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The Cellulose synthase (CesA) and Cellulose synthase-like (Csl) gene

superfamilies encode key enzymes involved in the synthesis of cellulose and

hemicellulose, which are major components of plant cell walls, and play

important roles in the regulation of fruit ripening. However, genome-wide

identification and functional analysis of the CesA and Csl gene families in

strawberry remain limited. In this study, eight CesA genes and 25 Csl genes

were identified in the genome of diploid woodland strawberry (Fragaria vesca).

The protein structures, evolutionary relationships, and cis-acting elements of

the promoter for each gene were investigated. Transcriptome analysis and

quantitative real-time PCR (qRT-PCR) results showed that the transcript levels

of many FveCesA and FveCsl genes were significantly decreased during fruit

ripening. Moreover, based on the transcriptome analysis, we found that the

expression levels of many FveCesA/Csl genes were changed after

nordihydroguaiaretic acid (NDGA) treatment. Transient overexpression of

FveCesA4 in immature strawberry fruit increased fruit firmness and reduced

fresh fruit weight, thereby delaying ripening. In contrast, transient expression of

FveCesA4-RNAi resulted in the opposite phenotypes. These findings provide

fundamental information on strawberry CesA and Csl genes and may

contribute to the elucidation of the molecular mechanism by which

FveCesA/Csl-mediated cell wall synthesis regulates fruit ripening. In addition,

these results may be useful in strawberry breeding programs focused on the

development of new cultivars with increased fruit shelf-life.
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Introduction

The firmness of strawberry (Fragaria spp.) fruit is a crucial

agronomic trait that is closely associated with its storage life and

commercial value. Fruit development in strawberry is divided

into two stages: the early growth stage and the ripening stage

(Liao et al., 2018). During the early stage, the fruit enlarges.

During the ripening stage, the fruit texture undergoes dramatic

changes, which is defined as fruit softening, mainly as a result of

alterations in cell wall structure and composition (Moya-León

et al., 2019). The Cellulose synthase gene superfamily, which

belongs to the glycosyltransferase-2 gene superfamily, is

presumed to be involved in the synthesis of major components

of the primary and secondary cell walls, such as cellulose and

hemicellulose polysaccharides (Czaja et al., 2007). Hence, the

mining of genes encoding cellulose synthases that function in

fruit development may enable manipulation of fruit ripening and

thereby enhance fruit storability.

The Cellulose synthase gene superfamily comprises the

Cellulose synthase A (CesA) and Cellulose synthase-like (Csl)

families, which can be resolved into the CesA clade and ten Csl

clades, i.e., CslA-CslH, CslJ and CslM (McFarlane et al., 2014).

Among the Csl clades, the CslA, CslC and CslD lineages are

prevalent in all terrestrial plants (Farrokhi et al., 2006). The CslB

lineages are considered to be dicotyledons-specific, whereas the

CslF and CslH lineages were indicated to be restricted to grasses

(Yin et al., 2009). Cellulose catalyzed by CesA plays a central role

in cell morphogenesis and cell wall integrity, which

predominantly determines plant development and growth

(Cosgrove, 2005; Persson et al., 2007; Liu et al., 2016; Hu

et al., 2018a; Hu et al., 2018b). In Arabidopsis (Arabidopsis

thaliana), AtCesA1, AtCesA3 and AtCesA6-like genes (AtCesA2,

AtCesA5, AtCesA6, and AtCesA9) are essential for the synthesis

of primary cell wall cellulose, whereas AtCes4, AtCes7, and

AtCes8 are responsible for the synthesis of secondary cell wall

cellulose (Taylor et al., 2003; Desprez et al., 2007; Persson et al.,

2007; Malinovsky et al., 2014). Overexpression of AtCesA2,

AtCesA5, and AtCesA6 in Arabidopsis causes enhanced cell

elongation and divisiona as well as increased secondary cell

wall deposition which, consequently, results in greater biomass

production (Hu et al., 2018a). In maize (Zea mays), the ENB1

gene encoding cellulose synthase is predominantly expressed in

the basal endosperm transfer layer (BETL) of the endosperm

during kernel development (Wang et al., 2022). Loss-of-function

of ENB1 causes defective cell wall ingrowths in BETL cells,

which, in turn affects nutrient absorption and, ultimately, results

in severe degradation of the endosperm (Wang et al., 2022).

Genes in the Csl family, which show significant similarity to

CesA gene family (Richmond and Somerville, 2000; Cantarel

et al., 2009), are grouped into ten subfamilies, including the

CslA-H, CslJ, and CslM subfamilies (Richmond and Somerville,

2000; Hazen et al., 2002; Farrokhi et al., 2006; Cantarel et al.,
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2009; Little et al., 2018). Evidence to date indicates that diverse

cell wall polysaccharides catalyzed by Csl gene family members

are crucial for plant development and for biotic or abiotic stress

tolerance. Several members of the Arabidopsis CslA family

function in the synthesis of mannan polysaccharides (Dhugga

et al., 2004; Liepman et al., 2005; Goubet et al., 2009; Liepman

and Cavalier, 2012). Overexpression of AtCslA2, AtCslA7, and

AtCslA9 enhances glucomannan biosynthesis and causes

defective embryogenesis, resulting in retard development and

occasional embryo death (Goubet et al., 2009). The CslD gene

family considered to be involved in the synthesis of xylan,

homogalacturonan, and mannan polysaccharides (Bernal et al.,

2007) and is required for the development of tip-growing cells.

In Arabidopsis, loss-of-function of AtCslD2 and AtCslD3 results

in a defective root-hair phenotype, and AtCslD1 and AtCslD4

mutants exhibit a defective pollen tube phenotype. Intriguingly,

constitutive overexpression of the Csl gene Soly07g043390 in

tomato (Solanum lycopersicum) significantly enhances

symptomatic tolerance and further results in improved plant

growth, fruit size, and yield in the tomato-Tomato yellow leaf

curl virus-pathosystem (Park et al., 2011; Verhertbruggen et al.,

2011; Yin et al., 2011; Dhugga, 2012; Yang et al., 2020; Choe

et al., 2021). Therefore, Csl genes may be utilized to potentially

strengthen the plant immunity system and maintain

crop productivity.

Together with themining of large-scale plant genomic sequence

data, theCellulose synthase gene superfamily has been identified in a

variety of plants, such as rice (Oryza sativa) (Hazen et al., 2002),

maize (Appenzeller et al., 2004; Li et al., 2019), tomato (Song et al.,

2019), and Physcomitrella patens (Roberts and Bushoven, 2007).

However, genome-wide characterization of the genes associated

with cellulose synthesis in strawberry remains to be elucidated. In

the present study, to mine the potential cellulose synthesis genes

that influence fruit ripening in strawberry, eight CesA and 25 Csl

genes were identified in the genome of diploid woodland

strawberry. The significantly down-regulated candidate FveCesA

and FveCsl genes were screened by transcriptome analysis and qRT-

PCR. In addition, transient overexpression and knock-down

experiments were performed to verify the function of candidate

genes involved in the regulation of fruit ripening. These results may

facilitate analysis of the mechanism by which FveCesA/Csl-

mediated cell wall synthesis regulates fruit ripening, and the

discovery of candidate genotypes for improved fruit shelf-life

in strawberry.
Materials and methods

Plant materials and growth conditions

Diploid woodland strawberry (F. vesca) seedlings were

planted in plastic pots (9 cm × 9 cm) containing an equal
frontiersin.org
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mixture of vermiculite and peat soil. The plants were grown in a

growth room under a 16 h/8 h (light/dark) photoperiod at 22°C

with 60% relative humidity. Once fully open, flowers were

pollinated manually every 2 days with a pollination stick.
Identification and characterization of
Cellulose synthase superfamily members
in the strawberry genome

The F. vesca v4.0 genome and v4.0.a2 annotation files were

downloaded from the GDR database (https://www.rosaceae.org/).

The strawberry protein database was searched using the TBtools

software (Chen et al., 2020). The amino acid sequences formembers

of the Arabidopsis cellulose synthase family (10 AtCesA and 30

AtCsl genes) were extracted from the TAIR database (https://www.

arabidopsis.org/) and were employed as queries for BLAST searches

with a cutoff E-value of 1e-5 in the strawberry protein database. A

total of eight FveCesA and 25 FveCsls genes were identified by a bi-

directional BLAST analysis using the TBtools software and the

NCBI Blastp tools. The NCBI Conserved Domain Database (http://

www.ncbi.nlm.nih.gov/cdd) and Pfam database (http://pfam.xfam.

org/) were used to predict the conserved domains in all putative

FveCesA and FveCsl proteins. The TBtools software was used to

predict the protein molecular weight, isoelectric point, and gene

structure. The Plant-mPLoc server (http://www.csbio.sjtu.edu.cn/

bioinf/plant-multi/) was used to predict the subcellular localization

of the putative proteins.
Phylogenetic relationship, chromosomal
location, and synteny analysis

Multiple sequence alignment of the cellulose synthase

protein sequences F. vesca, A. thaliana, and O. sativa was

performed with MUSCLE software. Maximum likelihood

phylogenetic trees were constructed, with topological support

assessed with 1000 bootstrap replicates, under the LG+G+I+F

substitution model using MEGA7 (Kumar et al., 2016). The

chromosomal distribution of the identified FveCesA and FveCsl

genes, and the syntenic relationships between CesA/Csl

homologs of F. vesca and Arabidopsis were analyzed and

visualized using TBtools.
Gene structure, conserved domain, and
motif composition analysis

The coding sequences (CDSs) and corresponding genome

sequences of the FveCesA and FveCsl genes were extracted from

the F. vesca genome and used to predict the exon-intron

structures. The conserved domains and motifs of FveCesAs

and FveCsl proteins were investigated using the NCBI
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Structure/cdd/wrpsb.cgi) and the MEME Suite tools (https://

meme-suite.org/meme/), respectively. Aschematic diagram of

gene structure, conserved domains, and motif composition was

generated and re-edited with TBtools.
Promoter Cis-acting element
distribution analysis

The 2000 -bp sequences upstream of the start codon of each

FveCesA and FveCsl gene was extracted as the promoter region and

submitted to the PlantCARE database (https://bioinformatics.psb.

ugent.be/webtools/plantcare/html/) for prediction of the cis-acting

elements. A heat map of the cis-acting elements of each FveCesA

and FveCsl gene was visualized using TBtools.
Transcriptome data analysis

For transcriptome analysis, strawberry fruits at the small white

stage [about 17 days after pollination (DAP)], big white stage (about

21 DAP), pre-turning stage (white receptacle with red achenes),

pink stage, and red stage (two or three days after the pink stage)

were collected for RNAseq analysis. To inhibit endogenous ABA

synthesis, the fruits at big green stage (12-14 DAP) were treated

with NDGA and harvested five days after treatment. To investigate

the expression patterns of FveCesA and FveCsl genes during fruit

development, the raw data for the above diploid woodland

strawberry fruit transcriptome (PRJNA522346) at different

developmental stages (Gu et al., 2019) were downloaded from the

NCBI database using Aspera software. The Bam files were

generated by aligning the transcriptome reads to the F. vesca

genome using HISAT2 software. Read counts aligned to each

FveCesA and FveCsl gene were counted using the featureCounts

program. The DESeq2 R package was used to standardize read

counts to obtain transcripts per kilobase million (TPM) values. A

heat map of the gene expression patterns was visualized using

the TBtools.
RNA isolation and qRT- PCR analyses

To verify the expression pattern of FveCesA/Csl genes during

fruit ripening, according to previous reports, the fruit development

of “Yellow Wonder” was divided into 12 stages from fully open

flower, including S1 (open flower), S2 (2-4 DAP), S3 (5-7 DAP), S4

(8-10 DAP), S5 (11-13 DAP), S6 (14-16 DAP), S7 (17-19 DAP),

RS1 (20-22 DAP), RS2 (23-25 DAP), RS3 (26-28 DAP), RS4 (29-31

DAP), and RS5 (32-34 DAP) (Liao et al., 2018). Total RNA of

strawberry fruits in the early development stage (S1, S3 and S5) and

the ripening stage (RS4) were isolated using the polysaccharide and

polyphenolics-rich RNAprep Pure Kit (Tiangen) in accordance
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https://www.rosaceae.org/
https://www.arabidopsis.org/
https://www.arabidopsis.org/
http://www.ncbi.nlm.nih.gov/cdd
http://www.ncbi.nlm.nih.gov/cdd
http://pfam.xfam.org/
http://pfam.xfam.org/
http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/
http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://meme-suite.org/meme/
https://meme-suite.org/meme/
https://bioinformatics.psb.ugent.be/webtools/plantcare/html/
https://bioinformatics.psb.ugent.be/webtools/plantcare/html/
https://doi.org/10.3389/fpls.2022.1044029
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Huang et al. 10.3389/fpls.2022.1044029
with the manufacturer’s instructions. The cDNA was synthesized

from total RNA using the HiScript II Q RT SuperMix for qPCR

reagent Kit (Vazyme). The RT-qPCR assay was performed on a

CFX96 Real-Time PCR system (Bio-Rad) using the AceQ qPCR

SYBR Green Master Mix (Vazyme). FveACTIN was used as the

internal control for normalization. The primers used for qRT-PCR

analyses are listed in Supplementary Table S1.
Construction of plasmid DNA

To generate an overexpression vector, the full-length CDS of

FveCesA4 was cloned into the pCAMBIA1305 vector and

designated 35S::FveCesA4 . For strawberry fruit RNAi

interference (RNAi) analysis, the pTRV1/pTRV2 viral-induced

gene silencing (VIGS) system was employed. A 375 -bp CDS

fragment (from 152 bp to 527 bp) of FveCesA4 was amplified

and inserted into the pTRV2 vector, and the construct was

designated pTRV2-FveCesA4. The primers used in vector

construction are listed in Supplementary Table S1.
Transient transformation analysis in
strawberry fruit

Strawberry fruits were infiltrated with Agrobacterium as

previously described (Liao et al., 2018). For the RNAi experiment,

fruits at the S4 stage were injected with Agrobacterium tumefaciens

strain GV3101 harboring pTRV1 in combination with the vector

containing either pTRV2 or pTRV2-FveCesA4. For transient

overexpression, fruits at the S7 stage were injected with A.

tumefaciens strain GV3101 harboring 35S::FveCesA4 .

Approximately 15 fruits from five individual plants were selected

for transient infiltration in each experiment. The fruit phenotype was

evaluated 7 days after injection.
Firmness and fruit size analysis

Fruit size was measured with a vernier calipers. Fresh fruit

firmness was detected using a texture analyzer (GY-4; Handpi).

Each fruit was measured five times in the equatorial region.
Results

Genomic identification and phylogenetic
analysis of Cellulose synthesis gene
in strawberry

To identify candidate cellulose synthesis genes, a

bidirectional BLAST search was performed against the F. vesca
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reference genome using the CesA/Csl protein sequences of

Arabidopsis. Eight FveCesA and 25 FveCsl genes were

obtained. The candidate CesA and Csl genes were named

consistent with their grouping in a phylogenetic analysis

(Supplementary Table S2). Overall, the candidate proteins

were predicted to range from 518 (FveCslA1) to 1138

(FveCSLD1) amino acids and from 5.93 KD (FveCslA1) to 12.6

KD (FveCslD1) in molecular weight. The pI ranged from 6.05

(FveCslD1) to 9.19 (FveCslA1). The candidate cellulose synthases

were predicted to be localized in the cell membrane, chloroplasts

and the Golgi apparatus (Supplementary Table S2).

To explore the evolutionary relationships of FveCesA/Csl

proteins in strawberry, 117 CesA and Csl homologs from

F. vesca, Arabidopsis, and rice were selected for phylogenetic

analysis (Figure 1 and Supplementary Table S3). The cellulose

synthase homologs of the three species were grouped into one

CesA clade and eight Csl clades (designated CslA-CslH). Eight

FveCesA/Csl proteins were grouped in the CesA clade, which

constituted the largest clade. With regard to the remaining

homologs from strawberry, three FveCesA/Csl proteins were

placed in each of the CslA, CslB, and CslG clades, six were

grouped in the CslC clade, and five in each of the CslD and CslE

clades. No rice CesA/Csl homologs were grouped in the CslB

and CslG clades. In contrast, no CesA/Csl homologs of

Arabidopsis and strawberry were placed in the CslF and CslH

clades, which were only present in rice. In addition, CslD and

CesA clades were phylogenetically close, suggesting that the

CesA/Csl homologs in these two lineages shared a

common ancestor.
Chromosomal distribution and synteny
analysis of Cellulose synthesis genes
in strawberry

The 33 cellulose synthesis genes were unequally distributed

on all seven chromosomes of F. vesca (Figure 2A). The FveCesA

genes were located on all chromosomes except Fvb4. By

comparison, FveCsl genes were present on all chromosomes

except Fvb1. Intriguingly, FveCslB and FveCslE members

exhibited tandem or segmental duplication, and were located

at the ends of chromosomes Fvb6 and Fvb3, respectively.

To further explore the evolutionary mechanism of the FveCesA/

Csl gene family, comparative syntenic maps of F. vesca and two

representative species (Arabidopsis thaliana and Oryza sativa) were

constructed at the genome-wide scale. Fourteen FveCesA/Csl genes

and five FveCesA/Csl genes exhibited collinearity relationships with

those of Arabidopsis and rice, respectively (Figure 2B). Interestingly,

FveCesA1, FveCesA4, FveCslD3, and FveCslD4 shared collinear

relationships with both of these species, suggesting that these

orthologous pairs may have predated the monocotyledon-

eudicotyledon divergence.
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Sequence analysis of Cellulose synthesis
genes in strawberry

To clarify the structural characteristics of the FveCesA/Csl

gene family, the conserved domain, motif composition, and gene

structure were analyzed. Two conserved domains in FveCesA/

Csl proteins were identified (Figure 3). The 24 proteins of the

CesA, CslD, CslB, CslE, and CslG clades contained the cellulose

synthase conserved domain (PLN02436, PLN02400, PLN02638,

PLN02189, PLN02915, PLN02248 and PLN02893). In

comparison, the nine proteins of the CslA and CslC clades

contained the glycosyl transferase family 2 domain

(CESA_CaSu_A2 and Clyco_tranf_GTA_type) (Figure 3B and

Supplementary Table S4). Consistent with the conserved domain

analysis, most proteins in the CslD clade shared a similar motif

composition with the CesA clade, except for the absent of

motif13. Except in rare cases, proteins in the CslB, CslG, and

CslE clades, containing the conserved domain PLN02893,

shared similar motif orders. In contrast, the CslA and CslC

clades contained a similar motif composition, but were

distinguished from those of the other clades (Figure 3A). The

majority of proteins containing similar motif compositions were

grouped in the same clade and may have similar functions.
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Analysis of the exon-intron organization of the FveCesA/Csl

genes revealed diverse genetic structures. The number of exons

in ranged from four to 14. Among the 33 FveCesA/Csl genes, the

majority (66%) were spliced with more than six exons and five

introns (Figure 3C). FveCesA/Csl genes with similar gene

structures were classified together, for example, the CslD and

CslC clades harbored five exons and four introns. The number of

exons of the CesA clade ranged from 11 to 14, whereas the other

clades contained nine (CslB clade), six to eight (CslG clade),

eight (CslE clade), and nine (CslA clade). The diversity of gene

structure indicated that FveCesA/Csl clades had experienced

diverse evolutionary scenarios.

To further analyze the conserved domain of the FveCesA/Csl

proteins, the amino acid sequence alignment of proteins in each

clade was performed (Supplementary Figures S1–S4 and

Supplementary Table S4). We found that Cellulose synthase

domain (cellulose_synt) was ubiquitously present in CesA,

CslB, CslD, CslE, CslG subfamily proteins (Supplementary

Figures S1, S2, S4). However, CslA and CslC subfamily

proteins contained glycosyltransferase family domain

(Glyco_trans_2_3), which further confirmed that these two

subfamilies may have different evolutionary origination

(Supplementary Figure S4). Almost all FveCesA/Csl proteins
FIGURE 1

Phylogenetic relationships among the Cellulose synthase genes from Arabidopsis (red square), rice (purple circular) and strawberry (blue star).
The selected CesA/Csl proteins are clustered into one CesA subfamily and nine Csl subfamilies and distinguished by different colors.
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typically contained “D, D, D and QxxRW” active site, suggesting

that they have conserved catalytic function. The “Q” amino acid

of the “QxxRW” motif was replaced by other amino acids,

implying that they may have functional differentiation. Unlike

other families, the N- terminals of A and D contain zinc finger

structures (Supplementary Figures S1), including conserved

cysteine residues, which presumably may contribute to

homologous or heteropolymerization.
Analysis of Cis-acting elements in
FveCesA/Csl promoters of strawberry
Cellulose synthesis genes

The cis-acting elements distributed in the regulatory regions

of a promoter principally determine the gene expression pattern.
Frontiers in Plant Science 06
The cis-acting elements in the promoter of the identified

FveCesA/Csl genes were predicted. In total, 18 types of cis-

acting elements were detected in the promoter of the FveCesA/

Csl genes (Figure 4A). These elements included a light-

responsive element (G-box), defense and stress response

elements (TC-rich-repeats, LTR-element, and ARE-element),

phytohormone response elements (ABRE, TGACG-motif,

CGTCA-motif , and TCA-element), and growth and

development-related elements (circadian, CAT-box, and

GCNA4-motif). In particular, the G-box, ARE-element,

TGACG-motif, and CGTCA-motif were abundant in the

promoters of most FveCesA/Csl genes, indicating that

these genes were required for stress tolerance and the growth

and development of strawberry, and were extensively

regulated by abscisic acid (ABA) and jasmonic acid (JA)

hormone signaling.
B

A

FIGURE 2

Chromosome distribution and synteny analysis of Cellulose synthase gene superfamily in strawberry. (A) Distribution diagram of Cellulose
synthase genes in strawberry chromosome. The strawberry chromosomes are denoted as “Fvb”, strawberry CesA family and Csl families are
distinguished by black and red letters, respectively; (B) Synteny analysis of Cellulose synthase genes between strawberry, Arabidopsis and rice.
Left diagram: analysis between rice and strawberry; right diagram: analysis between Arabidopsis and strawberry.
frontiersin.org

https://doi.org/10.3389/fpls.2022.1044029
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Huang et al. 10.3389/fpls.2022.1044029
Expression profiles of Cellulose synthesis
genes during strawberry fruit ripening

To investigate the expression profiles of FveCesA and FveCsl

genes during fruit development, we analyzed RNA-seq data for

diploid woodland strawberry fruit at different developmental

stages. The expression profiles of FveCesA and FveCsl genes in

the transcriptome data were represented as a heat map

(Figure 4B). The transcript levels of the FveCesA1, 2, 4, 5, and

6, FveCslA2 and 3, and FveCslC1, 2, and 5 genes were

significantly decreased in the late stage of fruit development

compared with the early stage. Interestingly, after ABA

biosynthesis was inhibited by nordihydroguaiaretic acid

(NDGA) treatment, the expression levels of FveCesA1 and

FveCslC4 were remarkably increased, whereas the expression

levels of FveCesA5 and 6, FveCslA2 and 3, FveCslC1 and 2, and

FveCslD3 were significantly decreased. Therefore, the expression

of these genes may be regulated by ABA signaling, which is

required for strawberry fruit ripening.

To further verify the RNA-seq results, we divided diploid

woodland strawberry fruit development, starting from anthesis,

into 11 stages as described previously (Liao et al., 2018),

comprising seven early stages (S1-S7) and four ripening stage

(RS1-RS4). Based on the promoter and RNA-seq data, the

transcript levels of 9 FveCesA/Csl genes were detected by qRT-

PCR during the early and ripening stages of fruit development
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(Figure 5). In the early stages (S1, S3 and S5), the expression of

FveCesA4, FveCesA7 and FveCslG2 was dramatically increased,

but the expression of FveCesA6 was not changed significantly. In

the ripening stage (RS4), the expression of the four genes was

significantly decreased (Figures 5A–C, I). With regard to

FveCslC2, FveCslC3, FveCslC5 and FveCslD5, the expression

levels of were high at the S1 stage, but dramatically decreased

with progression of fruit development (Figures 5D–F, H).

Interestingly, the expression levels of FveCslD3 remained low

in the early stages, but showed a marked upward trend in the

ripening stages (Figure 5G), suggesting that FveCslD3 may have

different function in the regulation of fruit development. These

results indicated that FveCesA and FveCsl genes displayed

functional diversity during fruit development.
FveCesA4 negatively regulates
strawberry fruit ripening by enhancing
fruit firmness

To investigate the function of cellulose synthesis genes in

strawberry fruit ripening, FveCesA4 was transiently

overexpressed in the fruit at the S7 stage (Figure 6A). The

expression level of FveCesA4 in 35S::FveCesA4 fruit increased

dramatically after injection (Figure 6B), resulting in reduced

fruit weight and significantly enhanced fruit firmness compared
B C DA

FIGURE 3

Structure characteristic of cellulose synthase gene in strawberry. (A) Phylogenetic analysis of FveCesA/Csl proteins. (B) Conserved motifs of
FveCesA/Csl proteins. (C) Conserved domains of FveCesA/Csl proteins. (D) Exon-intron structures of FveCesA/Csl genes. UTRs are highlighted
in green rectangles; exons are highlighted in yellow rectangles; introns are represented by solid lines. The scale bars indicate the length of the
corresponding proteins and genes.
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with the mock control (Figures 6E, F). Next, we deployed RNAi

of FveCesA4 at the S4 stage using the VIGS system. The

expression level of FveCesA4 was greatly suppressed at 7 days

after transient silencing (Figures 7A, B). Accompanying the

suppression of FveCesA expression, significantly increased fruit

weight and decreased fruit firmness in FveCesA4-RNAi fruit

were observed, in comparison with those of the control

(Figures 7E, F). In contrast, the fruit size and shape showed no

significant change in FveCesA4-RNAi and 35S::FveCesA4 fruits

(Figures 6C, D, 7C, D). Taken together, these results indicated

that FveCesA4 affects fruit ripening and biomass accumulation

by regulating fruit firmness.
Discussion

The CesA and Csl gene families associated with cell wall

polysaccharide biosynthesis play important roles in plant growth

and development and responses to environmental stress

(McFarlane et al., 2014). To date, the CesA/Csl gene families

have been extensively identified and studied in various species,

such as Arabidopsis (Persson et al., 2007), rice (Hazen et al.,

2002), cotton (Pear et al., 1996) and banana (Yuan et al., 2021),

but they have not been reported previously in strawberry. In this
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study, eight FveCesA genes and 25 FveCsl genes were identified

in diploid woodland strawberry by genome-wide sequence

analysis. Further analyses of phylogenic relationships, cis-

acting elements in promoter, synteny, gene expression

patterns, subcellular localization, and transient transformation

provide clues for understanding the mechanism of CesA/Csl

function in the development and ripening of a non-

climacteric fruit.

Previous studies have demonstrated that the cellulose

synthase gene superfamily can be resolved into the CesA clade

and ten Csl clades, (i.e., CslA-CslH, CslJ and CslM) (McFarlane

et al., 2014). Among the Csl clades, the CslA, CslC and CslD

lineages are prevalent in all terrestrial plant (Farrokhi et al.,

2006). The CslB lineages is considered to be dicotyledons-

specific, whereas the CslF and CslH lineages have been

indicated to be restricted to grasses (Yin et al., 2009). The

present phylogenetic analysis showed that the 33 putative

FveCesA/Csl proteins were dividable into seven distinct

subfamilies (Figure 1). Eight putative proteins were clustered

into the CesA clade, as the largest clade, and the remaining

putative proteins were grouped into the CslA, B, C, D, E, and G

clades with different abundances, suggesting that the CesA/Csl

gene family members have undergone extensive expansion and

diversification during evolution. The CslD clade was
BA

FIGURE 4

Promoter cis-acting elements and expression pattern analysis of FveCesA/Csl in strawberry. (A) Promoter cis-acting elements analysis of
FveCesA/Csl genes. CesA/Csl subfamilies are distinguished by different colors. Number and color depth are represented the number of
corresponding cis-elements. (B) Transcriptome analysis reveals the expression level of FveCesA/Csl genes during strawberry fruit development.
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phylogenetically close to the CesA clade, indicating that these

two lineages shared a common ancestor. No FveCesA/Csl genes

were resolved in the CslF and CslH clades, which was consistent

with previous reports (Yin et al., 2009). The CslA and CslC

clades are considered to have a distinct evolutionary origins

from the remaining Csl clades due to their close relationship

with the single-copy homologue found in six green algae species

(Yin et al., 2009). The present analysis of structural

characteristics demonstrated that the CslA and CslC clades in

strawberry contained the glycosyl transferase family 2 domain,

whereas the remaining clades contained the cellulose synthase

domain (Figure 3C). Similar to the conserved domain analysis,

the motif components of strawberry CesA, CslB, CslD, CslE and
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CslG genes exhibited high similarity, whereas the CslA and CslC

genes had entirely distinct motif compositions (Figure 3B).

These results were consistent with those of previous reports in

the other species. Furthermore, the CslE genes were distributed

in tandem in strawberry Fvb3 chromosome (Figure 2A). It is

speculated that FveCslE genes may be significantly expanded in

strawberry genome possibly through tandem gene replication,

which is similar to the conclusions of a study (Yin et al., 2009).

CesA and Cs l f ami l y gene s encode GT2- tyoe

glycosyltransferases, which is characterized by conserved

cytosolic substrate binding and catalytic residues composed of

D, D, D, and QxxRWmotifs (McFarlane et al., 2014). The first two

D residues coordinate UDP, the third D residue promotes the
B C

D E F

G H I

A

FIGURE 5

The expression pattern of Cellulose synthase genes during fruit development. (A–I) The relative expression levels of FveCesA4 (A), FveCesA6
(B), FveCesA7 (C), FveCslC2 (D), FveCslC3 (E), FveCsl5 (F), FveCslD3 (G), FveCslD5 (H), and FveCslG2 (I) during fruit development were detected
by qRT-PCR. Error bars represents SD of three independent replicates (5-10 fruits were used for each replicate). Letter in figure indicates
significant differences between stages (P < 0.05, one-way ANOVA, Tukey’s HSD post hoc test).
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glucan extension, and the QxxRW residues are responsible for

binding the glycogen residue at the terminus of cellulose chain

(Morgan et al., 2013). The present amino acid sequence alignment

showed that almost all FveCesA/Csl proteins typically contained

D, D, D, and QxxRWmotifs (Supplementary Figures S1–S4). The

substitution of glutamine residues in the QxxRW motif of

FveCslE1, FveCslE2, and FveCslG2 proteins by other residues

implies that they may have different functional properties

(Supplementary Figure S3), further supporting the hypothesis

that the CslE and CslG clade genes have acquired new plant-
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specific functions through diversification during evolution (Yin

et al., 2009). Cellulose synthesis in plants is catalyzed by the

rosette-like cellulose synthesis complex localized on the plasma

membrane (McFarlane et al., 2014). The present prediction of

subcellular localization showed that all the FveCesA/Csl proteins

were localized on the membrane (Supplementary Table S2). In

addition, proteins in the CesA and Csl clades contained the

conserved N-terminal zinc-finger domain (Supplementary

Figures S1, S2), which may be involved in CesA functions

specific to higher plants, such as the formation of rosette
B C

D E F

A

FIGURE 6

Transient overexpression of FveCesA4 suppressed fruit ripening. FveCesA4 was transiently overexpressed at S7 stage, and all analyses were
performed at 7 days after infiltration. (A) Fruit ripening was delayed after overexpression of FveCesA4, whereas the control fruits ripened. Scale
bar: 10 mm. (B) FveCesA4 transcript levels in 35S::FveCesA4 fruits dramatically increased compared with control. (C–F) Fruit length (C), width
(D), weight (E) and firmness (F) analyses of 35S::FveCesA4 fruits. All analyses were performed in three independent replicates with 15 fruits per
replicate. ** indicates significant differences between groups (P < 0.05, one-way ANOVA, Tukey’s HSD post hoc test).
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structure through subunit multimerization and the interaction

with regulatory factors (McFarlane et al., 2014).

In general, strawberry fruit firmness and texture change

dramatically during development and are regulated by ABA

signaling (Liao et al., 2018). Endogenous ABA levels in strawberry

fruit remain extremely low level during the early fruit development,

but increases sharply in the fruit ripening stage, which, in turn

triggers fruit ripening events, such as fruit softening and soluble

sugars accumulation (Liao et al., 2018). Fruit firmness and texture
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are closely related to the composition and content of cell wall

catalyzed mainly by cellulose synthesis genes. In the present study,

we analyzed the promoters of the FveCesA/Csl superfamily

members (Figure 4A). Abundant cis-acting elements associated

with plant growth and development, stress response, and

hormone regulation were detected in the promoters of the

FveCesA/Csl genes. These results suggested that the FveCesA/Csl

gene family may participate in plant growth and development as

well as stress tolerance, and the family members are regulated by
B C

D E F

A

FIGURE 7

Transient silencing of FveCesA4 accelerated fruit ripening. FveCesA4 was transiently silenced at S4 stage, and all analyses were performed at 7 days after
infiltration. (A) FveCesA4-RNAi fruits became ripened, while the control fruits remained unripe. Scale bar: 10 mm. (B) FveCesA4 transcript levels in
FveCesA4-RNAi fruits dramatically suppressed compared with control. (C–F) Fruit length (C), width (D), weight (E) and firmness (F) analyses of
FveCesA4-RNAi fruits. All analyses were performed in three independent replicates with 15 fruits per replicate. ** indicates significant differences
between groups (P < 0.05, one-way ANOVA, Tukey’s HSD post hoc test).
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plant hormones, especially ABA signaling. Consistent with the

present qRT-PCR results (Figure 5), the transcriptome data

showed that the expression levels of several FveCesA/Csl genes

decreased to varying extents in the fruit ripening stage (Figure 4B).

Furthermore, after spray application of NDGA to reduce the

endogenous ABA content in fruit, the transcript abundance of

certain FveCesA/Csl genes was changed to some extent (Figure 4B).

Moreover, the strawberry fruit transiently overexpressing FveCesA4

resulted in significantly increased fruit texture firmness and delayed

fruit ripening (Figures 6A, B, F). The fruit transient silencing of

FveCesA4 in strawberry showed a similar conclusion (Figures 7A, B,

F), implying that FveCesA4 positively regulates fruit firmness and

inhibits fruit ripening. In rice, overexpression of OsCslD4 increases

endogenous ABA levels and enhances rice salt-tolerance (Zhao

et al., 2022). Whether the transient overexpression of FveCesA4 in

strawberry fruit also affects endogenous ABA abundance, which is

required for fruit ripening, through the alteration of cell wall

integrity remains to be determined, and the underling mechanism

needs to be further examined. Notably, previous reports have

shown that cellulose synthesis genes not only function in plant

growth and development but also enhance plant biomass (Hu et al.,

2018a). Overexpression of AtCesA2, AtCesA5 and AtCesA6

enhances secondary cell wall deposition and results in increased

biomass production in Arabidopsis (Hu et al., 2018a). However, the

present data showed that overexpression of FveCesA4 in strawberry

fruit contributed to reduced fruit biomass (Figure 6E). The RNAi

results indicated a similar conclusion (Figure 7E). One possible

explanation could be that overexpression of FveCesA4 contributed

to improved fruit firmness and inhibited fruit ripening, which, in

turn suppressed the accumulation of relevant metabolites and then

reduced fruit biomass. Auxin and gibberellin (GA) promote

strawberry fruit growth in the early phase. The contents of

endogenous IAA and GA1+3 increased to the highest at S3 stage

during fruit development (Liao et al., 2018). In this study, FveCesA4

exhibited the highest expression level at S3 stage (Figure 5A), and

was phylogenetically closed to AtCesA4 (Figure 1), which was

responsible for the synthesis of secondary cell wall cellulose,

suggesting that FveCesA4- mediated cell wall synthesis may be

regulated by auxin and GA signaling and play an important role in

regulating fruit early development. Hence, the underlying

mechanism of FveCesA/Csl-mediated cell wall synthesis in the

regulation of strawberry fruit development and ripening requires

further exploration.
Conclusion

In this study, we identified eight FveCesA genes and 25

FveCsl genes in the genome of diploid woodland strawberry.
Frontiers in Plant Science 12
Analyses of the protein structure, phylogenetic relationships,

and expression patterns were performed to investigate the

characteristics and functions of the FveCesA/Csl genes. The

transient transformation of FveCesA4 in fruit further

confirmed that cell wall synthesis is essential for strawberry

fruit development and ripening. The present results provide a

foundation for detailed explorations of whether FveCesA/Csl-

mediated cell wall synthesis regulates fruit ripening in

strawberry, and they will assist in strawberry breeding aimed

at improving of the shelf-life of strawberry fruits.
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SUPPLEMENTARY FIGURE 1

Amino acid sequence alignment of CesA subfamily in strawberry.

Conserved zinc-binding domain is highlighted by red line. The

conserved cysteine residues in zinc-binding domain are marked
with red stars. Conserved cellulose_synt domain is highlighted by

blue line. The conserved “D, D, D and QXXRW motif” are marked with
blue stars.

SUPPLEMENTARY FIGURE 2

Amino acid sequence alignment of CslD subfamily in strawberry.
Conserved zinc-binding domain is highlighted by red line. The
Frontiers in Plant Science 13
conserved cysteine residues in zinc-binding domain are marked with
red stars. Conserved cellulose_synt domain is highlighted by blue line.

The conserved “D, D, D and QXXRW motif” are marked with blue stars.

SUPPLEMENTARY FIGURE 3

Amino acid sequence alignment of CslA and CslC subfamily in strawberry.
(A) Amino acid sequence alignment of FveCslAs proteins. (B) Amino acid

sequence alignment of FveCslCs proteins. Conserved Glyco_tranf_2_3
domain is highlighted by blue line. The conserved “D, D, D and QXXRW

motif” are marked with blue stars.

SUPPLEMENTARY FIGURE 4

Amino acid sequence alignment of CslB, CslE and CslG subfamily in
strawberry. (A) Amino acid sequence alignment of FveCslBs proteins. (B)
Amino acid sequence alignment of FveCslEs proteins. (C) Amino acid

sequence alignment of FveCslGs proteins. Conserved Glyco_tranf_2_3
domain is highlighted by blue line. The conserved “D, D, D and QXXRW

motif” are marked with blue stars.
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