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Abstract
Lignified stone cell content is a key factor used to evaluate fruit quality, influencing the economic value of pear (Pyrus pyrifolia) 
fruits. However, our understanding of the regulatory networks of stone cell formation is limited due to the complex secondary 
metabolic pathway. In this study, we used a combination of co-expression network analysis, gene expression profiles, and tran-
scriptome analysis in different pear cultivars with varied stone cell content to identify a hub MYB gene, PbrMYB24. The relative 
expression of PbrMYB24 in fruit flesh was significantly correlated with the contents of stone cells, lignin, and cellulose. We then 
verified the function of PbrMYB24 in regulating lignin and cellulose formation via genetic transformation in homologous and 
heterologous systems. We constructed a high-efficiency verification system for lignin and cellulose biosynthesis genes in pear 
callus. PbrMYB24 transcriptionally activated multiple target genes involved in stone cell formation. On the one hand, 
PbrMYB24 activated the transcription of lignin and cellulose biosynthesis genes by binding to different cis-elements [AC-I 
(ACCTACC) element, AC-II (ACCAACC) element and MYB-binding sites (MBS)]. On the other hand, PbrMYB24 bound directly 
to the promoters of PbrMYB169 and NAC STONE CELL PROMOTING FACTOR (PbrNSC), activating the gene expression. 
Moreover, both PbrMYB169 and PbrNSC activated the promoter of PbrMYB24, enhancing gene expression. This study im-
proves our understanding of lignin and cellulose synthesis regulation in pear fruits through identifying a regulator and estab-
lishing a regulatory network. This knowledge will be useful for reducing the stone cell content in pears via molecular breeding.
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Introduction
Pears (genus Pyrus; family Rosaceae) have a long cultivation 
history and comprise the third most economically important 
fruit crop in China (Wu et al. 2013). At present, cultivated 
pears are divided into 2 major groups; the Asian pear includes 
4 species (Pyrus bretschneideri, Pyrus pyrifolia, Pyrus ussurien-
sis, and Pyrus sinkiangensis), and the European pear consists 

of only a single species, Pyrus communis (Bao et al. 2007; Wu 
et al. 2013). Asian pear fruits have a higher stone cell content, 
which has a negative effect on fruit quality, compared to 
European pears. This is especially true in traditional pear cul-
tivars such as ‘Dangshansuli’. Stone cells, known technically 
as sclereids, develop thick secondary cell walls (SCWs) after 
the cessation of cell expansion (Zhong et al. 2019). The stone 
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cell content is positively correlated with lignin and cellulose 
content (Wang et al. 2021). In addition, the average lignin 
content (29.73%) of pear stone cells is higher than the cellu-
lose content (18.03%), indicating that lignin is the main com-
ponent of pear stone cells (Zhang et al. 2020). Therefore, the 
formation and development of stone cells are closely related 
to the synthesis and accumulation of lignin and cellulose in 
pear fruits (Martín-Cabrejas et al. 2006).

The stone cell content initially increases rapidly at the early 
stages and then declines at later stages of pear fruit develop-
ment. Usually, stone cells begin to form from 7 to 15 days 
after full bloom (DAFB) and accumulate rapidly from 21 to 
49 DAFB (Zhao et al. 2013; Xue et al. 2019b). A previous study 
identified PbrSTONE as a gene involved in the accumulation 
of stone cells and lignin in P. bretschneideri by using genome- 
wide association studies (GWAS) (Zhang et al. 2021). 
Recently, a NAC transcription factor (TF), NAC STONE 
CELL PROMOTING FACTOR (PbrNSC), which was shown 
to promote the lignin and cellulose biosynthesis in pear fruit, 
was discovered using expression quantitative trait locus 
(eQTL) and co-expression approaches (Wang et al. 2021). 
In addition, PbrMYB169 was found to positively regulate lig-
nification in stone cell development by activating the promo-
ters of lignin biosynthesis genes (Xue et al. 2019a). In 
contrast, the TFs PbKNOX1 and PbBZR1 have been shown 
to inhibit stone cell lignification (Cheng et al. 2019; Cao 
et al. 2020). Although these studies help to understand the 
process of fruit lignification, the connection among these 
regulators is still not clear. Therefore, further studies are re-
quired to establish the regulatory network involved in stone 
cell formation.

R2R3-MYB proteins are the most widely studied group of 
MYB TFs, because they play diverse roles in plant secondary 
metabolism, including in the phenylpropanoid, benzene, and 
terpenoid pathways (Van Schie et al. 2006; Soler et al. 2015; 
Seo and Kim 2017). Moreover, they regulate pathways in-
volved in SCW synthesis, as demonstrated in more and 
more studies (Liu et al. 2015; Xu et al. 2015). A group of 
MYB TFs in Arabidopsis (Arabidopsis thaliana), including 
MYB46, MYB83, MYB85, MYB63, MYB58, MYB75, MYB26, 
and MYB103, are involved in lignin and cellulose synthesis 
(Zhong et al. 2007, 2008; McCarthy et al. 2009; Zhou et al. 
2009; Bhargava et al. 2010; Geng et al. 2020). Among them, 
AtMYB46 and AtMYB83 are considered to be the switches 
that regulate SCW synthesis (Ko et al. 2009). Overexpression 
of AtMYB46 or AtMYB83 promotes the abnormal accumula-
tion of SCWs by activating genes related to SCW synthesis 
(Ko et al. 2009). In addition, in the double-knockout 
Arabidopsis mutant myb46/myb83, SCW deposition in inter-
fascicular fibers and vessel cells was seriously affected, resulting 
in seedling growth arrest (McCarthy et al. 2009).

AtMYB46 can directly regulate the expression of other 
MYB genes, including AtMYB43, AtMYB63, AtMYB58, and 
MYB85 (Zhong et al. 2008), by targeting a 7-bp sequence 
[ACC(A/T)A(A/C)(T/C)] known as the secondary wall 
MYB-responsive element (SMRE) in the promoters. 

Another 8-bp sequence [(T/C)ACC(A/T)A(A/C)(T/C)], the 
MYB46-responsive cis-regulatory element (M46RE), has 
been identified as an AtMYB46-specific binding element 
(Kim et al. 2012; Ko et al. 2014). AtMYB63 and AtMYB58 regu-
late lignin synthesis by binding to AC elements in the pro-
moter of monolignol biosynthesis genes without affecting 
cellulose and xylan synthesis (Zhou et al. 2009). AtMYB20, 
AtMYB42, AtMYB43, and AtMYB85 directly activate genes 
related to phenylalanine and lignin biosynthesis, as well as 
transcriptional repressors related to flavonoid biosynthesis 
(Geng et al. 2020), indicating that MYB TFs regulate SCW 
biosynthesis.

In general, studies on lignin and cellulose biosynthesis 
have been mainly conducted in model plants, while re-
search on the regulatory networks involved in stone cell for-
mation in pear fruits is insufficient. In this study, we 
functionally characterized PbrMYB24 of P. bretschneideri 
and showed that it played an essential role in regulating 
both lignin and cellulose biosyntheses in pear fruit stone 
cells. Moreover, its function was coordinated with those 
of PbrMYB169 and PbrNSC. The results of this study would 
improve our understanding of the genetic regulatory net-
work of stone cell formation and provide knowledge for re-
ducing fruit stone cell content.

Results
PbrMYB24 gene expression is positively correlated 
with stone cell formation in pear fruits
In a previous study, we constructed a lignocellulose co- 
expression network based on the gene expression profiles of 
206 pear cultivars at a single stage and of 3 cultivars at 7 dif-
ferent stages of fruit development (Wang et al. 2021). Eight 
hub genes encoding MYB TFs were identified in the network. 
Genome-wide identification of the MYB family in Chinese 
white pear was carried out, and the PbrMYB genes were clas-
sified and named (Li et al. 2016). In this study, the expression 
levels of 2 MYB genes, PbrMYB88 and PbrMYB24, were corre-
lated with stone cell contents (correlation coefficients of 0.43 
and 0.42, respectively). Transcriptome analysis showed that 2 
hub genes, PbrMYB88 and PbrMYB24, were specifically ex-
pressed at early stages of pear fruit development (15 and 30 
DAFB) (Supplemental Fig. S1). The time of gene expression 
was associated with the time of stone cell formation. 
Furthermore, PbrMYB24 showed a higher level of expression 
than PbrMYB88 (Supplemental Fig. S1), suggesting that 
PbrMYB24 might be more important than PbrMYB88 in the 
regulation of stone cell formation. Therefore, PbrMYB24 was 
selected for further analyses.

The lignocellulose co-expression network analysis showed 
that PbrMYB24 had strong connections to lignin and cellu-
lose biosynthesis genes and 2 key TFs, PbrMYB169 and 
PbrNSC (Fig. 1A). To determine the relationship between 
the expression level of PbrMYB24 and the contents of stone 
cells, lignin, and cellulose, we analyzed 20 pear varieties that 
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Figure 1. Co-expression network and the expression of PbrMYB24. A) The co-expression network shows that PbrMYB24 expression is highly asso-
ciated with SCW biosynthesis genes and the key TFs PbrMYB169 and PbrNSC. RNA-seq data were generated using the 206 pear cultivars at 1 stage 
and 3 cultivars at 7 different stages of fruit development from our previous study (Wang et al. 2021). The co-expression networks comprising the 
credible connections were visualized using Cytoscape v3.6.0 (Shannon et al. 2003). B) Cross-sections of pear fruits from 20 varieties were stained with 
Wiesner’s reagent at the key stage of stone cell formation. Scale bar = 0.5 cm. C to E) PbrMYB24 expression levels (bar charts) are presented together 
with the contents (dots) of stone cell C), lignin D), and cellulose E) in the fruits of the 20 pear varieties in B) tested at the key stage of stone cell 
formation. Each value is mean ± SD (n ≥ 3 biological replicates). Pearson’s correlations were obtained using the cor.test. F) PbrMYB24 expression 
levels (bar charts) are presented together with stone cell contents (dots) at 8 developmental stages DAFB of ‘Dangshansuli’ pear fruit. Each value 
is mean ± SD (n ≥ 3 biological replicates). Pearson’s correlations were obtained using the cor.test.



2000 | PLANT PHYSIOLOGY 2023: 192; 1997–2014                                                                                                             Xue et al.

have different amounts of stone cells in their fruits, as shown 
by lignin staining at 35 DAFB (Fig. 1B). The expression level of 
PbrMYB24 was positively correlated with stone cell content 
(correlation coefficient = 0.86; P = 6.52e−7), lignin content 
(correlation coefficient = 0.68; P = 9.05e−4), and cellulose 
content (correlation coefficient = 0.63; P = 3.03e−3) in the 
20 pear varieties (Fig. 1, C to E).

Based on RNA-seq data from fruits at 6 development stages 
(15, 30, 55, 85, 115, and 130 DAFB) of 5 pear cultivars 
(‘Dangshansuli’, ‘Yali’, ‘Hosui’, ‘Korla’ pear, and ‘Starkrimson’), 
PbrMYB24 was found to be strongly expressed at the early 
stages (15 and 30 DAFB) of fruit development (Supplemental 
Fig. S1). Furthermore, reverse transcription quantitative PCR 
(RT-qPCR) analysis of different plant tissues from the cultivar 
‘Dangshansuli’ showed that the expression level of PbrMYB24 
in the early stage of fruit development (21 to 49 DAFB) was sub-
stantially higher than that in the later stage of fruit develop-
ment (Fig. 1F). The expression pattern of PbrMYB24 was 
positively correlated with stone cell content (correlation coeffi-
cient = 0.74; P = 8.21e−3) at 8 developmental stages (21, 35, 49, 

63, 77, 91, 105, and 150 DAFB) of ‘Dangshansuli’ pear fruit 
(Fig. 1F). In addition, the expression level of PbrMYB24 in stems 
was significantly higher than in leaves and anthers 
(Supplemental Fig. S2). These results indicate that PbrMYB24 
may function in regulating lignin and cellulose biosynthesis 
and thus stone cell formation.

PbrMYB24 is an R2R3 MYB TF related to SCW 
biosynthesis
To predict the function of PbrMYB24, a phylogenetic tree 
was constructed using the deduced amino acid sequences 
of stone cell biosynthesis-associated MYB TFs and a number 
of known R2R3 MYBs from other species that regulate the 
phenylpropanoid pathway (Supplemental Table S1). 
PbrMYB24 was found to cluster with AtMYB46, which is a 
known key regulator of SCW synthesis in Arabidopsis, indi-
cating that PbrMYB24 is likely to play an important role in 
promoting SCW synthesis in pear fruits (Fig. 2A). Multiple se-
quence alignment analysis showed that PbrMYB24 contains 
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Figure 2. Amino acid sequence analysis of PbrMYB24. A) A phylogenetic tree showing the evolutionary relationships between stone cell 
biosynthesis-associated MYB TFs and a number of known R2R3 MYB TFs from other species that regulate the phenylpropanoid pathway. B) 
The alignment of the amino acid sequences of PbrMYB24, AtMYB46, PtrMYB20, PtrMYB126, PtMYB4, and EgMYB2 was generated using 
JALVIEW (http://www.jalview.org). At, Arabidopsis thaliana; Ptr, Populus trichocarpa; Pt, Pinus taeda; Eg, Eucalyptus grandis. C) Diagrams showing 
the structures of PbrMYB24 and the truncated proteins containing the R2R3 MYB domain. D) Self-activation of PbrMYB24 was demonstrated in a 
yeast 2-hybrid assay. SD-Trp-Leu, SD medium lacking tryptophan and leucine; SD/-Trp-Leu-His-Ade, SD medium lacking tryptophan, leucine, his-
tidine, and adenine; BD 53-AD T interaction, positive control; BD Lam-AD T interaction, negative control; BD, DNA-binding domain; AD, activation 
domain. E) Nuclear localization of PbrMYB24 in N. benthamiana leaf epidermal cells was detected by transient expression of the PbrMYB24-GFP 
fusion protein. The nuclei were detected by DAPI staining.
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typical R2- and R3-type MYB domains at its N-terminus 
(Fig. 2B).

To examine the subcellular localization of the PbrMYB24 
protein, a PbrMYB24-GFP fusion construct was expressed 
in Nicotiana benthamiana leaves by agroinfiltration. The 
PbrMYB24-GFP green fluorescence signal was present specif-
ically in the nucleus as determined by co-localization with 
DAPI staining, which stains DNA in the nucleus (Fig. 2E). 
However, the signal of GFP filled the whole cell (Fig. 2E). In 
addition, transactivation experiments in yeast showed that 
PbrMYB24 has self-activation activity, and the self-activation 
region is located at the N-terminal end (amino acid residues 
130 to 210) of PbrMYB24 (Fig. 2, C and D). These results sug-
gest that PbrMYB24 is a nuclear protein with transcriptional 
activation activity.

PbrMYB24 is involved in lignin and cellulose 
biosynthesis in pear fruits
To investigate the role of PbrMYb24 in pear fruit stone cells, 
we generated PbrMYB24 overexpression and silencing con-
structs. The constructs were separately transferred into 
‘Dangshansuli’ pear fruit at 35 DAFB using agroinfiltration. 
Hand-cut sections stained with phloroglucinol-HCl showed 
substantially stronger lignin staining at the site injected 

with MYB24 overexpression construct than the site injected 
with the empty control vector. In contract, lignin staining 
was weaker at the site injected with MYB24 silencing con-
struct than the site injected with the empty control vector 
(Fig. 3A). Compared with the empty vector injection sites, 
overexpression of PbrMYB24 significantly increased the lignin 
and cellulose contents, whereas silencing of PbrMYB24 had 
the opposite effect, decreasing the contents of both lignin 
and cellulose (Fig. 3, B and C). RT-qPCR was used to quantify 
the expression levels of PbrMYB24 and lignin and cellulose 
biosynthesis genes at the injection sites. The results showed 
that regulation of PbrMYB24 expression leads to changes in 
the expression levels of lignin and cellulose biosynthesis 
genes, especially Pbr4CL1, Pbr4CL4, PbrCSE1, PbrCCOAMT6, 
PbrCCOAMT1, PbrLAC4, PbrSTONE, and PbrCSEA8a, and 
the TF gene PbrMYB169 (Figs. 3, D and E, and S3). These re-
sults suggest that changes in the relative expression of 
PbrMYB24 regulate lignin and cellulose formation in pear 
fruit stone cells.

Overexpression of PbrMYB24 promotes lignin and 
cellulose accumulation in pear fruit callus
To further confirm the role of PbrMYB24 in lignin accumula-
tion in pear fruits, the empty vector and PbrMYB24 

A B C

D E

Figure 3. PbrMYB24 positively regulates lignin and cellulose biosynthesis in stone cells of pear fruits. A) Sections of fruit flesh transiently expressing 
PbrMYB24 overexpression and silencing constructs were stained with Wiesner’s reagent. EV, empty vector; OE, overexpression; VIGS, virus-induced 
gene silencing. Scale bar = 0.5 cm. B, C) Lignin B) and cellulose C) contents in pear flesh tissue around the infiltration sites were determined using 
the acetyl bromide and anthrone–sulfuric acid methods, respectively. Each value is mean ± SD (n ≥ 9 biological replicates). P-values were tested using 
Student’s t test (*P < 0.05). D, E) RT-qPCR was used to analyze the expression level of SCW biosynthesis genes and PbrMYB169 in the pear flesh tissue 
around the infiltration sites. Each value is mean ± SD (n = 3 biological replicates). P-values were tested using Student’s t test (*P < 0.05; ns, not 
significant).
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overexpression construct were stably transformed into pear 
callus. Seven transgenic pear calli were identified, of which 
3 lines (OE-2, OE-4, and OE-6) showed high levels of 
PbrMYB24 expression as determined by RT-qPCR (Fig. 4A). 
The callus growing on MS medium supplemented with 
2,4-dichlorophenoxyacetic acid (2,4-D) and 6-benzylamino-
purine (6-BA) shown no staining with phloroglucinol-HCl 
and remained white or light yellow in color (Supplemental 
Fig. S4A). This indicated that there is almost no lignin biosyn-
thesis in pear callus tissue growing on this medium. To solve 
this problem, we established a lignin induction system for 
pear callus by supplementing the medium with epibrassino-
lide (EBR) but without 2,4-D or 6-BA (Supplemental Fig. S4). 
Obvious lignin staining was observed on the medium with-
out 2,4-D or 6-BA but with different levels (0 to 400 µM) of 
EBR. The lignin content tended to be stable around 20 d after 
treatment with EBR (Supplemental Fig. S4, A to D).

The transgenic pear calli were transferred to lignin induction 
medium supplemented with 10 µM EBR for 20 d and then 
stained with phloroglucinol-HCl. The results showed that the 
PbrMYB24-OE (overexpression) callus displayed an obvious 
red color, whereas the callus transformed with the empty vec-
tor stained very faintly (Fig. 4, D and E). At the same time, cal-
cofluor white staining of cellulose gave a stronger fluorescence 
signal in the PbrMYB24-OE callus (Fig. 4, F and G). Lignin and 
cellulose contents were significantly increased in the 
PbrMYB24-OE callus comparing with the empty vector callus 
(Fig. 4, B and C). Furthermore, RT-qPCR showed that the 
expression levels of lignin and cellulose biosynthesis 
genes (Pbr4CL1, PbrC3′H1, PbrCSE1, PbrHCT79, PbrCCR21, 
PbrCCOMT23, PbrCAD24, PbrLAC4, PbrLAC19, PbrSTONE, 
PbrCESA8b, PbrCESA4b, PbrCESA7a, and PbrCESA4b) as well 
as 2 genes encoding TFs (PbrMYB169 and PbrNSC) were signifi-
cantly increased in the PbrMYB24-OE callus compared with the 
empty vector control callus (Fig. 4H). These results suggest that 
overexpression of PbrMYb24 promotes lignin and cellulose ac-
cumulation in pear callus.

Overexpression of PbrMYB24 enhances SCW 
biosynthesis in transgenic Arabidopsis plants
In order to further verify the function of PbrMYB24, 
Agrobacterium tumefaciens carrying the PbrMYB24 overex-
pression construct was used to transform A. thaliana Col-0. 
Twelve hygromycin-resistant T1-generation transgenic plants 
were identified on MS medium containing hygromycin, and 3 
plants (OE-6, OE-7, and OE-10) were found to have high ex-
pression levels of PbrMYB24 as determined by RT-qPCR 
(Supplemental Fig. S5A). The homozygous T3-generation 
plants derived from the 3 lines were used in experiments 
to examine the physiological and biochemical indexes.

In the T3-generation homozygous plants, we analyzed 
multiple phenotypes and the lignin content of wild-type 
(WT) and PbrMYB24-OE plants. Root lengths, rosette 
leaves, and primary inflorescence stem heights of the T3 

homozygous plants were similar to those of the WT 

control plants at 1, 2, and 6 wk of age (Supplemental 
Fig. S5, B to G). Total lignin and cellulose contents were sig-
nificantly higher in the transgenic plants compared to WT 
(Fig. 5, A and B). Furthermore, RT-qPCR revealed that the 
expression level of AtMYB46 regulated the downstream 
expression of MYB TF genes, including AtMYB85 and 
AtMYB63. The expression of SCW biosynthesis genes was 
also significantly increased in the transgenic plants com-
pared with WT (Fig. 5C).

There was no difference in the morphology of interfascicu-
lar fiber and vessel cells between the WT and transgenic 
Arabidopsis lines as shown by toluidine blue O staining 
(Fig. 5, D and E), but the xylem tissue of the transgenic lines 
showed stronger spontaneous lignin fluorescence (Fig. 5, F 
and G). Furthermore, safranin O–fast green staining of lignin 
was stronger in the interfascicular fiber and xylem, and calco-
fluor white staining of cellulose gave a stronger fluorescence 
signal in epidermal cells in the PbrMYB24-OE plants, while 
only weak staining was observed in WT plants (Fig. 5, H to 
K). The SCWs of the interfascicular fiber and vessel cells 
were observed by transmission electron microscopy (TEM). 
Compared with the WT, the SCWs of the interfascicular fiber 
and vessel cells in the PbrMYB24-OE lines showed significant 
thickening (Fig. 5, L to Q). These results indicated that 
PbrMYB24 expression facilitates lignin and cellulose accumu-
lation and SCW thickening in the inflorescence stem of trans-
genic Arabidopsis plants.

PbrMYB24 binds to the AC elements and MBS in the 
promoters of SCW biosynthesis genes
In order to determine the regulatory relationship between 
PbrMYB24 and genes involved in SCW biosynthesis, we cloned 
the promoter regions of the structural genes into the pGreenII 
0800-LUC vector (Supplemental Fig. S6). A dual-luciferase re-
porter assay indicated that PbrMYB24 could activate the pro-
moters of 9 genes, including Pbr4CL1, PbrCCR21, PbrCCR23, 
PbrCCOAMT1, PbrLAC4, PbrLAC19, PbrSTONE, PbrCESA8b, 
and PbrCESA8a (Fig. 6B). Previous studies have shown that 
MYB proteins bind to various cis-elements, such as AC ele-
ments, MBSs, SMRE, and M46RE, to regulate SCW biosynthesis 
in model plants (Ithal and Reddy 2004; Rogers and Campbell 
2004; Rahantamalala et al. 2010; Kim et al. 2012; Zhong and 
Ye 2012; Smita et al. 2015). After analyzing the promoters of 
pear lignin and cellulose biosynthesis genes using the 
PlantCARE database (2023), we identified at least 1 AC elem-
ent or MBS in each promoter, except for the promoter of 
PbrSTONE and PbrCESA4a (Fig. 6A and Supplemental 
Table S2). However, no SMRE or M46RE was identified in 
any promoter.

To further verify that PbrMYB24 activates transcription 
from the promoters through the AC or MBS elements, dual- 
luciferase reporter assays were performed with mutated pro-
moters of Pbr4CL1, PbrCCOAMT1, PbrLAC4, PbrLAC19, and 
PbrCESA8b, in which the MBS or AC elements were deleted. 
The results showed that deleting the AC elements from the 

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad200#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad200#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad200#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad200#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad200#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad200#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad200#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad200#supplementary-data
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Pbr4CL1, PbrCCOAMT1, and PbrLAC19 promoters prevented 
their activation by PbrMYB24; however, PbrMYB24 still was 
able to activate the promoters of PbrLAC4 and PbrLAC19 
without an MBS (Fig. 6C). In addition, PbrMYB24 can weakly 
activate the promoter of PbrCESA8b lacking MBS2, but 

cannot activate the promoter of PbrCESA8b lacking MSB1 
(Fig. 6C). These results showed that PbrMYB24 recognized 
AC elements in the promoters of lignin biosynthesis genes 
and the MBSs in the promoters of cellulose biosynthesis 
genes to activate their transcription.

A B C

D

H

E F G

Figure 4. Overexpression of PbrMYB24 promoted lignin and cellulose accumulation in pear callus. A) RT-qPCR was used to analyze PbrMYB24 ex-
pression in transgenic pear callus lines generated using either an empty vector or a vector for overexpressing PbrMYB24 (lines OE-1 to OE-7). Each 
value is mean ± SD (n = 3 biological replicates). Groups indicated by different letters were significantly different (P < 0.05, 1-way ANOVA, Tukey’s 
HSD post hoc test). B, C) Lignin B) and cellulose C) contents in the transgenic pear callus were determined using the acetyl bromide and anthrone– 
sulfuric acid methods, respectively. EV, empty vector; OE, overexpression. Each value is mean ± SD (n ≥ 9 biological replicates). The P-values were 
tested using Student’s t test (*P < 0.05). D, E) The transgenic pear calli were stained with Wiesner’s reagent. Scale bar = 1 cm. F, G) Fluorescent 
micrographs of thin sections of transgenic pear callus that had been stained with calcofluor white. Scale bars = 50 µm. H) RT-qPCR was used to 
analyze the expression levels of SCW synthesis-related genes in the transgenic pear callus. P-values were tested using Student’s t test (*P < 0.05; 
ns, not significant).
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To determine whether PbrMYB24 can bind directly to the 
promoters of the lignin and cellulose biosynthesis genes, 1-hy-
brid analyses were used to examine the interaction between 
PbrMYB24 and the gene promoters. First, we selected 

promoters that are strongly activated (Pbr4CL1, 
PbrCCOAMT1, PbrLAC4, PbrCESA8b, and PbrCESA8a) and 4 
mutated promoters (Pbr4CL1-AC-D, PbrCCOAMT1-AC-D, 
PbrCESA8b-MBS1-D, and PbrCESA8b-MBS2-D) to construct 
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Figure 5. Functional validation of PbrMYB24 in transgenic Arabidopsis plants. A, B) The acetyl bromide and anthrone–sulfuric acid methods were 
used to determine the lignin A) and cellulose B) contents of Arabidopsis inflorescence stems in 8-wk-old plants, respectively. OE, overexpression. 
Each value is mean ± SD (n ≥ 9 biological replicates). P-values were tested using Student’s t test (*P < 0.05). C) RT-qPCR was used to analyze expres-
sion levels of SCW synthesis-related genes in WT and PbrMYB24-OE Arabidopsis plants. Each value is mean ± SD (n = 3 biological replicates). P-values 
were tested using Student’s t test (*P < 0.05; ns, not significant). D, E) Cross-sections of inflorescence stems were stained with toluidine blue O. Scale 
bars = 50 µm. Ve, vessel; Xf, xylary fiber; if, interfascicular fiber cell. F, G) Lignin autofluorescence in the cross-sections shown in D, E) was detected 
under UV light. Scale bars = 50 µm. H to K) Cross-sections of inflorescence stems were stained with safranin O–fast green H, I) or calcofluor white J, 
K). Scale bars = 50 µm. L to O) Transmission electron micrographs of cross-sections of inflorescence stems showing interfascicular fiber cells (if) L, 
M) and vessel cells (V) N, O). The image in N) is from the same WT Arabidopsis sample as that in L). Bar = 5 µm. P, Q) The thickness of the SCWs of 
interfascicular fiber cells P) and vessel cells Q) were analyzed based on images similar to those shown in L to O). The P-values were tested using 
Student’s t test (*P < 0.05).
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Figure 6. PbrMYB24 binds to and activates the promoters of SCW biosynthesis genes in pear. A) The positions of AC elements and MBS were iden-
tified in the promoter sequences of pear SCW biosynthesis genes. B) PbrMYB24 significantly enhanced the promoter activity of 10 lignin and cel-
lulose biosynthesis genes as shown by dual-luciferase reporter assays in N. benthamiana leaf epidermal cells. N. benthamiana leaves were transfected 
with the reporter gene construct (RC) alone or co-transfected with the PbrMYB24 overexpression construct (RC + MYB24). Each value is mean ± SD 

(n = 3 biological replicates). P-values were tested using Student’s t test (*P < 0.05; ns, not significant). C) PbrMYB24 was tested on mutated pro-
moters without AC elements or MBS. Each value is mean ± SD (n = 3 biological replicates). P-values were tested using Student’s t test (*P < 0.05; 
ns, not significant). D) Y1H assays showed the interaction between PbrMYB24 and the promoters of lignin and cellulose biosynthesis genes. E, 
F) PbrMYB24 binds directly to AC elements in the PbrCCOAMT1 promoter in a Y1H assay. ABA, aureobasidin A; SD-Leu, SD medium lacking leucine. 
G) PbrMYB24 binds directly to the promoter AC elements in an EMSA. “Hot-probe” and “cold-probe” indicate the biotin-labeled and unlabeled 
DNA fragments, respectively.
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the reporters. The yeast 1-hybrid (Y1H) system using pLacZi 
showed that the yeast colonies co-transformed with 
PbrMYB24, and the Pbr4CL1, PbrCCOAMT1, PbrLAC4, 
PbrCESA8b, or PbrCESA8b-MBS2-D promoters were blue, while 
the colonies co-transformed with pB42AD and the promoters 
were white or pale blue (Fig. 6D). In addition, the yeast col-
onies co-transformed with PbrMYB24 and CESA8a or the 
other 3 mutant promoters were always white (Fig. 6D). 
These results showed that PbrMYB24 bound directly to the 
AC elements present in the Pbr4CL1 and PbrCCOAMT1 pro-
moters and the MBS in the PbrCESA8b promoter.

Second, the 300-bp promoter sequences from Pbr4CL1 and 
PbrCCOAMT1 that contain the AC elements with high activa-
tion effect were inserted into the pABAi vector. The self- 
activation activity of the promoters was screened using aureo-
basidin A (ABA). We found that 200 ng/mL ABA could inhibit 
the growth of yeast cells carrying pABAi-CCOAMT1-AC, but 
not cells carrying pABAi-4CL1-AC (Supplemental Fig. S7). 
The Y1H system using pAbAi showed that yeast cells co- 
transformed with the PbrMYB24-effector and PbrCCOAMT1- 
AC-reporter grew on SD/-Leu medium (with 0 and 300× 
ABA), while the yeast cells co-transformed with the 
PbrMYB24-effector and PbrCCOAMT1-AC-D-reporter did not 
grow normally on SD/-Leu medium (with 300× ABA), demon-
strating that PbrMYB24 could bind directly to the AC elements 
(Fig. 6, E and F).

Finally, PbrMYB24-His fusion protein was produced by using 
a prokaryotic expression system (Supplemental Fig. S8) and 
used to verify these interactions in an electrophoretic mobility 
shift assay (EMSA). A DNA fragment from PbrCCOAMT1 pro-
moter containing the AC elements was used as the probe. 
When the recombinant PbrMYB24-His fusion protein was in-
cubated with biotin-labeled probe, clear DNA–protein bands 
with reduced mobility were observed (Fig. 6G). The signal of 
the bound probe band gradually decreased as the concentra-
tion of unlabeled competitive probes was increased. All of 
these results indicated that PbrMYB24 specifically bound to 
the AC elements and MBS present in the promoters of the lig-
nin and cellulose biosynthesis genes to promote gene expres-
sion and lead to SCW biosynthesis.

A transcriptional regulatory network consisting of 
PbrMYB24, PbrMYB169, and PbrNSC
In order to reveal the activation and interactions between 
PbrMYB24, PbrMYB169, and PbrNSC, we performed dual- 
luciferase reporter assays and firefly luciferase complementa-
tion imaging (LCI) in N. benthamiana. No LUC luminescence 
signal was detected in the leaves of N. benthamiana co- 
infiltrated with MYB24-cLUC and MYB169-nLUC or 
NSC-nLUC (Supplemental Figs. S9 and S10). This result sug-
gests that PbrMYB24 protein was unable to bind to 
PbrMYB169 or PbrNSC protein. We next investigated the 
mutual activation among PbrMYB24, PbrMYB169, and 
PbrNSC to their gene promoters. Interestingly, dual- 
luciferase reporter assays showed that PbrMYB24 activated 

the full-length (2,000 bp) promoter of PbrMYB169 and 
PbrNSC (Fig. 7, A to C) but did not activate PbrMYB24 pro-
moter (Fig. 7D). Furthermore, PbrMYB24 promoter was acti-
vated by PbrMYB169 and PbrNSC (Fig. 7D). In order to 
identify the possible promoter binding region, 6 truncated 
promoters of the PbrNSC (−500 to 0, −1,000 to 0, and 
−1,500 to 0) and PbrMYB169 (−500 to 0, −1,000 to 0, and 
−1,500 to 0) (Fig. 7A) were tested in dual-luciferase reporter 
assays. PbrMYB24 activated all but 1 truncated promoter, 
PbrMYB169 promoter (−500 to 0) (Fig. 7, B and C). These re-
sults showed that PbrMYB24 recognized 2 promoter regions 
of PbrNSC (−500 to 0) and PbrMYB169 (−1,000 to −500). As 
these regions do not contain any MBS, AC element, SMRE, or 
M46RE (Fig. 7A), PbrMYB24 might bind to some unknown 
elements.

To further investigate whether PbrMYB24, PbrMYB169, 
and PbrNSC can bind directly to their own gene promoter, 
the promoter regions (2 kb) upstream of PbrMYB24, 
PbrMYB169, and PbrNSC were separately cloned into the 
pLacZi vector to construct the reporters. The Y1H system 
confirmed that PbrMYB24 bound directly to the promoters 
of PbrMYB169, PbrNSC, and PbrNSC-MBS-D, but not to 
PbrMYB24 promoter (Fig. 7E). Furthermore, PbrNSC bound 
weakly to the promoter of PbrMYB24, but PbrMYB169 did 
not bind to the PbrMYB24 promoter (Fig. 7F). Based on these 
results, we deduce that PbrMYB24, PbrMYB169, and PbrNSC 
function in a coordinated manner to regulate lignin and cel-
lulose biosynthesis in the formation of pear stone cells.

Discussion
PbrMYB24 is an activator for both lignin and cellulose 
biosyntheses in pear fruit
Previous studies have shown that lignin and cellulose synthe-
sis is regulated by a complex transcription regulation, which 
contains a number of MYB TFs (Taylor-Teeples et al. 2015). 
Based on their regulatory effects, these MYB TFs could be fu-
ture subdivided into different subgroups. For example, 
AtMYB85, AtMYB63, and AtMYB58 positively regulate the 
biosynthesis of lignin, while AtMYB4, AtMYB7, and 
AtMYB32 repress the program during xylem differentiation 
of Arabidopsis (Jin et al. 2000; Preston et al. 2004; Zhong 
et al. 2008; Geng et al. 2020). However, AtMYB46, 
AtMYB83, and AtMYB103 not only involve in the biosyn-
thesis of lignin but also regulate cellulose synthesis (Zhong 
et al. 2008; Ko et al. 2009; Öhman et al. 2013). In pear fruits, 
20 MYB TFs have been predicted to be involved in stone cell 
formation by genome-wide phylogenetic analyses (Cao et al. 
2016). Among them, only PbrMYB169 was confirmed to spe-
cifically regulate lignin biosynthesis in stone cell (Xue et al. 
2019a). At present, there are no reports on the regulation 
of cellulose biosynthesis in pear by MYB TFs. In this study, 
based on a combination of co-expression network analysis, 
gene expression profiles, and transcriptomic analysis in a di-
verse group of pear accessions, we identified a hub MYB TF, 

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad200#supplementary-data
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designated PbrMYB24 that is positively correlated with stone 
cell, lignin, and cellulose. Furthermore, PbrMYB24 was found 
to simultaneously promote both lignin and cellulose 

biosyntheses in pear flesh and callus tissue and also in the in-
florescence stem of Arabidopsis plants, which is different 
from PbrMYB169 only regulating lignin biosynthesis. 
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Figure 7. Dual-luciferase and Y1H assays validate the direct regulation between PbrMYB24, PbrMYB169, and PbrNSC. A) The diagrams show trun-
cated promoters of PbrNSC and PbrMYB169. B, C) PbrMYB24 activated the PbrMYB169 and PbrNSC promoters. Each value is mean ± SD (n = 3 bio-
logical replicates). Statistical analysis was performed using Student’s t test (*P < 0.05; ns, not significant). D) PbrNSC and PbrMYB169 increased 
transcription from the PbrMYB24 promoter. Each value is mean ± SD (n = 3 biological replicates). Groups indicated by different letters were signifi-
cantly different (P < 0.05, 1-way ANOVA, Tukey’s HSD post hoc test). E, F) Y1H assays show the interactions between PbrMYB24, PbrMYB169, and 
PbrNSC and their gene promoters. PbrMYB24 binds to the PbrMYB169, PbrNSC, and PbrNSC-MBS-D promoters, but not to its own gene promoter. 
PbrMYB169 cannot bind to the PbrMYB24 promoter. PbrNSC binds weakly to the PbrMYB24 promoter. The empty pB42AD and the PbrMYB24, 
PbrMYB169, and PbrNSC promoters cloned into pLaczi were used as the negative controls.
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Collectively, the results of our study provide a high-quality 
gene resource for reducing lignin and cellulose biosynthesis 
in stone cells of pear fruits.

PbrMYB24 binds to different cis-acting elements to 
separately regulate the lignin and cellulose 
biosynthesis in stone cell of pear
Studying the combination of TFs and cis-elements can in-
crease our understanding of transcriptional regulation mech-
anism. Previous studies have shown that MYB proteins bind 
to various cis-elements, such as AC elements, MBSs, SMRE, 
M46RE, and MYBCORE, to regulate different secondary 
metabolic pathways in plants (Ithal and Reddy 2004; 
Rogers and Campbell 2004; Rahantamalala et al. 2010; Kim 
et al. 2012; Zhong and Ye 2012; Smita et al. 2015). 
Although the interactions between MYB proteins and DNA 
motifs have been well studied in model plant, the 
cis-elements recognized by MYB TFs in the process of stone 
cell formation are still not well known.

In this study, dual-luciferase reporter assay and Y1H assay 
showed that PbrMYB24 directly activates the promoters of 
lignin biosynthesis genes (Pbr4CL1, PbrCCOAOMT1, and 
PbrLAC4) and cellulose biosynthesis gene PbrCESA8b. 
Further, promoter truncation test showed that PbrMYB24 
directly binds to the AC elements in the promoters of 
Pbr4CL1 and PbrCCOAOMT1 and binds to MBS in the pro-
moter of PbrCESA8b. These results indicate that PbrMYB24 
regulates lignin and cellulose biosynthesis by binding differ-
ent cis-elements of gene. However, AC element was not iden-
tified in the promoter of PbrLAC4, and PbrMYB24 could not 
recognize MBS element of PbrLAC4. We speculate that 
PbrMYB24 may bind to other cis-elements to activate the 
transcription of PbrLAC4 or that it interacts with other pro-
teins to form higher order protein–protein complexes that 
recognize the PbrLAC4 promoter. Betula platyphylla, 
BplMYB4, which is a homologous protein of PbrMYB24, 
not only binds to 5 AC-box elements, MYBCORE, TC-box, 
GT-box, and E-box motifs involved in SCW biosynthesis 
and abiotic stress responses but also interacts with 5 MYBs 
to form heterodimers that enhance the binding to the 
MYBCORE motif and activate the transcription of target 
genes (Guo et al. 2017, 2018; Wang et al. 2019). However, 
we did not identify these elements in the promoters of 
PbrLAC4. In future analysis, PbrMYB24 could also be used 
as a bait gene to retrieve interacting TFs and then construct 
a more comprehensive regulatory network in the future.

The transcriptional regulatory mechanism of 
PbrMYB24 showed a species-specific regulatory 
mechanism for SCW biosynthesis in pear stone cells
SCW formation in plants is a complex process that requires 
at least 3 layers of TFs in a transcriptional regulatory network 
(Zhang et al. 2018). In the model plant A. thaliana, NAC TFs 
belong to the first layer of the network; an example is 
AtNST3, which directly regulates the second layer of MYB 

TFs, such as AtMYB46 (Ko et al. 2009; McCarthy et al. 
2009). AtMYB46 regulates the third layer of MYB TFs, includ-
ing AtMYB85, AtMYB58, AtMYB63, and AtMYB103, which 
can directly regulate the expression of structural genes 
(Hussey et al. 2013). The SCW synthesis regulatory network 
mediated by NAC-MYB TFs is relatively conserved in most 
plant species (Zhang et al. 2018). However, in cotton fibers, 
GhMYB7, a gene homologous to AtMYB103, activates the 
promoters of GhFSN1, GhMYB46_D13, and GhCESA4/7/8 to 
promote cellulose biosynthesis (Huang et al. 2016, 2021). 
This means that the proteins encoded by homologous genes 
may have conserved functions in different species but that 
the transcriptional regulatory network may be somewhat 
different.

In our study, PbrMYB24 is found to cluster with AtMYB46, 
which belongs to the second layer of the regulatory network. 
Interestingly, PbrMYB24 not only directly activates the tran-
scription of lignin and cellulose biosynthesis genes but also 
directly activates the expression of the TF-encoding genes 
PbrNSC (first layer of cascade regulation) and PbrMYB169 
(third layer of cascade regulation). In addition, PbrMYB24 
can be activated by PbrMYB169 and PbrNSC, and the over-
expression of PbrMYB24 in pear callus was found to increase 
the relative transcription of PbrMYB169 and PbrNSC. In 
transgenic Arabidopsis plants, the expression level of 
AtMYB85 is drastically increased, but transcription of 
AtNST3 did not seem to change significantly. This indicates 
that a species-specific regulatory mechanism for SCW bio-
synthesis is likely present in pear stone cells, which is different 
from findings in model plants. Based on the abovementioned 
results, we speculate that PbrNSC (first-layer TF), PbrMYB24 
(second-layer TF), and PbrMYB169 (third-layer TF) form a 
positive hierarchical regulatory system in the formation of 
stone cells in pear.

Establishing a high-efficiency verification system for 
SCW biosynthesis genes in pear callus
Plant hormones are involved in almost all aspects of plant 
growth and development. Auxin, a fundamental plant hor-
mone, has been shown to negatively regulate  lignin biosyn-
thesis in pummelo juice sacs (Shi et al. 2020). A previous 
study showed that poplar callus can be induced to differen-
tiate tracheary elements on MS medium without auxin but 
containing EBR (Yamagishi et al. 2013). In our study, we con-
firmed that pear callus does not synthesize lignin on MS sub-
culture medium containing 2,4-D and 6-BA, although it did 
synthesize lignin on MS induction medium containing EBR 
but lacking 2,4-D and 6-BA. This result not only shows that 
the plant hormone induction system is useful for observing 
the phenotype in pear callus but also provides a basis for ex-
ploring the function and application of plant growth regula-
tors in the regulation of stone cell formation.

As we know, gene function verification in perennial fruit 
trees is time-consuming and inefficient, mainly due to diffi-
culties encountered in developing transformation systems 
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and the very long period of time before the plants flower and 
produce fruits and seeds after transformation. In previous 
studies, instead of using model plants, apple callus and 
pear callus were developed and used to study the function 
of genes related to anthocyanin biosynthesis, which acceler-
ates the study of gene function verification in a homologous 
system (Xie et al. 2012; Bai et al. 2019). Here, we developed a 
system to induce callus tissue in pear, which was successfully 
used to show that PbrMYB24 promotes lignin and cellulose 
biosynthesis in pear fruits. Our study provides a useful and 
highly efficient experimental system to accelerate the study 
of lignin and cellulose biosynthesis in pear fruits for the im-
provement of fruit quality.

Conclusion
Based on the combination of co-expression network analysis, 
gene expression profiles, and transcriptome analysis in a di-
verse group of pear accessions, we identified a MYB 
TF-encoding gene, PbrMYB24, which is significantly correlated 
with stone cell formation in pear fruits. Overexpression of 
PbrMYB24 increased lignin and cellulose accumulation and 
the expression levels of SCW biosynthesis genes in pear fruits, 
pear callus, and Arabidopsis plants. Based on the further 

experimental results, we proposed the regulating mechanism 
that PbrMYB24 directly activates the transcription of lignin 
and cellulose biosynthesis genes by binding to AC elements 
and MBS (Fig. 8). Meanwhile, PbrMYB24 binds directly to 
the promoters of PbrMYB169 and PbrNSC activating the 
gene expression, whereas both PbrMYB169 and PbrNSC can 
activate the promoter of PbrMYB24 enhancing the gene ex-
pression (Fig. 8). Our results advance the understanding of 
regulatory networks that control stone cell formation and pro-
vide a gene resource for future improvement of fruit quality in 
pear.

Materials and methods
Plant materials
In this study, different tissues of ‘Dangshansuli’ pear 
(P. bretschneideri), including stems, leaves, anthers, and fruits 
at 21, 35, 49, 63, 77, 91, 105, and 150 DAFB, were collected 
from Gaoyou County, Jiangsu Province, China. The fruits of 
another 19 pear accessions were collected at key stages of 
stone cell formation from the Lishui Experiment Station, 
Jiangsu Academy of Agricultural Science. Arabidopsis 
(A. thaliana) Col-0 plants were grown in a growth chamber 

Figure 8. The hypothetical working model of PbrMYB24 regulation of stone cell formation. PbrMYB24 activates the transcription of Pbr4CL1, 
PbrCCOAMT1, and PbrCESA8b genes by binding to AC-I element, AC-II element, and MBS, respectively. In addition, PbrMYB24 binds directly to 
the promoters of PbrMYB169 and PbrNSC, and both PbrMYB169 and PbrNSC can activate the PbrMYB24 promoter. PbrNSC and PbrMYB169 posi-
tively regulate lignification in stone cells (Xue et al. 2019a; Wang et al. 2021).
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at 22 °C and a 16-h light/8-h dark photoperiod. Light inten-
sity was 10,000 lux. Pear callus was induced from the flesh of 
‘Clapp’s Favorite’ (P. communis) fruits and grown in the dark 
on solid MS medium.

RNA isolation and RT-qPCR
Total RNA was extracted from different tissues using a cetyltri-
methylammonium bromide (CTAB)-based method (Porebski 
et al. 1997). First-strand cDNA was synthesized using the 
RevertAid First Strand cDNA Synthesis Kit (Transgen, 
China). The RT-qPCR reactions were performed using the 
LightCycler 480 SYBR GREEN Master system (Roche, USA). 
The primers used for RT-qPCR analysis are listed in 
Supplemental Table S1. Gene expression data were calculated 
using the 2−ΔΔCt method of Livak and Schmittgen (2001). At 
least 3 biological replicates were included in each experiment.

Gene cloning
The coding sequence (CDS) of PbrMYB24 was amplified from 
‘Dangshansuli’ pear using Q5 Highly-Fidelity 2× Master Mix 
(New England Biolabs, Ipswich, MA, USA). The names and se-
quences of the primers, restriction sites, and homology arm 
are given in Supplemental Table S3. The PbrMYB24 PCR pro-
ducts were gel-purified and cloned into the binary vector 
pCAMBIA1302 using the ClonExpress Entry One Step 
Cloning Kit (Vazyme, China). Plasmid DNA was isolated 
from at least 10 Escherichia coli colonies for DNA sequencing. 
The correct fusion constructs were then transformed into A. 
tumefaciens strain GV3101 using the freeze–thaw method.

Phylogenetics and analysis of cis-acting elements
A phylogenetic tree was constructed with the sequences of 
PbrMYB24 and R2R3 MYB TF proteins from other species 
using the neighbor-joining method as implemented in 
MEGA 5. The reliability of the clades was evaluated by 
1,000 bootstrap resamplings. The PlantCARE database was 
used to identify cis-elements in the promoters of pear lignin 
biosynthesis genes.

Self-activation analysis in yeast
Self-activation analysis was performed using the Matchmaker 
Gold Yeast Two-Hybrid System (Clontech, http://www. 
clontech.com/). In order to analyze the self-activation of 
PbrMYB24, the entire coding region sequence and 3 
N-terminal amino acid sequences (MYB241–130, MYB241–210, 
and MYB241–290) were cloned using the primers given in 
Supplemental Table S3 and inserted into the pGBKT7 bait 
vector. Following the manufacturer’s instructions, the bait 
fusion constructs and the empty pGADT7 vector were co- 
transformed into yeast strain AH109 (Yeastmaker, 
Clontech). The AH109 cells were cultured on SD/-Trp-Leu 
medium for at least 48 h. The positive AH109 cells were fur-
ther grown on SD/-Trp-Leu-His-Ade medium, and images 
were taken after 36 h.

Transient gene expression in pear fruit flesh
To transiently overexpress PbrMYB24, the full-length CDS of 
PbrMYB24 was fused in frame to the N-terminus of GFP to 
form the fusion vector 35S: PbrMYB24-GFP. For TRV 
virus-induced gene silencing (VIGS), the partial CDSs of 
PbrMYB24 (571 to 903 bp) were amplified using the primers 
given in Supplemental Table 3, and the amplified fragment 
was inserted into the vector TRV2. Transient gene expression 
in pear fruit flesh was performed according to the previously 
described method (Xue et al. 2019b) with some modifica-
tions. Briefly, A. tumefaciens GV3101 cells carrying the 
PbrMYB24 overexpression or silencing constructs or the 
empty vector were cultured in Luria-Bertani (LB) medium 
to OD600 = 0.9. The cells were centrifuged and resuspended 
in the equal volume of infiltration buffer (10 mM MgCl2, 
200 µM acetosyringone, and 10 mM MES; pH = 5.7) and 
then placed at 22 °C in dark for 4 h. The cells with the infil-
tration buffer were injected into fruit flesh tissues of 
‘Dangshansuli’ at 35 DAFB with needle syringes. Fifteen fruits 
were injected per treatment, and the experiment was re-
peated 3 times. The injected fruits were placed in dark for 
24 h and then in light with a 16-h photoperiod for 7 d at 
22 °C. Sections of injected fruits were stained with 
phloroglucinol-HCl (Wiesner’s reagent).

Genetic transformation of pear callus
Transformation of pear callus was performed according to 
the method given in Bai et al. (2019). Pear callus was im-
mersed for 15 min in MS liquid medium with a suspension 
of GV3101 cells (OD600 = 0.6) carrying either the 
PbrMYB24 overexpression vector or the empty vector con-
trol. The infected pear callus was co-cultured on solid MS 
medium for 48 h and then screened on solid MS subculture 
medium containing 20 mg/L hygromycin, 0.5 mg/L 6-BA, and 
1 mg/L 2,4-D, for at least 1 mo in the dark at 24 °C. Transgenic 
calli were subcultured every 15 d. Subsequently, the subcul-
tured transgenic pear calli were moved to induction medium 
supplemented with different concentrations of EBR but lack-
ing 2,4-D and 6-BA (Yamagishi et al. 2013) for 20 d and were 
then stained with phloroglucinol-HCl (Wiesner’s reagent).

Arabidopsis transformation
A. thaliana Col-0 was transformed using the floral dip meth-
od (Clough and Bent 1998) and A. tumefaciens GV3101 car-
rying the PbrMYB24 overexpression DNA constructs. T0 

seeds were screened for transformants on MS medium con-
taining 20 mg/L hygromycin. T1-generation transgenic plants 
were analyzed using RT-qPCR with RNA extracted from in-
florescence stems to determine the relative expression of 
PbrMYB24. Three lines in which PbrMYB24 was highly ex-
pressed were selected for the subsequent experiments.

Analyses of lignin and cellulose contents
Inflorescence stems of WT and T3 transgenic Arabidopsis 
plants and pear callus were dried to constant weights. Cell 
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wall residue (CWR) was extracted from 10 mg samples of the 
dried tissues for analysis of the lignin and cellulose contents. 
The extractions were performed in 2-mL centrifuge tubes for 
30 min each time in phosphate buffer, methanol, chloroform, 
acetone, and dimethyl sulfoxide. The lignin and cellulose con-
tents were determined using a modified acetyl bromide 
method and the anthrone–sulfuric acid method, respectively 
(Van Acker et al. 2013; Wang et al. 2021).

Histological analysis and microscopy
Two months after seed germination, the basal parts of the 
primary inflorescence stem of WT and PbrMYB24-OE trans-
genic A. thaliana plants were immersed in formalin–acetic 
acid–alcohol (FAA) fixative solution at 4 °C for 1 wk. The 
samples were treated in an ethanol concentration series 
[85% (v/v), 95% (v/v), and 100% (v/v)] and embedded in par-
affin wax. Sections (5 µm) were cut with an automatic micro-
tome (Leica Microsystems, Germany). In order to detect 
lignified cell walls, the sections were stained with toluidine 
blue O and safranin O–fast green and then observed using 
a Leica TCs SP2 spectral confocal microscope (Leica 
Microsystems, Germany). The lignin autofluorescence was vi-
sualized under ultraviolet light (excitation at 355/25). For cel-
lulose visualization, the sections were stained with calcofluor 
white stain and examined under ultraviolet light (excitation 
at 355/25). The laser intensity, pinhole, and photomultiplier 
gain settings remain unchanged between the different 
samples.

For scanning electron microscopy (SEM), the stem sample 
was fixed in fresh 2.5% (v/v) glutaraldehyde stationary solu-
tion. A vacuum treatment was used to keep the sample com-
pletely immersed in the fixative for 12 h. Image-Pro Plus 
software was used to measure the thickness of SCW of inter-
fascicular fiber and vessel cells on the images.

Dual-luciferase reporter assays in N. benthamiana 
leaves
In order to determine the effect of PbrMYB24 on the expres-
sion of PbrMYB169, PbrNSC, and SCW biosynthesis genes, 
their promoters and mutated promoters (Pbr4CL1-AC-D, 
PbrCCOAMT1-AC-D, PbrLAC4-MBS-D, PbrLAC19-AC-D, and 
PbrLAC19-MBS-D) were amplified with primers listed in 
Supplemental Table S1 and inserted into the pGreenII 
0800-LUC vector as reporter genes, which was then intro-
duced into A. tumefaciens strain GV3101 (pSoup) competent 
cells. The effector vector was the PbrMYB24 overexpression 
construct, and the empty vector was used as a control. The 
Agrobacterium cells containing the effector vector or the re-
porter vector were mixed with the cells containing a reporter 
construct in a proportion of 9:1 in an infiltration buffer (10 mM 

MgCl2, 200 µM acetosyringone, and 10 mM MES) to a final con-
centration of OD600 = 0.9 to 1.0. The mixed cells were infil-
trated into leaves of 2-wk-old N. benthamiana plants. The 
activities of LUC and REN were detected 48 h later with a 
dual LUC assay kit (Promega, USA) using a microplate reader 

(Molecular Devices, USA). The transcriptional activation abil-
ity of PbrMYB24 was evaluated by LUC/REN ratio.

Y1H assay analysis
The CDS of PbrMYB24 and the Pbr4CL1 and PbrCCOMT2 
promoter fragments containing the AC elements were 
cloned and inserted into the pGADT7 vector and the 
pABAi vector, respectively. The bait plasmid was then linear-
ized and integrated into Y1H Gold Yeast (Clontech, http:// 
www.clontech.com). The transformants were then screened 
on SD/-Ura medium supplemented with 0, 100×, 200×, 
and 300× ABA. The interactions between PbrMYB24 and 
the promoters were detected on SD/-Leu medium with the 
optimum AbA concentration. The empty pGADT7 vector 
of the corresponding recombinant pABAi was used as the 
negative control, and p53-AbAi was used as positive control. 
Images of the colonies were taken after 48 h of culture.

The PbrMYB24 CDS was fused with the activation domain 
(B42AD) to construct the effector (pB42AD-MYB24). The 
promoters of the SCW biosynthesis genes and the mutated 
promoters (Pbr4CL1-AC-D, PbrCCOAMT1-AC-D, and 
PbrCESA8b-MBS-D) were cloned and inserted into pLacZi 
vector to construct the reporters. The reporters and effector 
were co-transformed into the yeast strain EGY48 as de-
scribed in the Yeast Protocols Handbook (Clontech). The co- 
transformed yeast cells were cultured on SD/-Trp-Ura me-
dium containing X-gal to observe the color development of 
the yeast colonies. The empty pB42AD vector of the corre-
sponding recombinant pLaczi was used as the negative con-
trol. Images were taken after 48 to 72 h.

Electrophoretic mobility shift assay
The CDS of PbrMYB24 was cloned and inserted into the 
Pcold TF prey vector. The fusion constructs were transferred 
into E. coli strain BL21 for protein expression. The probe con-
taining the AC elements in the promoter of PbrCCOAMT1 
was synthesized and biotin-labeled at the 3′ end by Sangon 
Biotech Company (China). The biotin-labeled DNA frag-
ments were incubated for 30 min with MYB24-MBP in bind-
ing buffer [50 mM KCl, 5 mM MgCl2, 0.05% Nonidet P-40, 2.5% 
glycerol, 1 mM DTT, and 10 mM Tris (pH 7.5)]. For competi-
tion analysis, unlabeled probe was included in the binding re-
actions at 10× and 50× molar excess relative to the labeled 
probes. The DNA fragments bound to MYB24-MBP were se-
parated from the unbound probe by 6% nondenaturing poly-
acrylamide gel electrophoresis (PAGE), and the DNA probe 
and DNA–protein complexes were transferred to a nitrocel-
lulose membrane and detected using a Chemiluminescent 
Detection Kit (Beyotime, China).

Firefly LCI
Firefly LCI with pCAMBIA-nLUC and pCAMBIA-cLUC vec-
tors was used to verify the protein–protein interactions. 
The PbrMYB24 CDS was cloned into the pCAMBIA-nLUC 
vector, and PbrMYB169 was cloned into the pCAMBIA- 
cLUC vector. Equal amounts of A. tumefaciens cultures 
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carrying the PbrMYB24-cLUC and PbrMYB169-nLUC con-
structs were co-infiltrated into the leaves of N. benthamiana 
plants. Luciferase activity was observed 2 d after infiltration 
by spraying 1 mM luciferin on the leaves. LUC images were 
captured using a deep cooled CCD imaging apparatus 
(Tanon 5200 multichemiluminescent imaging system).

Statistical analysis
The data were statistically processed using SPSS software 
(IBM, USA); Student’s t test was used to compare the statis-
tical significance of 2 populations at *P < 0.05. One-way 
ANOVA and Tukey’s test were used to compare the signifi-
cance among 3 or more populations. The different letters 
above the error bar indicate significance. Pearson’s correla-
tions were obtained using the cor.test.

Accession numbers
Sequence data from this article can be found in the GenBank/ 
EMBL data libraries under accession numbers PbrMYB169 
(MG594365), PbrNSC (MK720951), pPbr4CL1 (MG594366), 
pPbr4CL4 (MG594367), pPbrC3′H1 (MG594368), pPbrHCT33 
(MG594371), pPbrCCOAMT1 (MG594372), pPbrCAD24 (MG59 
4373), pPbrCCR21 (MG594374), pPbrCCR23 (MG594375), 
pPbrLAC4 (MG594378), pPbrLAC5 (MG594377), pPbrLAC19 
(MG594380), pPbrMYB169 (MK720952), and pPbrNSC (MK 
720953). The sequence data of Pbr017813.1 (PbrMYB24) can 
be found in the pear genome database (http://peargenome. 
njau.edu.cn).
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