observed
through a laser scanning confocal microscope (TCS-SP8 SR, Leica, Wetzlar, Germany). All
amplification primers are listed in Table S1.

4.8. Subcellular Localization and Co-Localization

The CDS sequences of PbXND1 and PbTCP4 were inserted into the 2300-GFP and
1300-RFP, respectively. The transformed strains were injected into the leaves of Nicotiana
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benthamiana. The fluorescence was observed through a laser scanning confocal microscope
(TCS-SP8 SR, Leica, Wetzlar, Germany).

4.9. EMSA

An EMSA assay was used for the analysis of the effect of PbXND1 on the PbTCP4
DNA-binding activity. PbXND1-HIS and PbTCP4-GST fusion proteins were obtained using
GST-Resin and Ni-NTA His Bind Resin, respectively (7sea biotech, Shanghai, China). Re-
combinant PbXND1-HIS and PbTCP4-GST proteins were detected using SDS-PAGE. EMSA
was performed to detect the binding of the recombinant PbXND1-HIS and PbTCP4-GST
proteins with the PbVND7 promoters in vitro, through which labeled PbVND7 promoter
fragments containing the GGACCA motif were produced using biotin-labeled oligonu-
cleotides (General Biol, Anhui, China) or unlabeled oligonucleotides (as unlabeled competi-
tors). The primers are listed in Table S1. The EMSA reactions were performed as described
by Zheng et al. [47]. Each experiment was independently repeated three times.

4.10. Statistical Analysis

SPSS software (IBM, Armonk, NY, USA) was used to perform the analysis of variance
by Fisher’s LSD or Student’s t-test, and value thresholds of p < 0.05 were suggested to be
statistically significant.

4.11. Accession Numbers

The gene sequences can be downloaded from the NCBI database, and the genes and
their accession numbers are indicated in Table S2.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Author Contributions: L.X., R.Z. and Y.X. designed the experiments. Y.X., G.S., D.W., B.Q., L.C. and
R.G. performed the experiments. Y.X. analyzed the data. Y.X., R.Z., C.Y., Z.W. and L.X. wrote and
revised the manuscript. 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 of
China (No. 2019YFD1000100).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The author responsible for the distribution of the materials integral to
the findings presented in this article, in accordance with the policy described in the Instructions for
Authors, is Lingfei Xu (lingfxu2013@sina.com).

Acknowledgments: This research was funded by the National Key Research and Development
Program of China (No. 2019YFD1000100). We thank Liwen Bianji (Edanz) (https://www.liwenbianji.
cn) (18 May 2022) for editing the language of a draft of this manuscript.

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

References
1. Zheng, X.D.; Zhang, H.Y.; Xiao, Y.X.; Tian, Y.K.; Wang, C.H. Deletion in the Promoter of PcPIN-L Affects the Polar Auxin Transport

in Dwarf Pear (Pyrus communis L.). Sci. Rep. 2019, 9, 18645. [CrossRef] [PubMed]
2. Zheng, X.D.; Xiao, Y.X.; Tian, Y.K.; Yang, S.L.; Wang, C.H. PcDWF1, a pear brassinosteroid biosynthetic gene homologous to

AtDWARF1, affected the vegetative and reproductive growth of plants. BMC Plant Biol. 2020, 20, 109. [CrossRef]
3. Bulley, S.M.; Wilson, F.M.; Hedden, P.; Phillips, A.L.; Croker, S.J.; James, D.J. Modification of gibberellin biosynthesis in the grafted

apple scion allows control of tree height independent of the rootstock. Plant Biotechnol. J. 2005, 3, 215–223. [CrossRef]
4. Shao, X.; Wu, S.; Dou, T.; Zhu, H.; Hu, C.; Huo, H.; He, W.; Deng, G.; Sheng, O.; Bi, F.; et al. Using CRISPR/Cas9 genome editing

system to create MaGA20ox2 gene-modified semi-dwarf banana. Plant Biotechnol. J. 2020, 18, 17–19. [CrossRef] [PubMed]
5. Cheng, J.; Zhang, M.; Tan, B.; Jiang, Y.; Zheng, X.; Ye, X.; Guo, Z.; Xiong, T.; Wang, W.; Li, J. A single nucleotide mutation in

GID1c disrupts its interaction with DELLA1 and causes a GA-insensitive dwarf phenotype in peach. Plant Biotechnol. J. 2019, 17,
1723–1735. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms23158699/s1
https://www.mdpi.com/article/10.3390/ijms23158699/s1
https://www.liwenbianji.cn
https://www.liwenbianji.cn
http://doi.org/10.1038/s41598-019-55195-7
http://www.ncbi.nlm.nih.gov/pubmed/31819123
http://doi.org/10.1186/s12870-020-2323-8
http://doi.org/10.1111/j.1467-7652.2005.00119.x
http://doi.org/10.1111/pbi.13216
http://www.ncbi.nlm.nih.gov/pubmed/31344316
http://doi.org/10.1111/pbi.13094
http://www.ncbi.nlm.nih.gov/pubmed/30776191


Int. J. Mol. Sci. 2022, 23, 8699 15 of 16

6. Shen, Y.; Zhuang, W.; Tu, X.; Gao, Z.; Xiong, A.; Yu, X.; Li, X.; Li, F.; Qu, S. Transcriptomic analysis of interstock-induced dwarfism
in Sweet Persimmon (Diospyros kaki Thunb.). Hortic. Res. 2019, 6, 51. [CrossRef]

7. Kurian, R.M.; Iyer, C.P.A. Stem anatomical characters in relation to tree vigour in mango (Mangifera indica L.). Sci. Hortic. 1992, 50,
245–253. [CrossRef]

8. Olmstead, M.A.; Lang, N.S.; Ewers, F.W.; Owens, S.A. Xylem vessel anatomyof sweet cherries grafted onto dwarfing and
nondwarfing rootstocks. J. Am. Soc. Hortic. Sci. 2006, 131, 577–585. [CrossRef]

9. Zori’c, L.; Ljubojevi´c, M.; Merkulov, L.; Lukovi´c, J.; Ognjanov, V. Anatomical characteristics of cherry rootstocks as possible
preselecting tools for prediction of tree vigor. J. Plant Growth Regul. 2012, 31, 320–331. [CrossRef]

10. Tworkoski, T.; Fazio, G. Effects of size-controlling apple rootstocks on growth, abscisic acid, and hydraulic conductivity of scion
of different vigor. Int. J. Fruit Sci. 2015, 15, 369–381. [CrossRef]

11. Chen, B.Y.; Wang, C.H.; Tian, Y.K.; Chu, Q.G.; Hu, C.H. Anatomical characteristics of young stems and mature leaves of dwarf
pear. Sci. Hortic. 2015, 186, 172–179. [CrossRef]

12. Jacobsen ALEwers, F.W.; Pratt, R.B.; Paddock, W.A.; Davis, S.D. Do xylem fibers affect vessel cavitation resistance? Plant Physiol.
2005, 139, 546–556. [CrossRef] [PubMed]

13. Pfautsch, S.; Hölttä, T.; Mencuccini, M. Hydraulic functioning of tree stems-fusing ray anatomy, radial transfer and capacitance.
Tree Physiol. 2015, 35, 706–722. [CrossRef] [PubMed]

14. Taylor-Teeples, M.; Lin, L.; de Lucas, M.; Turco, G.; Toal, T.W.; Gaudinier, A.; Young, N.F.; Trabucco, G.M.; Veling, M.T.; Lamothe,
R.; et al. An Arabidopsis gene regulatory network for secondary cell wall synthesis. Nature 2015, 517, 571–575. [CrossRef]
[PubMed]

15. Bollhöner, B.; Prestele, J.; Tuominen, H. Xylem cell death: Emerging understanding of regulation and function. J. Exp. Bot. 2012,
63, 1081–1094. [CrossRef] [PubMed]

16. Yamaguchi MMitsuda, N.; Ohtani, M.; Ohme-Takagi, M.; Kato, K.; Demura, T. VASCULAR-RELATED NAC-DOMAIN7 directly
regulates the expression of a broad range of genes for xylem vessel formation. Plant J. 2011, 66, 579–590. [CrossRef] [PubMed]

17. Mitsuda, N.; Iwase, A.; Yamamoto, H.; Yoshida, M.; Seki, M.; Shinozaki, K.; Ohme-Takagi, M. NAC transcription factors, NST1
and NST3, are key regulators of the formation of secondary walls in woody tissues of Arabidopsis. Plant Cell 2007, 19, 270–280.
[CrossRef]

18. Mitsuda, N.; Ohme-Takagi, M. NAC transcription factors NST1 and NST3 regulate pod shattering in a partially redundant
manner by promoting secondary wall formation after the establishment of tissue identity. Plant J. 2008, 56, 768–778. [CrossRef]
[PubMed]

19. Liu, C.; Yu, H.; Rao, X.; Li, L.; Dixon, R.A. Abscisic acid regulates secondary cell-wall formation and lignin deposition in
Arabidopsis thaliana through phosphorylation of NST1. Proc. Natl. Acad. Sci. USA 2021, 118, e2010911118. [CrossRef] [PubMed]

20. Zhong, R.; Demura, T.; Ye, Z.H. SND1, a NAC domain transcription factor, is a key regulator of secondary wall synthesis in fibers
of Arabidopsis. Plant Cell 2006, 18, 3158–3170. [CrossRef] [PubMed]

21. Zhong, R.Q.; Lee, C.; Zhou, J.L.; McCarthy, R.L.; Ye, Z.H. A battery of transcription factors involved in the regulation of secondary
cell wall biosynthesis in Arabidopsis. Plant Cell 2008, 20, 2763–2782. [CrossRef] [PubMed]

22. Takata NAwano, T.; Nakata, M.T.; Sano, Y.; Sakamoto, S.; Mitsuda, N.; Taniguchi, T. Populus NST/SND orthologs are key
regulators of secondary cell wall formation in wood fibers, phloem fibers and xylem ray parenchyma cells. Tree Physiol. 2019, 39,
514–525. [CrossRef] [PubMed]

23. Kim, W.C.; Ko, J.H.; Kim, J.Y.; Kim, J.; Bae, H.J.; Han, K.H. MYB46 directly regulates the gene expression of secondary wall-
associated cellulose synthases in Arabidopsis. Plant J. 2013, 73, 26–36. [CrossRef]

24. Ko, J.H.; Kim, W.C.; Kim, J.Y.; Ahn, S.J.; Han, K.H. MYB46-mediated transcriptional regulation of secondary wall biosynthesis.
Mol. Plant 2012, 5, 961–963. [CrossRef] [PubMed]

25. McCarthy, R.L.; Zhong, R.Q.; Ye, Z.H. MYB83 is a direct target of SND1 and acts redundantly with MYB46 in the regulation of
secondary cell wall biosynthesis in Arabidopsis. Plant Cell Physiol. 2009, 50, 1950–1964. [CrossRef] [PubMed]

26. Ko, J.H.; Jeon, H.W.; Kim, W.C.; Kim, J.Y.; Han, K.H. The MYB46/MYB83-mediated transcriptional regulatory programme is a
gatekeeper of secondary wall biosynthesis. Ann. Bot. 2014, 114, 1099–1107. [CrossRef] [PubMed]

27. Zhong, R.Q.; Ye, Z.H. MYB46 and MYB83 bind to the SMRE sites and directly activate a suite of transcription factors and
secondary wall biosynthetic genes. Plant Cell Physiol. 2012, 53, 368–380. [CrossRef]

28. Kim, W.C.; Kim, J.Y.; Ko, J.H.; Kim, J.; Han, K.H. Transcription factor MYB46 is an obligate component of the transcriptional
regulatory complex for functional expression of secondary wall-associated cellulose synthases in Arabidopsis thaliana. Plant
Physiol. 2013, 170, 1374–1378. [CrossRef]

29. Chen, K.; Song, M.; Guo, Y.; Liu, L.; Xue, H.; Dai, H.; Zhang, Z. MdMYB46 could enhance salt and osmotic stress tolerance in
apple by directly activating stress-responsive signals. Plant Biotechnol. J. 2019, 17, 2341–2355. [CrossRef]

30. Qin, W.; Yin, Q.; Chen, J.; Zhao, X.; Yue, F.; He, J.; Yang, L.; Liu, L.; Zeng, Q.; Lu, F.; et al. The class II KNOX transcription factors
KNAT3 and KNAT7 synergistically regulate monolignol biosynthesis in Arabidopsis. J. Exp. Bot. 2020, 71, 5469–5483. [CrossRef]

31. Zhao, J.; Liu, J.S.; Meng, F.N.; Zhang, Z.Z.; Long, H.; Lin, W.H.; Luo, X.M.; Wang, Z.Y.; Zhu, S.W. ANAC005 is a membrane-
associated transcription factor and regulates vascular development in Arabidopsis. J. Integr. Plant Biol. 2016, 58, 442–451.
[CrossRef]

http://doi.org/10.1038/s41438-019-0133-7
http://doi.org/10.1016/0304-4238(92)90177-E
http://doi.org/10.21273/JASHS.131.5.577
http://doi.org/10.1007/s00344-011-9243-7
http://doi.org/10.1080/15538362.2015.1009973
http://doi.org/10.1016/j.scienta.2015.02.025
http://doi.org/10.1104/pp.104.058404
http://www.ncbi.nlm.nih.gov/pubmed/16100359
http://doi.org/10.1093/treephys/tpv058
http://www.ncbi.nlm.nih.gov/pubmed/26163488
http://doi.org/10.1038/nature14099
http://www.ncbi.nlm.nih.gov/pubmed/25533953
http://doi.org/10.1093/jxb/err438
http://www.ncbi.nlm.nih.gov/pubmed/22213814
http://doi.org/10.1111/j.1365-313X.2011.04514.x
http://www.ncbi.nlm.nih.gov/pubmed/21284754
http://doi.org/10.1105/tpc.106.047043
http://doi.org/10.1111/j.1365-313X.2008.03633.x
http://www.ncbi.nlm.nih.gov/pubmed/18657234
http://doi.org/10.1073/pnas.2010911118
http://www.ncbi.nlm.nih.gov/pubmed/33495344
http://doi.org/10.1105/tpc.106.047399
http://www.ncbi.nlm.nih.gov/pubmed/17114348
http://doi.org/10.1105/tpc.108.061325
http://www.ncbi.nlm.nih.gov/pubmed/18952777
http://doi.org/10.1093/treephys/tpz004
http://www.ncbi.nlm.nih.gov/pubmed/30806711
http://doi.org/10.1111/j.1365-313x.2012.05124.x
http://doi.org/10.1093/mp/sss076
http://www.ncbi.nlm.nih.gov/pubmed/22914575
http://doi.org/10.1093/pcp/pcp139
http://www.ncbi.nlm.nih.gov/pubmed/19808805
http://doi.org/10.1093/aob/mcu126
http://www.ncbi.nlm.nih.gov/pubmed/24984711
http://doi.org/10.1093/pcp/pcr185
http://doi.org/10.1016/j.jplph.2013.04.012
http://doi.org/10.1111/pbi.13151
http://doi.org/10.1093/jxb/eraa266
http://doi.org/10.1111/jipb.12379


Int. J. Mol. Sci. 2022, 23, 8699 16 of 16

32. Sun, X.; Wang, C.; Xiang, N.; Li, X.; Yang, S.; Du, J.; Yang, Y.; Yang, Y. Activation of secondary cell wall biosynthesis by
miR319-targeted TCP4 transcription factor. Plant Biotechnol. J. 2017, 15, 1284–1294. [CrossRef] [PubMed]

33. Zhao, C.S.; Craig, J.C.; Petzold, H.E.; Dickerman, A.W.; Beers, E.P. The xylem and phloem transcriptomes from secondary tissues
of the Arabidopsis root-hypocotyl. Plant Physiol. 2005, 138, 803–818. [CrossRef]

34. Kubo, M.; Udagawa, M.; Nishikubo, N.; Horiguchi, G.; Yamaguchi, M.; Ito, J.; Mimura, T.; Fukuda, H.; Demura, T. Transcription
switches for protoxylem and metaxylem vessel formation. Genes Dev. 2005, 19, 1855–1860. [CrossRef] [PubMed]

35. Zhao, C.S.; 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] [PubMed]

36. Zhao, C.S.; Lasses, T.; Bako, L.; Kong, D.; Zhao, B.; Chanda, B.; Bombarely, A.; Cruz-Ramírez, A.; Scheres, B.; Brunner, A.M.; et al.
XYLEM NAC DOMAIN1, an angiosperm NAC transcription factor, inhibits xylem differentiation through conserved motifs that
interact with RETINOBLASTOMA-RELATED. New Phytol. 2017, 216, 76–89. [CrossRef] [PubMed]

37. Zhao, Y.; Song, X.; Zhou, H.; Wei, K.; Jiang, C.; Wang, J.; Cao, Y.; Tang, F.; Zhao, S.; Lu, M.Z. KNAT2/6b, a class I KNOX gene,
impedes xylem differentiation by regulating NAC domain transcription factors in poplar. New Phytol. 2020, 225, 1531–1544.
[CrossRef]

38. Wang, J.; Zhou, H.; Zhao, Y.; Jiang, C.; Li, J.; Tang, F.; Liu, Y.; Zhao, S.; Hu, J.; Song, X.; et al. PagGRF12a interacts with PagGIF1b
to regulate secondary xylem development through modulating PagXND1a expression in Populus alba×P. glandulosa. J. Integr.
Plant Biol. 2021, 63, 1683–1694. [CrossRef]

39. Zhong, R.Q.; Kandasamy, M.K.; Ye, Z.H. XND1 regulates secondary wall deposition in xylem vessels through inhibition of VND
functions. Plant Cell Physiol. 2021, 62, 53–65. [CrossRef]

40. Zhai, R.; Wang, Z.G.; Yang, C.Q.; Wang, K.L.; Espley, R.; Liu, J.L.; Li, X.Y.; Wu, Z.Y.; Li, P.M.; Guan, Q.M.; et al. PbGA2ox8
induces vascular-related anthocyanin accumulation and contributes to red stripe formation on pear fruit. Hortic. Res. 2019, 6, 137.
[CrossRef]

41. Zhang, Q.; Luo, F.; Zhong, Y.; He, J.J.; Li, L.G. Modulation of NST1 activity by XND1 regulates secondary cell wall formation in
Arabidopsis thaliana. J. Exp. Bot. 2019, 71, 1449–1458. [CrossRef] [PubMed]

42. Kong QSingh, S.K.; Mantyla, J.J.; Pattanaik, S.; Guo, L.; Yuan, L.; Benning, C.; Ma, W. TEOSINTE BRANCHED1/CYCLOIDEA/
PROLIFERATING CELL FACTOR4 Interacts with WRINKLED1 to Mediate Seed Oil Biosynthesis. Plant Physiol. 2020, 184,
658–665. [CrossRef] [PubMed]

43. Shahnejat-Bushehri, S.; Tarkowska, D.; Sakuraba, Y.; Balazadeh, S. Arabidopsis NAC transcription factor JUB1 regulates GA/BR
metabolism and signalling. Nat. Plants 2016, 2, 16013. [CrossRef]

44. Chen, X.; Lu, S.; Wang, Y.; Zhang, X.; Lv, B.; Luo, L.; Xi, D.; Shen, J.; Ma, H.; Ming, F. OsNAC2 encoding a NAC transcription
factor that affects plant height through mediating the gibberellic acid pathway in rice. Plant J. 2015, 82, 302–314. [CrossRef]
[PubMed]

45. Wang, H.B.; Zhang, H.Q.; Liang, F.F.; Cong, L.; Song, L.Y.; Li, X.Y.; Zhai, R.; Yang, C.Q.; Wang, Z.H.; Ma, F.W.; et al. PbEIL1 acts
upstream of PbCysp1 to regulate ovule senescence in seedless pear. Hortic. Res. 2021, 8, 59. [CrossRef] [PubMed]

46. Xiao, Y.X.; Zhang, S.H.; Liu, Y.; Xu, L.F. Efficient Agrobacterium-mediated genetic transformation using cotyledons, hypocotyls
and roots of ‘Duli’ (Pyrus betulifolia Bunge). Sci. Hortic. 2022, 296, 110906. [CrossRef]

47. Zheng, X.D.; Li, Y.C.; Ma, C.Q.; Chen, B.Y.; Sun, Z.J.; Tian, Y.K.; Wang, C.H. A Mutation in the Promoter of the Arabinogalactan
Protein 7-like Gene PcAGP7-1 Affects Cell Morphogenesis and Brassinolide Content in Pear (Pyrus communis L.) Stems. Plant J.
2021, 109, 47–63. [CrossRef]

http://doi.org/10.1111/pbi.12715
http://www.ncbi.nlm.nih.gov/pubmed/28233945
http://doi.org/10.1104/pp.105.060202
http://doi.org/10.1101/gad.1331305
http://www.ncbi.nlm.nih.gov/pubmed/16103214
http://doi.org/10.1111/j.1365-313X.2007.03350.x
http://www.ncbi.nlm.nih.gov/pubmed/18069942
http://doi.org/10.1111/nph.14704
http://www.ncbi.nlm.nih.gov/pubmed/28742236
http://doi.org/10.1111/nph.16036
http://doi.org/10.1111/jipb.13102
http://doi.org/10.1093/pcp/pcaa140
http://doi.org/10.1038/s41438-019-0220-9
http://doi.org/10.1093/jxb/erz513
http://www.ncbi.nlm.nih.gov/pubmed/31740956
http://doi.org/10.1104/pp.20.00547
http://www.ncbi.nlm.nih.gov/pubmed/32663164
http://doi.org/10.1038/nplants.2016.13
http://doi.org/10.1111/tpj.12819
http://www.ncbi.nlm.nih.gov/pubmed/25754802
http://doi.org/10.1038/s41438-021-00491-5
http://www.ncbi.nlm.nih.gov/pubmed/33750791
http://doi.org/10.1016/j.scienta.2022.110906
http://doi.org/10.1111/tpj.15548

	Introduction 
	Results 
	Expression Patterns of PbXND1 
	PbXND1 Results in a Xylem-Deficient Dwarf Phenotype in Tobacco and Pear 
	PbTCP4 Physically Interacts with PbXND1 
	PbTCP4 Promotes Xylem Development in Pear Roots 
	PbXND1 Resulted in the Cytoplasm Sequestration of PbTCP4 and Affected Its DNA-Binding Ability 

	Discussion 
	Methods 
	Plant Materials 
	RNA Extraction and qRT-PCR 
	Vectors and Transformation 
	Histological Analysis 
	Xylem Components 
	Dual-Luciferase Assay 
	Interaction Analysis 
	Subcellular Localization and Co-Localization 
	EMSA 
	Statistical Analysis 
	Accession Numbers 

	References

