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A B S T R A C T   

Plant rhamnogalacturonan lyases (RGLyases) cleave the backbone of rhamnogalacturonan I (RGI), the “hairy” 
pectin and polymer of the disaccharide rhamnose (Rha)-galacturonic acid (GalA) with arabinan, galactan or 
arabinogalactan side chains. It has been suggested that RGLyases could participate in remodeling cell walls 
during fruit softening, but clear evidence has not been reported. To investigate the role of RGLyases in strawberry 
softening, a genome-wide analysis of RGLyase genes in the genus Fragaria was performed. Seventeen genes 
encoding RGLyases with functional domains were identified in Fragaria × ananassa. FaRGLyase1 was the most 
expressed in the ripe receptacle of cv. Chandler. Transgenic strawberry plants expressing an RNAi sequence of 
FaRGLyase1 were obtained. Three transgenic lines yielded ripe fruits firmer than controls without other fruit 
quality parameters being significantly affected. The highest increase in firmness achieved was close to 32%. Cell 
walls were isolated from ripe fruits of two selected lines. The amount of water-soluble and chelated pectins was 
higher in transgenic lines than in the control. A carbohydrate microarray study showed a higher abundance of 
RGI epitopes in pectin fractions and in the cellulose-enriched fraction obtained from transgenic lines. Sixty-seven 
genes were differentially expressed in transgenic ripe fruits when compared with controls. These genes were 
involved in various physiological processes, including cell wall remodeling, ion homeostasis, lipid metabolism, 
protein degradation, stress response, and defense. The transcriptomic changes observed in FaRGLyase1 plants 
suggest that senescence was delayed in transgenic fruits.   

1. Introduction 

Fruit ripening is a complex developmental process that involves 
many genetic and biochemical modifications, such as the accumulation 
of pigments and soluble sugars, the production of aromatic compounds, 
or flesh softening. These changes, originally evolved to make fruits more 
attractive to animals for seed dispersal, and converted the fruit into an 
edible commodity adequate for human consumption. The rate of fruit 
softening is an economically important trait since this determines the 
length of time from harvest to retail and the shelf life at consumers’ 
homes (Brummell et al., 2022). Strawberry (Fragaria × ananassa Duch.) 
belongs to the group of soft fruits characterized for their fast softening, 

acquiring a melting texture in a few days after full ripeness. 
The disassembly of the primary cell walls, the dissolution of the 

middle lamella, and the reduction in cell turgor have been identified as 
the main factors triggering fruit softening (Brummell, 2006; Wang et al., 
2018; Posé et al., 2019). At the cell wall level, the most pronounced 
ripening-associated changes occur in the pectin fraction, involving the 
depolymerization and solubilization of homogalacturonan (HG), the 
demethylation of HG and the loss of arabinan and galactan side chains 
from rhamnogalacturonan I (RGI) (Brummell et al., 2022). It is assumed 
that pectin remodeling reduces wall strength and cell adhesion, pro-
moting textural changes. The critical role of pectins in fruit softening has 
been assessed by functional analysis of genes encoding pectinase 
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enzymes. Thus, transgenic down-regulation of genes encoding pectate 
lyase or polygalacturonase, both enzymes depolymerizing the HG 
backbone, or β-galactosidase, an enzyme that releases galactose from 
RGI side chains, decreased softening and extended shelf life in fruits 
with contrasting textural properties, including a soft fruit as strawberry 
(Jiménez-Bermúdez et al., 2002; Atkinson et al., 2012; Uluisik et al., 
2016; Paniagua et al., 2020; López-Casado et al., 2023). 

Rhamnogalacturonan I (RGI) polymers are highly ramified pectins 
composed of a backbone of the disaccharide rhamnose (Rha)-galacturonic 
acid (GalA), partially substituted at O-4 or O-3 positions of Rha residues by 
arabinan, galactan or arabinogalactan side chains (Yapo, 2011). This 
pectin domain, also known as hairy pectin, accounts for 5–45% of cell wall 
pectins, depending on the source and extraction method (Yapo, 2011). 
How the different pectin domains are interconnected in muro is unknown. 
The most accepted model suggests that pectins are constituted by a linear 
HG backbone interspersed with Rha residues and alternated at regular 
intervals with RGI, xylogalacturonan, and rhamnogalacturonan II domains 
(De Vries et al., 1982). Alternative models attribute greater importance to 
the RGI and postulate that this pectin domain functions as a scaffold to 
which other pectins are covalently linked as side chains (Vincken et al., 
2003; Yapo, 2011). As previously commented, RGI remodeling during 
fruit ripening involves the loss of galactan and arabinan side chains, and 
this process has been associated with fruit softening. However, the role of 
enzymes degrading the RGI backbone has received little attention. 
Rhamnogalacturonan hydrolases (EC 3.2.1.171–3.2.1.174) and lyases (EC 
4.2.2.; RGLs) can potentially degrade the backbone of RGI. In plants, only 
RGL genes have been described. These enzymes are found in four poly-
saccharide lyase (PL) families (CAZy database, www.cazy.org): PL11 and 
PL9, containing RG endo-lyases of fungal and bacterial origin; PL26, 
bacterial and fungal exo-lyases; and PL4, comprising most eukaryotic 
endo-lyases of fungal and plant origin. RGLs from the PL4 family contain 
three domains tightly packed (McDonough et al., 2004). The N-terminal 
domain (PF06045) is the largest and contains the catalytic site. The central 
domain (PF14686), a fibronectin type III-like domain, and the C-terminal 
domain (PF14683), a carbohydrate-binding module, are probably 
involved in binding to the carbohydrate substrate (McDonough et al., 
2004). 

Several experimental pieces of evidence support the role of RGLs in 
cell wall remodeling during fruit softening. Thirteen genes encoding 
RGLs have been described in tomato (Berumen Varela et al., 2017). 
Expression of one of them, Solyc11g011300, under the control of the 
constitutive promoter CaMV35S resulted in higher transgene expression 
level during tomato fruit growth but lower mRNA level and protein 
activity at ripening stages, supposedly due to a co-suppression effect 
(Ochoa-Jiménez et al., 2018). Transgenic tomato fruits were firmer and 
displayed a longer shelf life than control (Ochoa-Jiménez et al., 2018). 
In strawberry, Molina-Hidalgo et al. (2013) identified an RGL gene, 
FaRGLyase1, whose expression increased as the fruit ripened. Transient 
silencing by agroinfiltration into fruit receptacles reduced the degra-
dation of the middle lamella, suggesting a role of this gene in strawberry 
softening. In F. chiloensis, one of the progenitors of the cultivated 
strawberry, the expression pattern of FchRGL1 has also been related with 
fruit softening (Méndez-Yañez et al., 2020). To gain insight into the role 
of RGLs in the cell wall remodeling process associated with fruit soft-
ening, a genome-wide analysis of RGLyase genes in Fragaria has been 
performed in this research. Additionally, transgenic strawberry plants 
with FaRGLyase1 down-regulated by RNAi were generated, and their 
fruits were characterized at the cell wall composition and transcriptomic 
levels. The results indicate that the FaRGLyase1 gene participates 
actively in the degradation of RGI and strawberry fruit softening. 

2. Materials and methods 

2.1. Plant material 

Strawberry plants (Fragaria × ananassa Duch.) cv. ‘Chandler’ 

obtained by runner propagation were used. Plants were grown in 22 cm 
pots containing peat moss, sand, and perlite (6:3:1) and cultured in a 
confined greenhouse with a cooling system to maintain the maximum 
temperature below 30 ◦C. ‘Chandler’ plants micropropagated in a me-
dium containing N30K mineral formulation, MS microelements and vi-
tamins, and 2.21 μM kinetin (Barceló et al., 1998) were used for genetic 
transformation. 

2.2. Identification of RGL genes in fragaria 

The seed sequence of RGL domain PF06045 was used to search RGL 
genes within the genomes of F. × ananassa (Camarosa Genome Assembly 
v1.0.a2; Liu et al., 2021), F. vesca (Fragaria vesca Whole Genome v4.0.a2; 
Li et al., 2019), and F. iinumae (Edger et al., 2020). The Blastp tool of the 
Genome Database for Rosaceae was employed (https://www.rosaceae. 
org/). The topology of protein sequences was analyzed with 
DeepTMHMM software (https://biolib.com/DTU/DeepTMHMM/). 

Phylogenetic analysis of RGLyase proteins was conducted by the 
Maximun Likelihood method and JTT matrix-based model. The boot-
strap consensus tree was inferred from 100 replicates. Branches corre-
sponding to partitions reproduced in less than 50% of bootstrap 
replicates are collapsed. The tree was constructed using MEGA11 and 
displayed and annotated with iTOL v5. 

2.3. Generation of transgenic strawberry plants 

The binary vector pFNR-FaRGLyase1, containing a 475 bp non- 
conserved region of the FaRGLyase1, was used for genetic trans-
formation. This vector was previously obtained by Molina-Hidalgo et al. 
(2013) and successfully used for RNAi silencing of the gene in transient 
transformation studies. The plasmid was introduced in Agrobacterium 
tumefaciens strain AGL1. Leaf disks from micropropagated strawberry 
plants were precultured for eight days in regeneration medium (micro-
propagation medium above described without kinetin and supple-
mented with 8.8 μM benzylaminopurine (BAP) and 2.46 μM 
indole-3-butyric acid (IBA) (Barceló et al., 1998). Then, explants were 
inoculated with a diluted culture of the A. tumefaciens, cocultured for 
two additional days in the same medium, and transferred to the selection 
medium (regeneration medium supplemented with 25 mg l− 1 kana-
mycin and 500 mg l− 1 carbenicillin). Regenerated shoots were micro-
propagated and rooted in the presence of 25 mg l− 1 kanamycin and 
acclimated to ex vitro conditions. 

2.4. Phenotypic analysis of transgenic RGLyase1 plants 

After acclimatization, primary transgenic plants from eleven inde-
pendent lines were propagated by runners in the greenhouse, and 
daughter plants were used for phenotypic analysis. Non-transformed 
plants were used as controls. Fruits were collected from February to 
June at the stage of full ripeness, 100% red surface. Fruit color was 
measured with a colorimeter Minolta Chroma Meter CR-400. The 
L*a*b* color space parameters (lightness, redness, yellowness) were 
recorded. Soluble solids were measured using a refractometer (Atago 
N1), and firmness using a hand-held penetrometer (Effegi) with a cy-
lindrical needle of 9.62 mm2 surface. Six to 10 plants per line were 
cultivated, and a minimum of 10 ripe fruits per line were assessed. 

In a different experiment, the growth of fruits from control and 
selected transgenic lines was measured. Flowers at anthesis, with re-
ceptacles of about 5 mm, were tagged and photographed every three 
days until full ripening. The length of the longitudinal axis of the fruit at 
each sampling day was measured in the pictures using ImageJ. Data 
were fitted to a logistic growth curve, and relative growth rates were 
calculated (Paine et al., 2012). Eight to 10 flowers per genotype were 
tagged, and each point of the curve corresponds to a minimum of three 
independent fruits per genotype. 
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2.5. Molecular analysis of transgenic RGLyase1 plants 

Total RNA was isolated from independent pools of de-achened ripe 
fruits, as reported by Gambino et al. (2008). The RNA obtained was treated 
with RNase-free DNase I (Roche) and purified through the RNeasy Mini-
Elute Cleanup kit (Qiagen). RNA concentration and purity were evaluated 
using a Nanodrop™ spectrophotometer ND-1000 (Thermo Scientific) and 
1% agarose gel electrophoresis. The gene expression analysis of FaR-
GLyase1 and FaMyb10 genes was performed by quantitative real-time PCR 
(qRT-PCR) through a CFX96 Touch Real-Time PCR Detection System. The 
FaRGlyase1 gene primer sequences for quantitative amplification were 
5′-TCCCTGATCGCTCAGCTGCCGA-3′ and 5′-TCGTGAGAGTTGGATCCTC 
GTGCCG-3′, and those for FaMyb10 5′-CGGCTTCATACGCAAAGCAA-3′ 
and 5′-GAGTCTGTGGTGGTGCTGTT-3’. The interspacer 26S–18S refer-
ence gene, which exhibits constitutive expression during fruit ripening, 
was used for normalization (Amil-Ruiz et al., 2013). Relative differential 
expression was determined by using the 2− ΔΔCt method (Pedersen and 
Amtssygehus, 2001). 

For transcriptomic analysis, total RNA from control and transgenic 
ripe fruits from selected lines RG26 and RG87 was extracted as described 
previously. RNA quantity and integrity were checked by nanodrop, 
agarose gel electrophoresis, and Agilent 2100 bioanalyzer, with RNA 
integrity number (RIN) higher than 8 for all replicates. Three indepen-
dent biological replicates were used. Libraries with insert sizes ranging 
from 150 bp to 200 bp were constructed and sequenced using an Illu-
mina HiSeq 2000 at the Novogene Bioinformatics Institute, Beijing. 
More than 80 million reads per sample were generated. These sequences 
were mapped to the ‘Camarosa’ F. × ananassa Genome Assembly v1.0.a2 
using TopHat2. The gene expression level was estimated by counting the 
reads that map to genes or exons and expressed as fragments per kilo-
base of transcript sequence per million base pairs sequenced (FPKM). 
For differential expression analysis, log2fold change values were 
calculated from normalized transgenic and wild-type read counts; a 
negative binomial distribution was used to estimate the associated 
probability, and those genes with an adjusted P-value <0.05 were 
considered as differentially expressed genes (DEGs). 

2.6. Extraction and analysis of fruit cell walls 

De-achened frozen fruits from control and selected transgenic lines at 
the stage of full ripeness were milled to powder under liquid nitrogen 
and extracted with PAW (phenol:acetic acid:water, 2:1:1, w/v/v) as 
described previously (Santiago-Doménech et al., 2008). Briefly, 10 g of 
fruit powder was extracted with 20 ml of PAW. After centrifugation at 
4000g, pellets were de-starched by aqueous DMSO 90% treatment, and 
the final residue was lyophilized, considered the cell wall (CWM) 
extract. The CWM (150 mg) was sequentially extracted following the 
procedure of Santiago-Doménech et al. (2008) to obtain fractions 
enriched in pectins (water, CDTA, and sodium carbonate solubilized 
fractions) and hemicellulose (KOH 1M and KOH 4M). The carbazol 
method was used for measuring the uronic acid (UA) content in PAW 
and cell wall fractions, using GalA as the standard. The neutral sugar 
content was colorimetrically quantified following the orcinol method 
with glucose as the standard. 

Comprehensive microarray polymer profiling (CoMPP) was per-
formed using the protocol described in Kračun et al. (2017). For this 
analysis, high-throughput cell wall fractions were obtained by sequen-
tial homogenization of CWM with glass beads using a tissue lyser (Retsch 
MM400 mixer mill) for the following solvent series: sterile water; 0.1 M 
Na2CO3; 4 M KOH; and cadoxen [31% 1,2-diaminoethane with 0.78 M 
cadmium oxide (v/v)]. Both alkaline fractions included 0.1% NaBH4 
freshly added just before use. For the first water-soluble fraction, 10 mg 
of cell wall extract was homogenized in a tissue lyser with 500 μl of 
water at 30 Hz shaking for 20 min, followed by gentle rocking for 1 h at 
room temperature. After centrifugation at 2700g for 15 min, superna-
tants were saved in a fresh tube and stored as the water fraction, while 

pellets were further extracted with the next solvent, following the same 
extraction steps. Supernatants of each fraction were diluted four times 
(first dilution 1:1 and 5-fold for the following dilutions) and printed as 
four technical replicates. All transgenic and wild-type samples were 
printed simultaneously on the same sheet of nitrocellulose as adjacent 
arrays using an ArrayJet Sprint (ArrayJet, Roslin, UK) and quantified as 
previously described (Kračun et al., 2017). The printed nitrocellulose 
sheets were probed with the primary monoclonal antibodies (mAbs) 
diluted (1/10) in phosphate-buffered saline (PBS) containing 5% (w/v) 
milk powder (MPBS). Secondary anti-rat or anti-mouse antibodies con-
jugated to alkaline phosphatase (Sigma) were diluted (1/5000) in MPBS. 
Primary mAbs used in this study (Supplementary Table 1) were obtained 
from the University of Leeds, UK, except RU1 and RU2, which were 
kindly provided by M.C. Ralet (Biopolymères Interactions Assemblages, 
Nantes, France). Developed microarrays were scanned (CanoScan 
8800F), converted to TIFFs, and signals were processed by ImaGene 6.0 
microarray analysis software (BioDiscovery). The mean spot signals 
obtained from four experiments are presented in heat maps in which 
color intensity was correlated to the signal. The highest signal in each 
dataset was set to 100, and all other values were normalized accord-
ingly. A cut-off value of 5 was applied. 

2.7. Immunolabelling of fruit sections 

Small fruit cylinders, including cortical and pith tissues, were ob-
tained from ripe fruits of control and transgenic plants. Samples were 
immediately fixed in a solution containing 4% (w/v) formaldehyde in 
PEM buffer (50 mM PIPES, 5 mM EGTA, and 5 mM magnesium sulfate; 
pH 6.9), subjected to a mild vacuum for 1 min, and incubated at 4 ◦C for 
8 h. This procedure was repeated twice. The fixed samples were dehy-
drated in an ethanol series and infiltrated with resin LR White (Agar 
Scientific). Embedded samples were maintained at 50 ◦C for 24 h for 
resin polymerization. Thin sections (4 μm) were cut using a hard tissue 
microtome (Leica EM UC7) and mounted on silanized glass slides. Sec-
tions were processed for immunohistological analysis using RU1, LM5, 
and LM6-M mAb against RGI backbone, galactan, and arabinan lateral 
side chains, respectively. Briefly, the sections were blocked in PBS (0.1 
M phosphate-buffered saline, pH 7.3; 0.3 M NaCl) with 5% milk powder 
for 30 min. After several washes with PBS, the sections were incubated 
with a primary antibody in a blocking buffer for 90 min, rinsed with PBS, 
and then incubated with a secondary antibody in a blocking buffer for 
1h. The secondary antibodies used were Goat anti-rat IgG conjugated 
with FITC (Sigma; 1:100 dilution) in the case of LM5 and LM6-M and 
Goat anti-mouse IgG conjugated with FITC (Sigma; 1:50 dilution) for 
RU1 mAb. The sections were rinsed with PBS three times and then 
stained with calcofluor (0.25 mg l− 1 in PBS) for 5 min. The control 
sections for the immunoassay were subjected to the same treatment, 
excluding the primary antibody incubation. The sections were mounted 
with Mowiol, and the green fluorescence was examined using a fluo-
rescein isothiocyanate (FITC) filter block in an epifluorescence micro-
scope (Nikon Eclipse E800). A minimum of five independent fruits per 
genotype were processed. 

2.8. Statistical analysis 

Data were subjected to ANOVA using R. Bartlett test for homogeneity 
of variance was performed prior to ANOVA. Tukey and Dunn tests were 
used for mean separation for homogeneous and non-homogeneous 
variances, respectively. All tests were performed at P = 0.05. 

3. Results 

3.1. Identification of RGLyase genes in Fragaria 

Genes with homology to Pfam06045 domain, characteristics of RGLs 
proteins, were searched in the Genome Database for Rosaceae (GDR; 
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https://www.rosaceae.org/) using the F. × ananassa Camarosa Genome 
Assembly v1.0.a2 (Supplementary Table 2). Seventeen out of the 28 
genes identified encoded proteins that displayed the typical arrange-
ment of the three domains, RGL (PF06045), fn3 (PF14686), and CBM 
(PF14683), present in RGLs (McDonough et al., 2004). Protein length 
ranged from 638 to 722 aas (Supplementary Table 3). Three additional 
genes showed a complex structure encoding larger proteins (981–1431 
aas) containing two sets of the three RGLs domains (FxaC_2g26140.t1) 
or one or two additional Glycosyl hydrolase family 28 C-terminal do-
mains (FxaC_2g08540.t1; FxaC_4g36680.t1). Finally, eight genes encode 
shorter proteins with incomplete domains or lacking fn3 and CBM do-
mains. Only the 20 proteins containing the three RGL domains were 
used for further analysis. Sequence analysis by DeepTMHMM predicts 
that all these proteins were outside the cell, and 15 contained a signal 
peptide. Interestingly, FxaC_2g26140.t1, encoding the larger RG 

protein, displayed two transmembrane regions (Supplementary 
Table 3). FaRGLyase1 protein sequence (Molina Hidalgo et al., 2013) 
corresponded to FxaC_3g03480. 

RGLyase genes were also searched in the genomes of F. vesca and 
F. iinumae, the diploid progenitors of cultivated strawberry (Feng et al., 
2021) (Supplementary Table 4). In F. vesca, 12 RGLyase genes were 
found. The F. vesca genome used in the analysis included alternative 
splicing, and the RGLyase genes encoded 19 predicted proteins con-
taining the complete set of RGLyase domains. The search in F. iinumae 
reported eight genes that encoded RGLyase proteins containing the three 
typical domains, two short sequences lacking one or two domains, and a 
large sequence with two sets of the three RGLyase domains. 

A phylogenetic tree was built using the predicted strawberry RGL 
proteins containing the three functional domains and the eudicots RGLs 
previously analyzed by Mokshina et al. (2019). The F. chiloensis RGL 

Fig. 1. Phylogenetic analysis of RGL proteins. The evolutionary history was inferred by using the Maximum Likelihood method and JTT matrix-based model, with 
100 bootstraps. Branches corresponding to partitions reproduced in less than 70% bootstrap replicates are collapsed. Size of blue circles indicates bootstrap support 
of branches, in the range 70–100%. Evolutionary analyses were conducted in MEGA11 and the tree was displayed and annotated with iTOL v5. Genes used in the 
analysis are listed in Supplementary Table 5. Fragaria × ananassa genes in bold correspond to those expressed in fruit. 
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gene FchRGL1 (FcQFG75912.1) described by Méndez-Yañez et al. 
(2020) and the Solanum lycopersicum RGL gene Solyc11g011300 
(Ochoa-Jiménez et al., 2018) were also included in the analysis (Fig. 1). 
Mokshina et al. (2019) found that RGLs from several dicot species were 
separated into two clades, namely Group I and II. In the present study, 
proteins from Group I also appeared grouped into the same Clade 
(named Group I in this research, following the nomenclature of Mok-
shina et al. (2019)). However, RGLs from Group II formed a heteroge-
neous group that was actually separated into different species-specific 
clades. Some strawberry RGLs were included in Group I, which was the 
most numerous. However, most of the Fragaria proteins formed a 
separate clade, Group III. On the other hand, all F. × ananassa genes 
appeared closely clustered with their corresponding F. vesca or 
F. iinumae homolog genes. Finally, F. chiloensis FchRGL1 displayed a high 
identity level with FaRGLyase1 protein in Group III. 

A transcriptome study by RNAseq in cv. ‘Chandler’ fruits showed that 
only five RGL genes were expressed in the red receptacle. The expression 
level of FaRGLyase1 was significantly higher than the other RGLs 
(Fig. 2). Similarly, the analysis of the transcriptomic data reported by 
Liu et al. (2021) showed the expression of four RGL genes during 
‘Camarosa’ fruit development (Supplementary Fig. 1). The expression of 
three out of four of these genes, including FaRGLyase1, was induced 
during fruit ripening. However, in ‘Camarosa’ fruits, the highest 
expression level corresponded to Fxa_4g36680. 

3.2. Generation and characterization of RNAi transgenic lines 

Leaf explants from micropropagated ‘Chandler’ plants were trans-
formed with A. tumefaciens harboring the RNAi sequence from FaR-
GLyase1 described in Molina-Hidalgo et al. (2013). Eleven independent 
transgenic lines showing active growth in the presence of kanamycin 
were obtained. These plants were acclimated to greenhouse conditions 
for molecular and phenotypical evaluation. No vegetative alterations 
were observed in the transgenic lines, with the growth pattern similar to 
control plants. The FaRGLyase1 expression level was measured in whole 
ripe fruits. Nine out of the 11 lines obtained showed a significant 
down-regulation of the gene, higher than 90% (Fig. 3). The expression 
level of FaMyb10, a master regulator of anthocyanin biosynthesis, was 

also measured in the same samples as a marker of the fruit ripening 
stage. All fruits displayed similar or even higher FaMyb10 mRNA levels 
than wild type fruits (Supplementary Fig. 2). 

Fruit weight, size, and soluble solid content in wild type and trans-
genic ripe fruits are shown in Table 1. In general, fruit weight was 
slightly lower in the transgenic lines, although the differences with wild 
type fruits were not significant. Fruit length was significantly reduced in 
RG1, RG52, and RG54, while fruit width was not significantly affected. 
Similarly, FaRGLyase1 silencing did not modify soluble solids content. 
Regarding fruit firmness, fruits from lines RG26, RG84, and RG87 were 
significantly firmer than wild type (Fig. 4). Mean values of fruit firmness 
in the different lines were negatively correlated with FaRGLyase1 gene 
expression level (Pearson correlation coefficient of − 0.73, significant at 
P = 0.05). 

Transgenic lines RG26 and RG87 were selected for further studies. 
The phenotypic analysis of these lines was performed in daughter plants 
obtained by runner propagation. Flowers from control and transgenic 
lines were tagged at anthesis, and fruit length was measured until 
ripening to determine fruit growth rates. Images of control and trans-
genic fruits at different developmental stages are shown in Supple-
mentary Fig. 3. Fruit length data were adjusted to a logistic growth 
curve, obtaining R2 values higher than 0.97 (Supplementary Fig. 4). The 
parameters of the logistic curves were not statistically different in con-
trol and transgenic lines. Relative growth rates (RGR) calculated from 
the logistic curves were slightly higher in the transgenic lines during the 
initial developmental phases until day 20 but lower than the control at 
the final ripening stages (Supplementary Fig. 4). Most fruits reached the 
commercial mature stage, more than 80% of the fruit surface red, 28–30 
days after anthesis, independently of the genotype. Fruit quality pa-
rameters were measured at full ripeness. The results obtained were 
similar to those previously described (Table 2). Fruits from RG26 lines 
were slightly smaller than wild type, but neither soluble solids content 
nor fruit color were affected (Table 2). Both transgenic lines produced 
fruits significantly firmer than the control, ranging the increment in 
firmness from 15% in RG87 to 32% in RG26. 

3.3. Cell wall analysis of transgenic fruits 

Cell walls were extracted from ripe receptacles of wild type and 
selected transgenic lines using PAW (phenol:acetic acid:water) to inac-
tivate cell wall enzymes. The yield of cell wall material (CWM) was 
similar in control and transgenic lines, ca. 0.9 g CWM/100 g FW; how-
ever, the amount of PAW soluble fraction was significantly higher in the 
transgenic lines, 0.30 ± 0.03 g PAW/100 g FW in WT vs. 0.43 ± 0.03 

Fig. 2. Expression of RGL genes in ripe strawberry, cv. ‘Chandler’. Gene 
expression values were obtained in an RNA-seq study performed in ripe re-
ceptacles and correspond to fragments per kilobase of transcript sequence per 
million base pairs sequenced (FPKM). Columns with different letters indicate 
significant differences by Tukey test at P = 0.05. 

Fig. 3. FaRGLyase1 gene expression in ripe fruits from transgenic RNAi lines 
measured by qRT-PCR. Expression levels were normalized to the wild type 
(WT). Data correspond to mean ± SD of three biological replicates. 
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and 0.40 ± 0.01 in RG26 and RG87 transgenic lines, respectively. CWM 
was extracted with different solvents to obtain fractions enriched in 
water-soluble, ionically bound- and covalently bound-pectins (water, 
CDTA, and Na2CO3 fractions, respectively) and hemicellulosic polymers 
(KOH 1M and 4M fractions). The amount of pectin-enriched fractions 
was higher in transgenic fruits. In contrast, yield of hemicellulosic ma-
terial was not altered (Fig. 5A). Pectin content was measured in the 
different pectin fractions and in the hemicellulosic fractions (Fig. 5B). A 
significantly higher amount of UA was observed in water and CDTA 
fractions from both transgenic lines when compared with wild type 
fruits; by contrast, Na2CO3 contained similar UA contents. As expected, 
the pectin contents in both hemicellulosic KOH fractions were lower 
than those observed in the pectin fractions, and there were no statistical 
differences in transgenic and wild type fruits. The total amount of UA in 
the different cell wall fractions analyzed increased by 34% as a result of 
FaRGLyase1 down-regulation, 14.9 mg.100 mg− 1 CWM in WT vs. 20.5 

and 19.4 mg.100 mg− 1 CWM in RG26 and RG87 transgenic lines, 
respectively. Neutral sugar content was also higher in all fractions from 
transgenic fruits when compared with control; however, the differences 
were only significant in CDTA and KOH 1M fractions (Supplementary 
Fig. 5). 

Fractions rich in loosely and tightly bound pectins (water and 
Na2CO3 fractions, respectively), xyloglucans (KOH 4M), and matrix 
polysaccharides highly imbricated into cellulose microfibrils (cadoxen) 
were subjected to Comprehensive Microarray Polymer Profiling 
(CoMPP) using a set of mAbs against different cell wall epitopes (Sup-
plementary Table 1). A heatmap showing the relative abundance of the 
glycans recognized by the mAbs is shown in Fig. 6. The abundance of 
RGI epitopes, both RGI backbone, recognized by RU1 and RU2, and 
galactan (LM5) and arabinan (LM6-M) side chains was higher in water, 
sodium carbonate and cadoxen fractions of the transgenic lines. The 
increase in RGI epitopes was also observed in the KOH fractions of 
transgenic lines, although the differences with the control were lower. 
LM13 against linearized arabinan and LM26 against branched galactan 
only yielded a weak signal in KOH and cadoxen fractions; as observed 
for the backbone and side chains mAbs previously mentioned, the 

Table 1 
Characteristics of ripe fruit in wild type and transgenic FaRGLyase1 RNAi lines. 
Data represent mean ± SD of a minimum of 10 fruits per line. Mean separation 
by Tukey (weight, length and width) or Dunn (soluble solids) tests at P = 0.05.  

Line Weight (g) Length (cm) Width (cm) Soluble solids 

WT 9.0 ± 2.9 ab 2.2 ± 0.4 ab 1.4 ± 0.3 ab 8.6 ± 1.8 ab 
RG1 6.3 ± 1.7 b 1.6 ± 0.3 cd 1.1 ± 0.3 b 8.6 ± 2.1 ab 
RG15 9.4 ± 3.1 ab 2.0 ± 0.5 abc 1.5 ± 0.4 ab 9.1 ± 2.6 ab 
RG26 7.4 ± 3.1 ab 1.7 ± 0.5 bcd 1.4 ± 0.4 ab 9.1 ± 2.4 ab 
RG36 6.9 ± 2.6 b 1.8 ± 0.5 bcd 1.2 ± 0.4 ab 11.4 ± 3.2 a 
RG40 8.0 ± 2.6 ab 1.9 ± 0.5 abcd 1.2 ± 0.4 b 8.3 ± 1.8 ab 
RG52 6.2 ± 2.7 b 1.4 ± 0.5 d 1.2 ± 0.3 ab 11.2 ± 2.8 a 
RG54 6.2 ± 1.5 b 1.4 ± 0.3 d 1.1 ± 0.3 b 10.7 ± 2.4 ab 
RG84 7.2 ± 1.8 ab 1.7 ± 0.3 bcd 1.2 ± 0.2 b 9.6 ± 2.8 ab 
RG87 8.3 ± 2.5 ab 1.8 ± 0.5 bcd 1.2 ± 0.3 ab 10.7 ± 3.3 ab 
RG96 10.3 ± 3.5 a 2.4 ± 0.6 a 1.6 ± 0.4 a 8.0 ± 1.1 b 
RG99 7.9 ± 2.8 ab 1.9 ± 0.5 abcd 1.3 ± 0.3 ab 8.9 ± 1.7 ab  

Fig. 4. Firmness in ripe fruits from wild type and transgenic FaRGLyase1 RNAi 
lines. Data correspond to mean ± SD of a minimum of 10 fruits per line. Mean 
separation by Tukey test at P = 0.05. 

Table 2 
Characteristics of ripe fruit in wild type and selected transgenic FaRGLyase1 RNAi lines RG26 and RG87. Data represent means ± SD of a minimum of 10 fruits per line. 
Mean separation by Tukey (color and SS) or Dunn (weight, length, width and firmness) tests at P = 0.05.   

Weight (g) Length (cm) Width (cm) Soluble solids Firmness (N) Color 

L a* b* 

WT 10.0 ± 3.9a 3.3 ± 0.5a 2.3 ± 0.4a 8.2 ± 2.5a 3.4 ± 0.8b 35.7 ± 3.9 ab 36.3 ± 3.8a 33.1 ± 11.7a 
RG26 8.2 ± 2.6b 2.7 ± 0.4b 2.2 ± 0.3a 8.1 ± 2.5a 4.5 ± 0.9a 38.0 ± 0.5a 34.2 ± 5.8a 35.4 ± 9.6a 
RG87 11.2 ± 4.0a 3.4 ± 0.5a 2.3 ± 0.4a 7.3 ± 1.9a 3.9 ± 0.9a 34.9 ± 4.0b 35.8 ± 4.4a 29.5 ± 12.2a  

Fig. 5. Cell wall analysis in control (WT) and transgenic RGLyase1 RNAi lines. 
CWM was sequentially extracted with water, CDTA, Na2CO3, and KOH 1M and 
4M, and the weight (A) and uronic acid content (B) in the different cell wall 
fractions were measured. Bars represent mean ± SD. Within each fraction, bars 
with different letters indicate significant differences by Tukey test at P = 0.05. 
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signals of LM13 and LM26 were higher in transgenic lines. Silencing of 
the RGLyase1 gene also increased the low methyl-esterified HG pectins 
detected with LM18 and LM19 mAbs in Na2CO3, KOH, and cadoxen 
fractions from transgenic lines. Interestingly, in the water fraction, the 
abundance of methyl-esterified HG pectins recognized by JIM7 was 
significantly higher in the transgenic lines than in the control. Regarding 
cross-linking glycans, the abundance of xyloglucan epitopes (LM15 and 
LM25) was similar in control and transgenic lines; by contrast, mAbs 
directed to xylans, especially LM28, showed a stronger signal in control 
fruits. Finally, the abundance of arabinogalactan-protein epitopes, 
recognized with JIM13, was higher in transgenic lines in all fractions 
analyzed. 

The higher abundance of RGI in transgenic cell walls was confirmed 
by immunohistochemical analysis of ripe fruit sections. The RU1 mAb 
against RGI backbone yielded stronger signals in transgenic lines when 
compared with wild type (Fig. 7) in both vascular bundles and paren-
chyma cells. The signal was restricted to the cell walls and it did not 
appear in the middle lamella. LM5 also showed a slightly stronger signal 
in transgenic fruits, denoting a higher amount of RGI-galactan side 
chains (Supplementary Fig. 6); however, no apparent differences be-
tween transgenic and wild type were detected with LM6-M against 
arabinan side chains (Supplementary Fig. 6). 

3.4. Transcriptomic analysis of transgenic fruits 

An RNA-seq analysis was performed using RNA extracted from the 
red receptacle of wild type and RG26 and RG87 transgenic fruits to 
determine transcriptomic changes. On average, 86,769,830 clean reads 
per sample were obtained, and they were mapped to the ‘Camarosa’ F. ×
ananassa Genome Assembly v1.0.a2. A total of 550 DEGs relative to the 
wild type, 166 down-regulated and 384 up-regulated, were obtained in 
the line RG26. The number of DEGs was lower in RG87 fruits; 190 genes 
were differentially expressed compared to control, 106 down-regulated 
and 84 up-regulated. Among all these genes, 67 DEGs, 38 down- 
regulated and 29 up-regulated, were shared in both transgenic lines, 
representing 12% and 34% of all DEGs found in RG26 and RG87 
transgenic lines, respectively. The complete list of common DEGs is 
shown in Supplementary Table 6. Besides FaRGLyase1, other genes 
involved in cell wall remodeling were down-regulated. These genes 

included two additional RGLs, FxaC_3g03470.t1 and FxaC_4g36680.t1, 
and two xyloglucan endotransglucosylase/hydrolases. A Trichome 
birefringence-like 39 gene, involved in secondary cell wall deposition, 
was also down-regulated. Additionally, FaRGLyase1 suppression 
induced the down-regulation of other genes related to heavy metal 
detoxification and oxidative stress (several metallothionein genes), 
metal ion transport (ZRT/IRT-like protein), protein hydrolysis (Cysteine 
and Zn-dependent peptidases), lipid hydrolysis and transfer (several 
GDSL-like lipases and a lipid-transfer protein), fatty acid biosynthesis (3- 
ketoacyl-CoA synthase 10), programmed cell death (legumain), protein 
modifications and secondary metabolism (methyl and acyl transferases), 
stress response (heat shock protein, RNA binding), auxin signaling 
(auxin canalization protein DUF828), and two tRNA synthases. 

The up-regulated DEGs common to both transgenic lines that could be 
involved in cell wall metabolism included a β-xylosidase protein and a 
SKU5 monocopper oxidase-like protein; this last one has been implicated 
in cell wall synthesis in Arabidopsis roots (Zhou, 2019). Several metal ion 
homeostasis genes were also up-regulated (a Zn-binding protein and two 
ferretins), as well as a large number of genes involved in many diverse 
physiological processes, such as development and stress adaptation 
(regulator of nonsense transcript protein, concanavalin A-like lectin pro-
tein kinase, pathogenesis-related protein 1), cell division (GTP-binding 
protein 15), transport of vesicles (syntaxin of plants 124), protease in-
hibitor (serine protease inhibitor), ion transport and pH regulation (alpha 
carbonic anhydrase, blue-copper-binding protein), protein modifications 
and secondary metabolism (acyl and methyl transferases), auxin meta-
bolism (indole-3-acetate beta-D-glucosyltransferase), transcription factors 
(WRKY DNA-binding protein 15, putative transcription factor/chromatin 
remodeling BED-type(Zn) family). 

4. Discussion 

Studies on cell wall remodeling process during fruit softening have 
mainly been focused on the role of enzymes degrading HG (e.g. poly-
galacturonase, pectate lyase, pectin methyl esterase), neutral side chains 
of RGI (galactosidase, arabinase), and xyloglucan/cellulose degrading 
enzymes (xyloglucan endotransglucosylase/hydrolase, endo- 
glucanases) (Wang et al., 2018). RGLyases cleave the backbone of RGI 
internally. Despite this polysaccharide being a principal component of 
the primary cell wall, the function of RGLyases during fruit softening has 
received little attention. In this study, we show evidence that RGLyases 
participate actively in the disassembly of the cell wall during strawberry 
fruit softening. However, its impact on fruit texture is modest compared 
to the effect of HG degrading enzymes. 

4.1. RGLyases constitute a small gene family in Fragaria 

RGLyases found in plants belong to the PL4 family and contain three 
functional domains, i.e., a catalytic domain and two domains presumably 
involved in binding to the polysaccharide substrate (Morales-Quintana 
et al., 2022). The blast search of the catalytic domain in the genome of F. 
× ananassa and their putative progenitors, F. vesca and F. iinumae, reported 
a small gene family comprised of 20, 12 and 8 genes, respectively, puta-
tively encoding functional proteins with the three RGL domains. Similarly, 
the number of predicted RGL genes in other species was relatively low, e. 
g., 7 genes in Arabidopsis (Mokshina et al., 2019), 13 genes in tomato 
(Berumen-Varela et al., 2017). The reduced size of the RGL gene family 
contrasts with other genes encoding cell wall pectinases. For instance, 82 
sequences are annotated as PG genes in F. vesca (Paniagua et al., 2020), 
and 65 pectate lyase and 54 PME have been reported in F. × ananassa (Xue 
et al., 2020; Lin et al., 2023). Mokshina et al. (2019) clustered eudicots 
RGLs in groups I and II. When the Fragaria RGL genes found in this 
research were included in the phylogenetic analysis, these sequences were 
distributed in group I and in a new cluster, group III, formed exclusively by 
Fragaria genes. Among the 20 RGL genes found in F. × ananassa, only five 
were expressed in ‘Chandler’ ripe fruits, corresponding the higher 

Fig. 6. Heat map showing the relative abundance of cell wall epitopes recog-
nized by various mAbs in cell wall fractions extracted from ripe strawberry 
fruits of control (WT) and RGLyase1 RNAi lines. A value of 100 was assigned to 
the highest mean spot signal and all other signals were adjusted accordingly. 
The LM27 mAb specific against grass xylan was used as negative control. HG, 
homogalacturonan; RGI, rhamnogalacturonan I; XG, xyloglucan; AGP, arabi-
nogalactan proteins. 
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expression level to FaRGLyase1. This gene was included in Group III and 
was clustered with FchRGL1, which has been involved in the softening of 
F. chiloensis fruits (Méndez-Yañez et al., 2020). 

4.2. FaRGLyase1 down-regulation has a limited effect on strawberry fruit 
softening 

Most transgenic lines expressing the FaRGLyase1 RNAi construct 
displayed a significant reduction in the FaRGLyase1 mRNA levels in ripe 
fruits. However, fruit firmness increased significantly only in three out 
of the eleven transgenic lines obtained. The highest increase in firmness 
achieved was 32% relative to wild type fruits, observed in line RG26. 
Previous studies characterized the effect of other genes encoding cell 
wall pectinases in transgenic strawberry using the same genotype, cv. 
’Chandler’, employed in this research. The silencing of FaβGal4, 
encoding a β-galactosidase, yielded a similar increase in fruit firmness to 
the one achieved with FaRGLyase1 (Paniagua et al., 2016). This class of 

enzymes also acts on RGI, removing galactose units from lateral side 
chains. It is thought that this process contributes to the solubilization of 
pectins during fruit ripening (Brummell, 2006; Paniagua et al., 2016). 
The suppression of HG depolymerization by the genetic manipulation of 
the levels of PG genes through antisense silencing (Paniagua et al., 2020) 
or gene editing (López-Casado et al., 2023) yielded higher increases in 
firmness of ripe strawberry fruits, reaching up to 70%. Similar values 
were also obtained in antisense pectate lyase FaplC plants 
(Jiménez-Bermúdez et al., 2002), an enzyme that depolymerizes 
demethylated HG by a β-elimination reaction. Together, these results 
suggest that the disassembly of HG during fruit ripening has a higher 
impact on fruit softening than the remodeling of RGI pectin domains. 

4.3. Remodeling of RGI but also HG is impaired in FaRGLyase1 RNAi 
fruits 

Solubilization of pectins tightly bound to the cell wall matrix generally 

Fig. 7. Immunolabelling of RGI pectin domains in cell walls from ripe fruits of control (WT) and transgenic FaRGLyase1 selected lines RG26 and RG87. Tissue 
sections proximal (A, B) or distal (C, D) to a vascular bundle were stained with calcofluor (A, C) or incubated with RU1 monoclonal antibody (B, D) specific against 
RGI backbone. Vascular bundle regions are surrounded by dashed white circles. Scale bars: 25 μm (A, B), 50 μm (C, D). 
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occurs during the softening of many fleshy fruits, including strawberry 
(Brummell, 2006). This process mainly occurs in this fruit at the expense of 
pectins extracted with CDTA and sodium carbonate (Paniagua et al., 
2017a). Although the ultimate reasons for this process are unclear, it is 
thought that the depolymerization of HG and xyloglucans and the loss of 
arabinan and galactan side chains are the leading causes (Brummell et al., 
2022). At the cell wall level, transgenic FaRGLyase1 fruits displayed a 
higher amount of pectins, especially in water and CDTA fractions. How-
ever, the amount of sodium carbonate polyuronides remained similar to 
the control. Fruits with the FaPG1 gene down-regulated also showed 
reduced pectin solubilization (Paniagua et al., 2020); however, in that 
case, both CDTA and sodium carbonate fractions were enriched in pectins 
when compared with controls. The minor effect of FaRGLyase1 silencing 
on sodium carbonate pectin fraction might be due to a lower RGI abun-
dance in pectins tightly bound to the cell wall. 

The preservation of RGI from extensive degradation in transgenic 
fruits was observed in the immunohistological sections and in the car-
bohydrate microarray of FaRGLyase1 fruits. Tissue sections labeled with 
antibodies against the RGI backbone showed a higher signal in trans-
genic fruit than controls. Similarly, in the polysaccharide profile, the 
abundance of RGI epitopes was higher in both transgenic lines when 
compared with the control in the four cell wall fractions analyzed. 
Interestingly, a large amount of RGI backbone and galactan and ara-
binan sidechain epitopes were detected in the KOH and the cadoxen 
fractions, cell wall extractions targeting xyloglucan and cellulose 
microfibils, respectively. In the most accepted cell wall model, pectins 
and cellulose/hemicellulose are depicted as separated networks from 
each other (Kaczmarska et al., 2022). However, previous pieces of evi-
dence suggest that RGI could be linked to or entrapped in the cellulose 
microfibrils. In Arabidopsis cell walls, around 25–50% of surface cel-
lulose binds pectins, while the cellulose–xyloglucan contacts are more 
limited than previously thought (Wang and Hong, 2016). The nature of 
the linkages involved in binding pectins to cellulose is unclear. Zyk-
winska et al. (2006) suggested that both polysaccharides could be 
covalently and non-covalently bound. According to Höfte and Voxeur 
(2017), this process occurs mainly through xylans but also, with a lower 
affinity through arabinan and galactan side chains of RGI. Interestingly, 
the relative abundance of heteroxylan epitopes, mAb LM11 and LM28, 
was lower in the transgenic lines than in control. On the other hand, 
transgenic lines displayed higher signals of JIM13 against 
arabinogalactan-proteins being especially abundant in KOH fraction, 
confirming that RGI could also be linked to AGP, as Tan et al. (2013) 
suggested. Notably, most changes detected in the cell walls of FaR-
GLyase1 described above were similar to those observed in antisense PG 
fruits (Paniagua et al., 2020). Significant amounts of HG, but also RGI, 
were detected in the xyloglucan-cellulose fraction due to silencing of PG 
genes in strawberry fruit. Pectin structural organization in muro is far 
from clear. The most accepted hypothesis suggests that sections of HG 
are interspersed with blocks of RGI, creating a complex polysaccharide 
with alternating smooth and hairy regions (De Vries et al., 1982). Ac-
cording to this model, it would be expected that the restriction of RGI 
degradation exerted a minor effect on HG abundance (FaRGLyase 
transgenic fruits) or vice versa (FaPG downregulated fruits; Paniagua 
et al. (2020)). On the contrary, the results found in these transgenic 
fruits suggest that both pectin domains could be more tightly linked, or 
maybe the HG and RGI domains have an interspersed pattern that favors 
the degradation of one to have a greater effect on the other. Other 
alternative pectin structural models could explain these results. Vincken 
et al. (2003) proposed that HG and xylogalacturonans are side chains of 
an RGI backbone. Yapo (2011) and Paniagua et al. (2017b) depicted 
similar models in which pectins in the cell wall would be formed by an 
RGI core decorated by short HG chains. On the other hand, our results 
also indicate that the cellulose/hemicellulose network could also be a 
source of soluble pectins during strawberry softening, so instead of in-
dependent networks, our results support the potential connection 
among all the polymers in the wall. 

4.4. Transcriptomic changes in FaRGLyase1 ripe fruits 

Previous studies showed that the transgenic modification of genes 
encoding cell wall proteins can affect the expression of unrelated genes 
involved in cell wall remodeling. For instance, suppressing the expansin 
LeExp1 in tomato reduced PG gene expression (Brummell et al., 2022). 
Many cell wall-related genes were down-regulated in transgenic straw-
berry fruits expressing antisense sequences of PG genes, including 
several PME, β-Galactosidases, and endo-glucanases (Paniagua et al., 
2020). These results indicate that a complex network of unknown 
feedback regulation exists in the cell wall, perhaps related to the action 
of oligosaccharins released during fruit ripening. The silencing of FaR-
GLyase1 modified the expression of a few numbers of genes encoding cell 
wall proteins. Notably, two XTH genes were down-regulated while a 
β-Xylosidase was upregulated. XTHs catalyze the cleavage of xyloglu-
cans, generating reducing ends, and their linking to other xyloglucan 
molecules, which is referred to as xyloglucan endotransglucosylase 
(XET) activity. XTHs can also show xyloglucan hydrolase (XEH) activity. 
Miedes et al. (2010) found that XTH overexpression reduced xyloglucan 
depolymerization and softening in tomato fruit, suggesting a role of XTH 
in the maintenance of the structural integrity of the cell wall and that the 
decrease in XET activity could contribute to fruit softening. By contrast, 
overexpression of Fragaria vesca FvXTH9 and FvXTH6 in agroinfiltrated 
Fragaria × ananassa fruits accelerated ripening, indicating that these 
genes were involved in fruit softening (Witasari et al., 2019). The XTH 
genes down-regulated in FaRGLyase1 transgenic plants were not ho-
mologs to FvXTH6 and FvXTH9 but displayed a high identity with 
FaXTH1 (Nardi et al., 2014) and Fc-XTH1 (Opazo et al., 2010). Expres-
sion of FaXTH1 increased during fruit development in three strawberry 
cvs. with contrasting firmness, reaching a peak at the 50% red stage. 
Bioinformatic analysis suggested that FaXTH1 would have xyloglucan 
endotransglucosylase activity (Nardi et al., 2014). Fc-XTH1 gene has 
also been involved in the softening of Fragaria chiloensis fruits (Opazo 
et al., 2010). As regards β-Xylosidase, Martínez et al. (2004) found that 
enzymatic activity and FaXyl1 gene expression levels increased from 
green fruits to the initial stages of ripening (25–50% red), decreasing at 
further ripening stages. FaXyl1 was also up-regulated in F. vesca fruits 
overexpressing the PME gene FaPE1 (Osorio et al., 2011). The β-xylo-
sidase gene up-regulated in FaRGLyase1 plants has low homology with 
FaXyl1. 

Transgenic fruits displayed other transcriptomic changes from the 
above described in cell wall genes. The observed changes in gene 
expression suggest potential alterations in various physiological pro-
cesses during fruit maturation. Notably, the silencing of genes associated 
with lipids, proteins, and RNA metabolism may indicate a reduced ac-
tivity of degradation processes, which could be associated with a 
decrease in senescence associated with fruit ripening. On the other hand, 
the overexpression of genes related to stress response and defense 
mechanisms suggests an activation of defense mechanisms that could 
also contribute to delaying senescence. Furthermore, the overexpression 
of genes associated with growth regulation and phytohormone meta-
bolism may play a role in maintaining fruit quality and delaying 
senescence by regulating growth-related processes. 

The transcriptomic changes observed in transgenic fruits suggest that 
FaRGLyase1 might release cell-wall signaling molecules derived from 
RGI that accelerate strawberry ripening and senescence. Most studies on 
these signaling molecules have been focused on OGAs. These com-
pounds are linear molecules of two to about twenty α-1,4-D-gal-
actopyranosyluronic acid (GalA) residues released upon fragmentation 
of HG from the primary cell wall (Ridley et al., 2001). However, little is 
known about oligosaccharides derived from RGI. Recently, 
Jiménez-Maldonado et al. (2018) found that the enzymatic degradation 
of RGI releases pectin fragments that induce natural defense in tomato 
fruit. 
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4.5. Conclusions 

The silencing of FaRGLyase1, the RGLyase gene most expressed in 
‘Chandler’ strawberry fruit, significantly diminished the disassembly of 
RGI and increased the content of pectins in ripe fruits. As a result, fruit 
softening was reduced in transgenic lines; however, the increase in 
firmness obtained in these plants was less than that obtained when 
down-regulating HG degrading enzymes such as polygalacturonase or 
pectate lyase. These results indicate that the breakdown of the RGI 
backbone is an essential part of the cell wall disassembly process asso-
ciated with fruit ripening. However, its impact on fruit texture is 
reduced. As observed with other cell wall genes, the silencing of FaR-
GLyase1 modified the expression of unrelated genes encoding cell wall 
enzymes. In this case, it is noteworthy the down-regulation of XTH 
genes, enzymes that have been implicated in the softening of F. vesca 
fruits. Additionally, the expression of genes involved in many other 
physiological processes was altered, and globally, the changes in their 
expression suggest that senescence was delayed in transgenic fruits. If 
this result is due to the higher integrity of the cell wall in transgenic ripe 
fruits or to the lack of RGLyase-released oligosacharins triggering fruit 
senescence needs to be determined. Experiments are underway to 
simultaneously underregulate FaRGLyase1 and polygalacturonase/pec-
tate lyase to determine a possible synergistic effect on strawberry fruit 
texture. 
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