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Background
Human-guided domestication has occurred indepen-
dently in different regions around the world start-
ing ~ 12,000 years ago [1, 2]. It is estimated that more 
than 2500 plant species (over 160 taxonomic families) 
have undergone domestication worldwide, and approxi-
mately 300 species have been fully domesticated [3–5]. 
Domestication traits arising through artificial selection 
are desirable to farmers and consumers. For instance, 
domesticated cereals, once ripened, do not shatter but 
must be physically separated, and thus easing harvest 
work. In addition, domestication traits often enhance 
taste and nutritional qualities. Under conscious selection, 
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Abstract
Background Human-guided crop domestication has lasted for more than 10,000 years. In terms of the 
domestication and breeding of vegetables, cellulose content in edible tissues is one of the most important traits. 
Primulina eburnea is a recently developed calcium-rich vegetable with a high soluble and bioavailable calcium 
content in its leaves. However, the high cellulose content in the leaves hampers the taste, and no research has been 
reported on the genetic basis of cellulose biosynthesis in this calcium-rich vegetable.

Results We identified 36 cellulose biosynthesis-involved genes belonging to eight gene families in the P. eburnea 
genome. The cellulose accumulated decreasingly throughout leaf development. Nineteen genes were considered 
core genes in cellulose biosynthesis, which were highly expressed in buds but lowly expressed in mature leaves. 
In the nitrogen fertilization experiment, exogenous nitrogen decreased the cellulose content in the buds. The 
expressing pattern of 14 genes were consistent with phenotypic variation in the nitrogen fertilization experiment, and 
thus they were proposed as cellulose toolbox genes.

Conclusions The present study provides a strong basis for the subsequent functional research of cellulose 
biosynthesis-involved genes in P. eburnea, and provides a reference for breeding and/or engineering this calcium-rich 
vegetable with decreased leaf cellulose content to improve the taste.
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different plant organs have been exploited for a variety 
of uses. Domestication of a fleshy fruit involves color- 
and flavor-related compounds, with a trend toward an 
increase in sweetness and a reduction in bitterness and 
acidity [6]. For carrot, consumers have a desire for giant 
but less woody roots [7]. For vegetables with edible leaves 
(e.g., spinach and cabbage), breeding or cultivating objec-
tives are often related to edible fiber, vitamin content, 
or pathogen resistance. The moderate dietary fiber con-
tent of vegetable leaves benefits digestion and intesti-
nal absorption [8], while excessive fiber deposition may 
reduce taste.

Cellulose, the most abundant biopolymer on the 
planet, is a major component of plant cell walls [9]. As 
an important component of water-insoluble dietary fiber, 
the cellulose content affects the quality, texture and taste 
of edible tissues of crops [10, 11]. In vascular plants, cel-
lulose microfibrils are synthesized by plasma membrane-
localized enzymes called cellulose synthases (CESAs) 
[12]. There are 10 CESA genes in the Arabidopsis genome 
[13]. Genetic evidence and spatiotemporal expression 
studies have revealed that different CESA members func-
tion in different types of cell walls. For example, CESA1, 
CESA3, and CESA6 are involved in synthesizing the pri-
mary cell wall [14, 15]. In contrast, CESA4, CESA7, and 
CESA8 are required for secondary cell wall formation 
[16]. Although CESAs play the core catalytic role in cel-
lulose synthesis, many proteins contribute to the activity 
of or interact with the CESAs. Cellulose synthase inter-
active protein 1 (CSI1) is the first interactive partner of 
CESAs identified in higher plants [17]. STELLO proteins 
(STL1 and STL2) are also CESA accessories [18]. The cel-
lulose synthase companion proteins (CC1 and CC2) have 
been proposed to function in microtubule formation via 
direct interaction with CESA complexes [19, 20]. Addi-
tional proteins, including KORRIGAN (KOR), CHITIN-
ASE-LIKE (CTL), COBRA (COB), and KOBITO (KOB), 
also play important roles in the regulation of cellulose 
production and are central components of cellulose 
synthesis, even though some of them do not necessar-
ily interact with CESAs directly [21]. Mutations in KOR, 
CTL, COB, and KOB reduce cellulose content and/or 
cellulose synthesis speed [22–25]. The cellulose content 
affects crop texture and fruit postharvest shelf life. Dur-
ing crop domestication, many genes involved in cellulose 
synthesis have evolved or diverged under artificial selec-
tion [26]. For example, during selection for increased 
fiber production, the CESA1 gene diverged in hemp-type 
cannabis when compared with basal cannabis [27]. In the 
fruit breeding and firmness research, cellulose synthesis 
genes have attracted much attention [28, 29]. In straw-
berry, cellulose content determines fruit firmness, and 
members of the Cellulose synthase gene family have been 

proposed to function in fruit development and thereby 
may be manipulated to enhance fruit storability [29].

Crop domestication from wild resources has never 
been paused during human history. In the last 100 years, 
kiwifruit and cranberry have been the most success-
ful domestication cases [30]. For the ongoing process of 
domestication, in addition to some crops categorized as 
domesticated, there are also a tremendous number of 
semi-domesticated crops, such as Akebia trifoliate [31, 
32], Hippophae rhamnoides [33], and Aristotelia chilensis 
[34]. In recent years, some Primulina species have been 
used to develop calcium-rich vegetables with a high con-
tent of soluble calcium (Ca2+) in their leaves [35, 36].

Primuline eburnea (Hance) Yin Z. Wang, which 
belongs to the Gesneriaceae family, has a great capacity 
for growth and survival in different environments and 
has a wide distribution range in southern China [37]. In 
addition to soluble calcium, its leaves often contain many 
bioactive substances such as terpenes, flavonoids and 
phenylethanoid [38], and it was utilized as vegetable for 
many years in Southwest China. Additionally, this species 
is highly self-compatible and often produces a large num-
ber of flowers and seeds [39]. As reviewed by Huang et al. 
[30], self-pollinated plants are more easily domesticated 
than cross-pollinated ones. These make P. eburnea an 
ideal candidate for calcium-rich vegetable development. 
In recent decades, the potential horticultural impor-
tance of Primulina has been a driving force in delineat-
ing the genetic basis of horticultural traits in this genus. 
The first genetic linkage map of Primulina eburnea based 
on single nucleotide polymorphism (SNP) markers was 
constructed in 2016 [40]. Quantitative trait loci (QTL) 
for some traits was identified in a pair of Primulina sister 
species [41]. Remarkably, the MYB gene was first cloned 
in Primulina swinglei (PsMYB1), and its identity was con-
firmed by genetic transformation [42]. PsMYB1 has been 
proposed as the transcription factor gene that regulate 
anthocyanin biosynthesis in P. swinglei [42]. However, 
the genetic basis for vegetable domestication in Primu-
lina has not yet been reported. The recent availability of 
the P. eburnea genome [43] provided an opportunity to 
conduct comprehensive genome-wide identification and 
analysis of cellulose biosynthetic genes, as reported in 
the present study. By combining a genome-wide survey 
of the genes included in the eight gene families involved 
with cellulose biosynthesis with comparative phyloge-
netic analyses, we identified 36 P. eburnea genes. High-
throughput expression profiling of genes in various 
tissues using RNA-sequencing (RNA-seq) technology 
and expression patterns of genes in leaves under different 
treatments using real-time quantitative PCR (qRT-PCR) 
were combined to identify a cellulose toolbox gene set 
comprising 14 genes likely involved in cellulose biosyn-
thesis in P. eburnea.



Page 3 of 14Zhang et al. BMC Plant Biology          (2023) 23:259 

Results
Changes in cellulose content in P. eburnea leaves
We investigated the cellulose accumulation in the leaves 
of P. eburnea seedlings for that leaves are the main edi-
ble tissues of this calcium-rich vegetable (Fig. S1). The 
cellulose content exhibited L-shaped curves during leaf 
development (Fig.  1). The cellulose content decreased 
significantly during the first four stages (P < 0.01). No 
differences were observed between the last two stages 
(P > 0.05). These results indicate that cellulose content 
decreased during the early development of P. eburnea 
leaves.

To rule out the possibility that cellulose content 
decreased due to the increasing of water content, water 
accumulation in leaves were investigated. The water 
content increased slightly but not significantly during 
the leaves development (Fig. S2). This indicates that the 
water accumulation affects the cellulose content little, 
and the trends of cellulose content biosynthesis during 
leaf development are credible.

In silico identification of cellulose biosynthesis-involved 
genes
A total of 36 genes encoding enzymes involved 
in cellulose biosynthesis were identified in the P. 

eburnea genome (Table S1). Phylogenetic analyses were 
conducted with these genes and those retrieved from the 
genomes of Arabidopsis thaliana, Brassica rapa, Cucu-
mis sativus, Daucus carota, Medicago truncatula and 
Spinacia oleracea.

Cellulose synthase (CESA)
CESA is the only component identified as part of the 
cellulose synthase complex in higher plants to date 
[44]. A phylogenetic tree was constructed (Fig. 2a) with 
CESA protein sequences from seven species. In P. ebur-
nea, the CESA family encompasses 13 members, which 
was similar to that in carrot (12) and alfalfa (13) but less 
than that in cabbage (19) and more than that in spinach 
(7), cucumber (8), and Arabidopsis (10). Most genes (11 
out of 13) were highly expressed in buds and exhibited 
weak expression in stems (Fig. 2b). In these genes, PebC-
ESA11 (the most highly expressed member), PebCESA8, 
and PebCESA1 were more highly expressed than the 
other genes in buds (Fig.  2c). PebCESA11 was found to 
be phylogenetically similar to AtCESA3, and PebCESA8 
was similar to AtCESA1 and AtCESA10. AtCESA1 and 
AtCESA3 have been reported to be involved in primary 
cell wall cellulose synthesis [15]. Both the cesa1 mutant 
and cesa3 mutants are lethal, indicating that CESA1 and 
CESA3 are indispensable [45]. Little is known about the 
role of CESA10 [9]. PebCESA6 and PebCESA13 showed 
strong expression in roots, which were phylogenetically 
similar to AtCESA7 and AtCESA8, respectively. AtCESA7 
and AtCESA8 participate in secondary cell wall synthesis 
[16]. Cell division and expansion are more active in buds 
than in roots which is lignified, and thus primary cell wall 
formation occurred more often in buds than in roots 
[46]. The gene expression patterns in P. eburnea buds 
and roots agree with cell wall structure development. In 
combination with homologous gene function and expres-
sion abundance, we predict that PebCESA11 is the main 
CESA gene involved in cellulose biosynthesis, but the 
roles of PebCESA8 and PebCESA1, although less promi-
nent, are also likely to be involved.

Cellulose synthase interactive protein (CSI)
CSI1 is the first interactive partner of CESAs identified 
in higher plants [9]. The CSI family in Arabidopsis com-
prises three members. CSI1 serves as a physical linker 
between CESA complexes and cortical microtubules [47]. 
CSI3 is widely expressed in various tissues [48], but CSI2 
has not been studied for its function so far. The P. ebur-
nea genome had four CSI members (Fig.  3a). RNA-seq 
profiling highlighted marked distinctions among the four 
members of this family (Fig.  3b). For instance, PebCSI1 
and PebCSI2 had similar expression patterns and were 
highly and preferentially expressed in buds (Fig.  3b, 
c). The other two members were less expressed in all 

Fig. 1 Cellulose contents during the development of Primulina eburnea 
leaves. Mean values and standard deviations (SDs) were obtained from six 
biological replicates. The error bars indicate standard deviation. Statisti-
cal significance was determined by t-test. **P < 0.01, ***P < 0.001 and NS. 
P > 0.05
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tissues (Table S2), even though they were preferentially 
expressed in roots (Fig. 3b). PebCSI1 and PebCSI2 were 
phylogenetically similar to AtCSI1 (Fig.  3a), and they 
were expressed 175-fold higher than the other two mem-
bers, on average. They are likely to be involved in cellu-
lose biosynthesis in P. eburnea.

Companion of Cellulose synthase (CC)
The CC protein does not directly affect the co-alignment 
between CESA complexes and microtubules, which is 
unlike CSI [20]. CC1 remained associated with CESA 
complexes under salt stress, and cc1 cc2 double muta-
tion seedlings displayed stunted growth and cell swell-
ing under adverse conditions. It has been proposed that 
the CCs function to support the stability of microtubules 
and CESA complexes under stress conditions [19]. Most 
plant genomes encode four to eight CCs (Fig. 4a), except 
cabbage, which harbors 14 members due to the genome 
triplication [49]. In the five PebCC genes, three (PebCC1, 
PebCC3, and PebCC5) were highly expressed in buds 
(Fig.  4b, c). PebCC3 is phylogenetically more similar to 
AtCCs (AtCC1 and AtCC2) than the other two (PebCC1 
and PebCC2).

STELLO (STL)
STL has two members (STL1 and STL2) in Arabidopsis, 
and they localize at the Golgi and interact with CESA 
[18]. STLs have only been reported in A. thaliana, and 
it has been proposed that STLs impact the secretion and 
activity of CESA complexes by regulating the assembly 
of CESA complexes [18]. The P. eburnea genome also 

Fig. 3 Comparative phylogeny and expression profiles of the cellulose 
synthase interactive protein (CSI). (a) Unrooted protein phylogenetic tree 
constructed with CSI sequences from several species. (b) Heatmap of tran-
script accumulation patterns of PebCSI genes generated by RNA-seq. (c) 
Heatmaps of PebCSI genes expression in Primulina eburnea buds

 

Fig. 2 Comparative phylogeny and expression profiles of the cellulose synthase (CESA). (a) Unrooted protein phylogenetic tree constructed with CESA 
sequences from several species. (b) Heatmap of transcript accumulation patterns of PebCESA genes generated by RNA-seq. (c) Heatmaps of PebCESA 
genes expression in Primulina eburnea buds
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harbored two STL paralogs (Fig. 5a), sharing 93% identity 
(Table S3). The two members had similar expression pat-
terns, and both of which were most highly expressed in 
roots, even though PebSTL2 was more highly expressed 
than PebSTL1 in buds (Fig.  5b, c). They may be more 
important for the cellulose synthesis in the secondary cell 
wall than in the primary cell wall.

COBRA (COB)
COB, a glycosyl-phosphatidyl inositol-anchored protein, 
is required for the regulation of cellulose microfibril ori-
entation [50, 51]. It has been detected in multiple cellular 
compartments [45]. Apart from COB, the COBRA fam-
ily includes 11 COBRA-Like (COBL) members in Arabi-
dopsis [21]. It is a large family found in both dicots and 
monocots, and its expression may be regulated by envi-
ronmental stimuli [52, 53]. COBL4 is indispensable for 
cellulose synthesis and secondary cell wall formation in 
Arabidopsis and maize [54, 55]. In the analyzed species, 
P. eburnea was identified the least members (three) of the 
COB family which shared 84.1–95.7% similarity among 
members (Table S3). Three COB genes were expressed 
in similar patterns in P. eburnea tissues and were more 
abundant in buds and leaves than in rhizomes and roots 
(Fig.  6a, b). For the absolute expression level, PebCOB2 
and PebCOB3 were more highly expressed than PebCOB1 

(Fig. 6c; Table S2), supporting their inferred role in cellu-
lose biosynthesis.

Genes with an unknown function
KORRIGAN1 (KOR1) encodes a putative membrane-
bound β-1,4-endoglucanase [56]. Unlike CSI1, KOR1 
co-localizes with CESA complexes in both the plasma 
membrane and many other endosomal compartments 
[25, 57]. The mutation phenotype revealed that KOR is 
required for proper cellulose synthesis in both the pri-
mary and secondary cell walls [57, 58]. Despite the close 
association with CESA complexes, the precise role of 
KOR1 remains unclear in plants. A. thaliana has two 
single KOR genes [21]. In P. eburnea, the KOR family 
encompassed four members (Fig. 7a). Three (PebKOR1-3) 
had a closer phylogenetic relationship with AtKOR1 and 
shared between 88% and 95% protein sequence identity 
among each other (Table S3). Syntenic analysis showed 
that this family may have been expanded by genome 
duplication (Fig. S3). PebKOR1 and PebKOR3 were highly 
expressed in each tissue (Fig.  7b), and their expression 
was 22-fold (PebKOR3) to 24-fold (PebKOR1) higher 
than PebKOR4 in buds (Fig. 7c; Table S2). These findings 
support the inferred roles of these two genes in cellulose 
biosynthesis.

KOBITO (KOB) has been predicted to be a type II 
membrane protein with an N-terminus exposed to the 

Fig. 4 Comparative phylogeny and expression profiles of the companion of cellulose synthase (CC). (a) Unrooted protein phylogenetic tree constructed 
with CC sequences from several species. (b) Heatmap of transcript accumulation patterns of PebCC genes generated by RNA-seq. (c) Heatmaps of PebCC 
genes expression in Primulina eburnea buds
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cytosol [22]. The mutants of the KOB gene have shown 
random cellulose microfibril orientation, resulting in 
incomplete cell walls [22]. FP-KOB1 localizes to the 
plasma membrane in elongated epidermal/cortical cells. 
However, the precise function of KOB1 requires further 
investigation. A. thaliana has a single KOB gene. The P. 
eburnea genome had two KOB members (Fig. 8A), which 
shared 64% similarity (Table S3). PebKOB1 was more 
highly expressed than PebKOB2 in each tissue, even 
though both showed high expression in buds in their own 
expression profiles (Fig. 8b, c; Table S3).

The CHITINASE-LIKE (CTL) family has two members 
in Arabidopsis and both are located in the apoplast. CTL 
proteins may bind to the glucan-based polymer cellulose, 
and mutations in CTL1 result in reduced cellulose con-
tent and CESA complex speed [24]. CTL is, in general, 
encoded by small gene family not exceeding three mem-
bers. The P. eburnea genome also has three CTL mem-
bers (Fig.  9a) sharing 85.5–90.8% identity (Table S3). 
PebCTL1 and PebCTL2 were in a 20-kb genomic region 
of chromosome 6 (Fig. S4) and had high amino acid 
sequence identities (90.8%) (Table S3), which may have 
resulted from recent tandem gene duplication events. 
The three members were all preferentially expressed in 

buds (Fig. 9b), and PebCTL2 was more highly expressed 
than the other family members (Fig.  9c). Indeed, all of 
these genes were abundantly expressed in various tissues 
(Table S2), indicating their important roles in P. eburnea 
development.

Gene interaction and core toolbox cellulose genes
To build a co-expression network, the in silico identified 
genes involved in cellulose biosynthesis and transcription 
factors (TFs) in P. eburnea were selected, and their inter-
actions were predicted (Fig. S5). In total, 399 TFs from 48 
families, such as MYB, AP2/ERF, C2H2, WRKY, bHLH, 
and bZIP, were predicted to be the potential interacting 
partners of cellulose biosynthesis involved genes (Fig. 
S5). Several cellulose biosynthesis-involved genes and TF 
groups were clustered, such as the PebCESA1 and 5-TFs 
group and the PebCESA2, 7, PebKOB1, and PebCC1-TFs 
group. These results indicate that the cellulose biosynthe-
sis might be regulated by different TF regulatory modules 
in P. eburnea.

In view of the fact that CESA complexes were made 
up of CESA and the other interacting or associating 
genes, we constructed interactions among the cellulose 
biosynthesis-involved genes (Fig. S6). Many associated 
genes, including PebCSI1, 2, PebCC1, PebCOB2, 3 and 
PebCTL3, were located in pivotal positions. They inter-
acted with highly expressed CESA genes.

Combining the analysis of gene and motif structures, 
phylogeny, expression profiles and gene interactions, we 
proposed 19 members of the eight families as the most 
likely major genes involved in cellulose biosynthesis in P. 
eburnea. The core gene set comprises PebCESA1, 5, 7, 8 
and 11, PebCSI1 and 2, PebCC1, 3 and 5, PebSTL2, Peb-
COB2 and 3, PebKOR1, 2 and 3, PebKOB1 and PebCTL2 
and 3.

qRT-PCR to validate the RNA-seq analysis and to determine 
toolbox genes
To verify the accuracy of the RNA-seq, the mRNA abun-
dances of the eight cellulose synthesis-involved genes 
were assayed using qRT-PCR. R2 was 0.94 (Fig.  10a; 
Fig. S7), suggesting consistency between qRT-PCR and 
RNA-seq.

To examine the response of cellulose content and cellu-
lose biosynthesis toolbox genes to nitrogen fertilization, 
we treated P. eburnea seedlings with 0, 5, 10, and 20 g/L 
(N0–N3) urea water solutions. Nitrogen fertilization 
decreased the cellulose content in P. eburnea leaves and 
buds, even though the difference between 10 and 20 g/L 
nitrogen fertilization was not significant (Fig.  10b). The 
environmental response of the 19 core genes were investi-
gated to identify toolbox genes. The gene expression pro-
files, which were more similar to phenotypic variation, 
were considered as cellulose toolbox genes, including 

Fig. 5 Comparative phylogeny and expression profiles of the STELLO 
(STL). (a) Unrooted protein phylogenetic tree constructed with STL se-
quences from several species. (b) Heatmap of transcript accumulation 
patterns of PebSTL genes generated by RNA-seq. (c) Heatmaps of PebSTL 
genes expression in Primulina eburnea buds
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PebCESA1, 5 and 11, PebCSI2, PebCC3, PebSTL2, Peb-
COB3, PebKOR1, and PebKOB1. These genes belong to 
seven gene families. The core genes that were not identi-
fied as toolbox genes were often highly expressed in the 
N3 treatment, such as PebCESA8, PebCSI1, PebCC1 and 
5, PebCOB2, PebKOR2 and PebCTL3. Compared to cel-
lulose biosynthesis, these genes may play more important 
roles in responding to environmental stimuli. PebCC1 
and 5 and PebKOR2 showed increasing expression as the 
rate of nitrogen fertilization increased (Fig.  10c; Table 
S4). The distinct expression responses to nitrogen fertil-
ization among gene family members may indicate func-
tional diversification within a certain gene family.

Discussion
Building on the recent availability of the P. eburnea 
genome [43], the present study reports a comprehen-
sive genome-wide identification of cellulose biosynthesis 
gene families in P. eburnea. Combining the phylogenetic 
relationships and expression profiles, we highlighted the 
evolutionary histories of these families and predicted the 
toolbox genes through nitrogen fertilization experiments. 
To the best of our knowledge, this is the first report to 
identify all key genes involved in cellulose biosynthesis in 
one species.

The CESA gene family is essential for plant growth and 
development and plays an important role in response 
to environmental stress [12]. To date, detailed genome-
wide identification of CESA genes has been reported in 

Fig. 6 Comparative phylogeny and expression profiles of the COBRA (COB). (a) Unrooted protein phylogenetic tree constructed with COB sequences 
from several species. (b) Heatmap of transcript accumulation patterns of PebCOB genes generated by RNA-seq. (c) Heatmaps of PebCOB genes expression 
in Primulina eburnea buds (Note: Bootstrap values can clearly be seen in Additional File 3)
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various plant species, such as Arabidopsis [15], rice [59], 
pineapple [60], tomato [28], pear [61], dropwort [11] and 
diploid strawberry [29]. We totally identified 13 CESA 
genes in the P. eburnea genome, the number was similar 
to that found in rice (11) but more than that in straw-
berry (8) and pineapple (8) and less than that in pear 
(19). The number of CESA members identified in diploid 
P. eburnea (2n = 36) [62] was the same to that found in 
triploid banana (13) [63]. Similar to that in dropwort and 
rice, the expanded copy number of CESA in P. eburnea 
may be contributed by the genome duplications [11, 59]. 
For the other seven gene families, there are no reports on 
their identification except in Arabidopsis. Most of these 
gene families are small in P. eburnea, and their members 
are similar to those found in Arabidopsis.

It has been reported that genes duplicated by syntenic 
duplications or whole genome duplications are much 
more common than the genes duplicated by tandem 
duplication in a closely related species, such as P. huai-
jiensis [64]. The CESA gene family presented no traces 
of tandem duplication but may have undergone expan-
sion through whole genome duplication (Figs. S1-S2). For 

example, the PebCESA1, 4, 5, 9 and 12 genes each have 
two syntenic members which were all clustered into a 
monophyletic clade. In the other seven families, at least 
four were expanded by whole genome duplication, but 
only one tandem duplication was found in PebCTLs (Figs. 
S1-S2). These were consistent with the phenomenon in P. 
huaijiensis, which has only 6.2% of genes resulting from 
tandem duplication [64]. In general, gene duplication is 
a primary mechanism for functional diversification, and 
the divergent expression among duplicated genes results 
in morphological diversification [65]. Different cellulose 
synthase complexes synthesize microtubules to make 
up cell walls in different cell types, such as primary cells 
and secondary cells [9, 21]. In a particular tissue or in a 
particular environment, there is only a small proportion 
of gene members (often one or two) highly expressed in 
each family. In the cellulose biosynthesis-involved gene 
families, only a few members show similar expression 
patterns to the phenotypic variation trends. The other 
gene members may participate in cellulose biosynthesis 
in response to environmental stimuli.

Fig. 7 Comparative phylogeny and expression profiles of the KORRIGN (KOR). (a) Unrooted protein phylogenetic tree constructed with KOR sequences 
from several species. (b) Heatmap of transcript accumulation patterns of PebKOR genes generated by RNA-seq. (c) Heatmaps of PebKOR genes expression 
in Primulina eburnea buds
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A different situation was found in the CTL fam-
ily, where no core genes were expressed with pheno-
typic variation in nitrogen fertilization measurements 
(Fig.  10b, c). In Arabidopsis, CTL has been reported to 
have a role in the CESA complex and to affect the cellu-
lose content [24]. The function of AtCTL1 and AtCTL2 
may have been diverged because they are expressed with 
different cell types [20]. However, the precise function of 
CTLs requires further investigation [21, 24]. In P. ebur-
nea, neither PebCTL2 nor 3 was expressed with pheno-
typic variation in the nitrogen fertilization treatments 
(Fig. 10c), even though the expression of both decreased 
throughout leaf development. However, we cannot rule 
out the possibility that the limited development stages 
we sampled affected the characterization of expression 
profiles.

Exogenous nitrogen often affects the cellulose content 
in crops, such as cotton [66], wheat [67], and rapeseed 
[68]. In this study, we investigated the effect of nitrogen 
fertilization on the cellulose content in P. eburnea leaves. 
Cellulose accumulation decreased with the rate of nitro-
gen fertilization (Fig.  10b). This indicates that nitrogen 
fertilization may be an alternative method to decrease 
the cellulose content in this calcium-rich vegetable. This 
phenomenon is similar to that observed in wheat stems 
[67] and rapeseed roots [68]. However, a contrasting 
result has been reported in cotton; that is, an increased 

rate of nitrogen fertilization increases the fiber yield by 
accumulating cellulose [66].

For the eight cellulose biosynthesis-involved gene fami-
lies, we combined comparative phylogeny with individual 
gene development expression profiling characterized by 
both RNA-seq and qPCR. By using this approach, we 
identified nine genes likely to be involved in cellulose 
biosynthesis in P. eburnea leaves, constituting the so-
called “cellulose toolbox”. The qPCR results showed that 
each gene family had members with decreased expres-
sion after the nitrogen treatment, except for the PebCTL 
family. The downregulation of these genes may contrib-
ute to the decrease cellulose accumulation in P. eburnea 
buds. Similar to our results, it has also been reported 
that nitrogen fertilization results in decreased expression 
of CESA genes in wheat [67]. In rapeseed, CESA genes 
are upregulated by nitrate (NO3

–) but downregulated by 
ammonium (NH4

+) [69]. Together with the results on cel-
lulose accumulation, these results indicate that the effect 
of nitrogen fertilization on the cellulose biosynthesis is 
species or lineage specific. Except for the nine toolbox 
genes, the 27 remaining genes probably contribute to the 
response to environmental cues or are involved in cel-
lulose biosynthesis in other tissues. To the best of our 
knowledge, most of these genes were first identified in 
non-model plants. As these genes have not been reported 
before, this enriches our knowledge of cellulose biosyn-
thesis in P. eburnea.

Fig. 8 Comparative phylogeny and expression profiles of the KOBITO (KOB). (a) Unrooted protein phylogenetic tree constructed with KOB sequences 
from several species. (b) Heatmap of transcript accumulation patterns of PebKOB genes generated by RNA-seq. (c) Heatmaps of PebKOB genes expression 
in Primulina eburnea buds
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In summary, our study of cellulose biosynthesis-
involved genes provides a strong basis for understanding 
the biosynthetic mechanisms of cellulose in P. eburnea. 
Furthermore, the cellulose toolbox genes pave the way 
for future functional studies and can be candidate genes 
for breeding and/or engineering this calcium-rich veg-
etable with decreased cellulose content which improves 
its texture and taste.

Conclusions
Thirty-six cellulose biosynthesis-involved genes were 
identified through a genome-wide survey, analyses of 
gene and motif structures, and phylogenetic analysis in P. 
eburnea. Nineteen core genes were identified in the gene 
expression profiles via RNA-seq in various tissues. Cel-
lulose accumulated decreasingly throughout leaf devel-
opment, and its content decreased when treated with 
nitrogen fertilizer. The expression profile of core genes 
under nitrogen treatment revealed that the cellulose 
toolbox comprised 14 genes belonging to seven families, 
and genes not included in the toolbox could contribute 
to the response to environmental cues. Most of these 
genes were first identified in non-model plants. This 

study provides a data source for the subsequent func-
tional studies of cellulose biosynthesis-involved genes in 
P. eburnea and provides a reference for decreasing leaf 
cellulose in this calcium-rich vegetable.

Methods
Plant materials
Primulina eburnea seedlings were grown from the seeds 
of cultivar ‘Gaogai-01’. Seeds were sown in peat soil on 
January 6, 2022. Seedlings were transplanted in plastic 
pots (12  cm × 12  cm) filled with a 4:1 mixture of peat 
soil and vermiculite on March 2, 2022. The plants were 
placed in an incubator with temperatures of 25/18 ℃ 
(day / night), 65–70% humidity, and an 10 h photoperiod 
of 6000  lx at Lushan Botanical Garden, Chinese Acad-
emy of Sciences, Nanchang, Jiangxi China (115.8382°E; 
28.9112°N). Three months later, 20 healthy seedlings with 
5–6 pairs of leaves were randomly selected to measure 
the cellulose content of their first to fifth pairs of leaves. 
The buds (second pair of leaves), leaves (fourth pair of 
leaves), rhizomes, and roots were used for RNA-seq 
analysis. At the same time, some seedlings were treated 
with 100 ml of urea solution (5, 10, and 20 g/L) per week 

Fig. 9 Comparative phylogeny and expression profiles of the CHITINASE-LIKE (CTL). (a) Unrooted protein phylogenetic tree constructed with CTL se-
quences from several species. (b) Heatmap of transcript accumulation patterns of PebCTL genes generated by RNA-seq. (c) Heatmaps of PebCTL genes 
expression in Primulina eburnea buds
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for nitrogen fertilization; water treatment was used as a 
control. The buds and leaves were collected after 1 month 
of treatment. These samples were used to investigate the 
effect of exogenous nitrogen fertilization on the cellulose 
content. The cellulose content data were analyzed for sig-
nificant differences by t-test.

In silico identification and basic characterization of 
cellulose toolbox genes
Combining the keyword searches from P. eburnea 
genome annotations and BLASTp searches (using pro-
teins from Arabidopsis thaliana as queries), we retrieved 
the potential protein sequences from P. eburnea genome 
(Text S1). After the analyses of gene and motif struc-
tures and conserved domain, we excluded the protein 
sequences that differed significantly from those of Ara-
bidopsis and other P. eburnea. The remaining sequences 
were used to generate large comparative phylogenetic 
trees with protein sequences from Arabidopsis thaliana, 
Brassica rapa, Cucumis sativus, Daucus carota, Medicago 
truncatula and Spinacia oleracea. The genome databases 
for these species were listed in Table S5. For P. eburnea 
short-name gene nomenclature, we adopted the prefix 

Peb, followed by the multigene family abbreviation (Table 
S1). The chromosomal location diagrams of P. eburnea 
genes were generated using MapChart 2.2 [70]. Syntenic 
analysis and collinearity analysis were performed using 
MCScanX [71] and TBtools [72].

Phylogenetic analysis
Multiple sequence alignment of the cellulose toolbox 
gene protein sequences of seven species was performed 
with MUSCLE v3.8.425 [73]. Maximum likelihood phylo-
genetic trees were constructed with topological support 
assessed with 1000 bootstrap replicates using IQTREE 
v1.6.11 [74]. The best fit model for phylogenetic tree con-
struction was selected automatically by IQTREE.

RNA-seq expression analysis and network construction
To gain insights into the spatial and temporal expres-
sion patterns of cellulose biosynthesis-involved genes, 
transcriptome sequencing were performed for young 
and mature leaves, rhizomes and roots. A total of 14 
plant libraries (four buds and leaves, three rhizomes and 
roots) were collected from P. eburnea for RNA-seq. Total 
RNA was extracted using an RNAprep pure Plant Kit 

Fig. 10 (a) Correlation analysis of qRT-PCR and RNA-seq results. (b) Changes in the cellulose content of Primulina eburnea buds under different concen-
tration of nitrogen. Statistical significance was determined by t-test. *P < 0.05, **P < 0.01, ***P < 0.001 and NS. P > 0.05. (c) The expression pattern of 19 P. 
eburnea cellulose biosynthesis involved genes under different concentration of nitrogen using qRT-PCR. N0, N1, N2, and N3 indicating 0, 5, 10, and 20 g/L 
urea water solutions, respectively. Error bars represents SD of six independent replicates
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(Tiangen, Beijing, China) according to the manufactur-
er’s instructions, and RNA quality was evaluated by gel 
electrophoresis. Complementary DNA (cDNA) librar-
ies were constructed and then sequenced using the Illu-
mina NovaSeq 6000 paired-end sequencing system. The 
libreries construction and sequencing was performed by 
BioMarker Co., Ltd. (Beijing, China). Reads were qual-
ity-filtered by removing adapter sequences and reads 
containing > 10% low-quality bases with a Q20 value of 
≤ 20%. The quality filtration pipeline was provided by 
Feng et al. [75]. All clean reads were mapped to the refer-
ence genome of P. eburnea [43] using Hisat2 tools [76]. 
Fragments per kilobase of exon per million fragments 
mapped (FPKM) were used to estimate the gene expres-
sion levels. The relative expression for each gene member 
in the four tissues were estimated by log2 scaling.

For co-expression network construction, genes with an 
FPKM > 1 in any of the samples were used for the calcu-
lation of the Pearson correlation coefficient (PCC). Only 
the absolute PCC value > 0.9 was considered as a poten-
tial interaction. Then, the potential network was visual-
ized using the Cytoscape software.

All raw Illumina data were deposited in the NCBI 
Sequence Read Archive under accession number 
PRJNA934730.

Quantitative real-time PCR
Eight cellulose biosynthesis-involved genes were ran-
domly selected for reverse transcription-quantitative 
PCR (qRT-PCR) assays to validate the accuracy of RNA-
seq analysis. To detect the effect of nitrogen fertiliza-
tion on the expression of cellulose biosynthesis-involved 
genes, seedlings were fertilized with different concentra-
tions of urea water solution for 30 days and qRT-PCR 
were conducted on the leaf samples with a series of genes 
involved in cellulose synthesis. cDNAs were synthesized 
from RNA (1 µg in total) by the TransScript II All-in-One 
FirstStrand cDNA Synthesis SuperMix for qPCR (Trans-
Gen Biotech, Beijing, China) following the manufac-
turer’s instructions. qRT-PCR was performed using the 
MonAmpTM ChemoHS qPCR mix kit (Monad Biotech, 
Wuhan, China) and detected using the BIO-RAD CFX96 
real-time PCR detection system (BIO-RAD, Pleasanton 
CA, USA). The PCR cycling parameters used were: dena-
turation at 95 °C for 5 min and 42 cycles of 95 °C for 10 s, 
56 °C for 20 s, and 72 °C for 30 s. According to the output 
data, relative expressions of the mRNA of each sample 
were normalized according to the expression level of the 
internal reference gene PebActin. Three technical and 
biological replicates were used. The qRT-PCR primers, 
which were designed using Primer Premier v6.0 (Premier 
Biosoft, Palo Alto, CA, USA), are listed in Table S6.
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