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A B S T R A C T   

Free and glycosylated sterols localize in the plant cell plasma membrane, where in combination with other lipids 
regulate its structure and function. The role of glycosylated sterols in regulating membrane-associated biological 
processes is more relevant in plants like tomato (Solanum lycopersicum), in which glycosylated sterols are the 
predominant sterols. A proper ratio of free sterols versus glycosylated sterols has proven to be essential for proper 
plant performance in several species, but almost nothing is known in tomato. To assess the role of glycosylated 
sterols in tomato plant and fruit development, we generated transgenic lines of tomato cultivar Micro-Tom 
expressing two different amiRNAs devised to silence STEROL GLYCOSYLTRANSFERASE 1, the most actively 
expressed of the four genes encoding sterol glycosyltransferases in this plant. STEROL GLYCOSYLTRANSFERASE 
1 gene silencing caused moderate plant dwarfism and reduced fruit size. Analysis of the profile of glycosylated 
sterols throughout fruit development demonstrated that the maintenance of proper levels of these compounds 
during the early stages of fruit development is essential for normal fruit growth, since reduced levels of glyco
sylated sterols trigger a transcriptional downregulatory response that affects genes involved in processes that are 
critical for proper fruit development, such as seed filling, cell wall extension and auxin signaling.   

1. Introduction 

In plants, more than 250 different sterols (phytosterols) have been 
described (Nes, 2011), with each species having a different sterol 
composition that may also vary depending on the organ and tissue type, 
the developmental stage, and the environmental conditions (Moreau 
et al., 2018; Zhang et al., 2020). Plant sterol mixtures consist of multiple 
minor biosynthetic intermediates and three predominant end-products, 
usually β-sitosterol, stigmasterol and campesterol (Moreau et al., 2002), 
although cholesterol is also a major sterol in some species of the Sol
anaceae family (Behrman and Gopalan, 2005). These sterols can be 

classified as 24-ethylsterols (stigmasterol and β-sitosterol), 24-methyl
sterols (campesterol), and sterols with no alkyl substituent at C24 po
sition (cholesterol), and are formed via three different branches of the 
post-squalene segment of the sterol pathway (Fig. 1A). From cyclo
artenol, the first cyclic precursor of sterols, the pathway bifurcates in the 
cholesterol branch and the 24-alkylsterols branch, which again bi
furcates in two branches leading to 24-methylsterols and 24-ethylsterols 
(De Vriese et al., 2020). Sterols occur in free form (FS) and conjugated as 
steryl glycosides (SG), acyl steryl glycosides (ASG) and steryl esters (SE). 
In SG, the C3 hydroxyl group of the sterol backbone is linked through a 
glycosidic bond to a sugar moiety, primarily a single glucose residue, 
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which may have a long-chain fatty acid esterified to the hydroxyl group 
at position C6 leading to acyl steryl glycosides (ASG). Finally, the hy
droxyl group of FS can be esterified to a long-chain fatty acid producing 
steryl esters (SE) (Ferrer et al., 2017). FS are the common precursors of 
SG and SE, which are synthesized by the UDP-glucose:sterol glycosyl
transferases (SGT) and the acyl-CoA/phospholipid:sterol acyl
transferases (ASAT/PSAT), respectively (Fig. 1A). These enzymes have 
been cloned and characterized in different plants, including oat (Avena 
sativa) (Warnecke et al., 1997), Withania somnifera (Chaturvedi et al., 
2012), cotton (Gossypium hirsutum) (Li et al., 2014), Gymnena sylvestre 
(Tiwari et al., 2014), Arabidopsis (Arabidopsis thaliana) (Banas et al., 
2005; Chen et al., 2007; DeBolt et al., 2009; Stucky et al., 2015), tomato 
(Solanum lycopersicum) (Ramírez-Estrada et al., 2017; Lara et al., 2018; 
Burciaga-Monge et al., 2022) and rice (Oryza sativa) (Li et al., 2021), but 
the acyltransferases responsible for the synthesis of ASG have yet to be 
identified. FS, SG and ASG localize in the plant cell endomembrane 
system, primarily in the plasma membrane (PM) (Cassim et al., 2019; 
Boutté and Jaillais, 2020), while SE accumulate in cytoplasmic lipid 
bodies (Bouvier-Navé et al., 2010; Burciaga-Monge et al., 2022). The 
sterol species present in conjugated form are usually the same found in 
free form, but their relative proportions may differ (Duperon et al., 
1984; Münger et al., 2015). 

The relative proportions of FS finely modulate the structure, orga
nization and biophysical properties of cell membranes (Schuler et al., 
1991; Hodzic et al., 2008; Grosjean, 2015) and, consequently, their 
biological function and the activity of a variety of membrane-bound 
proteins (Carruthers and Melchior, 1986; Grandmougin-Ferjani et al., 
1997; Men et al., 2008). More recently, SG and ASG have also emerged 
as important determinants of membrane organization and functioning. 
In fact, SG and ASG show the same capacity to promote order in the 
membranes as FS (Grosjean et al., 2015) and are enriched together with 
FS, sphingolipids and selected proteins in liquid-ordered phase domains 
reminiscent of lipid rafts, which are involved in a variety of important 
cell processes related to plant development and adaptation to environ
mental changes (Gronnier et al., 2018; Cassim et al., 2019). The role of 
glycosylated sterols in membrane structure and function is likely to be 
even more important in plants that accumulate high levels of these 
compounds. In contrast to most plants, in which SG and ASG are rela
tively minor components of the total sterol fraction, in tomato and other 
Solanaceae SG and ASG are the predominant sterols, accounting for up to 
80% of the total sterol fraction (Duperon et al., 1984; Palta et al., 1993). 

Although the specific role of glycosylated sterols in regulating 
membrane properties and functions is yet to be established, a series of 
forward- and reverse-genetics studies support the view that a proper 
ratio of glycosylated versus free sterol forms in cell membranes is crucial 
for normal plant cell function and overall plant performance. Reduced 

levels of glycosylated sterols in the Arabidopsis null mutant ugt80A2;B1 
lacking the two SGT present in this species, lead to slow growth 
phenotype, elongation defects in embryogenesis, defects in seed cell 
morphology (DeBolt et al., 2009) and the male gametophyte (Choi et al., 
2014), and abnormal root epidermal cell patterning (Pook et al., 2017). 
Downregulation of SGTs in W. somnifera leads to reduced leaf area and 
plant height compared to control plants (Singh et al., 2016), while 
overexpression of WsSGTL1 improves seed germination in Arabidopsis 
(Mishra et al., 2013) and enhances growth of W. somnifera plants (Saema 
et al., 2016), in contrast to the stunted growth phenotype observed when 
this enzyme was expressed in Nicotiana tabacum (Pandey et al., 2014). 
Changes in the levels of glycosylated sterols also translate into altered 
defense responses against abiotic stresses, including heat, cold and salt 
stress (Mishra et al., 2013; Saema et al., 2016; Singh et al., 2017; Li et al., 
2021), and biotic stresses such as insect attack (Mishra et al., 2017), as 
well as bacterial and fungal infection (Singh et al., 2016; Castillo et al., 
2019). In turn, plants subjected to biotic and abiotic stresses show 
altered levels of glycosylated sterols (Palta et al., 1993; Whitaker, 1994; 
Tarazona et al., 2015; Narayanan et al., 2016) and the expression of SGT 
genes is induced (Chaturvedi et al., 2012; Ramírez-Estrada et al., 2017). 
Conversely, the knowledge about the function of sterols, and even less of 
glycosylated sterols, in fruit development is much more limited, 
although it has been suggested that an active synthesis of sterols is 
needed during the early stages of tomato fruit development to meet the 
increasing demand of membranes in actively dividing and expanding 
cells during the fruit growth phase (Narita and Gruissem, 1989). In fact, 
enhanced sterol levels during the early development of melon fruits 
were correlated with larger fruit size (Kobayashi et al., 2002), and 
expression of the catalytic domain of melon 3-hydroxy-3-methylglutaryl 
Coenzyme A reductase (HMGR) in tomato fruit pericarp cells induced 
cell division and elongation leading also to bigger fruits (Kobayashi 
et al., 2003). 

To investigate in more detail the function of glycosylated sterols in 
tomato plant and fruit development, we generated transgenic tomato 
plants (cv Micro-Tom) with reduced SG levels due to amiRNA-mediated 
silencing of SlSGT1, which is the most actively expressed member of the 
tomato SlSGT gene family (Ramírez-Estrada et al., 2017). We demon
strate that normal SG levels are essential for proper tomato fruit growth 
and provide evidence that reduced levels of SG in early developing fruits 
induce a transcriptional downregulatory response affecting mainly 
genes related to seed filling, cell wall metabolism, and hormone 
signaling. 

Fig. 1. Silencing of tomato SlSGT1 gene 
expression using amiRNA technology. (A) 
Simplified scheme of the free and conjugated 
sterols biosynthetic pathway. Solid arrows 
represent single enzymatic steps and dashed 
arrows represent multiple enzymatic reactions. 
The reactions catalyzed by sterol glycosyl
transferases (SGT), sterol glycosyl acyltransfer
ase (SGAT), and sterol acyltransferases (PSAT 
and ASAT) are indicated. (B) Main features of 
the amiRNAs devised for SlSGT1 gene silencing. 
(C) Structure of the SlSGT1 gene showing the 
relative position of exons (boxes) and introns 
(solid line). Arrows indicate the position of se
quences in first and last exons (black boxes) of 
SlSGT1 targeted by the two amiRNAs used in 
this study.   
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2. Materials and methods 

2.1. Plant growth conditions 

Tomato (S. lycopersicum, cv Micro-Tom) seeds were directly sown 
5 mm deep in pots (13 cm diameter x 10 cm height) containing a 
mixture of peat (Klasmann TS2), perlite and vermiculite (3:1:1). Pots 
were placed in plastic trays filled with water up to 1 cm high, and 
covered with plastic film to maintain 100% relative humidity (RH). 
Trays were placed in a greenhouse under long-day conditions (16 h 
light/8 h dark) at 26–28◦C (day) and 22–24◦C (night). Sunlight was used 
with an automatic minimum LED light supply of 200 μmol m− 2s− 1 to 
guarantee the 16 h light every day. The plastic film cover was drilled for 
air circulation and to favor acclimatization to greenhouse conditions 
once cotyledons appeared (approximately 1 week after planting the 
seeds), and was removed when the first true leaves were fully expanded. 

2.2. Generation of pre-amiRNA expression vectors and plant 
transformation 

The amiRNA sequences amiSGT1–1 and amiSGT1–2 were designed 
using the Web MicroRNA Designer (http://wmd3.weigelworld.org/cgi- 
bin/webapp.cgi) (Ossowski et al., 2008). The transgenes encoding the 
amiSGT foldbacks were generated by overlapping PCR using pRS300 
plasmid (Addgene plasmid #22846) as a template and primers shown in 
Supplementary Table S1. The amplified fragments were cloned into 
pDONR221 using Gateway BP clonase II enzyme mix (Invitrogen) and 
sequenced in the resulting pENTRY clones to exclude amplification ar
tifacts. Three entry clones bearing the 35SCaMV promoter, the 
pre-amiRNA constructs, and the Agrobacterium tumefaciens nopaline 
synthase terminator (tNOS) were recombined with pKGW,0 destination 
vector (Plant Systems Biology, Ghent, Belgium) in a single multisite 
recombination reaction using Gateway LR clonase II enzyme mix 
(Invitrogen). The obtained binary plasmids were transferred to 
A. tumefaciens strain GV3101::pMP90 and the resulting strains were used 
to transform tomato (cv. Micro-Tom) cotyledons (Fernández et al., 
2009). The presence of the transgenes in kanamycin-resistant tomato 
plants (T0) was checked by PCR amplification of a 1137-bp fragment 
extending from the 3′ region of the NPTII gene to the 5′-end of the 
amiSGT foldback coding sequence, and a 686-bp fragment extending 
from the 5′-end of the amiSGT foldback coding sequence to the 3′ end of 
the tNOS, using primers shown in Supplementary Table S1 and leaf 
genomic DNA obtained using the cetyltrimethyl ammonium bromide 
(CTAB) method (Richards et al., 1994). The transgene copy number in 
the positive T0 plants was determined by qPCR (Yang et al., 2005) using 
tomato LAT52 (Solyc10g007270) as endogenous single-copy reference 
gene, NPTII as target transgene, and primers shown in Supplementary 
Table S1. Seeds from the T0 plants were collected and segregating ho
mozygous T1 plants harboring a single copy of each transgene were 
selected for characterization. 

2.3. Real-time PCR expression analysis 

RNA was isolated from ground frozen leaf and fruit tissue (100 mg) 
with the Maxwell® RSC Plant RNA Kit and the Maxwell® RSC In
struments (Promega). The cDNA samples were synthesized from 1 µg of 
DNA-free RNA using the NZY First-Stand cDNA Synthesis kit (NZYtech), 
and their integrity was assessed by PCR amplification of an actin cDNA 
fragment using primers shown in Supplementary Table S2. Real-time 
PCR analyses were performed in a LigthCycler 480 Real Time PCR 
System (Roche) in a total volume of 20 µl containing 10 µl LightCycler 
480 SYBR Green I Master (Roche Diagnostics), 0.6 µl forward primer 
(0.3 µM), 0.6 µl reverse primer (0.3 µM), 6.8 µl water and 2 µl cDNA 
(50 ng), using the following run protocol: 95ºC for 10 min followed by 
40 cycles of 95ºC for 10 s, 60ºC for 30 s, and a final step at 4ºC. The raw 
PCR data from LightCycler software 1.5.0 were used in the analysis. For 

efficiency determination of primer pairs, a standard curve of six serial 
dilution points ranging from 6.25 to 200 ng was performed in triplicate. 
Dissociation curves for PCR products were checked for non-specific 
amplification. Assays were performed in three biological replicates, 
with three technical replicates for each biological replicate. The amount 
of target mRNAs was normalized using the tomato actin gene (Sol
yc03g078400) as a reference and primers indicated in Supplementary 
Table S2. Normalized transcript abundances were calculated as follows: 
ΔCt = Ct target – Ct reference, and the fold-change value was calculated 
using the 2-ΔCt expression (Livak and Schmittgen, 2001). 

2.4. Construction of transgenic lines harboring a proSlSGT1::GUS gene 
fusion and histochemical analysis of GUS activity 

A 2420 bp fragment of the SlSGT1 5′-flanking region (positions 
− 2422 to − 2 relative to the first nucleotide of the ATG codon) was 
amplified by PCR using proSlSGT1-fw and proSlSGT1-rv primers (Sup
plementary Table S1), genomic DNA as a template, and PhusionTM 
High-Fidelity DNA polymerase (Thermofisher Scientific). The amplified 
fragment was purified and cloned into pDONR207 to create ENTRY 
clone pDONR207-proSGT1. The SlSGT1 promoter fragment was trans
ferred into the pDestination binary vector pGWB433, yielding binary 
plasmid proSlSGT1::GUS. The fusion between the SlSGT1 promoter 
fragment and the GUS coding sequence was confirmed by sequencing, 
and tomato (cv. Micro-Tom) cotyledons were transformed as indicated 
in Section 2.2. For histochemical analysis of GUS activity, tomato fruit 
slices were incubated at 37ºC in 5-bromo-4-chloro-3-indolyl-β-D-glucu
ronide (X-Gluc) substrate solution (1 mg/mL X-Gluc, 100 mM sodium 
phosphate (pH 7.0), 10 mM EDTA, 0.1% (v/v) Triton X-100, 0.2 mM 
potassium ferrocyanide, and 0.2 mM potassium ferricyanide). Samples 
were washed with 0.1 M sodium phosphate buffer (pH 7.0), cleared with 
70% ethanol and photographed. 

2.5. Gene expression analysis by RNA-Seq 

Three independent pools of 10 fruits were collected from each to
mato genotype at 9 DAA. Samples were frozen and ground in liquid 
nitrogen, and total RNA was isolated as described above. The quality and 
quantity of RNA samples was assessed using a Bioanalyzer Expert 2100 
Instrument (Agilent Technologies). The cDNA libraries were prepared 
according to Illumina protocols from 3 µg of total RNA per sample and 
sequenced using an Illumina HiSeq 2500 machine (2 ×75 bp paired-end 
sequencing). The quality of the reads was checked with FastQC software 
(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/). Low quality 
bases and adapters were removed from raw reads with BBDuk (mini
mum base quality 25 and minimum length 35 bp). The reads were 
aligned against the Solanum lycopersicum (SL3.0) reference genome with 
STAR aligner (version 2.5.2b). FeatureCounts (version 1.5.1) was used 
to calculate gene expression values as raw fragments counts (annotation 
version ITAG 3.2). Normalization was applied to the raw fragment 
counts by using the Trimmed Mean of M-values (TMM) and Fragments 
per Kilobase Million (FPKM) normalization. All the statistical analyses 
were performed with R using the packages HTSFilter, edgeR and 
NOISeq. No expressed genes and the ones showing high variability were 
removed. The HTSFilter package was chosen for this scope, which im
plements a filtering procedure for replicated transcriptome sequencing 
data based on a Jaccard similarity index. Sequencing data can be ob
tained from the Sequence Read Archive (SRA) database under the 
accession numbers SRR18577213, SRR18577214 and SRR18577215. 

2.6. Sterol analysis 

For leaf sterol analysis, the third and fourth leaves of three inde
pendent groups of 10 one-month-old plants per genotype were collected, 
pooled, frozen in liquid nitrogen, and stored at − 80ºC until use. For fruit 
sterol analysis, flowers of 20 plants per genotype were tagged on the day 
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of anthesis and pools of 20 fruits were harvested at 15 (green), 30 
(mature green), 32 (breaker), and 36 (red) days after anthesis (DAA). 
Fruits were frozen in liquid nitrogen and stored at − 80ºC. Frozen tissue 
samples (25–30 μg) were grinded to a fine powder, lyophilized, and 
suspended in 3 mL of a chloroform-methanol (2:1) mixture containing 
5 μg of each of the following internal standards: cholestanol (FS), cho
lestanyl palmitate (ES), cholestanyl-β-D-glucoside (SG), and palmitoyl- 
β-D-glucosylcholestanol. After vortexing and sonication for 10 min at 
room temperature in an ultrasonic water bath, 1.5 mL of 0.9% (w/v) 
NaCl were added to facilitate phase separation. The organic phase was 
recovered by centrifugation at 3000 x g for 5 min at room temperature 
and transferred to a new tube. The remaining aqueous phase was 
extracted again with 3 mL of chloroform-methanol (2:1), and the two 
organic extracts were mixed together and evaporated to dryness. The 
dried residue was dissolved in 150 µl of chloroform-methanol (2:1), and 
the four sterol fractions were separated by TLC using precoated silica gel 
PLC 60 F254 plates (20 ×20 cm) (Merck, Darmstadt) and 
dichloromethane-methanol-acetic acid (92:8:2) as a mobile phase. A 
mixture of the free and conjugated sterol standards was also applied 
onto the TLC plates as markers. For visualization of the sterol fractions, 
plates were sprayed with a 0.01% primuline (Sigma-Aldrich) solution 
and illuminated with a UV lamp. The different fractions were scraped 
from the silica plates for subsequent sterol extraction. For the acid hy
drolysis of SG and ASG, 1.5 mL of a 2 N HCl methanolic solution was 
added to the silica powder, while the SE fraction was saponified in 
1.5 mL of 7.5% KOH methanolic solution. After incubation at 85◦C for 
2 h, the hydrolysis reactions were quenched with 1.5 mL of 0.9% (w/v) 
NaCl. The FS moieties released from SG, ASG and SE were extracted 
twice with 3 mL of n-hexane. The hexanic phases were collected by 
centrifugation at 3000 x g for 5 min at room temperature, mixed and 
evaporated to dryness. Sterols were derivatized by adding 50 µl of Bis 
(trimethylsilyl) trifluoroacetamide (BSTFA) (Regis Technologies) fol
lowed by a 20 min incubation at 80◦C. After evaporation to dryness, 
sterols were dissolved in 50 µl of isooctane and analyzed by GC-MS, 
using an Agilent 7890 A gas chromatograph equipped with a Sapiens- 
X5MS capillary column (30 m x 0.25 mm × 0.25 mm) (Tecnokroma 
analítica) coupled with a 5975 C mass spectrometer (Agilent). The 
retention index obtained for n-propyl benzene and 1-heptanol was 953.0 
and 967.8, respectively. Helium 99,99% pure was used at 1 mL/min 
flux. Oven program was from 70ºC to 255ºC at a ramp rate of 20ºC/min 
(hold for 40 min), then to 300ºC at a ramp rate of 3ºC/min (hold for 
5 min). The injector was set at 270ºC, transfer line at 230ºC and ion 
source at 150ºC. The solvent delay was set at 23 min. The scanning mass 
range was from 50 to 550 amu. Data acquisition and processing were 
done by Agilent MSD ChemStation software, and quantification of ste
rols was based on the relative peak area of cholestanol. Peak integration 
was performed manually and the annotation of each peak was carried 
out using the NIST mass spectral library (NIST08). 

2.7. Photosynthetic parameters 

Tomato plants were grown for 4 weeks in pots filled with sterile 
vermiculite in a growth chamber under long day conditions (16 h light/ 
8 h dark), at 26ºC (day) and 22ºC (night), 200 μmol m− 2s− 1 light in
tensity and 60% relative humidity. Determinations were carried out in 
situ on the apical part of leaves of the same age grown under standard 
conditions or subjected to salt stress. In the latter case, plants were 
irrigated with 100 mM NaCl for 24 h, with 200 mM NaCl for an addi
tional 24 h, and finally with 400 mM NaCl for 6 days. The gas exchange 
analysis was carried out using a portable open system infrared gas 
analyzer (LI-6800 portable photosynthesis system, LI-COR, USA) under 
ambient CO2 and humidity. The photosynthetic rate (μmol CO2 m− 2s− 1), 
transpiration rate (mol H2O m− 2s− 1) and stomatal conductance (mol 
H2O m− 2s− 1) were calculated from 3 measures per leaf on 3 different 
plants. Experiments were repeated 3 times (n = 9). 

2.8. Statistical analysis 

Quantitative experimental data were subjected to one-way analysis 
of variance (ANOVA) or two-way ANOVA in the case of time-course 
gene expression analysis shown in Fig. 11, followed by Tukey’s multi
ple comparisons test at α < 0.05, using GraphPad Prism v8.0.2 (La Jolla, 
California, USA). 

3. Results 

3.1. Generation of tomato SlSGT1-silenced lines 

To investigate the biological function of SG in tomato, we generated 
transgenic tomato plants (cv Micro-Tom) expressing two different 
amiRNAs (amiSGT1–1 and amiSGT1–2) specifically devised to down- 
regulate the expression of the SlSGT1 gene (Fig. 1B). These amiRNAs 
targeted sequences within first (amiSGT1–2) and last (amiSGT1–1) 
exons of SlSGT1 (Fig. 1C). Two independent homozygous lines 
harboring a single copy of the amiSGT1–1 and amiSGT1–2 transgenes, 
referred to as amiSGT1–31.2 and amiSGT1–61.1, respectively, were 
selected for further characterization. SlSGT1 expression analysis 
revealed a strong reduction of SlSGT1 mRNA levels in leaves and fruits 
at different developmental stages of both mutant lines compared to their 
wild type (wt) counterparts (Fig. 2). On the contrary, no major changes 
in the mRNA levels of the remaining members of the SlSGT gene family 
were observed neither in leaves nor in fruits of amiSGT1 lines compared 
to wt plants (Supplementary Fig. S1). All these results demonstrated that 
both amiRNAs were highly specific and effective in silencing SlSGT1 
expression in tomato plant leaves and fruits. 

Fig. 2. SlSGT1 mRNA levels in leaves and fruits of amiSGT1 plants. RT-qPCR 
analyses were performed using RNA samples from the third and fourth leaves 
of one-month-old plants (A) and fruits at the indicated developmental stages 
(B). The mRNA levels of the actin gene were used to normalize SlSGT1 tran
script levels. Data are presented as mean ± SEM from three leaf biological 
replicates per genotype with three technical replicates each (n = 9) and three 
technical replicates per genotype, using pooled pericarp tissue from 15 fruits at 
each stage (n = 3). In leaves (A) and at each fruit developmental stage (B) 
different letters (a-c) indicate significant differences among wt and 
amiSGT1 lines. 
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3.2. Effect of SlSGT1 silencing on the profile of free and conjugated 
sterols in leaves and fruits 

The impact of SlSGT1 silencing on sterol metabolism was investi
gated in the same samples used for mRNA quantification. Total SG 
content in the leaves of mutant plants decreased to ~55% of the wt 
levels (Fig. 3, Supplementary Table S3), resulting in a reduction of the 
four major glycosylated sterols, albeit to varying degrees. Glycosylated 
stigmasterol showed the greatest reduction (~55%), followed by gly
cosylated β-sitosterol and campesterol (~48–43%), and glycosylated 
cholesterol (~25%). Surprisingly, these changes did not significantly 
alter neither total ASG levels nor the amounts of individual ASG species. 
On the contrary, FS content in both mutant lines increased to ~155% of 
the wt levels. The greatest increase was observed in free stigmasterol 
(~90%) followed by β-sitosterol and campesterol (32–45%), and 
cholesterol (25%). Unexpectedly, this increase in FS levels had no sig
nificant impact neither on the total content of SE (~115% of the wt 
levels) nor on the individual SE species, with the only exception of 
esterified stigmasterol, whose content increased drastically (70–100%) 
compared to wt levels. It is worth noting that the overall amount of 
membrane sterols (FS, SG and ASG) in SlSGT1-silenced plants was 
reduced only to ~90% of the wt levels, indicating that the strong 
negative impact of SlSGT1 down-regulation on the SG content was 
largely compensated by a concomitant increase in FS. 

Analysis of sterol levels in fruits revealed a steady decline of the total 
SG content as wt fruits developed, with an overall 72% reduction from 
green to red stages, contrary to mutant fruits, whose SG levels remained 
almost constant from green to breaker stages and then dropped sharply 
at the red stage (Fig. 4). This translated into marked reductions in the SG 
contents of amiSGT1 fruits at green (~50%), mature green (~32%) and 
red stages (~25–30%) compared to wt fruits, while at the breaker stage, 
SG levels were identical to those in control fruits (Supplementary 
Table S4). Interestingly, the SG profiles in wt and amiSGT1 fruits are 
fully consistent with the pattern of expression driven by the SlSGT1 

promoter throughout fruit development. Histochemical detection of 
GUS activity in fruits expressing a chimeric proSlSGT1::GUS gene (Fig. 5) 
revealed an intense and rather uniform distribution of GUS staining 
throughout all tissues of green fruits, which decreased gradually until 
fruits reached the red stage, where GUS expression was mainly 
concentrated in the endocarp and the funiculus. The close correlation 
between SlSGT1 promoter activity and SG accumulation during fruit 
development was confirmed by measuring GUS mRNA levels at the 
different developmental stages. Particularly remarkable was the sharp 
decrease of both SG content and SlSGT1 mRNA levels observed when 
fruits enter the ripening phase (Supplementary Fig. S2). These obser
vations strongly support a major role for SlSGT1 in fruit SG biosynthesis. 

Contrary to SG levels, those of ASG remained fairly constant 
throughout fruit development of both wt and amiSGT1 fruits (Fig. 4, 
Supplementary Table S5). The main difference between the two ASG 
profiles is a rather uniform reduction (12–30%) of ASG in amiSGT1 
fruits compared to wt fruits. As in leaves, the impaired ability to 
glycosylate sterols in amiSGT1 fruits also led to much higher levels of FS 
compared to wt fruits (Fig. 4, Supplementary Table S6), which can be 
accommodated without being transformed into SE, since SE levels in 
amiSGT1 fruits were identical to those in wt fruits at all stages of 
development (Fig. 4, Supplementary Table S7). Again, there was only a 
moderate decrease of the overall amount of membrane sterols in SlSGT1- 
silenced fruits compared to wt levels, with reductions ranging from ~5% 
(breaker stage) to ~25% (green stage). 

3.3. Phenotype of SlSGT1-silenced lines 

To assess the effect of SlSGT1 silencing on tomato plant growth and 
development, we analyzed the phenotype of amiSGT1 plants. One- 
month-old amiSGT1 plants were on average ~25% shorter than wt 
plants (Fig. 6A, B), corroborating the finding that the most distal 
internode (fifth internode) was ~50% shorter than that of wt plants 
(Fig. 6C). The diameter of the distal internode was also smaller, with 

Fig. 3. Total levels of free and conjugated sterols in leaves of amiSGT1 plants. Quantification of steryl glycosides (A), acyl steryl glycosides (B), free sterols (C) and 
steryl esters (D) was carried out in the third and fourth leaves of one-month-old plants. Data are presented as mean ± SEM from three leaf biological replicates per 
genotype, with three technical replicates each (n = 9). Different letters (a-b) indicate significant differences among wt and amiSGT1 leaves. 
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reductions of ~35% compared to the wt (Fig. 6D). On the contrary, no 
significant differences were observed in the total number of leaves be
tween mutant and wt plants, although there was a significant decrease in 
the foliar area, as demonstrated by the ~35% reduction in the leaf area 
of the third and fourth leaves of amiSGT1 plants compared to wt leaves 
(Fig. 6E, F). The altered profile of free and conjugated sterols also 
affected the photosynthetic parameters, since stomatal conductance, 

transpiration rate, and photosynthetic rate of amiSGT1 plants were 
slightly, but significantly, higher than in control plants (Fig. 7A-C). This 
ruled out the possibility that reduced growth of amiSGT1 plants might 
be due to some impairment of photosynthetic performance. No signifi
cant differences in these photosynthetic parameters were observed when 
plants were exposed to 400 mM NaCl (Fig. 7D-F). Interestingly, fruits of 
both amiSGT1 lines were also smaller (Fig. 8A) and weighed signifi
cantly less (20–40%) than wt fruits (Fig. 8B, Supplementary Table S8). 
The reduced fruit size was concomitant to a decrease in seed yield per 
fruit (Fig. 8C). On the contrary, no obvious differences were detected in 
fruit setting, shape or ripening. The evident correlation between 
depletion of SG levels and reduced fruit size indicates that proper levels 
of SG at the early stages of fruit development are critical for normal fruit 
growth but not for ripening. 

3.4. Transcriptional profiling of SlSGT1-silenced fruits 

To investigate the molecular mechanisms underlying the effect of 
reduced SG levels on fruit phenotype, global changes of gene expression 
in early developing amiSGT1 fruits were analyzed using an RNA-seq 
approach and RNA samples from three independent biological repli
cates (A, B, C) of amiSGT1 and wt fruits collected at 9 days after anthesis 
(DAA). A summary of the number of reads and mapping statistics is 
shown in Supplementary Table S9. Principal component analysis (PCA) 
based on the normalized read counts of the whole set of replicates 
clearly separated the amiSGT1 silenced fruits from those of wt plants in 
the two first dimensions, with 85.68% of the total variance at the 
transcript level. Thus, the samples were grouped as expected, with the 
only exception being sample 61.1_C, which was not included in further 
analysis as it did not cluster well with the corresponding group (Sup
plementary Fig. S3A). Differentially expressed genes (DEGs) between 
SlSGT1-silenced and wt fruits were identified, and significance was 
recognized only for those showing a false discovery rate (FDR) below 
0.05. We found a total of 1369 downregulated genes and 524 upregu
lated genes in common between the two silenced lines (Supplementary 
Fig. S3B and Supplementary Table S10). Based on GO assignments using 

Fig. 4. Total levels of free and conjugated sterols in fruits of amiSGT1 plants. Quantification of steryl glycosides (A), acyl steryl glycosides (B), free sterols (C), and 
steryl esters (D) was carried out in fruits harvested at the indicated developmental stages. Data are presented as mean ± SEM from three biological replicates per 
genotype (n = 3). At each fruit developmental stage different letters (a-b) indicate significant differences among wt and amiSGT1 lines. 

Fig. 5. Histochemical detection of GUS activity in fruits expressing a chimeric 
SlSGT1:GUS gene. The images correspond to cross-sections of representative 
fruits of two independent transgenic lines (22.1 and 29.1) collected at the 
indicated developmental stages. Green (15 DAA), mature green (30 DAA), 
breaker (32 DAA) and red (36 DAA). In the case of fruits from line 29.1, the 
images show GUS staining after incubation with the GUS substrate for 6 
and 16 h. 
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agriGO v2.0 (http://systemsbiology.cau.edu.cn/agriGOv2/), we found 
74 categories significantly overrepresented (FDR ≤ 0.05) based on 
biological process (45), molecular function (10) and cellular component 
(19) (Supplementary Table S11). The top 10 GO terms in these cate
gories are shown in Supplementary Fig. S3C. Considering a log2fc ≥ 2 or 
≤ − 2, only 219 common genes were downregulated (Fig. 9 and Sup
plementary Table S12) and 16 upregulated (Fig. 10 and Supplementary 
Table S13) in both silenced lines. Thus, silencing of SlSGT1 in green 
tomato fruits triggers a largely downregulatory genome-wide tran
scriptional response, since the number of significantly downregulated 
genes is about 2.5-fold (FDR<0.05) and 13.5-fold higher (log2fc ≥ 2 or 
≤ − 2) than those upregulated. 

Using the function assigned on Solgenomics (https://solgenomics. 
net/), the 219 downregulated genes were classified into 13 categories. 
The most represented ones included genes encoding regulatory proteins 
and proteins related to metabolic processes and lipid metabolism 
(Fig. 9B, C and Supplementary Table S12). In the first category, the 

strong downregulation of the genes encoding CLE8 (Solyc05g053630) 
and FUS3 (Solyc02g094460) proteins was remarkable. CLE8 is a mem
ber of the CLE (CLAVATA3/EMBRYO-SURROUNDING REGION) family 
of plant-specific small signaling peptides involved in the developmental 
regulation of different organs, including fruits (Zhang et al., 2014). The 
expression of the Arabidopsis CLE8 homologue is restricted to the 
developing seeds, where it acts as a positive regulator of seed growth 
(Fiume and Fletcher, 2012), and tomato CLE8 expression increases 
sharply and continuously during the early stages of fruit development 
and then declines drastically when green fruit reaches maturation 
(Zhang et al., 2014). FUS3 is a plant-specific B3 domain transcription 
factor known to positively regulate the expression of genes involved in 
seed filling. In fact, it is one of the four master regulators controlling 
seed maturation (Verdier and Thompson, 2008). Interestingly, in the 
lipid metabolism category we identified eight genes encoding oleosins 
whose expression was strongly repressed in both silenced lines (Sup
plementary Table S12). Oleosins are the major protein constituents of 

Fig. 6. Phenotypic characterization and morphometric analysis of amiSGT1 plants. (A) Representative images of one-month-old amiSGT1 and wt plants grown under 
greenhouse conditions. (B) Quantitative analysis of plant height to first inflorescence, (C) fifth internode length, and (D) internode diameter. (E) Representative 
images of the third leaf, and (F) quantitative analysis of third and fourth leaf area. Data are presented as mean ± min and max values of 35 plants per genotype. 
Morphometric parameters were measured using ImageJ software. Different letters (a-b) indicate significant differences. 
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triglyceride- and SE-rich plant oil bodies found in the cytoplasm of seeds 
and fruits (Liu et al., 2016). Ten more downregulated genes encoding 
seed storage proteins like globulins and vicilins were classified in the 
category of nutrient reservoir activity, eight of which were among the 
ten more strongly downregulated in line amiSGT1–31.2 and were also 
drastically repressed in line amiSGT1–61.1 (Supplementary Table S12). 
To validate these RNA-seq expression changes, we performed a 
time-course RT-qPCR expression analysis during the early stages of fruit 
development (4, 9 and 15 DAA) of SlCLE8, SlFUS3, and four genes 
encoding representative storage proteins: two oleosins and globulins 
11 S and 7 S. The results were fully consistent with those obtained in the 
RNA-seq analysis (Fig. 11) and demonstrated a positive correlation be
tween the reduced expression of the tomato developmental regulators 
CLE8 and FUS3 and the downregulation of genes encoding proteins 
involved in seed fillingin SlSGT1-silenced fruits. Thus, these results 
showed that seed filling is compromised as a consequence of SlSGT1 
downregulation, which may also contribute to the small fruit size 
phenotype given the correlation existing between normal seed devel
opment and proper fruit growth (Gillaspy et al., 1993). 

Silencing of SlSGT1 in fruits also downregulates the expression of 
several genes related to cell expansion (Fig. 9B, C). Although genes 
encoding pectinesterases, also called pectin methylesterases (PME), and 
expansins are the most widely represented in this group, other genes 
encoding proteins involved in cell wall metabolism, as pectin lyase-like 
protein, polygalacturonase, pectinesterase inhibitor, xylosidase, and 
xylanase, are also included (Table 1). Expansins are a family of proteins 
involved in different biological processes, including fruit development 

and ripening (Brummell et al., 1999; Nardi et al., 2015). The transcript 
levels of the tomato expansin gene SlEXPA7 (Solyc03g115300) (Lu et al., 
2016) were severely reduced in both transgenic lines, and the expression 
of the genes encoding EXPA20 (Solyc03g115310) and EXPB5 (Sol
yc07g049540) was reduced more than two-fold in both lines (Table 1). 
Pectinesterases catalyze the demethoxylation of pectins, which affects 
the biomechanical properties of the cell wall and, consequently, the cell 
extension (Jeong et al., 2018). The expression of SlPME61 (Sol
yc10g049370) and SlPME3 (Solyc00g170510), two genes of the broad 
family encoding tomato PME (Jeong et al., 2018), was reduced more 
than four-fold in the silenced fruits (Fig. 9 C and Supplementary 
Table S12), while the expression of SlPME29 and SlPME77 decreased 
more than two-fold (Table 1). On the contrary, Solyc10g038020, 
encoding a cellulose synthase (CesA) protein, was markedly overex
pressed in the SlSGT1-silenced fruits (Fig. 10B, C and Supplementary 
Table S13). CesA catalyzes the synthesis of cellulose, which provides the 
major structural rigidity of the cell wall matrix (Somerville et al., 2004). 
The time-course expression analysis of SlEXPA7, SlPME61, and SlCesA 
genes shown in Fig. 11 confirmed the strong impact of SlSGT1 silencing 
on the expression of different cell wall-related genes, suggesting that 
defects in cell wall biogenesis and structure may hamper cell elongation 
and contribute to the reduced fruit size observed as a result of SlSGT1 
downregulation. 

Interestingly, among the 219 genes downregulated in fruits of both 
silenced lines, we also found genes involved in the signaling pathway of 
auxins (four genes of the Gretchen Hagen 3 (GH3) gene family) and GA 
(GAST1) (Table 1 and Supplementary Table S12). Moreover, the 

Fig. 7. Photosynthetic parameters in leaves of amiSGT1 plants. (A,D) Stomatal conductance, (B,E) transpiration rate and (C,F) photosynthetic rate of amiSGT1 and 
wt plants grown under standard greenhouse conditions (A-C) and exposed to 400 mM NaCl (D-F). Data are presented as mean ± SE from three biological replicates, 
each replicate consisting of 3 plants with three technical replicates (n = 9). Different letters (a-c) indicate significant differences. 
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expression of genes encoding small auxin-induced RNAs (SAURs), 
auxin/indole-3-acetic acid (Aux/IAA) and auxin-response factor (ARF) 
proteins was reduced more than two-fold in SlSGT1-silenced fruits 
(Table 1). The same was observed for three genes encoding two GA- 
regulated proteins and one GRAS family transcription factor (Table 1). 
These data suggest that the small fruit size phenotype observed as a 
result of decreased SG levels could be mediated through the auxin and 
GA signaling pathways. In fact, these are the primary regulatory phy
tohormones during the early stages of fleshy fruit development (Quinet 
et al., 2019; Fenn and Giovannoni, 2021). 

4. Discussion 

4.1. Downregulation of SlSGT1 alters the balance of free and glycosylated 
sterols 

The expression of two different amiRNAs targeting the tomato 
(Micro-Tom) SlSGT1 gene (Fig. 1) caused a strong downregulation of the 
SlSGT1 mRNA levels in both leaves and fruits (Fig. 2) without 

substantially affecting the expression of the remaining members of the 
SlSGT gene family (Supplementary Fig. S1), and led to the same 
morphological, biochemical and molecular alterations, thus confirming 
that the phenotypes of amiSGT1 plants can be specifically attributed to 
the silencing of SlSGT1 expression. The downregulation of SlSGT1 
caused a pronounced reduction in SG levels of leaves and fruits at 
different developmental stages, with the only exception being fruits at 
the breaker stage, which showed normal levels of SG (Figs. 3, 4 and 
Supplementary Table S3, S4). The low transcriptional activity of the 
SlSGT1 promoter observed at this stage of fruit development (Supple
mentary Fig. S2) could explain this observation. Either way, the close 
correlation between the SG content and the activity of the SlSGT1 pro
moter throughout wt fruit development (Supplementary Fig. S2), along 
with the impact of SlSGT1 downregulation on SG levels in the leaves and 
fruits of amiSGT1 plants (Fig. 4 and Supplementary Table S4), strongly 
support a major role of SlSGT1 in tomato SG metabolism. In this regard, 
a detailed analysis of SG profiling data in leaves and fruits of amiSGT1 
plants revealed that all major glycosylated sterols are depleted to a 
greater or lesser extent in both organs (Supplementary Table S3–7), 
which is consistent with previous results showing that SlSGT1 is able to 
glycosylate different sterol species both in vitro and in vivo (Ramír
ez-Estrada et al., 2017). In fact, substrate promiscuity seems to be a 
common feature of plant SGTs. The Arabidopsis UGT80A2 and 
UGT80B1 SGTs can also glycosylate all major sterols (Stucky et al., 
2015) and the W. somnifera SGTL1 and SGTL4 isozymes have the ca
pacity to interact not only with a variety of sterols but also with steroidal 
lactones (Pandey et al., 2015). It remains to be established whether the 
differential reduction in the levels of the main SG species caused by 
SlSGT1 silencing is due to differences in SlSGT1 affinity for its FS sub
strates and/or in substrate availability, since the levels of the different 
FS are clearly distinct (Supplementary Table S3, S6). 

Interestingly, the metabolic effects of SlSGT1 downregulation are not 
restricted to SG. In leaves, the reduction of SG levels to about half those 
in control plants resulted in a two-fold increase of total FS, while neither 
ASG nor ES levels were significantly altered (Fig. 3 and Supplementary 
Table S3). A similar metabolic response was observed in fruits, where 
the decline in SG also led to an increase in FS, although in this case ASG 
levels were also affected. Indeed, a small but significant decrease in ASG 
levels was observed at all stages of development, although there was no 
clear quantitative correlation with the corresponding changes in SG 
levels (Fig. 4). Such a weak or even lack of correlation between the total 
contents of SG and ASG was also observed in the seeds of the Arabidopsis 
ugt80 mutants (Stucky et al., 2015). Thus, it appears that in certain 
tissues and/or developmental stages, SG levels might not be limiting for 
normal ASG production despite being the direct precursors of ASG. On 
the other hand, it is also worth noting that the increase of total FS caused 
by the reduction in SG content did not translate into a concomitant in
crease in total SE levels, neither in leaves nor in fruits (Fig. 4). Only 
esterified stigmasterol increased significantly in leaves, but the impact 
on the total content of ES was negligible because of the low proportion of 
esterified stigmasterol in the conjugated sterol fraction (Supplementary 
Table S3). The lack of correlation between increased levels of FS and 
normal levels of SE was unexpected, since membrane FS levels are 
tightly regulated to avoid the toxicity associated with excess FS (Shi
mada et al., 2019). Indeed, previous studies showed that a forced in
crease in the flux of the sterol pathway leads to enhanced levels of SE 
while the content of FS remains essentially unaltered (Wilkinson et al., 
1994; Schaller et al., 1995; Harker et al., 2003). A plausible hypothesis is 
that excess FS in leaves and fruits of amiSGT1 plants is not converted 
into non-harmful SE because they can be readily accommodated in the 
existing cell membranes, partly compensating for the reduction in SG 
levels, since the total content of membrane sterols (FS, SG, and ASG) in 
both leaves and fruits of amiSGT1 plants is still lower than in the cor
responding wt organs, with values ranging from ~75–95% those in 
control plants. In any case, there is an important disturbance of the 
balance between the different membrane sterol species that very likely 

Fig. 8. Phenotypic characterization of fruits from amiSGT1 plants. (A) Repre
sentative cross-section images and (B) weight quantification of fruits collected 
from amiSGT1 and wt plants at the indicated developmental stages. Green (15 
DAA), mature green (30 DAA), breaker (32 DAA) and red (36 DAA). Data are 
presented as mean ± SEM from 35 fruits at each developmental stage per ge
notype. (C) Average seed number in fruits of amiSGT1 plants. Data are pre
sented as mean ± SEM from 35 fruits. At each fruit developmental stage (B) and 
in Table C different letters (a-b) indicate significant differences among wt and 
amiSGT1 lines. 
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Fig. 9. Genes downregulated in fruits 
of amiSlSGT1 plants considering a log2 
fold change (fc) ≤ 2. (A) Venn diagram 
showing the number of downregulated 
genes in 9DAA fruits of the SlSGT1- 
silenced lines 31.2 and 61.1. (B) Clas
sification of the 219 commonly down
regulated genes in fruits of the two 
amiSGT1 lines based on gene ontology 
(AgriGov2) and the assigned function 
in the Solgenomics Network (https:// 
solgenomics.net/). The number of each 
category indicates the percentage of 
genes in that category relative to the 
219 downregulated genes, and numbers 
in brackets represent the number of 
genes included in each category. (C) 
Heatmaps showing expression changes 
of the downregulated genes with an 
assigned function. The colour scale 
shows the levels of gene expression as 
log2-scaled values of fragments per 
kilobase million (FPKM) (log2 FPKM), 
with values ranging from − 3 (lower 
expression, white) to + 3 (higher 
expression, dark blue), as indicate at 
the bottom. HCM = Histone and chro
matin modification; NB = Nucleotide 
binding.   
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alters their biophysical properties. 

4.2. Changes in the expression of genes involved in seed filling, cell 
extension and auxin signaling mediate the reduced fruit size phenotype of 
amiSGT1 plants 

The morphological phenotypes of amiSGT1 plants and fruits are fully 
consistent with the reduced leaf area and plant height caused by the 
downregulation of SGTs in W. somnifera plants (Singh et al., 2016), and 
the drastic arrest of tomato fruit growth observed when sterol biosyn
thesis is blocked during the early stages of fruit development (Narita and 
Gruissem, 1989). Our results reinforce the hypothesis that fruit growth 
inhibition was a direct consequence of sterol depletion (Narita and 
Gruissem, 1989) and demonstrate that normal tomato fruit growth is 
specifically dependent on fruits having proper levels of SG in the early 
stages of development. 

To shed some light on the molecular mechanisms underlying the 
small size of amiSGT1 tomato fruits, we performed a global tran
scriptomic study in fruits at 9 DAA. This analysis revealed that SlSGT1 
silencing triggers a wide downregulatory transcriptional response since 
the number of repressed genes was much higher than that of upregulated 
ones (Figs. 9, 10). One of the most prominent responses was a strong 
downregulation of a high number of genes encoding storage proteins 
(globulins and vicilins) and oleosins, which on the other hand does not 
compromise normal SE accumulation (Fig. 4D), and proteins that 
regulate seed development, such as the small secretory signaling peptide 
CLE8 and the transcriptional regulators FUS3 and ABI3 (Supplementary 

Table S12). CLE8 is a positive regulator of seed growth (Fiume and 
Fletcher, 2012) while ABI3 and FUS3 activate the expression of genes 
involved in seed development (Verdier and Thompson, 2008), including 
those coding for oleosins (Kirik et al., 1996; Carbonero et al., 2017). It is 
thus conceivable that the expected lower accumulation of storage pro
teins during the seed filling may prevent correct seed development and, 
consequently, that of the fruit, since seed number and distribution de
termines the size and shape of many fruits (Gillaspy et al., 1993; Sri
vastava and Handa, 2005). Indeed, after fertilization, seeds produce 
auxin and GA that promote fruit growth (Dorcey et al., 2009) and 
determine its final size by regulating the expression of cell cycle and 
expansion genes (Ozga et al., 1992; Gillaspy et al., 1993; Serrani et al., 
2007; Pattison and Catalá, 2012). Thus, low seed production induced by 
SlSGT1 downregulation (Fig. 8C) may explain, at least in part, the 
reduced fruit size phenotype of the SlSGT1-silenced fruits (Fig. 8A and 
B). 

Our transcriptome expression analysis also showed a strong down
regulation of several genes coding for proteins related to cell expansion, 
including PMEs, expansins (Table 1), and a tomato homologue of the 
Arabidopsis homeobox-leucine zipper protein ATHB12 (Fig. 9 C and 
Supplementary Table S12), which induces the expression of different 
genes related to cell expansion (Hur et al., 2015). The highest PME ac
tivity has been detected in tomato green fruits cell types involved in cell 
expansion and elongation (Jeong et al., 2018). Expansins induce cell 
wall extension (Cosgrove et al., 2002) and some members of the tomato 
expansin gene family are expressed in fruits where they play a role in 
fruit development and ripening (Brummell et al., 1999; Nardi et al., 
2015; Lu et al., 2016). On the contrary, the expression of a gene 
encoding CesA was strongly upregulated in the SlSGT1-silenced fruits 
(Fig. 11 and Supplementary Table S13). An increase of cellulose syn
thesis would limit normal cell growth by reducing cell wall extensibility 
since cellulose provides rigidity to the cell wall (Somerville, 2004). 
Hence, it is tempting to speculate that all these changes may compro
mise normal cell wall loosening and extension in the mutant fruit cells, 
which may limit their expansion capacity, thus also contributing to the 
observed SlSGT1-silenced fruit size reduction. 

Our hypothesis that depletion of SG levels due to SlSGT1 silencing 
has a negative impact on the cell expansion process is further supported 
by the results of the time-course expression analysis of selected genes 
encoding proteins involved in seed filling (CLE8, FUS3, two oleosins and 
two globulins) and cell wall metabolism (SlXPA7, PME61, CesA). This 
analysis confirmed the RNA-seq results and demonstrated that the 
transcriptional response of the selected genes at 9 DAA was maintained 
or even enhanced at 15 DAA, when fruit growth is mainly due to cell 
expansion (Gillaspy et al., 1993), while it was almost completely absent 
at 4 DAA (Fig. 11) when cell division predominates, with the only 
exception being the early upregulation of the genes encoding CesA 
(Fig. 11). The observation that only one cell cycle-related gene (Sol
yc12g087900) encoding CiclynD2 was also markedly repressed in the 
amiSlGT1 fruits (Supplementary Table S10) reinforce the idea that the 
small size of tomato amiSGT1 fruits can be attributed to defects in cell 
expansion rather than to cell division. Interestingly, most of the cell 
expansion genes repressed in response to SlSGT1 silencing (Table 1) are 
regulated by the auxin and GA signaling pathways. The possible 
involvement of auxin in determining the reduced size of amiSGT1 fruits 
is further supported by the downregulation of several genes of the three 
families of early auxin responsive genes (Aux/IAA, GH3, SAUR) 
(Table 1) that mediate the role of this hormone in processes such as cell 
division, extension and differentiation (Abel and Theologies, 1996). The 
promoters of these genes contain the auxin-responsive element (AuxRE) 
(Guilfoyle et al., 1998) recognized by the auxin response factors (ARFs) 
that mediate the hormone response. All members of the tomato ARF 
family have been suggested to play a role in reproductive tissue devel
opment (Zouine et al., 2014), and one of them, SlARF18, which is 
expressed in green and mature fruits, was also downregulated in our 
mutant fruits (Table 1). Interestingly, the AuxRE is also present in the 

Fig. 10. Genes upregulated in fruits of the amiSGT1 plants considering a log2 
fold change (fc) ≤ 2. (A) Venn diagram showing the number of upregulated 
genes in 9DAA fruits of the SlSGT1-silenced lines 31.2 and 61.1. (B) Heatmap 
showing expression changes of the 16 commonly upregulated genes in fruits of 
the two amiSGT1 lines. The colour scale shows the levels of gene expression as 
log2-scaled values of fragments per kilobase million (FPKM) (log2 FPKM), with 
values ranging from − 3 (lower expression, white) to + 3 (higher expression, 
dark blue), as indicate at the bottom. 
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FUS3 and ABI3 gene promoters (Hagen and Guilfoyle, 2002), suggesting 
that these genes may also be auxin responsive. The above early auxin 
responsive genes also regulate the auxin-GA interactions (Fenn and 
Giovannoni, 2021). In fact, four GA-related genes are also down
regulated in SlSGT1-silenced fruits (Table 1). However, the higher 
number and the relevant role of the auxin-related genes downregulated 
in these fruits compared to the GA-related (Table 1) leads us to propose 
that the auxin pathway plays a primary role in determining the reduced 
size of amiSlSGT1 fruits. This hypothesis is consistent with the estab
lished link between membrane lipid metabolism and composition and 
the hormonal control of plant developmental programs (Boutté and 
Jaillais, 2020), particularly between sterols and auxin synthesis, trans
port, signaling and response (Souter et al., 2002; Men et al., 2008; Zhang 
et al., 2016; Short et al., 2018; Wang et al., 2021). So far it is not possible 
to define the mechanistic connection between changes in the membrane 
sterol composition due to SlSGT1 silencing and the developmental 
alteration of the amiSGT1 fruits, but it is reasonable to assume that it 
might be due to the impact of changes in the balance between, and 
within, free and glycosylated sterol pools on membrane organization 
and dynamics. Indeed, it is widely accepted that changes in the relative 
proportions of sterols influence membrane biophysical properties due to 
their different membrane ordering capacity (Schuler et al., 1991; Hodzic 
et al., 2008; Grosjean et al., 2015), and thus alter the trafficking, sorting, 
interactions and activity of a variety of membrane proteins involved in 
basic cellular functions (Carruthers and Melchior, 1986; 
Grandmougin-Ferjani et al., 1997; Men et al., 2008; Yang et al., 2013; 
Grison et al., 2015; Pook et al., 2017), including hormonal control of 
plant growth and development (Souter et al., 2002), although the un
derlying molecular mechanisms are still largely unknown. In this 
context, the amiSGT1 tomato mutants reported in this work represent a 
valuable tool for future studies aimed at unraveling the biochemical and 

molecular mechanisms by which changes in the homeostasis of mem
brane sterols influence plant growth and development. 

5. Concluding remarks 

The results of this study highlight the essential role of sterols in 
normal tomato plant and fruit development, and show that reduced 
levels of glycosylated sterols in early developing fruits trigger a tran
scriptional regulatory response that affects genes involved in critical 
processes for proper fruit development, such as seed filling, cell wall 
expansion, and auxin signaling. Overall, these results expand our cur
rent knowledge on the biological role of sterol homeostasis in plant 
species like tomato, where glycosylated sterols are the predominant 
form of membrane sterols. 
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Fig. 11. Time-course expression analysis of selected genes involved in seed filling and cell wall metabolism in early developping fruits of amiSGT1 plants. The mRNA 
levels of the indicated genes were quantified by RT-qPCR using RNA from fruits collected at 4, 9 and 15 days after anthesis (DAA) and the primer pairs shown in 
Supplemental Table 2. The mRNA levels of the actin gene were used to normalize transcript levels. Data are presented as mean ± SEM from three replicates per 
sample using pooled tissue from 15 fruits at each stage (n = 3). Different letters (a-d) indicate significant differences. 
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