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Abstract

Background: Stone cells in fruits of pear (Pyrus pyrifolia) negatively influence fruit
quality because their lignified cell walls impart a coarse and granular texture to the
fruit flesh.

Results: We generate RNA-seq data from the developing fruits of 206 pear cultivars
with a wide range of stone cell contents and use a systems genetics approach to
integrate co-expression networks and expression quantitative trait loci (eQTLs) to
characterize the regulatory mechanisms controlling lignocellulose formation in the
stone cells of pear fruits. Our data with a total of 35,897 expressed genes and
974,404 SNPs support the identification of seven stone cell formation modules and
the detection of 139,515 eQTLs for 3229 genes in these modules. Focusing on
regulatory factors and using a co-expression network comprising 39 structural genes,
we identify PbrNSC as a candidate regulator of stone cell formation. We then verify
the function of PbrNSC in regulating lignocellulose formation using both pear fruit
and Arabidopsis plants and further show that PbrNSC can transcriptionally activate
multiple target genes involved in secondary cell wall formation.

Conclusions: This study generates a large resource for studying stone cell formation
and provides insights into gene regulatory networks controlling the formation of
stone cell and lignocellulose.

Keywords: Pear fruit, Co-expression network, eQTL, Stone cell formation, NAC
transcription factor, Transcriptional regulation
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Background
Pear (Pyrus pyrifolia) belongs to the Rosaceae family and is one of the most economic-

ally important temperate tree fruit crops [1], with an annual worldwide production of

~ 24 million tons (2019, FAOSTAT). Different from other Rosaceae species, pear accu-

mulates a large number of stone cells in the flesh of its fruits. These cell clusters with

thickened cell wall materials cause a gritty texture and a poor fruit taste and negatively

impact on consumer satisfaction. Stone cells are a type of sclerenchyma cells, in which

secondary cell walls are deposited on the primary walls after cessation of cell expansion

[2, 3]. Lignin and cellulose, two of the most abundant biopolymers on earth [4–6], are

the main components of the secondary cell wall of stone cells [7, 8]. The formation of

stone cells is known to be closely related to the biosynthesis, transfer, and deposition of

lignin and cellulose in pear fruit flesh [8–12].

Understanding the genetic regulation of lignin and cellulose synthesis and accu-

mulation in fruit is of great value for the improvement of fruit quality. The pear

PbrMYB169 gene has been reported to be implicated in lignification. It activates

the expression of lignin biosynthesis genes during stone cell development in pear

fruit [13]. In loquat, the transcription factors EjMYB1, EjNAC1, EjAP2-1, and

EjHSF3 regulate lignification in cold-injured fruits by activating lignin biosyn-

thesis genes [14–17]. These studies have provided an excellent starting point for

understanding the process of fruit lignification. However, our understanding of

the gene regulatory networks of lignin and cellulose accumulation in fruit tissues

remains limited. With rapid advances of sequencing technologies and significant

decreases in costs, increasing reports of genome and transcriptome analyses have

provided large amounts of genome-wide information and deepened our under-

standing of important fruit traits. Recently, we reported genome-wide association

studies (GWAS) on eleven pear fruit traits, including stone cell contents, and

identified one gene, PbrSTONE, that has been functionally verified to be involved

in stone cell formation [18]. However, fruit-related traits usually have complex gene ex-

pression and regulation mechanisms [19]. The RNA sequencing (RNA-seq) can provide

abundant gene expression variation among pear individuals, deepening our understanding

of underlying regulatory networks of fruit traits [20]. Using population-scale RNA-seq,

genetic regulation of complex trait can be explored through combining gene co-

expression and expression quantitative trait locus (eQTL) analyses, an approach called

systems genetics [21, 22]. The eQTL approach has been demonstrated in plants including

Arabidopsis, maize, and tomato [23–25], but systems genetics deciphering of complex

agronomic traits remains limited.

In this study, we analyzed RNA-seq data generated from fruit flesh samples col-

lected at 49 days after full bloom (DAFB) from 206 sand pear cultivars with varying

contents of stone cells. We generated gene co-expression networks for pear lignin

and cellulose biosynthesis and performed an eQTL analysis which identified SNP-

gene associations. Systems genetics through integrating gene co-expression net-

works and eQTLs identified a candidate NAC gene named as NAC STONE CELL

PROMOTING FACTOR (PbrNSC) that is potentially involved in the regulation of

lignin and cellulose biosynthesis in pear fruit. Moreover, PbrNSC was verified to

regulate stone cell secondary cell wall (SCW) formation during pear fruit develop-

ment and its LP- and WQ-box motifs are responsible for its transcriptional
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activation function. This study contributes to our understanding of gene regulatory

networks of lignocellulose formation in stone cells of pear fruit and can inform ef-

forts to increase the consumption value of pears.

Results
Phenotypic determination and global gene expression profiling of pear fruit

We collected fruit flesh samples at 49 DAFB from a total of 206 sand pear culti-

vars (P. pyrifolia) that collectively represented a broad scope of genetic diversity

and large phenotypic variability (Additional file 1). The fruits of these pear culti-

vars had varied contents of stone cells (Fig. 1a, b), which varied from 3.2 to 22.6

(g/100 g), over a 7-fold range, among the 206 cultivars tested. Given that the main

components of the secondary walls of stone cells are lignin and cellulose, we also

measured the contents of lignin and cellulose in stone cells (Fig. 1c) and found a

positive correlation between lignin, cellulose, and stone cell contents in sand pear

cultivars (Fig. 1d).

Global gene expression profiling using RNA-seq was also carried out on above

flesh fruit samples. An average of more than 53 million high-quality reads (~ 8

Gb) were obtained for each sample (Additional file 1), which were aligned to the

“Dangshansuli” pear genome, with an average mapping rate of 72.6%. Among

genes mapped with RNA-seq reads, an average of 84.5% had more than 50% of

the CDS length covered by RNA-seq reads (Additional file 2: Fig. S1a; Add-

itional file 3). The expression of a total of 35,897 genes was detected in the

RNA-seq dataset, accounting for 84.9% of the annotated genes in the pear

Fig. 1 Overview of the three phenotypic traits assessed in this study. a Fruits of 30 representative pear
cultivars were cross-sectioned at 49 days after full bloom (DAFB) and stained with phloroglucinol-HCl to
show the red-stained stone cells. b Distribution and appearance of stone cells in fruit flesh analyzed at 49
DAFB by light microscopy. c Distribution of stone cell contents, and lignin and cellulose levels in stone cell.
The x-axis indicates the contents (g/100 g fruit flesh fresh weight), and the y-axis shows the probability
density estimated by kernel density estimation (KDE). d Pairwise correlation between the contents (g/100 g
fruit flesh fresh weight) of stone cells, lignin, and cellulose in 206 pear cultivars

Wang et al. Genome Biology          (2021) 22:313 Page 3 of 23



genome. An average of 25,636 expressed genes were detected in each pear culti-

var (Additional file 1).

Identification of stone cell formation modules

WGCNA [26] was performed to identify candidate trait-linked modules based on the

expression profiles of 22,842 genes in the fruit flesh of the 206 cultivars. A total of 33

modules consisting of 21,804 genes were identified (M1-M33) (Fig. 2a), while the

remaining 1038 genes were considered outliers and excluded from further analysis. We

then performed module-trait association studies [26] and identified seven modules

comprising 4383 genes as potential modules involved in stone cell formation for their

significant correlation with stone cell contents (M10-M14 and M25-M26) (P ≤ 0.01)

(Fig. 2a). The numbers of genes in these seven modules were 2219 (M14), 1518 (M11),

232 (M13), 140 (M12), 117 (M26), 77 (M25), and 80 (M10), respectively.

Gene Ontology (GO) analysis of genes in the seven stone cell formation modules

showed many enrichment processes putatively related to secondary cell wall metabol-

ism (Fig. 2b; Additional file 4). The detected enriched processes included cell wall bio-

genesis and xylan metabolic process (M13) and photosynthesis (M14). Interestingly, in

addition to “secondary cell wall metabolism” terms, GO analysis also revealed enrich-

ment for “response to glucose” (M25) and “auxin response factor (ARF) protein signal

transduction” (M26). Cellulose is a giant polymer comprising glucose monomers, and

secondary cell wall formation is known to be regulated by auxin signaling [27, 28]. We

also noted that genes in modules M11 exhibited enrichment for annotations related to

Fig. 2 Gene co-expression modules and eQTL mapping. a Heat map of the correlations between the
detected modules (M1 to M33) and stone cell, lignin, and cellulose contents. Numbers within the heatmap
represent correlation coefficients (r values) and P values (in parentheses). The color scale at the right-top
corner indicates module-trait r values. b GO enrichment analysis for M13, M14, M25, and M26. The top 10
enriched GO terms are shown. c Genomic distribution of eQTLs identified in stone cell formation modules
in the pear fruit flesh. The x-axis indicates the physical positions of eQTLs, and the y-axis shows the physical
positions of expressed genes. The gray lines separate the 17 pear chromosomes. The P value of each eQTL
was analyzed using a Bonferroni test and is represented by three spot colors in the plot, red for the top
20%, blue for the bottom 20%, and gray for the rest
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“response to oxygen-containing compound,” suggesting a potential functional contribu-

tion of oxygen-containing compound stimulus in stone cell formation.

eQTLs of stone cell formation modules

A high-quality set of 974,404 SNPs (minor allele frequency > 5%, missing rate < 20%)

was called from the RNA-seq data. In the SNP set, 97.1% of SNPs were located within

28,238 genes, with an average of 33.5 SNPs per gene (Additional file 2: Fig. S1b; Add-

itional file 5). The phylogenetic tree constructed using SNPs at fourfold degenerate sites

suggested two distinct clades with geographic separation feature, with Clade I contain-

ing accessions from China and Clade II containing accessions from Japan and Korea,

which was also supported by the results of the population structure and the principal

component analyses (Additional file 2: Fig. S2).

To determine the effect of genetic variants potentially involved in the regulation of

expression, a total of 25,828 genes with a median expression level greater than zero

among the cultivars were used for eQTL mapping. At a rigorous Bonferroni-corrected

α = 0.05 (corresponding to P = 1.99 × 10−12), we detected a total of 320,633 SNPs sig-

nificantly associated with 20,210 genes. To reduce the eQTL redundancy of certain

genes, the leading SNP within a 20-kb interval was selected and defined as an eQTL ac-

cording to a previous method [23] (Additional file 2: Fig. S3). We finally obtained

833,872 eQTLs putatively regulating the expression of 18,435 genes.

The eQTLs were further classified as local or distant according to their relative dis-

tance from their associated genes [23]. Among the mapped eQTLs, a total of 4602 local

and 829,270 distant were identified for 4602 and 17,942 genes, respectively. Further-

more, a total of 111 distant eQTL hotspots (permutation test, P value ≤ 0.01; Add-

itional file 6) were identified across the pear genome. Fruit sugars, organic acids, aroma

compounds, and stone cells are all important components determining pear fruit qual-

ity. A total of 62 local and 12,310 distant eQTLs were identified for 62 and 277 struc-

tural genes, respectively, with annotated functions related to sugar, organic acid, aroma

compound metabolisms (Additional files 7 and 8), and a total of 689 local and 138,826

distant eQTLs were identified for 689 and 3164 genes in stone cell modules, respect-

ively (Fig. 2c; Additional files 9 and 10).

Structural genes and co-expression network of the lignocellulose pathway

We identified a total of 491 lignin-related structural genes belonging to 14 families and

55 cellulose-related structural genes belonging to nine families in the pear genome

(Additional file 11). Among them, 58 lignin- and cellulose-related structural genes were

in stone cell modules. We then focused on these structural genes in stone cell modules

and performed gene-trait association studies using the “corPvalueStudent” function of

WGCNA, which identified a total of 45 structural genes that were significantly associ-

ated with stone cell contents in pear fruit, among which 36 were related to lignin and 9

to cellulose (P value < 0.05; Fig. 3a, b). Among the stone cell modules, the M13 module

contains the highest number of lignin- and cellulose-related structural genes (18).

Moreover, we constructed a lignocellulose co-expression network including transcrip-

tion factors (TFs) and the 39 lignin and cellulose structural genes based on gene ex-

pression profiles of the 206 pear cultivars and of 7 different developmental stages in
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Fig. 3 Co-expression network and candidate eQTLs associated with lignin and cellulose structural genes of
pear. a Genes in the lignin biosynthesis pathway in pear, adapted from Humphreys and Chapple (2002)
[29]. b Genes in the cellulose biosynthesis pathway in pear, adapted from Balaji et al. (2017) [30]. Black
arrows and blue shadows indicate key reaction steps. Genes in orange indicate enzymes in the pathways.
Round boxes next to the enzymes contain the numbers of core pathway genes. c Co-expression network
of the lignin and cellulose biosynthesis. The outer ring of the network represents structural genes
implicated in lignin and cellulose synthesis (circles), while inside are TFs (rhombus). Nodes are labeled with
gene names colored based on the edge number. TFs and pathway genes are connected via undirected
edges. Internal connections among TFs and among pathway genes were not shown for clarity. Detailed IDs,
names, and connection information for all genes in the network can be found in Additional files 12 and 13.
d Combined Manhattan plots of eQTLs of genes associated with lignin and cellulose biosynthesis. The red
horizontal line depicts the significance threshold (P = 1.99 × 10−12). All significant SNP signals in local and
distant eQTLs were combined. Genes in black indicate those located in local eQTLs, while genes in red
indicate those located in distant eQTLs. A full list of gene names is provided in Additional file 12. e Circle
Manhattan plot for chromosome 6 from the eQTL results of Pbr4CL4, PbrLAC4, PbrLAC5, PbrCESA4a,
PbrCESA7a, PbrCESA8b, and PbrMYB169. The plot was constructed using the “CMplot” package in R software.
The red circular dotted line depicts the significance threshold (P = 1.99 × 10−12). The signal points
highlighted in red indicated the locus of PbrNSC
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three cultivars, while the remaining six structural genes were not co-expressed with any

annotated TFs and thus excluded from further analysis (Fig. 3c; Additional files 12 and

13). In this network, in addition to that the structural genes were apparently closely re-

lated to NAC and MYB TF families which have been previously demonstrated to be in-

volved in secondary cell wall regulation, we also found that the structural genes were

connected to many other TFs, together constituting a dense co-expression network

(Additional file 2: Fig. S4). Specifically, we found two NAC TFs in the lignocellulose

co-expression network, and the NAC gene with the most connections was SND2

(Pbr000412.1), whose homolog in Populus positively regulates fiber SCW thickening

[31]. A total of eight hub MYB TFs (permutation test, P value ≤ 0.01) (Additional file

12) were found in the lignocellulose co-expression network, among which MYB83

(Pbr004921.1 and Pbr023831.1), MYB52 (Pbr028319.1), MYB46 (Pbr020666.1),

MYB103 (Pbr038701.2), and PbrMYB169 (Pbr012624.1) showed a higher number of

connections with structural genes. The homolog of MYB83, MYB52, MYB46, and

MYB103 in Arabidopsis has been reported to function in secondary cell wall formation

[32–34], while PbrMYB169 was previously reported to activate lignin biosynthesis genes

during stone cell development in pear fruit [13].

The homologs of other genes in the network such as bHLH62 (Pbr014934.1), C3H14

(Pbr032568.1 and Pbr037100.1), BLH6 (Pbr015799.1), and GAI (Pbr016671.1) have also

been reported to have secondary cell wall-related functions [33, 35–38]. In addition,

our network also discovered many unreported genes (e.g., genes from G2-like, and SBP

family) that may functionally impact stone cell formation in pear. These results high-

light the complex regulatory nature of the lignin and cellulose pathways and indicate

that many transcription factors are apparently engaged in the process of stone cell

formation.

PbrNSC is a potential regulator of the lignocellulose pathway

We integrated the lignocellulose co-expression network and stone cell eQTL map to

identify potential regulators of the lignin and cellulose pathways. Of the aforemen-

tioned 39 structural genes in the lignocellulose co-expression network, our stone cell

eQTL map showed that 36 had at least one eQTL. Among these 36 genes, 32 were reg-

ulated by distant eQTLs, whereas the remaining four were regulated by both distant

and local eQTLs. We considered a gene as a candidate regulator if the gene located in

a given eQTL region was co-expressed with the gene for which the eQTL was detected,

and the corresponding eQTL region was considered to be a “candidate region.” A total

of four local eQTL regions and four distant eQTL regions were finally obtained (Fig.

3d). A total of eight genes were identified, including PbrNSC (NAC STONE CELL

PROMOTING FACTOR), a regulator located on the distant eQTL regions of both lig-

nin and cellulose genes.

Our eQTL mapping indicated that PbrNSC could regulate the expression of three lig-

nin (Pbr4CL4, PbrLAC4, and PbrLAC5) and three cellulose biosynthesis genes (PbrCE-

SA4a, PbrCESA7a, and PbrCESA8b), as well as one transcription factor PbrMYB169

previously reported to activate lignin biosynthesis genes during stone cell development

in pear fruit [13] (Fig. 3e). We also found that the PbrNSC gene (Chr6:6,384,703-

6,386,385) is located in an eQTL hotspot (Additional file 6). In addition, the expression
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Fig. 4 (See legend on next page.)
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patterns of PbrNSC and its potentially regulated genes were significantly correlated

(Additional file 2: Fig. S5). Moreover, the expression of PbrNSC was significantly corre-

lated with stone cell, lignin, and cellulose contents (Additional file 2: Fig. S6). Based on

these results, we conclude that PbrNSC could exert regulatory impacts on lignin and

cellulose biosynthesis during stone cell formation in pear.

PbrNSC is involved in secondary cell wall formation

PbrNSC mRNA was abundant in stems and young fruits (21 to 63 DAFB), but at rela-

tively low levels in anthers, leaves, and older fruits (after 77 DAFB); its transcript levels

were also significantly higher in the isolated stone cells than in the flesh tissue (Fig. 4a,

b). This expression pattern suggests the temporal and spatial overlap of PbrNSC ex-

pression and stone cell formation in pear fruit. To further elucidate the functional roles

of PbrNSC in stone cell development, PbrNSC overexpression and silencing constructs

were agro-infiltrated into “Dangshansuli” pear fruit at 35 DAFB. The expression of

PbrNSC was confirmed at the tenth day after infiltration, at which a significant change

of the lignin staining phenotype was observed at the infiltration sites (Fig. 4c; Add-

itional file 2: Fig. S7). There is a clear association between the overexpression of

PbrNSC and increased lignin and cellulose contents, and between silencing PbrNSC

and decreased contents of lignin and cellulose (Fig. 4d, e). We also found that the ex-

pression of some known SCW biosynthesis genes were significantly changed at the in-

jection sites of PbrNSC overexpression or silencing construct compared to the control

(Additional file 2: Fig. S7).

We also transformed Arabidopsis Col-0 plants with a 35S:PbrNSC-GFP construct and

showed that ectopic PbrNSC expression resulted in substantial increases in the expres-

sion levels of genes known to function in monolignol, cellulose, and xylan biosynthesis

in T3 generation homozygous plants (Additional file 2: Fig. S8). The overall lignin and

cellulose contents were significantly increased in the transgenic plants compared with

the wild type (WT) plants at 8 weeks old (Fig. 4f, g). The lignin contained mostly G-

lignin monomers in both transgenic and WT plants (Fig. 4h). Toluidine Blue O staining

of the stems showed no obvious differences in the morphology of interfascicular fibers

(See figure on previous page.)
Fig. 4 PbrNSC involved in stone cell formation. a Expression of PbrNSC in different tissues of “Dangshansuli”
plants determined by qPCR. Each value is mean ± SD (n = 3 biological replicates). b Expression of PbrNSC in
stone cells and flesh tissues of pear fruit at 35 DAFB. Each value is mean ± SD (n = 3 biological replicates). c
Transient assays using PbrNSC overexpression and silencing constructs in “Dangshansuli” fruit at 35 DAFB.
Fruit flesh was stained with Wiesner reagent, and images were taken 10 days after agro-infiltration. d, e
Lignin (d) and cellulose (e) contents in the fleshy tissue around the infiltration sites. Each value is mean ±
SD (n ≥ 12 biological replicates). f, g Lignin (f) and cellulose (g) contents of inflorescence stem of 8-week-
old WT and transgenic plants. Each value is mean ± SD (n ≥ 3 biological replicates). h S- and G-lignin
contents of inflorescence stems of 8-week-old WT and transgenic plants. Each value is mean ± SD (n = 3
biological replicates). i Cross-sections of inflorescence stems of 8-week-old plants stained with different
reagents to detect lignin and cellulose deposition. The Mäule reagent specifically binds to S-lignin
monomers; the Wiesner reagent binds to G-lignin monomers. Lignin autofluorescence of cross-sections was
detected under UV light. Cross-sections were stained with the fluorescent dye Congo Red (for cellulose). Bar
= 200 μm. xy, xylem; if, interfascicular fiber cell. A representative picture from each line is shown. j
Transmission electron micrographs of cross-sections of interfascicular fiber and vessel cells in 8-week-old
inflorescence stems. Bar = 5 μm. k, l Quantitative analysis of SCW thickness in interfascicular fiber (k) and
vessel (l) cells. Three plants in each genotype and more than 20 cells in each plant were analyzed. k n =
499; l n = 474. Student’s t-test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001
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or vessel cells between PbrNSC overexpression (OE) and WT plants (Fig. 4i). Further-

more, Wiesner, Mäule staining and autofluorescence of lignin and Congo Red staining

of cellulose showed stronger signals in the region of interfascicular fiber and xylem of

PbrNSC-OE plants, and massive deposition of secondary walls in epidermis cells (which

are normally non-sclerenchymatous); only weak staining was observed in WT plants

(Fig. 4i). Thicker SCWs were present in the interfascicular fiber cells and vessel cells in

PbrNSC-OE lines compared to the WT plants by TEM analysis (Fig. 4j–l). Together,

those results suggest that PbrNSC functions in SCW thickening.

LP- and WQ-box are transcriptional activation domain of PbrNSC

We constructed a phylogenetic tree using the amino acid sequences of pear and

Arabidopsis NAC transcription factors (TFs). PbrNSC was positioned near AtNST1,

AtNST2, and AtNST3 which are known to function as regulators of SCW synthesis

Fig. 5 PbrNSC activates the transcription of pear SCW genes. a Phylogenetic tree of pear and Arabidopsis
thaliana NAC transcription factors. Secondary cell wall biosynthesis-associated NAC transcription factors are
colored in blue. A nearby subgroup is colored in green. In the phylogenetic tree, NAC proteins were
indicated with green or purple circles if containing LP- or WQ-box. b Diagrams of the effector and reporter
constructs used for the dual-luciferase assays. c Experimental verification of PbrNSC’s transcriptional
activation function at promoters of its target genes PbrMYB169, Pbr4CL4, and PbrLAC4. Tobacco leaves were
transfected with a luciferase reporter construct alone (RC) or together with the PbrNSC effector construct
(RC + PbrNSC). Student’s t-test; *P < 0.05. Mean ± SE of three transfection repeats. d Schematic diagram of
the primary structures of the WT PbrNSC protein and two variants. e PbrNSC and its various mutants on the
promoter of PbrLAC4. Each value is mean ± SE of three transfection repeats. Different letters indicate
significant differences between groups (P < 0.05, one-way ANOVA, Tukey’s HSD post hoc test)
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[39, 40] (Fig. 5a). In the SCW clade, PbrNSC was the only gene expressed abun-

dantly during the early stage of fruit development (Additional file 2: Fig. S9). Two

highly conserved motifs (an LP-box and a WQ-box) were identified in the C-

terminal region of a subgroup of SCW NAC proteins including PbrNSC, VND1-7,

and NST1-3 (Fig. 5a). LP- and WQ-box motifs were previously suggested to be

conserved motifs present only in SCW-related NAC TFs, but their functions are

unknown [41]. These motifs were not present in a nearby subgroup of NAC TFs

previously shown to function in organ separation and meristem formation of Ara-

bidopsis [42–45] (Fig. 5a).

We used dual-luciferase assays to examine potential interactions between PbrNSC

and promoters of multiple genes associated with PbrNSC identified in our eQTL map-

ping (Fig. 3e). We found that PbrNSC interacted with promoters and activated the

transcription of three genes, namely, PbrMYB169, Pbr4CL4, and PbrLAC4 (Fig. 5b, c).

The transcriptional activation region of NAC TFs is typically at the C-terminal region

[46], and the LP- and WQ-box motifs of the PbrNSC are at C-terminus. We therefore

speculated that these two boxes potentially function in transcriptional activation. In-

deed, PbrNSC mutant without the LP-box showed 50% reductions in transcriptional

activation activity and its mutant without the WP-box showed no transcriptional acti-

vation activity (Fig. 5d, e). It is worth noting that the mutants without LP- or WQ-box

did not change PbrNSC subcellular localization (Additional file 2: Fig. S10).

LP- and WQ-box of PbrNSC are responsible for activating downstream genes and

affecting secondary cell wall formation

The Arabidopsis double mutant nst1/nst3 has a pendent inflorescence stem phenotype

because it fails to develop SCW in xylem and interfascicular fiber cells, and only de-

velops a small amount of SCW in xylem vessel cells [39, 47]. PbrNSC is the most

closely related to the AtNST1–3 proteins among Arabidopsis NAC proteins (Fig. 5a).

To investigate the role of LP- and WQ-box during SCW synthesis, we stably trans-

formed nst1/nst3 double mutant plants with each of the three constructs wherein

PbrNSC and its two variants without either LP- or WQ-box were driven by the AtNST3

promoter. In T3 generation homozygote plants, expression of PbrNSC rescued the pen-

dent inflorescence stem phenotype of nst1/nst3 double mutant, but the expression of

either of the two PbrNSC variants did not (Fig. 6a, b). This transgenic complementation

with PbrNSC resulted in up-regulation of expression of many downstream genes known

to be involved in monolignol, cellulose, and xylan biosynthesis (Additional file 2: Fig.

S11). The recovery of the pendant inflorescence stem phenotype accompanied by res-

toration of lignin and cellulose deposition in interfascicular fibers (Fig. 6c). Stronger lig-

nin staining and lignin autofluorescence in interfascicular fiber cells were detected in

the WT and nst1/nst3-PbrNSC lines than in nst1/nst3 and its transformants with either

of the PbrNSC mutant variants (Fig. 6d). Furthermore, cellulose deposits in the interfas-

cicular fiber cells were detected in the WT and PbrNSC lines, but weaker in nst1/nst3

or its transgenic line containing the PbrNSC mutant variants (Fig. 6d). These results

further support that LP- and WQ-box of PbrNSC are responsible to activate secondary

cell wall-related genes to promote lignocellulose disposition.
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Discussion
Sand pear (P. pyrifolia) mainly cultivated in south China harbors a broad genetic diversity

and phenotypic variations. It provides a useful genetic resource for studies of genomics

and molecular breeding. Lignified stone cells in the sand pear fruit reduce the quality and

value of this important tree fruit crop. Our goal in the current study was to understand

the genetic regulation of lignin and cellulose genes in the stone cells of pear fruits.

As a complex quantitative trait controlled by multiple genes, characterizing the gen-

etic basis of stone cell formation is challenging. However, given technological advances

and significant decreases in costs, efforts through analyzing large natural populations

via high-throughput sequencing have provided tremendous opportunities for exploring

the genetic basis of economically important and biologically interesting traits. Although

genome-wide association studies (GWAS) can help to detect genetic variation and

phenotypic trait associations, it is still challenging to determine the causal genes con-

trolling traits [48]. Gene expression links genetic variation with phenotypes, and eQTL

mapping is a popular way to investigate the global genetic regulation of gene

Fig. 6 PbrNSC activates the expression of secondary cell wall formation genes. a, b Four-week-old WT
Arabidopsis plants and nst1/nst3 mutant plants with PbrNSC, PbrNSC LP, or PbrNSC WQ transgene. PbrNSC LP
and PbrNSC WQ are variants of PbrNSC with deletion of the LP- and WQ-box, respectively. The transgene
expression was driven by the AtNST3 promoter (3.0 kb). Bar = 5 cm. c Lignin and cellulose content in
inflorescence stems of 8-week-old Arabidopsis plants. Each value is means ± SD (n ≥ 11 biological
replicates). Different letters indicate significant differences between groups (P < 0.05, one-way ANOVA,
Tukey’s HSD post hoc test). d Cross-sections of inflorescence stems of 8-week-old plants stained with
Wiesner, Mäule, and Congo Red for viewing G-lignin, S-lignin, and cellulose, respectively. The sections were
also viewed under UV light for detecting total lignin. Bar = 200 μm. xy, xylem; if, interfascicular fiber. A
representative picture from each line is shown

Wang et al. Genome Biology          (2021) 22:313 Page 12 of 23



expression, including in plants like Arabidopsis, tomato, maize, and Populus [23, 25,

49–52]. Moreover, approaches that harness co-expression relationships among genes in

detected regions can greatly facilitate the identification of highly plausible candidate

genes related to a targeted trait. In this study, a systems genetics approach through in-

tegration of lignocellulose co-expression network and stone cell eQTL map has been

successfully used to identify a regulator of lignocellulose formation in pear fruit,

PbrNSC. In addition, there were significant differences in the stone cell (P < 0.05) and

lignin (P < 0.01) contents between accessions harboring two different genotypes at one

SNP position (Chr6_6,385,286) in the PbrNSC locus (Additional file 2: Fig. S12). This

non-synonymous SNP variant, which leads to the change of Ser227 to Pro227, might

affect stone cell formation through the protein function change of PbrNSC and could

be used as a potential breeding marker.

Additionally, although the study here focused on pear, the predicted transcription

factors in lignocellulose co-expression network based on the large panel of genetically

diverse cultivars make them excellent references for the study of secondary cell wall

formation in other species. Moreover, our data set could be used to explore the genetic

regulation of other traits in pear fruits such as sugars, organic acids, and aroma com-

pounds. We successfully performed a systems genetics study in a relatively large natural

population for pear and then summarized the study strategy with a workflow chart,

which provides a reference for comprehensive regulatory study for specific traits in

other species (Additional file 2: Fig. S13). The systems genetics approach in this study

can also be combined with GWAS and quantitative trait locus (QTL) analyses to facili-

tate the identification of candidate genes. We mapped the genes within the stone cell

eQTL map against our previously reported candidate GWAS SNPs and QTLs associ-

ated with stone cell contents and were able to greatly narrow down the candidate genes

(Additional file 14).

In different species, orthologues might have conserved function but embedded within

a different transcriptional regulation network [53]. A previous study generated a regula-

tory network comprising several types of transcription factors that affect SCW forma-

tion in Arabidopsis [54]. The NAC TFs AtNST1-3 and AtVND1-7 were demonstrated

as positively acting regulators controlling SCW formation in a variety of tissues [39, 40,

47, 55–58]. Complementation analysis showed that the expression of Populus tricho-

carpa PtrWNDs or Eucalyptus EgWND1 rescues the secondary wall thickening defects

in fibers of the Arabidopsis double-knockout mutant nst1/nst3 [59]. In our study,

phylogenetic analysis showed that PbrNSC was closely related to AtNST3, and trans-

genic complementation of nst1/nst3 plants with PbrNSC enhanced transcriptional level

of SCW-related genes and unconventionally accumulated lignified SCW in Arabidopsis

inflorescence stems. When PbrNSC was heterologously expressed in the nst1/nst3

double mutant driving by the Arabidopsis NST3 promoter, the pendent stem phenotype

and the SCW lignification of inflorescent fibers were effectively rescued, suggesting that

PbrNSC is functionally equivalent to Arabidopsis NST3. Together, these functional

studies of secondary wall NAC homologs from various species suggest the similar acti-

vation of SCW deposition.

NAC proteins probably originated more than 600 million years ago [60]. Second-

ary wall NAC homologs are present in all taxa of land plants, including nonvascu-

lar moss plants (Physcomitrella patens), primitive spore-bearing vascular plants
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(Selaginella moellendorffii), gymnosperms, and angiosperms [61]. Intriguingly, P.

patens does not have lignified secondary walls but its genome harbors eight loci

with close homology to VND/NST [61, 62]. It is thus possible that vascular plants

have somehow co-opted these ancestral genes and through functional diversifica-

tion deployed them to regulate the formation of secondary walls. In vascular plants,

most members of the secondary wall NAC subfamily have the signature LP- and

WQ-box in the C-terminal of proteins, which were not discovered in nonvascular

plants. The results showed that expansions of LP- and WQ-box of SCW-related

NACs were essential for lignified secondary walls. It is consistent with previous

conclusions that the progenitorial SCW-related NAC proteins were adapted for the

regulation of SCW deposition in advanced vascular plants, mainly through the ac-

quisition of C-terminal activation motifs [63].

Conclusions
We used a systems genetics approach to elucidate molecular regulatory mechanisms of

stone cell formation in pear fruit, which negatively affects the perceived quality of fruit.

We showed that PbrNSC is a regulator of stone cell formation, thus deepening our un-

derstanding of secondary cell wall regulation in tree fruit crops. Our research demon-

strates the effectiveness of a systems genetic approach for detecting regulators of

complex quality traits in tree fruit crops.

Methods
Plant materials and RNA sequencing

A total of 206 cultivars of sand pear (Pyrus pyrifolia) were collected in 2016, including

most of the widely cultivated varieties of this species in China (Additional file 1). Ac-

cording to our previous study, stone cell content increases rapidly in the early stages of

pear fruit development [64]. Therefore, we collected fruit samples of different pear var-

ieties at 49 DAFB, at which stone cell synthesis was still active. At least six randomly

selected fruit samples were pooled together for each of the cultivars. Additionally, three

widely cultivated varieties representing high, medium, and low levels of stone cells were

also sampled from trees during fruit development at 21, 35, 49, 63, 77, 91, and 133

DAFB. At 49 DAFB, the stone cell contents were 22.62, 12.72, and 7.04 (g/100 g); the

lignin contents were 3.09, 1.80, and 1.30 (g/100 g); and the cellulose contents were 1.78,

1.41, and 0.52 (g/100 g), respectively. Total RNA was extracted from fruits using TRIzol

reagent, and paired-end RNA-Seq libraries were constructed according to the instruc-

tions provided by Illumina and sequenced with the HiSeq™ X platform to obtain 150-

bp paired-end reads.

T-DNA insertion double mutant of nst1/nst3 (CS67921) was obtained from the Ara-

bidopsis Information Resource. Arabidopsis plants were grown in a glasshouse at 22 °C

under a 16-h photoperiod.

Measurement of the stone cell, lignin, and cellulose contents in fruit flesh

Stone cell contents and lignin contents in stone cells of pear fruit at 49 DAFB were

measured as described by Tao et al. [10]. The cellulose contents in stone cells of pear

fruit at 49 DAFB were measured using a previously described anthrone reagent method,
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with some modifications [65]. The stone cell powder was obtained from fruit flesh ac-

cording to Tao et al. [10]. We weighed 0.2 g of stone cell powder in a beaker, placed

the beaker in a cold-water bath, added 60ml of 60% H2SO4, and allowed digestion for

30 min. The digested cellulose solution was then transferred into a 100-ml volumetric

flask and adjusted to an etched line with 60% H2SO4, shaken well, and filtered into a

separate beaker using a Buchner funnel. The 5-ml filtrate was added into a 100-ml

volumetric flask, diluted with distilled water on a cold-water bath, and shaken well.

Two milliliters of the solution was then transferred to a tube to which 0.5 ml of 2%

anthrone reagent and 5ml of concentrated H2SO4 were added. The mixture was

shaken well and allowed to stand for 12 min. The absorbance was then measured at

620 nm, and the cellulose content in the stone cells was determined in reference to a

standard curve calculated for microcrystalline cellulose (Macklin). For each trait, three

independent measurements were conducted.

RNA-seq read mapping and expression profiling

For each library, read quality was evaluated using the FastQC software (http://www.

bioinformatics.babraham.ac.uk/projects/fastqc). To obtain high-quality reads, the se-

quencing adapters and low-quality bases were removed from the raw RNA-seq data

using Trimmomatic [66] with default parameters. The cleaned paired-end reads were

aligned to the pear reference genome [1] using HISAT2 (v2.0.5) [67] with the following

parameters: -min-intronlen, 20; -max-intronlen, 10000; --dta-cufflinks. All uniquely

mapped reads for each sample were used to determine the genome-wide expression

pattern. The fragments per kilobase per million mapped fragments (FPKM) value for

each gene for each sample was calculated using Cufflinks [68].

Identification of co-expression modules

The R package weighted gene co-expression network analysis (WGCNA) [26, 69] was

applied to identify gene modules with distinct expression patterns based on the FPKM

data. Genes with low FPKM (mean FPKM < 1) were filtered out [70]. The FPKM values

of the remaining 22,842 genes were used in module construction. The modules were

obtained using the step-by-step network construction pipeline with default settings, ex-

cept that the soft-thresholding powers β was set to 5, and the MEDissThres used was

0.3 (Additional file 2: Fig. S14a and S14b). GO enrichment analysis was performed

based on the gene annotation information from the Plant Transcription Factor Data-

base (PlantTFDB) [71].

SNP calling

The SNP detection followed the best practices pipeline of GATK (v3.7) [72] for RNA-

seq data (http://gatkforums.broadinstitute.org/wdl/discussion/3891/calling-variants-in-

rnaseq). Firstly, cleaned reads were aligned to the pear reference genome using STAR

aligner [73], and duplicated reads in the resulting alignment BAM files were marked

using Picard Tools (http://picard.sourceforge.net). Secondly, the spliced mapped reads

were filtered out using SplitNCigarReads and the qualities of all good alignments were

reassigned to the default value of 60 using ReassignOneMappingQuality. Thirdly, SNPs

were called based on the minimum phred-scaled confidence threshold 20 (-stand_call_

Wang et al. Genome Biology          (2021) 22:313 Page 15 of 23

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://gatkforums.broadinstitute.org/wdl/discussion/3891/calling-variants-in-rnaseq
http://gatkforums.broadinstitute.org/wdl/discussion/3891/calling-variants-in-rnaseq
http://picard.sourceforge.net


conf >20) using the GATK tools HaplotypeCaller and then filtered with the following

requirement: Fisher Strand values (FS) < 30.0 and quality by depth values (QD) > 2.0

using the GATK tools VariantFiltration.

Phylogenetic and population structure analyses

A total of 150,880 SNPs with a minor allele frequency > 5% and a missing rate <

20% at fourfold degenerate sites corresponding to neutral or near-neutral variants

were extracted for phylogenetic and population structure analyses. The maximum-

likelihood (ML) tree with 1000 bootstraps was constructed using IQ-TREE (v2.1.4)

[74] with the substitution model “PMB+F+R10.” Population structure was investi-

gated using the program Admixture (v1.3.0) [75]. In addition, principal component

analysis (PCA) using the whole SNPs identified from RNA-seq was performed with

EIGENSOFT (v6.0.1) [76].

eQTL mapping

Only genes with a median FPKM level > 0 among the cultivars were defined as

expressed genes for eQTL mapping [49]. The expression level of each gene was nor-

malized to follow a normal distribution using the “qqnorm” function in R (http://www.

r-project.org). Previous reports have shown that gene expression levels can be substan-

tially affected by non-genetic environmental and technical factors, as well as by un-

known confounders [77, 78]. To eliminate hidden confounders, the Probabilistic

Estimation of Expression Residuals (PEER) method was employed [79]. To maximize

the sensitivity of the eQTL determination process, 20 PEER factors capturing ~ 55.0%

of the total variance in gene expression were included. A total of 974,404 SNPs (minor

allele frequency > 5% and missing rate < 20%) for the 206 accessions generated from

RNA-seq reads were used for eQTL mapping. Associations for SNP-gene pairs were

carried out using the linear regression mode of the Matrix eQTL Package [80], with the

following covariates: quantile normalized expression matrices, the 20 expression PEER

factors, and the first five genotyping principal components. To reduce false-positive as-

sociations between SNPs and gene expression, a rigorous threshold for the P value (P

< 1.99 × 10−12) was produced by controlling the Bonferroni test criterion at α = 0.05.

eQTLs were classified as local or distant eQTLs. We calculated the intergenic distance

of pairwise adjacent genes and found a rapid decrease of distance at 20 kb with 90.0%

pairwise genes (Additional file 2: Fig. S3). Therefore, if the SNPs were within 20 kb of

the transcriptional start site or the end of a gene, it was considered a local eQTL,

otherwise as a distant eQTL [23].

Distant eQTL hotspots are defined as genomic regions that control the expression of

many genes. To identify potential distant eQTL hotspots, a permutation test was used

to determine the statistical significance of deviation of the observed eQTL distribution

from the expected uniform distribution [23, 51]. In the permutation test, we randomly

assigned all distant eQTLs into 1-Mb windows in the genome and counted the number

of eQTLs in each window. After 1000 permutation tests, the cut-off number (P ≤ 0.01)

for eQTLs/Mb by chance alone would be 2140, and genome regions harboring more

than 2140 eQTLs were identified as eQTL hotspots.
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Lignocellulose co-expression network

Lignin- and cellulose-related structural genes were retrieved from Arabidopsis [81–83]

and Eucalyptus grandis [84]. The corresponding homologs of pear were identified by

BLASTP search of these sequences against all pear protein sequences. The potential

proteins were then submitted to InterProScan (http://www.ebi.ac.uk/Tools/pfa/iprscan)

and SMART (http://smart.emblheidelberg.de) to confirm the conserved domains. Pro-

tein sequences containing complete domain were retained for the downstream analyses.

In addition, transcription factor (TF) prediction was performed based on the Plant

Transcription Factor Database (PlantTFDB) [71]. Lignin- and cellulose-related struc-

tural genes and predicted TFs in stone cell modules were used for the lignocellulose

co-expression network construction.

We constructed the lignocellulose co-expression network through the following steps:

First, we merged the gene expression matrices of 206 pear cultivars and 7 different de-

velopmental stages in three cultivars (Additional file 15). Then, we calculated the adja-

cencies using the function “adjacency” in WGCNA with a best soft power of 9. To

minimize the effects of noise and spurious associations, the adjacencies were trans-

formed into Topological Overlap Matrix (TOM) using the function “TOMsimilarity.”

Moreover, the co-expression relationships including lignin and cellulose structural

genes and TFs were obtained from TOM with a weight threshold of 0.01. The lignocel-

lulose co-expression networks comprising the credible connections were visualized

using Cytoscape v3.6.0 [85].

Hub genes were defined as those having high numbers of overall edges (i.e., connec-

tions). We determined the threshold number of edge via the permutation test (P value

≤0.01). In the permutation, each of the 2928 edges was randomly assigned into two

nodes in the co-expression network, and the number of edges was then counted in each

node. After 1000 permutation tests, the cut-off number (P value ≤0.01) for edges of the

node by chance alone would be 57, and nodes with edges greater than or equal to 57

were defined as hub nodes (i.e., genes).

Transient transformation of pear fruit flesh

To transiently overexpress PbrNSC, the full-length coding sequence of PbrNSC was

fused in frame to the N-terminus of GFP under the control of the CaMV 35S pro-

moter in the binary vector pCAMBIA1302 (p1302) to form the fusion vector 35S:

PbrNSC-GFP. For TRV virus-induced gene silencing (VIGS), the partial coding se-

quences of PbrNSC (650–982 bp) were amplified and inserted into the vector

TRV2. The PbrNSC overexpression and silencing constructs were transferred into

GV3101 cells that were cultured in Luria-Bertani (LB) medium at 28 °C, with shak-

ing at 200 r.p.m., for 1 day. Then, these cells were centrifuged, re-suspended in an

infiltration buffer (10 mM MgCl2; 200 μM acetosyringone; 10 mM MES, pH 5.5) to

a final concentration of OD600 0.9–1.0 and maintained at 22 °C for 6 h. The cells

were infiltrated into “Dangshansuli” fruit flesh at 35 DAFB using needleless syrin-

ges. Six fruits were injected for each construct in an experiment that was repeated

three times. The transformed fruit was placed in the dark at 22 °C overnight and

then incubated in a growth chamber at 22 °C under 16-h photoperiod for 10 days

before being examined and imaged.
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Gene expression analysis by qRT–PCR

cDNA used for quantitative reverse transcription–PCR (qRT–PCR) analysis was syn-

thesized using one-step genomic DNA removal and a cDNA synthesis kit (Transgen,

China). qRT–PCR was performed using the LightCycler 480 SYBR GREEN Master sys-

tem (Roche, USA). Primers were synthesized by Sangon Biotech Company (China) and

are listed in Additional file 16. The prefixes of the pear genes (Pbr-) were named based

on the reference genome Pyrus bretschneideri “Dangshansuli.” PbrGAPDH and Atactin/

AtEF1α were used as reference genes for pear and Arabidopsis, respectively. Relative

expression levels of each gene were calculated using the 2−ΔΔCp algorithm.

Lignin and cellulose analysis

The basal 10 cm of the main stem of 8-week-old Arabidopsis plants was chopped into

2-mm pieces to measure acetyl bromide-soluble lignin and cellulose content using

standard procedures [86, 87]. The lignin composition was analyzed by thioacidolysis, as

previously described [88]. The lignin-derived thioacidolysis monomers were identified

by GC-MS, and the mean value was obtained from three independent experiments

using pooled stem tissues of five plants.

Histological analysis

Cross-sections (100-μm thickness) of inflorescence stems were cut with a Microtome

(Leica VT1000S) (Leica Mikrosysteme, Germany). The sections were stained with

Toluidine Blue O, Mäule, and Wiesner reagent separately and then observed using a

Nikon Ni-U microscope (Nikon, Japan) [89]. The lignin autofluorescence was visualized

under UV light (excitation at 355/25) by a Nikon Ti-E microscope (Nikon, Japan). For

cellulose visualization, the sections were stained with Congo Red stains and visualized

with emission at 470/40 nm and excitation at 525/50 nm [89]. Laser intensity, pinhole,

and photomultiplier gain settings were kept constant between samples to obtain com-

parable images.

Electron microscopy

TEM analysis was carried out using the stem samples fixed in a fixative [2.5% (v/v) glu-

taraldehyde, 4% (v/v) formaldehyde, and 50mM sodium phosphate (pH 7.2)] and a

method previously described [90]. The secondary wall thickness was measured on the

TEM images of interfascicular fiber and vessel cells using the ImageJ software. Three

plants in each genotype and more than 20 cells in each plant were analyzed.

Conserved motifs and protein secondary structure analysis

MEME was used to identify conserved motifs with default parameters [91]. Amino acid

sequences of NAC TFs of pear and Arabidopsis were downloaded from previous studies

[92, 93]. FIMO [94] was used to find the LP-box (F[ML]QLPQLESP[KS]) and the WQ-

box (DQ[VL]TDWRALD[KR][LF][VL]AS[QH]L[SN]Q[DE]D) from the amino acid se-

quences of the NAC TFs of pear and Arabidopsis. Matches were filtered at P value <

1.0 × 10−4.
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Dual-luciferase reporter assays

Dual-luciferase assay was carried out according to a previous report [95]. Agrobacter-

ium containing the effector vector or report vector were re-suspended separately with

infiltration buffer (10 mM MgCl2; 200 μM acetosyringone; 10 mM MES, pH 5.5) and

mixed in a ratio of 9:1 to a final concentration of OD600 0.9–1.0. Leaves of 2-week-old

N. benthamiana plants were infiltrated with the mixed bacterial cultures using needle-

less syringes. Three days after infiltration, firefly luciferase (LUC) and renilla luciferase

(REN) were assayed using dual-luciferase assay reagents (Promega, USA).

Supplementary Information
The online version contains supplementary material available at https://doi.org/10.1186/s13059-021-02531-8.

Additional file 1. Summary of the 206 pear accessions.

Additional file 2: Fig. S1 Gene coverage and the SNP location in the pear genome. (a) The percentage of genes
with different levels of coverage (divided into 10 frequency categories) in the RNA-seq dataset. Gene coverage was
here calculated as the ratio of the gene region with covered reads to the total gene length. (b) The number of
SNPs in each region: Upstream refers to the area within 3 kb upstream of the start codon and downstream refers
to the area within 3 kb of the stop codon. Fig. S2 Phylogenetic tree and population structure of 206 sand pears.
(a) Phylogenetic tree of sand pears. (b) Population structure of sand pears (K = 2). (c) Principal component analysis
(PCA) of sand pears. Clade I in red contains accessions from China and Clade II in blue contains accessions from
Japan and Korea. Fig. S3 The distance distribution of the pairwise genes. The physical distances separating 90% of
the pairwise genes were less than 20 kb; this was the distance used to define local vs. distant eQTLs. Fig. S4 The
number of transcription factors involved in the co-expression networks built for the lignin and cellulose biosyn-
thesis. Fig. S5 Heatmap of Pearson correlation coefficients (PPC) between the expression of PbrNSC and its poten-
tially regulated genes. Numbers within the heatmap represent correlation coefficients (r values) and P values (in
parentheses). The color scale indicates r values. Fig. S6 Correlation between the expression of PbrNSC and the con-
tents (g/100 g fruit flesh fresh weight) of stone cells, lignin and cellulose in 206 pear cultivars. Fig. S7 Relative ex-
pression level of PbrNSC and genes encoding enzymes involved in secondary cell wall biosynthesis in the fleshy
tissue infiltration sites in Fig. 4c. Each value is mean ± SD (n = 3 biological replicates). Fig. S8 Expression level of
secondary cell wall biosynthesis genes in inflorescence stems of four-week-old T3 generation transgenic plants.
Fig. S9 Expression profiles of NAC transcription factors of SCW clade in pear. Expression levels of seven different
developmental stages in sand pear ‘Rongshan’ were included: 21 DAFB (S1), 35 DAFB (S2), 49 DAFB (S3), 63 DAFB
(S4), 77 DAFB (S5), 91 DAFB (S6), and 134 DAFB (S7). Fig. S10 Subcellular localization of PbrNSC, PbrNSC WQ and
PbrNSC LP in root of transgenic Arabidopsis plants. Fig. S11 Expression level of secondary cell wall biosynthesis
genes in inflorescence stems of four-week-old Col-0 WT, nst1/nst3 mutant and various complemented transgenic
plants. Fig. S12 Phenotypic divergence (t-test) of stone cell and lignin contents between accessions harboring the
two different genotypes based on the significantly associated SNP (Chr6_6,385,286) in PbrNSC. Fig. S13 Layout of
the study. Fig. S14 The criteria used in WGCNA analysis. (a) Clustering dendrogram of fruit flesh samples from 206
cultivars based on their Euclidean distance. The red line represents a threshold used to remove obvious outliers. (b)
Analysis of network topology for various soft thresholds. The best value for this dataset was 5.

Additional file 3. The number of genes with different coverage in each accession.

Additional file 4. GO enrichment for modules related to stone cell content (q < 0.05).

Additional file 5. Number of SNPs in each region.

Additional file 6. List of identified distant eQTL hotspots (P value < 0.01).

Additional file 7. The reported local eQTL for enzyme genes in sugar, organic acids, aroma metabolism pathway.

Additional file 8. The reported distant eQTL for enzyme genes in sugar, organic acids, aroma metabolism
pathway.

Additional file 9. The reported local eQTL for genes in stone cell modules.

Additional file 10. The reported distant eQTL for genes in stone cell modules.

Additional file 11. Lignin and cellulose gene families.

Additional file 12. Detailed information of all the genes in the co-expression network of lignin and cellulose.

Additional file 13. The genes connections in the co-expression network of lignin and cellulose.

Additional file 14. List of selected stone cell-related genes in previously reported GWAS and QTL regions.

Additional file 15. Read and mapping information of three widely cultivated varieties representing high,
medium, and low levels of stone cells during fruit development at 21, 35, 49, 63, 77, 91, and 133 DAFB.

Additional file 16. Primer list.

Additional file 17. Review history.

Wang et al. Genome Biology          (2021) 22:313 Page 19 of 23

https://doi.org/10.1186/s13059-021-02531-8


Acknowledgements
We thank the high-performance computing platforms of the Agricultural Genomics Institute at Shenzhen, Chinese
Academy of Agricultural Sciences, and Bioinformatics Center of Nanjing Agricultural University for supporting this pro-
ject. The fruit samples of pear cultivar were provided by Wuchang Sand Pear Germplasm Repository of Hubei Academy
of Agricultural Sciences. This project was also supported by the experimental platform of Fujian Agriculture and For-
estry University.

Review history
The review history is available as Additional file 17.

Peer review information
Wenjing She was the primary editor of this article and managed its editorial process and peer review in collaboration
with the rest of the editorial team.

Authors’ contributions
J.W., C.X., and Z.F. conceived and designed the project. R.W. performed the data analysis. C.X. and Y.X. performed
functional gene verification with the assistance of X.C.. J.F. and H.H. planted pear cultivars and prepared samples. M.Q.,
R.W., and J.Z. contributed to the phenotype data. T.L., Q.L., M.Z, X.L., J.L., and K.Z. gave suggestions of the analysis. M.S.
and B.S. prepared some figures and tables. R.W., C.X., and J.W. wrote and revised the manuscript. J.L.Y. and Z.F.
provided guidance for experimental design and data analysis and revised the manuscript.

Funding
This work was supported by grants from the National Science Foundation of China (31725024, 31820103012,
31901983, and 31801835), the National Key Research and Development Program (2018YFD1000200), China Agriculture
Research System of MOF and MARA, the Advanced Talents Research Foundation of Shandong Agricultural University
(020-72270), the Earmarked Fund for Jiangsu Agricultural Industry Technology System JATS[2021]453, the China
Postdoctoral Science Foundation (2021M691618), and the National Natural Science Foundation of Jiangsu Province for
Young Scholar (BK20180516).

Availability of data and materials
RNA-seq reads of 206 pear samples have been deposited into the NCBI Sequence Read Archive (SRA) under the
accession of PRJNA723405 [96]. In addition, the data are also available from the corresponding authors upon request.

Declarations

Ethics approval and consent to participate
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1College of Horticulture, State Key Laboratory of Crop Genetics and Germplasm Enhancement, Nanjing Agricultural
University, Nanjing 210095, China. 2Institute of Fruit and Tea, Hubei Academy of Agricultural Sciences, Wuhan 430072,
China. 3The New Zealand Institute for Plant & Food Research Limited, Auckland 1025, New Zealand. 4Genome Analysis
Laboratory of the Ministry of Agriculture, Agricultural Genomics Institute at Shenzhen, Chinese Academy of Agricultural
Sciences, Shenzhen 518124, China. 5College of Horticulture, China Agricultural University, Beijing 100083, China. 6State
Key Laboratory of Crop Biology, College of Horticulture Science and Engineering, Shandong Agricultural University,
Tai’an 271018, China. 7Haixia Institute of Science and Technology, Horticultural Plant Biology and Metabolomics Center,
Fujian Agriculture and Forestry University, Fuzhou 350002, China. 8Boyce Thompson Institute, Cornell University, Ithaca,
NY 14853, USA. 9USDA-ARS, Robert W. Holley Center for Agriculture and Health, Ithaca, NY 14853, USA.

Received: 7 June 2021 Accepted: 29 October 2021

References
1. Wu J, Wang Z, Shi Z, Zhang S, Ming R, Zhu S, et al. The genome of the pear (Pyrus bretschneideri Rehd.). Genome Res.

2013;23(2):396–408. https://doi.org/10.1101/gr.144311.112.
2. Smith WW. The course of stone cell formation in pear fruits. Plant Physiol. 1935;10(4):587–611. https://doi.org/10.1104/

pp.10.4.587.
3. Zhong R, Cui D, Ye ZH. Secondary cell wall biosynthesis. New Phytol. 2019;221(4):1703–23. https://doi.org/10.1111/nph.1

5537.
4. Boerjan W, Ralph J, Baucher M. Lignin biosynthesis. Annu Rev Plant Biol. 2003;54(1):519–46. https://doi.org/10.1146/a

nnurev.arplant.54.031902.134938.
5. Haigler CH, Ivanova-Datcheva M, Hogan PS, Salnikov VV, Hwang S, Martin K, et al. Carbon partitioning to cellulose

synthesis. Plant Mol Biol. 2001;47(1/2):29–51. https://doi.org/10.1023/A:1010615027986.
6. Sticklen M. Plant genetic engineering to improve biomass characteristics for biofuels. Curr Opin Biotech. 2006;17(3):315–

9. https://doi.org/10.1016/j.copbio.2006.05.003.
7. Showalter AM. Structure and function of plant-cell wall proteins. Plant Cell. 1993;5(1):9–23. https://doi.org/10.1105/tpc.

5.1.9.

Wang et al. Genome Biology          (2021) 22:313 Page 20 of 23

https://doi.org/10.1101/gr.144311.112
https://doi.org/10.1104/pp.10.4.587
https://doi.org/10.1104/pp.10.4.587
https://doi.org/10.1111/nph.15537
https://doi.org/10.1111/nph.15537
https://doi.org/10.1146/annurev.arplant.54.031902.134938
https://doi.org/10.1146/annurev.arplant.54.031902.134938
https://doi.org/10.1023/A:1010615027986
https://doi.org/10.1016/j.copbio.2006.05.003
https://doi.org/10.1105/tpc.5.1.9
https://doi.org/10.1105/tpc.5.1.9


8. Zhang J, Li J, Xue C, Wang R, Zhang M, Qi K, et al. The variation of stone cell content in 236 germplasms of sand pear
(Pyrus pyrifolia) and identification of related candidate genes. Hortic Plant J. 2021;7(2):108–16. https://doi.org/10.1016/j.
hpj.2020.09.003.

9. Martincabrejas MA, Waldron KW, Selvendran RR, Parker ML, Moates GK. Ripening-related changes in the cell-walls of
Spanish pear (Pyrus Communis). Physiol Plantarum. 1994;91(4):671–9. https://doi.org/10.1111/j.1399-3054.1994.tb03004.x.

10. Tao S, Khanizadeh S, Zhang H, Zhang S. Anatomy, ultrastructure and lignin distribution of stone cells in two Pyrus
species. Plant Sci. 2009;176(3):413–9. https://doi.org/10.1016/j.plantsci.2008.12.011.

11. Cai YP, Li GQ, Nie JQ, Lin Y, Nie F, Zhang JY, et al. Study of the structure and biosynthetic pathway of lignin in stone
cells of pear. Sci Hortic. 2010;125(3):374–9. https://doi.org/10.1016/j.scienta.2010.04.029.

12. Brahem M, Renard CMGC, Gouble B, Bureau S, Le Bourvellec C. Characterization of tissue specific differences in cell wall
polysaccharides of ripe and overripe pear fruit. Carbohyd Polym. 2017;156:152–64. https://doi.org/10.1016/j.carbpol.2016.
09.019.

13. Xue C, Yao JL, Xue YS, Su GQ, Wang L, Lin L-K, et al. PbrMYB169 positively regulates lignification of stone cells in pear
fruit. J Exp Bot. 2019;70(6):1801–14. https://doi.org/10.1093/jxb/erz039.

14. Zeng J, Li X, Zhang J, Ge H, Yin X, Chen K. Regulation of loquat fruit low temperature response and lignification
involves interaction of heat shock factors and genes associated with lignin biosynthesis. Plant Cell Environ. 2016;39(8):
1780–9. https://doi.org/10.1111/pce.12741.

15. Zeng J, Li X, Xu Q, Chen J, Yin X, Ferguson IB, et al. EjAP2-1, an AP2/ERF gene, is a novel regulator of fruit lignification
induced by chilling injury, via interaction with EjMYB transcription factors. Plant Biotechnol J. 2015;13(9):1325–34.
https://doi.org/10.1111/pbi.12351.

16. Xu Q, Wang W, Zeng J, Zhang J, Grierson D, Li X, et al. A NAC transcription factor, EjNAC1, affects lignification of loquat
fruit by regulating lignin. Postharvest Biol Tec. 2015;102:25–31. https://doi.org/10.1016/j.postharvbio.2015.02.002.

17. Xu Q, Yin X, Zeng J, Ge H, Song M, Xu C, et al. Activator- and repressor-type MYB transcription factors are involved in
chilling injury induced flesh lignification in loquat via their interactions with the phenylpropanoid pathway. J Exp Bot.
2014;65(15):4349–59. https://doi.org/10.1093/jxb/eru208.

18. Zhang MY, Xue C, Hu H, Li J, Xue Y, Wang R, et al. Genome-wide association studies provide insights into the
genetic determination of fruit traits of pear. Nat Commun. 2021;12(1):1144. https://doi.org/10.1038/s41467-021-213
78-y.

19. Shahan R, Zawora C, Wight H, Sittmann J, Wang W, Mount SM, et al. Consensus coexpression network analysis identifies
key regulators of flower and fruit development in wild strawberry. Plant Physiol. 2018;178(1):202–16. https://doi.org/1
0.1104/pp.18.00086.

20. Holland JB. Genetic architecture of complex traits in plants. Curr Opin Plant Biol. 2007;10(2):156–61. https://doi.org/10.1
016/j.pbi.2007.01.003.

21. Feltus FA. Systems genetics: a paradigm to improve discovery of candidate genes and mechanisms underlying complex
traits. Plant Sci. 2014;223:45–8. https://doi.org/10.1016/j.plantsci.2014.03.003.

22. Civelek M, Lusis AJ. Systems genetics approaches to understand complex traits. Annu Rev Plant Biol. 2014;15(1):34–48.
https://doi.org/10.1038/nrg3575.

23. Zhu G, Wang S, Huang Z, Zhang S, Liao Q, Zhang C, et al. Rewiring of the fruit metabolome in tomato breeding. Cell.
2018;172(1-2):249–61. https://doi.org/10.1016/j.cell.2017.12.019.

24. Christie N, Myburg AA, Joubert F, Murray SL, Carstens M, Lin YC, et al. Systems genetics reveals a transcriptional network
associated with susceptibility in the maize-grey leaf spot pathosystem. Plant J. 2017;89(4):746–63. https://doi.org/1
0.1111/tpj.13419.

25. Keurentjes JJB, Fu J, Terpstra IR, Garcia JM, van den Ackerveken G, Snoek LB, et al. Regulatory network construction in
Arabidopsis by using genome-wide gene expression quantitative trait loci. Proc Natl Acad Sci U S A. 2007;104(5):1708–
13. https://doi.org/10.1073/pnas.0610429104.

26. Langfelder P, Horvath S. WGCNA: an R package for weighted correlation network analysis. BMC Bioinformatics. 2008;9(1):
559. https://doi.org/10.1186/1471-2105-9-559.

27. Xu C, Shen Y, He F, Fu X, Yu H, Lu W, et al. Auxin-mediated Aux/IAA-ARF-HB signaling cascade regulates secondary
xylem development in Populus. New Phytol. 2019;222(2):752–67. https://doi.org/10.1111/nph.15658.

28. Johnsson C, Jin X, Xue W, Dubreuil C, Lezhneva L, Fischer U. The plant hormone auxin directs timing of xylem
development by inhibition of secondary cell wall deposition through repression of secondary wall NAC-domain
transcription factors. Physiol Plant. 2019;165(4):673–89. https://doi.org/10.1111/ppl.12766.

29. Humphreys JM, Chapple C. Rewriting the lignin roadmap. Curr Opin Plant Biol. 2002;5(3):224-9. https://doi.org/10.1016/
S1369-5266(02)00257-1.

30. Balaji AB, Pakalapati H, Khalid M, Walvekar R, Siddiqui H. Natural and synthetic biocompatible and biodegradable
polymers. In: Shimpi NG, editor. Biodegradable and Biocompatible Polymer Composites. Duxford: Woodhead Publishing;
2018. p. 3-32.

31. Wang HH, Tang RJ, Liu H, Chen HY, Liu JY, Jiang XN, et al. Chimeric repressor of PtSND2 severely affects wood
formation in transgenic Populus. Tree Physiol. 2013;33(8):878–86. https://doi.org/10.1093/treephys/tpt058.

32. Ohman D, Demedts B, Kumar M, Gerber L, Gorzsas A, Goeminne G, et al. MYB103 is required for FERULATE-5-
HYDROXYLASE expression and syringyl lignin biosynthesis in Arabidopsis stems. Plant J. 2013;73(1):63–76. https://doi.
org/10.1111/tpj.12018.

33. Ko J-H, Kim W-C, Han K-H. Ectopic expression of MYB46 identifies transcriptional regulatory genes involved in secondary
wall biosynthesis in Arabidopsis. Plant J. 2009;60(4):649–65. https://doi.org/10.1111/j.1365-313X.2009.03989.x.

34. Zhong R, Ye Z. 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(2):368–80. https://doi.org/10.1093/pcp/pcr185.

35. Escamez S. Xylem cells cooperate in the control of lignification and cell death during plant vascular development
[Doctoral dissertation]. Umeå, Västerbotten: Umeå University; 2016.

36. Chai G, Qi G, Cao Y, Wang Z, Yu L, Tang X, et al. Poplar PdC3H17 and PdC3H18 are direct targets of PdMYB3 and
PdMYB21, and positively regulate secondary wall formation in Arabidopsis and poplar. New Phytol. 2014;203(2):520–34.
https://doi.org/10.1111/nph.12825.

Wang et al. Genome Biology          (2021) 22:313 Page 21 of 23

https://doi.org/10.1016/j.hpj.2020.09.003
https://doi.org/10.1016/j.hpj.2020.09.003
https://doi.org/10.1111/j.1399-3054.1994.tb03004.x
https://doi.org/10.1016/j.plantsci.2008.12.011
https://doi.org/10.1016/j.scienta.2010.04.029
https://doi.org/10.1016/j.carbpol.2016.09.019
https://doi.org/10.1016/j.carbpol.2016.09.019
https://doi.org/10.1093/jxb/erz039
https://doi.org/10.1111/pce.12741
https://doi.org/10.1111/pbi.12351
https://doi.org/10.1016/j.postharvbio.2015.02.002
https://doi.org/10.1093/jxb/eru208
https://doi.org/10.1038/s41467-021-21378-y
https://doi.org/10.1038/s41467-021-21378-y
https://doi.org/10.1104/pp.18.00086
https://doi.org/10.1104/pp.18.00086
https://doi.org/10.1016/j.pbi.2007.01.003
https://doi.org/10.1016/j.pbi.2007.01.003
https://doi.org/10.1016/j.plantsci.2014.03.003
https://doi.org/10.1038/nrg3575
https://doi.org/10.1016/j.cell.2017.12.019
https://doi.org/10.1111/tpj.13419
https://doi.org/10.1111/tpj.13419
https://doi.org/10.1073/pnas.0610429104
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1111/nph.15658
https://doi.org/10.1111/ppl.12766
https://doi.org/10.1016/S1369-5266(02)00257-1
https://doi.org/10.1016/S1369-5266(02)00257-1
https://doi.org/10.1093/treephys/tpt058
https://doi.org/10.1111/tpj.12018
https://doi.org/10.1111/tpj.12018
https://doi.org/10.1111/j.1365-313X.2009.03989.x
https://doi.org/10.1093/pcp/pcr185
https://doi.org/10.1111/nph.12825


37. Liu Y, You S, Taylor-Teeples M, Li WL, Schuetz M, Brady SM, et al. BEL1-LIKE HOMEODOMAIN6 and KNOTTED
ARABIDOPSIS THALIANA7 interact and regulate secondary cell wall formation via repression of REVOLUTA. Plant Cell.
2014;26(12):4843–61. https://doi.org/10.1105/tpc.114.128322.

38. Huang D, Wang S, Zhang B, Shang-Guan K, Shi Y, Zhang D, et al. A gibberellin-mediated DELLA-NAC signaling cascade
regulates cellulose synthesis in rice. Plant Cell. 2015;27(6):1681–96. https://doi.org/10.1105/tpc.15.00015.

39. Mitsuda N, Iwase A, Yamamoto H, Yoshida M, Seki M, Shinozaki K, et al. NAC transcription factors, NST1 and NST3, are
key regulators of the formation of secondary walls in woody tissues of Arabidopsis. Plant Cell. 2007;19(1):270–80. https://
doi.org/10.1105/tpc.106.047043.

40. 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(11):3158–70. https://doi.org/10.1105/tpc.106.047399.

41. Pereira-Santana A, Alcaraz LD, Castaño E, Sanchez-Calderon L, Sanchez-Teyer F, Rodriguez-Zapata L. Comparative
genomics of NAC transcriptional factors in angiosperms: implications for the daptation and diversification of flowering
plants. PLoS One. 2015;10(11):e0141866. https://doi.org/10.1371/journal.pone.0141866.

42. Motte H, Verstraeten I, Werbrouck S, Geelen D. CUC2 as an early marker for regeneration competence in Arabidopsis
root explants. J Plant Physiol. 2011;168(13):1598–601. https://doi.org/10.1016/j.jplph.2011.02.014.

43. Hibara K, Takada S, Tasaka M. CUC1 gene activates the expression of SAM-related genes to induce adventitious shoot
formation. Plant J. 2003;36(5):687–96. https://doi.org/10.1046/j.1365-313X.2003.01911.x.

44. Vroemen CW, Mordhorst AP, Albrecht C, Kwaaitaal MA, de Vries SC. The CUP-SHAPED COTYLEDON3 gene is required for
boundary and shoot meristem formation in Arabidopsis. Plant Cell. 2003;15(7):1563–77. https://doi.org/10.1105/tpc.012203.

45. Xie Q, Frugis G, Colgan D, Chua NH. Arabidopsis NAC1 transduces auxin signal downstream of TIR1 to promote lateral
root development. Genes Dev. 2000;14(23):3024–36. https://doi.org/10.1101/gad.852200.

46. Ko JH, Yang SH, Park AH, Lerouxel O, Han KH. ANAC012, a member of the plant-specific NAC transcription factor family,
negatively regulates xylary fiber development in Arabidopsis thaliana. Plant J. 2007;50(6):1035–48. https://doi.org/1
0.1111/j.1365-313X.2007.03109.x.

47. Zhong R, Ye ZH. The Arabidopsis NAC transcription factor NST2 functions together with SND1 and NST1 to regulate
secondary wall biosynthesis in fibers of inflorescence stems. Plant Signal Behav. 2015;10(2):e989746. https://doi.org/10.41
61/15592324.2014.989746.

48. Pavlides JM, Zhu Z, Gratten J, McRae AF, Wray NR, Yang J. Predicting gene targets from integrative analyses of summary
data from GWAS and eQTL studies for 28 human complex traits. Genome Med. 2016;8(1):84. https://doi.org/10.1186/s13
073-016-0338-4.

49. Fu J, Cheng Y, Linghu J, Yang X, Kang L, Zhang Z, et al. RNA sequencing reveals the complex regulatory network in the
maize kernel. Nat Commun. 2013;4(1):2832. https://doi.org/10.1038/ncomms3832.

50. Zhang J, Yang Y, Zheng K, Xie M, Feng K, Jawdy SS, et al. Genome-wide association studies and expression-based
quantitative trait loci analyses reveal roles of HCT2 in caffeoylquinic acid biosynthesis and its regulation by defense-
responsive transcription factors in Populus. New Phytol. 2018;220(2):502–16. https://doi.org/10.1111/nph.15297.

51. Wang X, Chen Q, Wu Y, Lemmon ZH, Xu G, Huang C, et al. Genome-wide analysis of transcriptional variability in a large
maize-teosinte population. Mol Plant. 2018;11(3):443–59. https://doi.org/10.1016/j.molp.2017.12.011.

52. Wang X, Gao L, Jiao C, Stravoravdis S, Hosmani PS, Saha S, et al. Genome of Solanum pimpinellifolium provides insights into
structural variants during tomato breeding. Nat Commun. 2020;11(1):5817. https://doi.org/10.1038/s41467-020-19682-0.

53. Rao X, Dixon RA. Current models for transcriptional regulation of secondary cell wall biosynthesis in grasses. Front Plant
Sci. 2018;9:399. https://doi.org/10.3389/fpls.2018.00399.

54. Taylor-Teeples M, Lin L, de Lucas M, Turco G, Toal TW, Gaudinier A, et al. An Arabidopsis gene regulatory network for
secondary cell wall synthesis. Nature. 2015;517(7536):571–5. https://doi.org/10.1038/nature14099.

55. Kubo M, Udagawa M, Nishikubo N, Horiguchi G, Yamaguchi M, Ito J, et al. Transcription switches for protoxylem and
metaxylem vessel formation. Genes Dev. 2005;19(16):1855–60. https://doi.org/10.1101/gad.1331305.

56. Yamaguchi M, Mitsuda 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(4):579–90. https://doi.
org/10.1111/j.1365-313X.2011.04514.x.

57. Endo H, Yamaguchi M, Tamura T, Nakano Y, Nishikubo N, Yoneda A, et al. Multiple classes of transcription factors
regulate the expression of VASCULAR-RELATED NAC-DOMAIN7, a master switch of xylem vessel differentiation. Plant
Cell Physiol. 2015;56(2):242–54. https://doi.org/10.1093/pcp/pcu134.

58. Zhou J, Zhong R, Ye ZH. Arabidopsis NAC domain proteins, VND1 to VND5, are transcriptional regulators of secondary
wall biosynthesis in vessels. PLoS One. 2014;9(8):e105726. https://doi.org/10.1371/journal.pone.0105726.

59. Zhong R, McCarthy RL, Lee C, Ye ZH. Dissection of the transcriptional program regulating secondary wall biosynthesis
during wood formation in poplar. Plant Physiol. 2011;157(3):1452–68. https://doi.org/10.1104/pp.111.181354.

60. Jiao C, Sørensen I, Sun X, Sun H, Behar H, Alseekh S, et al. The Penium margaritaceum genome: hallmarks of the origins
of land plants. Cell. 2020;181:1097–111.e12.

61. Zhu T, Nevo E, Sun D, Peng J. Phylogenetic analyses unravel the evolutionary history of NAC proteins in plants.
Evolution. 2012;66(6):1833–48. https://doi.org/10.1111/j.1558-5646.2011.01553.x.

62. Rensing SA, Lang D, Zimmer AD, Terry A, Salamov A, Shapiro H, et al. The Physcomitrella genome reveals evolutionary
insights into the conquest of land by plants. Science. 2008;319(5859):64–9. https://doi.org/10.1126/science.1150646.

63. Zhong R, Lee C, Ye ZH. Evolutionary conservation of the transcriptional network regulating secondary cell wall
biosynthesis. Trends Plant Sci. 2010;15(11):625–32. https://doi.org/10.1016/j.tplants.2010.08.007.

64. Xue C, Yao JL, Qin MF, Zhang MY, Allan AC, Wang DF, et al. PbrmiR397a regulates lignification during stone cell
development in pear fruit. Plant Biotechnol J. 2019;17(1):103–17. https://doi.org/10.1111/pbi.12950.

65. Updegraff DM. Semimicro determination of cellulose in biological materials. Anal Biochem. 1969;32(3):420–4. https://doi.
org/10.1016/S0003-2697(69)80009-6.

66. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics. 2014;30(15):
2114–20. https://doi.org/10.1093/bioinformatics/btu170.

67. Kim D, Paggi JM, Park C, Bennett C, Salzberg SL. Graph-based genome alignment and genotyping with HISAT2 and
HISAT-genotype. Nat Biotechnol. 2019;37(8):907–15. https://doi.org/10.1038/s41587-019-0201-4.

Wang et al. Genome Biology          (2021) 22:313 Page 22 of 23

https://doi.org/10.1105/tpc.114.128322
https://doi.org/10.1105/tpc.15.00015
https://doi.org/10.1105/tpc.106.047043
https://doi.org/10.1105/tpc.106.047043
https://doi.org/10.1105/tpc.106.047399
https://doi.org/10.1371/journal.pone.0141866
https://doi.org/10.1016/j.jplph.2011.02.014
https://doi.org/10.1046/j.1365-313X.2003.01911.x
https://doi.org/10.1105/tpc.012203
https://doi.org/10.1101/gad.852200
https://doi.org/10.1111/j.1365-313X.2007.03109.x
https://doi.org/10.1111/j.1365-313X.2007.03109.x
https://doi.org/10.4161/15592324.2014.989746
https://doi.org/10.4161/15592324.2014.989746
https://doi.org/10.1186/s13073-016-0338-4
https://doi.org/10.1186/s13073-016-0338-4
https://doi.org/10.1038/ncomms3832
https://doi.org/10.1111/nph.15297
https://doi.org/10.1016/j.molp.2017.12.011
https://doi.org/10.1038/s41467-020-19682-0
https://doi.org/10.3389/fpls.2018.00399
https://doi.org/10.1038/nature14099
https://doi.org/10.1101/gad.1331305
https://doi.org/10.1111/j.1365-313X.2011.04514.x
https://doi.org/10.1111/j.1365-313X.2011.04514.x
https://doi.org/10.1093/pcp/pcu134
https://doi.org/10.1371/journal.pone.0105726
https://doi.org/10.1104/pp.111.181354
https://doi.org/10.1111/j.1558-5646.2011.01553.x
https://doi.org/10.1126/science.1150646
https://doi.org/10.1016/j.tplants.2010.08.007
https://doi.org/10.1111/pbi.12950
https://doi.org/10.1016/S0003-2697(69)80009-6
https://doi.org/10.1016/S0003-2697(69)80009-6
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1038/s41587-019-0201-4


68. Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, et al. Differential gene and transcript expression analysis of
RNA-seq experiments with TopHat and Cufflinks. Nat Protoc. 2012;7(3):562–78. https://doi.org/10.1038/nprot.2012.016.

69. Zhang B, Horvath S. A general framework for weighted gene co-expression network analysis. Stat Appl Genet Mol. 2005;
4(1):203–14. https://doi.org/10.2202/1544-6115.1128.

70. Zhan J, Thakare D, Ma C, Lloyd A, Nixon NM, Arakaki AM, et al. RNA sequencing of laser-capture microdissected
compartments of the maize kernel identifies regulatory modules associated with endosperm cell differentiation. Plant
Cell. 2015;27(3):513–31. https://doi.org/10.1105/tpc.114.135657.

71. Jin J, Tian F, Yang D, Meng Y, Kong L, Luo J, et al. PlantTFDB 4.0: toward a central hub for transcription factors and
regulatory interactions in plants. Nucleic Acids Res. 2017;45(D1):D1040–5. https://doi.org/10.1093/nar/gkw982.

72. McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, et al. The Genome Analysis Toolkit: a MapReduce
framework for analyzing next-generation DNA sequencing data. Genome Res. 2010;20(9):1297–303. https://doi.org/10.11
01/gr.107524.110.

73. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast universal RNA-seq aligner.
Bioinformatics. 2013;29(1):15–21. https://doi.org/10.1093/bioinformatics/bts635.

74. Minh BQ, Schmidt HA, Chernomor O, Schrempf D, Woodhams MD, von Haeseler A, et al. IQ-TREE 2: new models and
efficient methods for phylogenetic inference in the genomic era. Mol Biol Evol. 2020;37(5):1530–4. https://doi.org/10.1
093/molbev/msaa015.

75. Alexander DH, Novembre J, Lange K. Fast model-based estimation of ancestry in unrelated individuals. Genome Res.
2009;19(9):1655–64. https://doi.org/10.1101/gr.094052.109.

76. Patterson N, Price AL, Reich D. Population structure and eigenanalysis. PLoS Genet. 2006;2(12):e190. https://doi.org/10.13
71/journal.pgen.0020190.

77. Leek JT, Storey JD. Capturing heterogeneity in gene expression studies by surrogate variable analysis. PLoS Genet. 2007;
3(9):1724–35. https://doi.org/10.1371/journal.pgen.0030161.

78. Pickrell JK, Marioni JC, Pai AA, Degner JF, Engelhardt BE, Nkadori E, et al. Understanding mechanisms underlying human
gene expression variation with RNA sequencing. Nature. 2010;464(7289):768–72. https://doi.org/10.1038/nature08872.

79. Stegle O, Parts L, Piipari M, Winn J, Durbin R. Using probabilistic estimation of expression residuals (PEER) to obtain
increased power and interpretability of gene expression analyses. Nat Protoc. 2012;7(3):500–7. https://doi.org/10.1038/
nprot.2011.457.

80. Shabalin AA. Matrix eQTL: ultra fast eQTL analysis via large matrix operations. Bioinformatics. 2012;28(10):1353–8. https://
doi.org/10.1093/bioinformatics/bts163.

81. Goujon T, Sibout R, Eudes A, MacKay J, Jouanin L. Genes involved in the biosynthesis of lignin precursors in Arabidopsis
thaliana. Plant Physiol Bioch. 2003;41(8):677–87. https://doi.org/10.1016/S0981-9428(03)00095-0.

82. Li S, Bashline L, Lei L, Gu Y. Cellulose synthesis and its regulation. Arabidopsis Book. 2014;12:e0169. https://doi.org/10.11
99/tab.0169.

83. Endler A, Persson S. Cellulose synthases and synthesis in Arabidopsis. Mol Plant. 2011;4(2):199–211. https://doi.org/10.1
093/mp/ssq079.

84. Carocha V, Soler M, Hefer C, Cassan-Wang H, Fevereiro P, Myburg AA, et al. Genome-wide analysis of the lignin toolbox
of Eucalyptus grandis. New Phytol. 2015;206(4):1297–313. https://doi.org/10.1111/nph.13313.

85. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. Cytoscape: a software environment for integrated
models of biomolecular interaction networks. Genome Res. 2003;13(11):2498–504. https://doi.org/10.1101/gr.1239303.

86. Van Acker R, Vanholme R, Storme V, Mortimer JC, Dupree P, Boerjan W. Lignin biosynthesis perturbations affect
secondary cell wall composition and saccharification yield in Arabidopsis thaliana. Biotechnol Biofuels. 2013;6(1):46.
https://doi.org/10.1186/1754-6834-6-46.

87. Sakamoto S, Somssich M, Nakata MT, Unda F, Atsuzawa K, Kaneko Y, et al. Complete substitution of a secondary cell
wall with a primary cell wall in Arabidopsis. Nat Plants. 2018;4(10):777–83. https://doi.org/10.1038/s41477-018-0260-4.

88. Lapierre C, Pollet B, Rolando C. New insights into the molecular architecture of hardwood lignins by chemical
degradative methods. Res Chem Intermediat. 1995;21(3-5):397–412. https://doi.org/10.1007/BF03052266.

89. Pradhan Mitra P, Loqué D. Histochemical staining of Arabidopsis thaliana secondary cell wall elements. J Vis Exp. 2014;
87(87):e51381. https://doi.org/10.3791/51381.

90. Vanholme R, Cesarino I, Rataj K, Xiao Y, Sundin L, Goeminne G, et al. Caffeoyl Shikimate Esterase (CSE) is an enzyme in
the lignin biosynthetic pathway in Arabidopsis. Science. 2013;341(6150):1103–6. https://doi.org/10.1126/science.1241602.

91. Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, et al. MEME SUITE: tools for motif discovery and searching.
Nucleic Acids Res. 2009;37(Web Server):W202–8. https://doi.org/10.1093/nar/gkp335.

92. Ahmad M, Yan X, Li J, Yang Q, Jamil W, Teng Y, et al. Genome wide identification and predicted functional analyses of
NAC transcription factors in Asian pears. BMC Plant Biol. 2018;18(1):214. https://doi.org/10.1186/s12870-018-1427-x.

93. Jensen MK, Kjaersgaard T, Nielsen MM, Galberg P, Petersen K, O'Shea C, et al. The Arabidopsis thaliana NAC transcription
factor family: structure-function relationships and determinants of ANAC019 stress signalling. Biochem J. 2010;426(2):
183–96. https://doi.org/10.1042/BJ20091234.

94. Grant CE, Bailey TL, Noble WS. FIMO: scanning for occurrences of a given motif. Bioinformatics. 2011;27(7):1017–8.
https://doi.org/10.1093/bioinformatics/btr064.

95. Hellens RP, Allan AC, Friel EN, Bolitho K, Grafton K, Templeton MD, et al. Transient expression vectors for functional
genomics, quantification of promoter activity and RNA silencing in plants. Plant Methods. 2005;1(1):13. https://doi.org/1
0.1186/1746-4811-1-13.

96. Wang R, Xue Y, Fan J, Yao JL, Qin M, Lin T, Lian Q, Zhang M, Li X, Li J, Sun M, Song B, Zhang J, Zhao K, Chen X, Hu H,
Fei Z, Xue C, Wu J. A systems genetics approach reveals PbrNSC as a regulator of lignin and cellulose biosynthesis in
stone cells of pear fruit. BioProject accession: PRJNA723405. NCBI SRA.https://www.ncbi.nlm.nih.gov/bioproject/PRJNA
723405(2021).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Wang et al. Genome Biology          (2021) 22:313 Page 23 of 23

https://doi.org/10.1038/nprot.2012.016
https://doi.org/10.2202/1544-6115.1128
https://doi.org/10.1105/tpc.114.135657
https://doi.org/10.1093/nar/gkw982
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.1371/journal.pgen.0020190
https://doi.org/10.1371/journal.pgen.0020190
https://doi.org/10.1371/journal.pgen.0030161
https://doi.org/10.1038/nature08872
https://doi.org/10.1038/nprot.2011.457
https://doi.org/10.1038/nprot.2011.457
https://doi.org/10.1093/bioinformatics/bts163
https://doi.org/10.1093/bioinformatics/bts163
https://doi.org/10.1016/S0981-9428(03)00095-0
https://doi.org/10.1199/tab.0169
https://doi.org/10.1199/tab.0169
https://doi.org/10.1093/mp/ssq079
https://doi.org/10.1093/mp/ssq079
https://doi.org/10.1111/nph.13313
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1186/1754-6834-6-46
https://doi.org/10.1038/s41477-018-0260-4
https://doi.org/10.1007/BF03052266
https://doi.org/10.3791/51381
https://doi.org/10.1126/science.1241602
https://doi.org/10.1093/nar/gkp335
https://doi.org/10.1186/s12870-018-1427-x
https://doi.org/10.1042/BJ20091234
https://doi.org/10.1093/bioinformatics/btr064
https://doi.org/10.1186/1746-4811-1-13
https://doi.org/10.1186/1746-4811-1-13
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA723405
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA723405

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Phenotypic determination and global gene expression profiling of pear fruit
	Identification of stone cell formation modules
	eQTLs of stone cell formation modules
	Structural genes and co-expression network of the lignocellulose pathway
	PbrNSC is a potential regulator of the lignocellulose pathway
	PbrNSC is involved in secondary cell wall formation
	LP- and WQ-box are transcriptional activation domain of PbrNSC
	LP- and WQ-box of PbrNSC are responsible for activating downstream genes and affecting secondary cell wall formation

	Discussion
	Conclusions
	Methods
	Plant materials and RNA sequencing
	Measurement of the stone cell, lignin, and cellulose contents in fruit flesh
	RNA-seq read mapping and expression profiling
	Identification of co-expression modules
	SNP calling
	Phylogenetic and population structure analyses
	eQTL mapping
	Lignocellulose co-expression network
	Transient transformation of pear fruit flesh
	Gene expression analysis by qRT–PCR
	Lignin and cellulose analysis
	Histological analysis
	Electron microscopy
	Conserved motifs and protein secondary structure analysis
	Dual-luciferase reporter assays

	Supplementary Information
	Acknowledgements
	Review history
	Peer review information
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Competing interests
	Author details
	References
	Publisher’s Note

