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Highlight 

Through the interaction with master transcription factors of light signaling and ripening, tomato 

SlBBX20 protein regulates vegetative and reproductive growth contributing to determine yield 

and fruit quality.  

 

Abstract 

During the last decade, the knowledge about BBX proteins has abruptly increased. Genome-wide 

studies identified BBX gene family in several ornamental, industry and food crops; however, the 

reports regarding the role of these genes as regulators of agronomically important traits are scarce. 

Here, by phenotyping a knockout mutant, we performed a comprehensive functional 

characterization of the tomato locus Solyc12g089240, hereafter called SlBBX20. The data 

revealed the encoded protein as a positive regulator of light signaling affecting several 

physiological processes during plant lifespan. By the inhibition of PHYTOCHROME 

INTERACTING FACTOR 4 (SlPIF4)-auxin crosstalk, SlBBX20 regulates photomorphogenesis. 

Later, it controls the balance between cell division and expansion to guarantee the correct 

vegetative and reproductive development. In fruits, SlBBX20 is transcriptionally induced by the 

master transcription factor RIPENING INHIBITOR (SlRIN) and, together with ELONGATED 

HYPOCOTYL 5 (SlHY5), upregulates flavonoids biosynthetic genes. Finally, SlBBX20 

promotes the accumulation of steroidal glycoalkaloids and attenuates Botrytis cinerea infection. 

This work clearly demonstrates that BBX proteins are multilayer regulators of plant physiology, 

not only because they affect multiple processes along plant development but also regulate other 

genes at the transcriptional and post-translational levels. 

 

Keywords: BBX proteins, hypocotyl elongation, light signaling, photomorphogenesis, plant 

defense, ripening, shade avoidance, Solanum lycopersicum, specialized metabolism, tomato. 
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INTRODUCTION 

 

Initially characterized in Arabidopsis thaliana as pivotal factors in light-signaling, plant BBX 

proteins have drawn attention during the last few years due to their involvement in several 

developmental processes, including seed germination, seedling photomorphogenesis, 

thermomorphogenesis, floral transition, shade avoidance, senescence and, even, responses to 

biotic and abiotic stresses (Talar and Kiełbowicz-Matuk, 2021; Cao et al., 2023). BBX proteins 

are zinc finger transcription factors (TFs) characterized by the presence of one or two B-box 

domains, which play a paramount role in protein-protein interaction. Additionally, some BBXs 

contain the CONSTANS, CONSTANS-like and TIMING OF CAB1 (CCT) domain in the 

carboxyl terminus of the protein (Gangappa and Botto, 2014). The members of this protein family 

regulate transcription either by direct interaction with target gene promoters (Tiwari et al., 2010; 

Xu et al., 2016) or by modifying the transcriptional regulatory activity of other TFs through 

heterodimerization (Tripathi et al., 2017; Song et al., 2020). 

Recently, genome-wide surveys have identified BBX protein encoding genes in several 

economically important plant species, such as wild peanut Arachis duranensis (Jin et al., 2019), 

sweet cherry (Y. Wang et al., 2021a), Gossypium sp. (Feng et al., 2021), Iris germanica (Y. Wang 

et al., 2021b), cucumber (Obel et al., 2022), rice/maize/sorghum/stiff brome/millet (Huang et al., 

2012; Shalmani et al., 2019), potato (Talar et al., 2017), apple (Liu et al., 2018), orchid 

Dendrobium officinale (Cao et al., 2019), grapevine (Wei et al., 2020), pepper (Wang et al., 

2022), pear (Cao et al., 2017), quinoa (Xuefen et al., 2022), soybean (Shan et al., 2022), 

Saccharum spontaneum (Wu et al., 2023), sweet potato ancestor Ipomoea trifida (Hou et al., 

2021), Nicotiana tabacum (Song et al., 2022), strawberry (Xu et al., 2023a), yam (Chang et al., 

2023) and tomato (Lira et al., 2020). However, the functional characterization of BBX proteins 

related to crop yield and quality traits remains scarce.  

Particularly in tomato, out of the 31 BBX protein-encoding genes identified (Lira et al., 2020), 

six were characterized as regulators of agronomically important traits. Beyond 

photomorphogenesis, SlBBX4 (Solyc08g006530) participates in the determination of flowering 

time, as evidenced by the higher number of leaves until the first anthesis observed in Slbbx4 

mutant genotype (Xu et al., 2023b). Cui et al. (2022) demonstrated that SlBBX3/SlCOL1 

(Solyc02g089540) affects yield by directly downregulating the expression of SINGLE FLOWER 

TRUSS (SlSFT) florigen, consequently delaying flowering and reducing flower number. In 

contrast, SlBBX28 (Solyc12g005660) was found to be a positive regulator of flower and fruit 

number, acting downstream of SlSFT. By the upregulation of auxin metabolism and 

transcriptional repression of FRUITFULL2 (SlFUL2), SlBBX28 determines the proper 

inflorescence branching pattern. Moreover, the SlBBX28-mediated auxin synthesis and signaling 

regulate vegetative growth (Lira et al., 2022). Not only yield-related characters are regulated by 
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SlBBXs, but also fruit quality traits, as the content of nutraceutical compounds. In this sense, 

plants overexpressing SlBBX25 (Solyc01g110180, although it was named SlBBX20 by the 

authors, the locus corresponds to SlBBX25 according to the first report of tomato BBX proteins, 

Chu et al., 2016) developed dark green fruits and leaves, and ripe fruits with higher levels of 

carotenoids and flavonoids relative to the wild type counterparts. Further experiments 

demonstrated that SlBBX25 modulates pigment accumulation in a light-mediated manner (Xiong 

et al., 2019; Luo et al., 2021). Finally, SlBBXs have also been shown to participate in the response 

to environmental biotic and abiotic cues. SlBBX25 negatively regulates resistance to Botrytis 

cinerea (Luo et al., 2023). SlBBX17 (Solyc07g052620) is upregulated by high temperature, and 

its overexpression confers heat tolerance with a dramatic gibberellin-mediated growth penalty 

(Xu et al., 2022). SlBBX17 expression is also induced by low temperatures conferring resistance 

in an ELONGATED HYPOCOTYL 5 (SlHY5)-dependent manner (Song et al., 2023). Similarly, 

the overexpression of SlBBX31 (Solyc07g053140) confers cold tolerance. Through a genome-

wide association study in wild and cultivated tomato accessions, Zhu et al. (2023) discovered an 

insertion of 27 bp in the promoter of SlBBX31 that impairs SlHY5-mediated transcriptional 

induction in response to chilling temperatures has been negatively selected during domestication.  

In a previous work, we have characterized the expression profile of several SlBBXs (Lira et al., 

2020). The mRNA levels of SlBBX19 (Solyc01g110370), SlBBX20 (Solyc12g089240), SlBBX22 

(Solyc07g062160), SlBBX24 (Solyc06g073180) and SlBBX26 (Solyc10g006750) increase from 

immature green towards red ripe stages of fruit development (Supplementary Fig. S1). SlBBX20 

shows the highest absolute expression and induction; moreover, its promoter binds RIPENING 

INHIBITOR (SlRIN), the master TF of tomato fruit ripening (Vrebalov et al., 2002). Here, by the 

comprehensive phenotypic characterization of a knockout mutant, we demonstrate that SlBBX20 

participates in light signaling, regulating several development processes, from seedling 

establishment to fruit ripening, positively impacting crop yield and fruit quality. 

 

MATERIALS AND METHODS 

 

Plant material and growth conditions  

Solanum lycopersicum (cv. Micro-Tom) wild type (WT) harboring the wild allele of GOLDEN2-

LIKE 2 (SlGLK2) gene (Nguyen et al., 2014) and Slrin mutant genotypes were obtained from the 

Laboratory of hormonal control of plant development, University of São Paulo 

(https://www.esalq.usp.br/tomato/). 

Nicotiana benthamiana and tomato plants were grown in 6 L pots containing a 1:1 mixture of 

commercial substrate (Plantmax HT, Eucatex, Brazil) and vermiculite supplemented with 1 g L-1 

of NPK 10:10:10, 4 g L-1 of dolomite limestone and 2 g L-1 of Yoorin Master® (Yoorin 

Fertilizantes, Brazil). Cultivation was carried out in a biosafety risk I greenhouse with manual 
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irrigation by capillarity under controlled temperature (25 ± 3 °C day and 20 ± 3 °C night) and 

natural light conditions (11.5 h/13 h photoperiod in winter/summer, respectively, and 250-350 

μmol m-2 s-1 of incident photo irradiance). 

 

Subcellular localization and bimolecular fluorescence complementation (BiFC) 

Subcellular localization was predicted using cNLS Mapper (http://nls-mapper.iab.keio.ac.jp, 

Kosugi et al., 2009), BaCelLo (http://gpcr.biocomp.unibo.it/bacello/, Pierleoni et al., 2006) and 

DeepLoc 2.0 (https://services.healthtech.dtu.dk/services/DeepLoc-2.0/; Thumuluri et al., 2022). 

The full-length open reading frame of SlBBX20 (Solyc12g089240), SlBBX26 (Solyc10g006750, 

as interaction negative control), SlPIF4 (Solyc07g043580) and SlRIN (Solyc05g012020) without 

stop codon were amplified using specific primers listed in Supplementary Table S1 and cloned 

into pCR™ 8/GW/TOPO TA Cloning (Invitrogen) entry vector. For subcellular localization, 

SlBBX20 coding region was recombined into the binary vector pK7FWG2 (Karimi et al., 2002) 

using LR clonase II enzyme mix (Invitrogen). Since SlBBX20 showed autoactivation when fused 

to the GAL4 DNA-binding domain of the Y2H system, its homodimerization was assessed by 

bimolecular fluorescence complementation assay (BiFC). SlBBX20, SlBBX26, SlPIF4 and SlRIN 

coding regions were recombined into pDEST-GWVYNE or pDEST-GWVYCE vectors (Gehl et 

al., 2009) using LR clonase II enzyme mix (Invitrogen). The binary vectors were introduced in 

Agrobacterium tumefaciens strain GV3101. Cultures were resuspended in infiltration buffer (50 

mM MES pH 5.6, 2 mM sodium phosphate buffer pH 7, 0.5% glucose and 200 µM acetosyringone 

(Sigma-Aldrich)) to a final OD600 of 0.5, incubated for 3 h in the dark at room temperature and 

infiltrated into leaves of 4-week-old Nicotiana benthamiana plants. DAPI (4′,6-diamidino-2-

phenylindole) was used as a nuclear marker. Confocal analyses for subcellular localization and 

BiFC were carried out as described in Lira et al. (2017) in a Leica TCS SP8 STED 3X confocal 

system coupled to a Leica DMi 8 microscope (CAIMi IB-USP). GFP and YFP signals were 

captured over a 508- to 553-nm range after excitation at 488 nm. 

 

Generation of SlBBX20 CRISPR/Cas9 knockout line 

Slbbx20 mutant tomato plants were obtained by CRISPR/Cas9 system in Solanum lycopersicum 

(cv. Micro-Tom) background. Two gRNAs sequences were inserted into pDIRECT_22C vector 

expressing the Csy4-multi-gRNA system (Čermák et al., 2017) to simultaneously target two sites 

in SlBBX20 (Supplementary Table S1). Tomato plants were stably transformed with the construct 

via Agrobacterium tumefaciens-mediated transformation according to Pino et al. (2010). The 

presence of the vector T-DNA was confirmed by PCR using primers: (i) TC320 and M13F 

anchored to the CmYLCV promoter and CSY terminator, respectively and; (ii) Cas9 coding 

region (Supplementary Table S1). Cas9-mediated editions were analyzed in T0 regenerated plants 

by PCR with BBX20 specific primers followed by Sanger sequencing (Supplementary Table S1). 
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The T-DNA was segregated in T2 generation, and all experiments were performed with T4 

homozygous mutants. 

 

Hypocotyl elongation assay 

WT and mutant Slbbx20 seeds were surface sterilized with 30% (v/v) commercial bleach (2.7% 

w/v sodium hypochlorite) for 15 min in agitation, rinsed with distilled water and inoculated in 

square culture vessels (16 vessels with 16 seeds each per genotype) containing sterile medium 

composed of 1/2X MS (Murashige and Skoog, 1962) and 2% (w/v) phytagel. The pH was adjusted 

to 5.7 ± 0.05. The seeds were kept in darkness for four days at 25 ± 2 °C to synchronize 

germination. After germination, at the fifth day, eight vessels per genotype were transferred to 

continuous white light (100 μmol m-2 s-1, R/FR: 2.3), and eight were maintained under absolute 

darkness for another four days. At the eighth day, the length of the hypocotyls after light or dark 

treatment, was measured, and five biological replicates of pooled hypocotyls/cotyledons were 

sampled for each treatment/genotype, frozen in liquid nitrogen and stored at -80 °C for further 

analysis. 

 

Reverse transcriptase and quantitative PCR (RT-qPCR) analysis 

RNA extraction, complementary DNA (cDNA) synthesis, and qPCR assays were performed as 

described by Quadrana et al., (2013). Primer sequences and loci IDs are detailed in Supplementary 

Table S1. qPCR reactions were carried out in a QuantStudio 6 Flex Real-Time PCR system 

(Applied Biosystems) using 2X Power SYBR Green Master Mix reagent (Life Technologies) in 

a 10 µL final volume. Absolute fluorescence data were analyzed using the LinRegPCR software 

package (Ruijter et al., 2009) to obtain cycle quantitation (Cq) values and calculate PCR 

efficiency. Expression values were normalized against the geometric mean of two reference 

genes, SlTIP41 and SlEXPRESSED, according to Quadrana et al. (2013). A permutation test 

lacking sample distribution assumption (Pfaffl et al., 2002) was applied to detect statistical 

differences (P ≤ 0.05) in expression ratios using the algorithms in the fgStatistics software 

package (Di Rienzo, 2009). 

 

Yeast two-hybrid (Y2H) 

The complete coding sequence of SlBBX20 (Solyc12g089240) was cloned into pGADT7 

Gateway™ vector at the N-terminus of the activation domain (AD) of the GALACTOSIDASE 4 

(GAL4) transcriptional activator. SlHY5 (Solyc08g061130), SlPIF4 (Solyc07g043580) and SlRIN 

(Solyc05g012020) interactors were cloned into pGBT9 Gateway™ vector at the N-terminus of 

GAL4 DNA-binding domain (BD) (Cuéllar et al., 2013). Saccharomyces cerevisiae PJ69-4A 

strain (James et al., 1996) was co-transformed with both destination vectors using polyethylene 

glycol (PEG)/lithium acetate method. Transformants were selected on SD (synthetic minimal) 
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medium (Takara Bio, Shigo, Japan) lacking Leucine and Tryptophan. Three individual colonies 

were grown overnight in liquid cultures at 30 °C and 10- or 100-fold dilutions were dropped on 

control (SD-Leu-Trp) and selective media (SD-Leu-Trp-His). 

As SlBBX20 fused to BD showed self-activation all assays were conducted with this protein fused 

to AD. For SlBBX20 and SlRIN interaction 60 mM of the autoactivation inhibitor 3-aminotriazole 

was used. 

 

Transient expression assay (TEA) 

For transient expression assays, the coding sequence of SlBBX20, SlPIF4, SlHY5 and SlRIN were 

PCR-amplified from leaf cDNA with the primers listed in Supplementary Table S1 and cloned 

into pCR™ 8/GW/TOPO TA Cloning vector (Invitrogen). Subsequently, a Gateway LR II 

recombination reaction (Invitrogen) was performed with the p2GW7 vector (Vanden-Bossche et 

al., 2013), obtaining the effector constructs. The SlBBX20 (977 bp), SlPIF4 (1617 bp), SlCHS1 

(1170 bp), SlCHI2 (1232 bp), SlF3H (926 bp) and SlFLS (1114 bp) promoter regions were PCR-

amplified from leaf gDNA and cloned into pCR™ 8/GW/TOPO TA Cloning vector (Invitrogen). 

Next, Gateway LR II recombination reaction (Invitrogen) was performed with the pGWL7 vector 

(Vanden-Bossche et al., 2013), obtaining the promoter constructs harboring FIREFLY 

LUCIFERASE (fLUC) reporter gene. Transient expression assays were performed in protoplasts 

prepared from Nicotiana tabacum Bright Yellow-2 (BY-2) cells, as previously described Vanden-

Bossche et al. (2013). Briefly, protoplasts were transfected with promoter/effector combinations. 

For normalization, a construct with RENILLA (rLUC) reporter gene under the control of 

CaMV35S promoter was co-transfected. As negative control, instead of effector, a construct 

containing pCaMV35S::GUS was used. fLUC activity was expressed as fLUC/rLUC activity ratio 

relative to negative control. 

 

Shade avoidance response assay 

WT and mutant Slbbx20 seeds were sown in sowing trays with 1:1 mixture of commercial 

substrate (Plantmax HT, Eucatex, Brazil) and vermiculite, maintained for four days in darkness 

for germination, kept for two days in constant white light for deetiolation and then submitted to 

white light (control)/shade treatment for 15 days. The white light treatment (WL) consisted in a 

combination of full spectrum, warm and far-red LEDs with a neutral filter: photosynthetically 

active radiation (PAR) = 40 μmol m-2 s-1, red = 7.6 μmol m-2 s-1, blue = 1.9 μmol m-2 s-1, far-red 

= 12.2 μmol m-2 s-1. The shade light treatment was obtained with the same source of WL and a 

green acetate filter (#089; LEE Filters, http://www.leefilters.com): PAR= 40 μmol m-2 s-1, red = 

4.0 μmol m-2 s-1, blue = 1.9 μmol m-2 s-1, far-red = 22.0 μmol m-2 s-1. The R/FR ratios were 0.6 

and 0.1 in WL and shade, respectively. Both treatments were performed at 25 ± 0.5 °C. Hypocotyl 

length was measured until reaching the plateau (maximum length, 6 days after white/shade light 
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treatment). At the end of the treatment, the plant height and the first internode length were scored. 

Moreover, the mRNA level of the SAR inhibitor PHYTOCHROME RAPIDLY REGULATED 1 

(SlPAR1) was profiled in primordia (≤ 1 cm) , young (≤ 2 cm) and expanding (≤ 3 cm) leaves. 

 

Experimental planting and sampling for phenotypic characterization 

For Slbbx20 mutant phenotypic characterization, several experiments were carried out.  

For vegetative growth evaluation (Fig. 2A), 20 plants per genotype were grown for 55 days. Total 

leaf number, leaf area and dry weight were recorded. Total leaf area was obtained by digitizing 

all leaves and calculating the area in ImageJ software (Schneider et al., 2012). Specific leaf area 

(SLA, cm2 g-1) was calculated as the ratio between leaf area and leaf dry weight. The 5th phytomer 

from bottom to top was collected for anatomical analysis (Fig. 2B).  

For leaf development analysis, leaf primordia (≤ 1 cm), young (≤ 2 cm) and expanding (≤ 3 cm) 

leaves were sampled from seedlings 20 days after germination (DAG) (Fig. 2C). 

For floral meristem differentiation analysis, seeds were sown in vermiculite, left for four days in 

the darkness to synchronize germination and apex meristem dissected under magnifying glass 4, 

6, 8, 12 and 15 DAG. The meristems were classified according to their morphology (Fig. 3B). 

The corresponding cotyledons were pooled, frozen in liquid nitrogen and stored at -80°C for 

further analysis (Fig. 3C). Twenty-five seedlings were analyzed for each sampling point.  

For flowering time, yield and fruit quality analysis, two sets of 12 plants per genotype (destructive 

and non-destructive) were grown for 120 days. Flowering time was measured in both sets (Fig. 

3A). The destructive set was used to sample fully expanded leaves (5th phytomer from bottom to 

top) and fruit pericarp at mature green (MG, when the placenta displays a gelatinous aspect, 

approximately 33 days post-anthesis); breaker (Br, when the first signal of carotenoids 

accumulation is observed, approximately 36 days post-anthesis); breaker + N (BrN, N days after 

breaker). Five biological replicates were sampled, each one composed of leaves or fruits from at 

least four plants. The non-destructive set was used for yield evaluation (Fig. 3D). Total number 

of flowers and fruits, total fresh weight of fruits and vegetative aerial fresh and dry weight were 

recorded. Harvest index was calculated according to the formula: 

HI = (total fruit fresh weight)/(total vegetative aerial fresh weight + total fruit fresh weight). 

 

Anatomical analysis 

For leaf anatomical analysis, a fragment (1 × 0.5 cm) of the terminal leaflets from fully expanded 

leaves (5th phytomer from bottom to top) was excised and fixed in FAA70 (formalin-acetic acid-

ethanol 70%, 1:1:18) 24 h under vacuum (500 mmHg). Subsequently, the samples were 

dehydrated in ethanol series (10%, 30%, 70%, 80%, 90% and 95%, v/v) under vacuum (500 mm 

Hg). Pre-infiltration was performed with resin and ethanol 95% (1:1) with daily 2 h under vacuum 

(500 mm Hg) for one week, and infiltration was done in resin under the same conditions. Cross-
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sections of 5 μm thickness were mounted on blades and stained with 0.05% toluidine blue. The 

images were captured in a light microscope (Zeiss AxioScope A1, Jena, Germany) and analyzed 

in the ImageJ software (Schneider et al., 2012). 

 

IAA quantification 

The endogenous 3-Indoleacetic acid (IAA) was extracted and quantified as described by Silveira 

et al. (2004). Briefly, 150 mg of powdered tissue was homogenized in 2.5 mL of the extraction 

buffer containing 80% (v/v) ethanol, 1% (w/v) polyvinylpyrrolidone-40 and 0.05 μCi [3H]IAA, 

used as an internal standard. Samples were incubated and subsequently centrifuged. The 

supernatant was collected and the extraction was repeated once. The combined supernatants were 

completely vacuum-dried, redissolved in 90 μL of 10% methanol/0.5% acetic acid and filtered 

through a 0.2-μm membrane. IAA levels were determined by high-performance liquid 

chromatography (HPLC) in a 5 μm C18 column (Shimadzu Shin-pack CLC ODS) with a 

fluorescence detector (excitation at 280 nm, emission at 350 nm). Fractions containing IAA were 

collected and analyzed in a scintillation counter (Packard Tri-Carb) to estimate losses during the 

procedure. IAA quantification was performed based on a standard curve. 

 

Fruit colorimetric measurement 

Fruit surface color was determined at the equator of each collected fruit using a colorimeter 

(Konica Minolta, CR-400, 8-mm aperture, D65 illuminant, United States). Three measurements 

were taken at the equator of each fruit and average values were calculated as described in Cruz et 

al. (2018).  

 

Carotenoids extraction, identification and quantification 

Fruit carotenoid extraction was performed according to Sérino et al. (2009) with modifications. 

Aliquots of 200 mg fresh weight (FW) of fruit samples were sequentially extracted with NaCl 

saturated solution and dichloromethane and hexane:diethyl ether (1:1 v/v). After centrifugation, 

the supernatant was collected, and the hexane:diethyl ether extraction was repeated three more 

times. All supernatants were combined, and samples were dried by vacuum and dissolved in 200 

µL of acetonitrile. Chromatography was carried out on a HPLC-DAD (model: 1260 system, 

Agilent Technologies, USA) equipped with an autosampler using a Phenomenex Luna C18 

column (250 x 4.6 mm; 5 µm particle diameter) at room temperature with a flow rate of 0.8 mL 

min-1 and injection volume of 20 μL. The chromatographic method was constituted by a gradient 

of mixtures of solvents A (ethyl acetate) and B (acetonitrile:water 9:1 v:v) of 0-4 min with 0-5% 

B; 4-12 min with 5-10% B; 12-17 min with 10-20% B; 17-20 min with 20-65% B; 20-35 min 

with 65% B; 35-40 min with 65-0% B. Eluted compounds were detected between 340-700 nm 
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and quantified at 450 nm. Identification and quantification were determined with a calibration 

curve using commercial standards.  

 

Phenolics extraction, identification and quantification 

For phenolic content analysis, approximately 200 mg FW of fruit pericarp samples were extracted 

with 1 mL of 80% methanol (v:v) for 30 min in an ultrasonic bath at room temperature followed 

by the collection of the supernatants by centrifugation (13000 g, 4 min, 25°C). Phenolic 

compounds were analyzed by the HPLC-DAD (model: 1260 system, Agilent Technologies, USA) 

equipped with an autosampler, using a Zorbax Eclipse Plus C18 column (150 x 4.6 mm, 3.5 µm 

particle diameter) at 45ºC with a flow rate of 1 mL min-1 and injection volume of 3 μL. The 

chromatographic method was constituted by a gradient of mixtures of solvents A (0.1 % acetic 

acid in water) and B (acetonitrile) of 0-6 min with 10% B; 6-7 min with 10-15% B; 7-22 min with 

15% B; 22-23 min with 15-20% B; 23-33 min with 20% B; 33-34 min with 20-25% B; 34-44 min 

with 25% B; 44-54 min with 25-50% B; 54-60 min with 50-100% B. Identification of metabolites 

was carried out through commercial or previously isolated components and quantification was 

determined with a calibration curve using commercial rutin standard. 

 

Promoter analyses 

For motif identification in SlPIF4, SlBBX20, SlCHS1, SlCHI, SlF3H, SlFLS promoters, 2000 bp 

upstream the ATG start codon were retrieved from the Sol Genomics Network 

(https://solgenomics.net). Using PlantPan 3.0 platform (Chow et al., 2019), the following motifs 

were surveyed in the sequences: for BBXs: CCAAT (Ben-Naim et al., 2006), CORE2 (TGTGN2-

3ATG, Tiwari et al., 2010), CCACA (Gnesutta et al., 2017), G-box (CACGTG, Song et al., 2020) 

and modified G-box (TACGTG, Xiong et al., 2019); for PIFs: PBE-box(CACATG, Zhang et al., 

2013),G-box (CACGTG, Toledo-Ortiz et al., 2014) and E-box (CANNTG, Zhang et al., 2013); 

for RIN: C[CT][AT][AT][AT][AT][AT][AT][AG]G (Bianchetti et al., 2022), modified CArG 

(C[ACT][AT][AT][AT][AT][AT][AT][ATG]G, Fujisawa et al., 2013) and; for HY5: ACE-box 

(ACGT, Wang et al., 2021). 

 

Glycoalkaloids extraction, identification and quantification 

Fruit pericarps at Br10 from WT and slbbx20 plants were harvested and snap-frozen in liquid 

nitrogen. Metabolite extraction was performed on 50 mg of powdered tissue using 1 mL of 80% 

methanol (v/v). Samples were centrifugated and the supernatant was vacuum-drying. The pellets 

were resuspended in 100 uL of MilliQ water. Samples were subjected to Ultra Performance Liquid 

Chromatography High Resolution Mass Spectrometry (UPLC-HRMS) at the VIB Metabolomics 

Core Ghent (https://metabolomicscore-gent.sites.vib.be/en). Aliquots of 10 uL were injected on a 

Waters Acquity UHPLC (Waters) device connected to a Vion HDMS Q-TOF mass spectrometer 
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(Waters). Chromatographic separation was carried out on an ACQUITY UPLC BEH C18 (150 x 

2.1 mm; 1.7 μm) column (Waters), column temperature was maintained at 40 °C. A gradient of 

two buffers was used for separation: buffer A (water + 0.1% formic acid, pH 3) and buffer B 

(acetonitrile + 0.1% formic acid, pH 3), as follows: 99 % A decreased to 50% A in 30 min, 

decreased to 30% from 30 to 35 minutes, and decreased to 0% from 35 to 37 minutes. The flow 

rate was set to 0.35 mL/min. Electrospray Ionization (ESI) was applied, LockSpray ion source 

was operated in positive ionization mode under the following specific conditions: capillary 

voltage, 2.5 kV; reference capillary voltage, 2.5 kV; source temperature, 120 °C; desolvation gas 

temperature, 550 °C; desolvation gas flow, 800 L/h; and cone gas flow, 50 L/h. The collision 

energy for full MS scan was set at 4 eV for low energy settings, for high energy settings (HDMSe) 

it was ramped from 20 to 70 eV. For DDA-MSMS the low mass ramp was ramped between 15-

50 eV, and the high mass ramp was ramped between 50-120 eV. Mass range was set from 50 to 

1500 Da, scan time was set at 0.1 s. Nitrogen (greater than 99.5%) was employed as desolvation 

and cone gas. Leucine-enkephalin (100 pg/μL solubilized in water:acetonitrile 1:1 [v/v], with 

0.1% formic acid) was used for the lock mass calibration, with scanning every 2 min at a scan 

time of 0.1 s. Profile data was recorded through Unifi Workstation v2.0 (Waters). Data processing 

was performed with Progenesis QI software version 3.0 (Waters) for chromatogram alignment 

and compound ion detection. The detection limit was set at medium sensitivity with a minimum 

peak width of 0.03 min. Data is normalized to dry weight. In ESI+ ionization, 17475 compound 

ions were detected and aligned to a "pooled sample”. Identification of steroidal glycoalkaloids 

(SGAs) was performed by analyzing a tomatine standard (Tomatine, #0602, Extrasynthese, 

France) and comparing the MS and MS/MS fragments. 

 

Botrytis cinerea inoculation assay 

Botrytis cinerea (strain B05) was grown and maintained on potato dextrose agar media (1.5% 

agar, 2% potato extract, 2% dextrose). Conidia were collected from agar plates with distilled water 

and a glass rod, filtered and resuspended in a 0.1 M sucrose/0.07 M KH2PO4 solution to induce 

germination (Elad, 1991). 

Fruits at Br4 stage were inoculated as described by Cantu et al. (2009). Briefly, on the day of 

harvest, tomato fruits were disinfected by 10% (v/v) bleach followed by three water rinses. Fruits 

were punctured (2 mm depth, 1 mm diameter) at seven sites. Six sites were inoculated with 10 µL 

of conidia suspension (3000 spores µL-1), and the seventh was inoculated with 10 µL of sterile 

water as control. Fruits were incubated for 2 days at 24°C in a dark and damp environment. Lesion 

areas were measured on digital photographs using ImageJ software (Schneider et al., 2012). 

Susceptibility was determined daily as disease incidence (percentage inoculation sites showing 

symptoms of tissue maceration or soft rot) and severity (diameters of the lesions). The evaluation 

of susceptibility was repeated three times with 15 fruits per replicate. 
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Data analyses 

Differences in parameters were analyzed in Infostat software version 17/06/2015 (Di Rienzo et 

al., 2011). When the data set showed homoscedasticity, Student's t-test (P ≤ 0.05) was performed 

to compare mutant plants against the control genotype. In the absence of homoscedasticity, a non-

parametric comparison was performed by applying the Kruskal-Wallis test (P ≤ 0.05). All values 

represent the mean of at least four biological replicates. 

 

RESULTS 

 

SlBBX20 characterization and generation of loss-of-function mutant 

SlBBX20 (Solyc12g089240) encodes a protein of 329 amino acids with two B-box domains that 

belongs to the structure group IV of the BBX protein family (Lira et al., 2020). The presence of 

nuclear localization signals (NLSs) was predicted with three different platforms. According to 

cNLS mapper, SlBBX20 protein has two nonclassical bipartite NLSs at the N-terminal portion 

and one classical type 2 NLS at the C-terminal end, suggesting nuclear and cytoplasmic 

localization (Supplementary Fig. S2A). However, DeepLoc 2.0 and BaCelLo predicted SlBBX20 

exclusively as a nuclear protein (Supplementary Table S2). This result was validated by fusing 

the SlBBX20 coding sequence to the green fluorescence protein (GFP). The transient expression 

of the fusion protein in Nicotiana benthamiana leaves confirmed that SlBBX20 is indeed targeted 

to the nucleus (Supplementary Fig. S2B). Additionally, SlBBX20 homodimerization was 

confirmed by bimolecular fluorescence complementation (BiFC) assay (Supplementary Fig. 

S2B).  

To further investigate SlBBX20 function, a knockout mutant line was obtained by CRISPR-Cas9-

mediated genome edition using two target guides (Supplementary Fig. S3A). Slbbx20 mutant 

harbors a deletion of 967 bp and an insertion of 14 bp, generating a premature stop codon that 

results in a truncated protein of 28 amino acids without any recognizable domain (Supplementary 

Fig. S3A). SlBBX20 mRNA level in the mutant was almost undetectable (Supplementary Fig. 

S3B), most likely due to mRNA nonsense-mediated decay triggered by the premature termination 

codon in the expressed transcript (Lykke-Andersen and Bennett, 2014).  

 

SlBBX20 regulates seedling photomorphogenesis and shade avoidance response  

As the canonical function of BBX proteins is associated with seedling photomorphogenesis, an 

experiment was performed to investigate Slbbx20 seedling development under different light 

conditions. After four days of dark treatment, mutant hypocotyls showed no difference in length 

compared to wild-type (WT) counterparts (Fig. 1A). However, mutant seedlings had longer 

hypocotyls when maintained under constant white light (Fig. 1B). In A. thaliana, increased 
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hypocotyl growth under prolonged shade depends on PHYTOCHROME INTERACTING 

FACTOR 4 (PIF4)-mediated auxin signaling, but does not rely on maintaining elevated auxin 

biosynthetic rates in the cotyledon (Pucciariello et al., 2018). In fact, the expression of the auxin 

biosynthetic genes reduces after several hours of exposure to low red/far-red (R/FR) ratios (de 

Wit et al., 2015). Persistent PIF4 activity is needed for hypocotyl elongation under prolonged 

shade because it induces INDOLE-3-ACETIC ACID 19 (IAA19) and IAA29 auxin signaling 

factors, which are repressors of IAA17, a major inhibitor of hypocotyl growth (Pucciariello et al., 

2018). In this context, to understand the mechanism underneath the observed phenotype, we 

examined auxin content by monitoring the mRNA levels of the biosynthetic genes in cotyledons. 

As observed in A. thaliana, the mRNA levels of the five tested genes did not indicate that altered 

auxin biosynthesis is behind the higher hypocotyl elongation observed in Slbbx20 mutant 

(Supplementary Fig. S4). In contrast, analysis of SlPIF4-mediated auxin signaling in hypocotyl 

revealed the upregulation of SlPIF4 and SlIAA29, while SlIAA17 was downregulated in Slbbx20 

(Fig. 1C). To better understand the role of SlBBX20 in this transcriptional cascade, we first 

demonstrated the physical interaction between SlBBX20 and SlPIF4 by yeast-two hybrid (Y2H) 

and BiFC assays (Fig. 1D). In addition, transient expression assays (TEA) revealed that SlPIF4 

induces its own promoter, while the presence of SlBBX20 diminishes this transcriptional 

activation (Fig. 1E). This agrees with that observed in A. thaliana where AtPIF4 binds its own 

promoter inducing its transcriptional activity (Lee et al., 2021). Altogether, these results indicate 

that SlBBX20 is a positive regulator of photomorphogenesis and participates in light-mediated 

hypocotyl elongation inhibition through the negative control of SlPIF4 activity via 

heterodimerization. 

To further investigate the light signaling impairment observed in Slbbx20 mutant, we analyzed 

the shade avoidance response by exposing the tomato plants for 15 days under low R/FR ratio 

(Fig. 1F). As evidenced by the increased hypocotyl, first internode and plant height, WT plants 

triggered shade avoidance response (SAR) after low R/FR ratio treatment. On the contrary, 

Slbbx20 mutant phenotype was similar to that observed for WT plants maintained in shade 

conditions regardless the light treatment. In line with this phenotype, the expression of the 

negative regulator of SAR, SlPAR1, was diminished in mutant leaves (Fig. 1G). Hence, these 

findings implicate SlBBX20 as a negative regulator of SAR in tomato.  

 

SlBBX20 positively regulates vegetative growth 

The functional characterization of SlBBXs, particularly SlBBX17 and SlBBX28, identified these 

genes as regulators of vegetative growth (Xu et al., 2022; Lira et al., 2022). To address whether 

this is also the case for SlBBX20, the development of 55-day-old Slbbx20 plants was examined 

by measuring biomass parameters. Mutant plants were shorter with reduced leaf number and area, 

resulting in diminished dry weight (Fig. 2A). Interestingly, the specific leaf area was higher in 



A tomato BBX protein regulates multiple traits 

  14 

Slbbx20 than in WT plants (Fig. 2A). To further dissect this phenotype, a morpho-anatomical 

analysis was performed. Mutant leaf lamina was thinner due to the reduced thickness of the 

adaxial epidermis and the palisade and spongy parenchyma without changes in the number of cell 

layers (Fig. 2B). However, in Slbbx20 mutant leaves, the number of palisade parenchyma cell per 

length unit was higher than in WT counterparts (Fig. 2B). 

The mechanism underneath the observed misregulation of cell division and/or expansion was 

investigated through a comprehensive transcriptional profile along leaf development (Fig. 2C and 

Supplementary Table S3). Auxins play a central role in controlling cell division and expansion 

(Perrot-Rechenmann, 2010; Gomes and Scortecci, 2021); therefore, its metabolism was 

investigated. In Slbbx20 leaf primordia, the expression of auxin biosynthetic genes, i.e. 

TRYPTOPHAN AMINOTRANSFERASE 1 (SlTAR1) and two YUCCA-LIKE FLAVIN 

MONOOXYGENASES (SlYUC1 and SlYUC2), were upregulated in line with the observed 

increment in auxin content. Accordingly, cell division-related genes, i.e. CYCLIN‐DEPENDENT 

KINASE-B2 (SlCDKB2) and three CYCLINs (SlCYCB1, SlCYCB2 and SlCYCD3), were also 

induced in the Slbbx20 mutant (Fig. 2C and Supplementary Table S3). In contrast, EXPANSIN-

A5 (SlEXPA5), the most abundantly SlEXP expressed in leaves according to TomExpress (Zouine 

et al., 2017), was downregulated in young and expanding Slbbx20 leaves. 

Collectively, this data indicate that SlBBX20 regulates auxin metabolism, ensuring the proper 

cell division and expansion rate, and playing a positive role in controlling vegetative growth. 

 

Loss of SlBBX20 disturbs flowering and yield 

Flowering is known to be regulated by BBX proteins since the first functional characterization of 

a member of this family. AtBBX1, also known as CONSTANS (AtCO, Putterill et al., 1995), is 

an inductor of the florigen FLOWERING LOCUS T (AtFT). Once synthesized in leaves, AtFT 

protein is translocated to the shoot apex, where induces meristem transition from vegetative to 

floral (An et al., 2004). Hitherto, several other BBXs were identified as positive or negative 

regulators of flowering (Cao et al., 2023). Thus, we examined whether SlBBX20 plays a role in 

tomato flowering. Slbbx20 plants delayed the first anthesis without increasing the number of 

leaves (Fig. 3A). Then, we monitored the meristem transition in WT and Slbbx20 seedlings (Fig. 

3B). Both genotypes had the apical meristem in the vegetative stage at 4 days after germination 

(DAG). While the meristem transition began 6 DAG in WT seedlings, this only occurred 8 DAG 

in Slbbx20 seedlings. Even 15 DAG, when all WT meristems were either in the transition or floral 

stage, some Slbbx20 meristems were still vegetative. The transcriptional profile of SlSFT in the 

cotyledons explained this delay since its transcripts peak shifted from 4 DAG in WT to 8 DAG 

in Slbbx20 seedlings (Fig. 3C).  

Given the developmental delay observed, we investigated the effect of SlBBX20 deficiency on 

plant yield. After cultivation for 120 days, the number of flowers produced by the mutant was 50 
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% lower than in WT plants resulting in fewer fruits per plant (Fig. 3D). Ultimately, as both total 

fruit and shoot weight were reduced, the harvest index of the Slbbx20 plants did not differ from 

WT genotype (Fig. 3D). These results suggest that mutant plants have a general delay in 

development rather than a direct regulation of flowering time. 

Altogether, the data presented unveil SlBBX20 as pivotal factor in vegetative and reproductive 

development.  

 

SlBBX20 expression is induced by the fruit ripening regulator SlRIN  

SlBBX20 mRNA levels have been shown to increase during fruit ripening (Supplementary Fig. 

S1) and SlRIN, a master ripening regulator TF, binds to SlBBX20 promoter (Lira et al., 2020), 

suggesting that SlRIN induces SlBBX20 transcription. To further investigate this relationship, 

SlBBX20 transcripts were profiled in Slrin mutant fruits. At mature green (MG) stage, no 

differences were detected between genotypes. With the onset of ripening, SlBBX20 transcript 

amount rapidly accumulated from MG to breaker (Br), remaining constant until the fully ripe 

stage (Br10) in WT fruits. However, Slrin mutant fruits displayed reduced levels of SlBBX20 

mRNA compared to WT counterparts (Fig. 4A). On the contrary, SlRIN transcripts were unaltered 

in Slbbx20 fruits (Supplementary Fig. S5).  

BBX (Cao et al., 2023) and SlRIN TFs (Bemer et al., 2012) are known to heterodimerize with 

other regulatory factors, thus, the putative interaction between SlBBX20 and SlRIN was tested 

and confirmed by BiFC assay and Y2H (Fig. 4B). Additionally, not only SlRIN binds SlBBX20 

promoter (Lira et al. 2020), but also BBX putative binding motifs were found in the promoter of 

SlBBX20. Therefore, we performed a TEA to better understand the ripening-related 

transcriptional regulation of this gene and the biological significance of SlRIN-SlBBX20 

interaction (Fig. 4C). Either SlRIN or SlBBX20 alone induced the SlBBX20 gene promoter in 

approximately 30% of the basal activity. Interestingly, the presence of both TFs together resulted 

in an over-induction of SlBBX20 promoter, increasing in 170% the fLUC/rLUC ratio. These 

results unveiled that SlBBX20 ripening-associated expression is triggered by the combined 

activity of SlRIN and SlBBX20. 

 

SlBBX20 positively regulates fruit flavonoid accumulation 

Slbbx20 fruits displayed a visual orangish color, which was confirmed by a higher Hue angle 

compared to WT counterparts (Supplementary Fig. S6). In tomato, two classes of specialized 

metabolites are responsible for fruit pigmentation, carotenoids and flavonoids (Dhar et al., 2015). 

Surprisingly, only punctual differences in phytoene and phytofluene, which are colorless 

carotenoids, were detected in Slbbx20 fruits, without altering the total carotenoid content 

(Supplementary Table S4). On the contrary, the three classes of flavonoids (i.e. naringenin 
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chalcone, kaempferol and quercetin derivatives) were dramatically reduced in mutant fruits, 

especially at the fully ripe stage (Br10, Fig. 5 and Supplementary Table S5).  

To understand how SlBBX20 regulates flavonoid accumulation, we profiled the mRNA amount 

of the following biosynthetic genes: CHALCONE SYNTHASE (SlCHS1 and 2), CHALCONE 

ISOMERASE (SlCHI), FLAVANONE 3-HYDROXYLASE (SlF3H), FLAVANONE 3’-

HYDROXYLASE (SlF3’H) and FLAVONOL SYNTHASE (SlFLS). In the case of SlCHI that have 

six paralogs, the only one expressed in fruits according to TomExpress (Zouine et al., 2017) was 

selected. In line with the flavonoid content, with the exception of SlCHS2 that was unaltered 

(Supplementary Table S6), the tested genes were strongly downregulated along the ripening of 

mutant fruits (Fig. 5). 

In tomato seedlings, the expression of flavonoid biosynthetic genes was induced by SlBBX25 

overexpression, leading to anthocyanin accumulation (Luo et al., 2021). Moreover, the lack of 

SlHY5 resulted in the reduction of fruit flavonoids content, as well as the downregulation of the 

corresponding biosynthetic genes and SlBBX20 mRNA levels (Wang et al., 2021). In this context, 

our results led to the hypothesis that SlBBX20 plays a role in SlHY5-mediated flavonoid 

induction. Interestingly, the physical interaction between SlBBX20 and SlHY5 was previously 

reported by Yang et al. (2022) and confirmed here by Y2H assay (Fig. 6A). Furthermore, the 

transcriptional induction of SlBBX20 by SlHY5 was demonstrated by TEA (Fig. 6B). Through an 

in silico analysis, putative binding motifs for both these proteins were found in the promoter of 

SlCHS1, SlCHI, SlF3H and SlFLS. Then, a TEA was performed with SlBBX20 and/or SlHY5 as 

effectors (Fig. 6C). While SlBBX20 activated up to four times the tested promoters and SlHY5 

had little to no effect on their transcriptional activity, the presence of both effectors dramatically 

induced up to 10 times the basal fLUC/rLUC ratio.  

These results indicated that SlBBX20 induces flavonoid accumulation in fruits by upregulating 

the transcription of the biosynthetic genes through the heterodimerization with SlHY5. 

 

Loss of SlBBX20 decreases the accumulation of steroidal glycoalkaloids in tomato fruit 

It has been previously shown that SlHY5 also regulates steroidal glycoalkaloids (SGAs) 

production in tomato, by directly binding to biosynthetic gene promoters (Wang et al., 2018). 

Based on this information and the interaction between SlHY5 and SlBBX20, demonstrated above, 

we investigated whether SGAs accumulation is affected by loss of SlBBX20 in fully ripe (Br10) 

fruits. To this end, we performed targeted metabolomics in fully ripe tomato fruit from WT and 

mutant plants. We observed a decrease in the levels of α-tomatine and dehydrotomatine, as well 

as in SGAs downstream of α-tomatine (i.e. putative acetoxytomatine, hydroxytomatine and 

esculeoside) (Supplementary Table S7).  

 

SlBBX20 attenuates Botrytis cinerea infection  
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Common factors between light and defense signaling transduction pathways have been reported 

(Pierik and Ballaré, 2021). Moreover, flavonoids are important nutraceutical compounds with 

antioxidant activity that play a major role in postharvest disease resistance (Hoensch and Oertel, 

2015). Indeed, high concentrations of these compounds in fruits often correlate with low incidence 

of pathogens (Treutter, 2006). Tomatine also plays an important role in biotic defense, and the 

ability of the pathogen to deactivate this compound determines the success of infection (Sandrok 

and VanEtten, 1998; Pareja-Jaime et al., 2008; Ito et al., 2007; Dahlin et al., 2017). Due to the 

above demonstrated effect of SlBBX20 on flavonoids and SGAs accumulation, Slbbx20 fully ripe 

fruits were inoculated with the necrotrophic fungus Botrytis cinerea. The number of infected 

inoculated sites and the lesion area were higher in Slbbx20 than in WT fruits 48 h post-infection 

(Fig. 7).  

 

DISCUSSION 

 

Knowledge of BBX gene family has greatly increased in recent years unveiling BBX proteins as 

regulatory factors that play pleiotropic functions in plant growth (Cao et al., 2023). Consequently, 

their study in crop species is particularly interesting since by affecting different stages of plant 

development, BBXs can modulate agronomical important traits, such as harvestable organs yield 

and quality (Shalmani et al., 2023). In this sense, here, we functionally characterized tomato 

SlBBX20 (Solyc12g089240), which codifies a BBX protein with two B-box domains and whose 

transcription is abruptly upregulated upon fruit ripening in a phytochrome-mediated manner (Lira 

et al., 2020).  

The behavior of Slbbx20 mutant in response to distinct growth conditions demonstrated that 

SlBBX20 is a positive regulator of light signaling, reinforcing its previously described role as a 

downstream factor in phytochrome-mediated signaling cascade (Lira et al., 2020). Our data 

showed that SlBBX20 participates in light-mediated growth inhibition through the 

heterodimerization with SlPIF4 that, in turn, negatively regulates SlPIF4 activity and, 

consequently, the downstream auxin signaling cascade (i.e, SlIAA29 and SlIAA17). In the absence 

of SlBBX20, mutant plants are hyposensitive to light, maintaining higher PIF4-mediated crosstalk 

between light and auxin signaling, as observed in A. thaliana under prolonged shade (Pucciariello 

et al., 2018). In agreement with this regulatory mechanism, the physical interaction between 

AtPIF4 and AtBBX11 inhibits AtPIF4-mediated AtIAA29 transcriptional induction (Song et al., 

2021). 

Plants have two strategies to deal with shade: shade tolerance and shade avoidance. Shade-tolerant 

species are adapted to the understory of tree canopies (Gommers et al., 2013). Differently, shade 

avoidance is induced by low photosynthetically active radiation and low R/FR ratio and, in this 

case, plants maximize light capture by increasing stem length and positioning the leaves out of 
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the shade via photoreceptor signaling networks (Fernández-Milmanda and Ballaré, 2021). Several 

reports have investigated the effect of prolonged shade on growth and phenology of shade-

avoiding plants. A. thaliana plants grown under constant shade developed fewer leaves with 

reduced area due to attenuated leaf initiation and cell expansion rate, respectively (Cookson and 

Granier, 2006). Further experiments showed that while energy signals mediated by TARGET OF 

RAPAMYCIN kinase pathway are sufficient to stimulate cell proliferation in shoot meristem even 

in the dark, the development of a normal leaf lamina requires photomorphogenesis-like hormonal 

responses (Mohammed et al., 2018). Similar results have been observed in soybean, as plants 

grown under shade conditions showed decreased leaf size caused by the differential expression 

of cell proliferation and/or expansion genes dependent on the leaf developmental stage (Wu et 

al., 2017). Similarly, Slbbx20 plants displayed a misregulation of these processes. Although 

mutant leaves contained more cells due to an increased expression of cell division-related genes 

preceded by a peak in auxin biosynthesis at leaf primordia stage; cell size was compromised by 

the reduced amount of SlEXPA5 mRNA in expanding leaves, resulting in plants with diminished 

size. Shade also delays flowering and compromises yield in strawberry (Takeda et al., 2010) and 

soybean (Cober and Voldeng, 2001; Kurosaki and Yumoto, 2003), as observed in Slbbx20 mutant. 

Concluding, SlBBX20 deficiency phenocopies plants growing under shade conditions displaying 

a seemingly constitutive SAR, which delays vegetative and reproductive growth resulting in 

smaller plants with reduced yield. 

Recent reports have shown a key role of BBX proteins as inductors of specialized metabolism in 

tomato fruits. SlBBX25 (Solyc01g110180) is a positive regulator of carotenoids (Xiong et al., 

2019) and anthocyanins (Luo et al., 2021) accumulation through the direct interaction with the 

promoters of biosynthetic genes. Interestingly, both these pathways were strongly downregulated 

in Slhy5 mutant fruits. Although SlHY5 binds to the promoter of carotenoid and flavonoid 

biosynthetic genes (Wang et al., 2021), no information was available regarding its direct effect 

on their transcriptional activation until now. In this sense, our data unravel a flavonoid 

accumulation mechanism in which SlBBX20 (Solyc12g089240) induces the expression of the 

biosynthetic genes that is synergistically enhanced by the presence of SlHY5. Moreover, SlHY5 

itself can induce the transcriptional activity of SlBBX20 promoter, but not of flavonoids 

biosynthetic genes. Therefore, the previously reported flavonoid reduction in Slhy5 mutant fruits 

is likely due to the downregulation of SlBBX20 (Wang et al., 2021). Such mechanism seems to 

be conserved in other species where the heterodimerization of BBXs and HY5 promotes 

flavonoids and anthocyanins accumulation, as described in A. thaliana (Bursch et al., 2020) and 

Pyrus pyrifolia (Bai et al., 2019) 

The SGAs reduction in Slbbx20 ripe fruits also corroborates the synergistic interaction model 

between SlHY5 and BBX20 for the regulation of fruit metabolism. SGAs levels were decreased 

but not abolished by the absence of SlBBX20. Similarly, loss of SlHY5 produced analogous 
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effects to SGAs accumulation (Zhang et al., 2022). This evidence indicates that SlHY5 interacts 

with BBX20 to modulate the expression of the SGAs pathway. 

The antifungal effect of flavonoids has been extensively reported in planta and, in fruits and 

vegetables postharvest resistance (Treutter, 2006). Pyricularia oryzae growth is inhibited by 

naringenin, kaempferol and quercetin in decreasing order (Padmavati et al., 1997). 

Protoanthocyanidins and dihydroquercetin are involved in barley resistance to Fusarium species 

(Skadhauge et al., 1997), while quercetin and its derivatives inhibit Neurospora crassa growth 

(Parvez et al., 2004). Besides, JA-mediated SGAs accumulation is known to repress fungal 

infection in tomato (Montero-Vargas et al., 2018). It is known that light-mediated plant growth 

and defense response crosstalk in an intricate network (Pierik and Ballaré, 2021). In a direct way, 

low R/FR ratios suppress the formation of jasmonyl-L-isoleucine (JA-Ile), the bioactive conjugate 

of the defense hormone jasmonic acid (JA). This mechanism involves the PIF-mediated activation 

of a JA-catalyzing enzyme resulting in the enhanced stability of JASMONATE-ZIM DOMAIN 

(JAZ) proteins and reduced defense response (Fernández-Milmanda et al., 2020). In this context, 

although the exact function of SlBBX20 in the regulation of specialized metabolism and fruit 

defense must be further investigated, the susceptibility to B. cinerea observed in Slbbx20 fruits 

might be partially due to reduced flavonoids and SGAs content, as well as possibly alterations in 

JA production and signaling. 

Altogether, the obtained data revealed SlBBX20 is a positive regulator of light signaling that 

controls growth by limiting SlPIF4 activity. Afterwards, in an auxin-related manner, SlBBX20 

coordinates cell division and expansion, ensuring normal growth rate and, consequently, 

vegetative and reproductive development. Finally, the accumulation of SlBBX20 during ripening 

in response to SlRIN, enhances fruit flavonoid content by the direct induction of the biosynthetic 

genes, which is boosted by SlBBX20-SlHY5 interaction. In summary, this work provides further 

evidence that manipulating BBXs is a suitable strategy for tailoring harvestable organ yield and 

quality (Fig. 8).  
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FIGURES 

 

Fig. 1. Slbbx20 seedlings are hyposensitive to light. (A) and (B) WT and Slbbx20 seeds were 

sown in vitro, maintained for four days in darkness for germination and then, kept for additional 

four days in constant white light or darkness. (A) Phenotype of seedlings after dark treatment. 

Values are means ± SE (n=120). (B) Phenotype of seedlings after light treatment. Values are 

means ± SE (n=120). Asterisks indicate statistically significant difference to the corresponding 

WT control (P ≤ 0.05). (C) Histograms show the relative expression of PHYTOCHROME 

INTERACTING FACTOR 4 (SlPIF4) and AUXIN/INDOLE-3-ACETIC ACID29 (SlIAA29) and 

SlIAA17 signaling genes in seedling hypocotyls after light treatment. Values are means ± SE of, 

at least, three biological replicates relative to the respective WT control. Asterisks indicate 

statistically significant difference to the corresponding WT control (P ≤ 0.05). (D) Yeast two-

hybrid interactions between SlBBX20 and SlPIF4. SlBBX20 was fused to the activation domain 
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and SlPIF4 to the binding domain. EMPTY: autoactivation control. -LW: positive control in non-

selective media without leucine and tryptophan. -LWH: selective media without leucine, 

tryptophan and histidine. Black boxes show three individual colonies at 10- and 100-fold 

dilutions. Panel below shows heterodimerization of SlBBX20 and SlPIF4 proteins by BiFC. 

SlBBX20::VYNE/SlPIF4::VYCE fusion proteins were transiently expressed in Nicotiana 

benthamiana leaves by infiltration with Agrobacterium tumefaciens. DAPI nuclear marker, GFP, 

bright-field merged signals are indicated above the panels. (E) BBX and PIF transcription factor 

motifs identified in SlPIF4 gene promoter. BBX: CCAAT (Ben-Naim et al., 2006), CCACA 

(Gnesutta et al., 2017) and PIF: E-box (CANNTG, Zhang et al., 2013). Numbers indicate 

nucleotide positions upstream the ATG. Transactivation assay in Nicotiana tabacum BY-2 

protoplast cells of SlPIF4 promoter by SlBBX20 and SlPIF4. Luciferase activity is expressed as 

LUCIFERASE/RENILLA activity ratio relative to the negative control. Values are means ± SE 

(n=8). Different letters indicate significant differences (P ≤ 0.05). (F) Shade avoidance response 

of Slbbx20 seedlings. The relative hypocotyl length is expressed as the ratio between the 

maximum value obtained after 6 days of white light/shade treatment and the respective value at 

the beginning of the treatment. Internode length and plant height were measured after 15 days of 

shade treatment. Values are means ± SE (n=12). Asterisks indicate statistically significant 

difference to the corresponding WT control (P ≤ 0.05). ns: nonsignificant (G) Relative expression 

of PHYTOCHROME RAPIDLY REGULATED1 (SlPAR1) along leaf development stages: leaf 

primordia (LP), young (YL) and expanding leaves (EL) of WT and Slbbx20. Values are means ± 

SE of, at least, three biological replicates relative to the respective WT control. Asterisks indicate 

statistically significant difference to the corresponding WT control (P ≤ 0.05). 
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Fig. 3. SlBBX20 regulates flowering and yield. (A) Days and number of leaves until the first 

anthesis. Values are means ± SE (n=15). Asterisks indicate statistically significant difference to 

the WT control (P ≤ 0.05). (B) The meristem from four, six, eight, twelve and fifteen days after 

germination (DAG), seedlings were classified as vegetative (VM), transition (TM) and floral 

(FM). Scale bar=100 µm. n=25. (C) Relative expression of the florigen SINGLE FLOWER TRUSS 

(SlSFT) in cotyledons of four, eight or twelve DAG seedlings with vegetative (VM) or transition 

(TM) meristems. Values are means ± SE of, at least, three biological replicates relative to the WT 

4VM sample. Different letters indicate statistically significant differences (P ≤ 0.05). (D) Yield 

parameters in 120-days-old plants. Values are means ± SE (n=15). Asterisks indicate statistically 

significant difference to the WT control (P ≤ 0.05). 
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Fig. 4. SlRIN induces SlBBX20 expression along 

ripening. (A) Relative expression of SlBBX20 in fruits 

from the Slrin mutant. The bottom panel shows the 

corresponding phenotype of WT and Slrin fruits. Values 

are means ± SE of, at least, three biological replicates 

relative to the WT MG sample. Asterisks indicate 

statistically significant difference to the corresponding 

WT control (P ≤ 0.05). (B) Heterodimerization of 

SlBBX20 and SlRIN proteins. 

SlRIN::VYNE/SlBBX20::VYCE and 

SlRIN::VYNE/SlBBX26::VYCE fusion proteins were 

transiently expressed in Nicotiana benthamiana leaves by 

infiltration with Agrobacterium tumefaciens. SlBBX26 

was used as interaction negative control. DAPI nuclear 

marker, GFP, bright-field merged signals are indicated 

above the panels. The panel below shows yeast two-

hybrid interactions between SlBBX20 and SlRIN. 

SlBBX20 was fused to the activation domain and SlRIN 

to the binding domain. EMPTY: autoactivation control. -

LW: positive control in non-selective media without 

leucine and tryptophan. -LWH: selective media without 

leucine, tryptophan and histidine. Black boxes show three 

individual colonies at 10- and 100-fold dilutions. (C) RIN 

and BBX transcription factor motifs identified in 

SlBBX20 gene promoter. RIN: 

C[CT][AT][AT][AT][AT][AT][AT][AG]G (Bianchetti 

et al., 2022), modified CArG 

(C[ACT][AT][AT][AT][AT][AT][AT][ATG]G, 

Fujisawa et al., 2013) and; BBX: CCAAT (Ben-Naim et al., 2006), CORE2 (TGTGN2-3ATG, 

Tiwari et al., 2010), CCACA (Gnesutta et al., 2017), G-box (CACGTG, Song et al., 2020), 

modified G-box (TACGTG, Xiong et al., 2019). Numbers indicate nucleotide positions upstream 

the ATG. Histogram shows transactivation assay in Nicotiana tabacum BY-2 protoplast cells of 

SlBBX20 promoter by SlBBX20 and SlRIN. Luciferase activity is expressed as 

LUCIFERASE/RENILLA activity ratio relative to the negative control. Values are means ± SE 

(n=8). Different letters indicate significant differences (P ≤ 0.05).  
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Fig. 5. SlBBX20 promotes fruit flavonoid biosynthesis. Flavonoid biosynthetic pathway. 

Heatmaps indicate statistically significant differences in metabolites (n=4) and mRNA (n=3) 

content in Slbbx20 fruits relative to the respective WT sample (P ≤ 0.05). The absolute metabolite 

and relative transcript values are detailed in Supplementary Table S5 and S6. Abbreviations: 

PHENYLALANINE AMMONIA-LYASE (SlPAL), CINNAMATE 4 HYDROXYLASE 

(SlC4H), 4-COUMARATE-CoA LIGASE (SlC4L), CHALCONE SYNTHASE 1 (SlCHS1), 

CHALCONE ISOMERASE (SlCHI), FLAVANONE 3-HYDROXYLASE (SlF3H), 

FLAVANONE 3’-HYDROXYLASE (SlF3’H), and FLAVONOL SYNTHASE (SlFLS). Created 

with BioRender.com.  
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Fig. 6. SlBBX20 induces the transcriptional activity of flavonoid biosynthetic genes. (A) Yeast 

two-hybrid interactions between SlBBX20 and SlHY5. SlBBX20 was fused to the activation 

domain and SlHY5 to the binding domain. EMPTY: same autoactivation control as in Fig.1D. -

LW: positive control in non-selective media without leucine and tryptophan. -LWH: selective 

media without leucine, tryptophan and histidine. Black boxes show three individual colony 

cultures at 10- and 100-fold dilutions. (B) Transactivation assay in Nicotiana tabacum BY-2 

protoplast cells of SlBBX20 promoter by SlHY5. Luciferase activity is expressed as 

LUCIFERASE/RENILLA activity ratio relative to the negative control. Values are means ± SE 

(n=8). Different letters indicate significant differences (P ≤ 0.05). (C) BBX and HY5 binding 

motifs in flavonoids biosynthetic gene promoters (yellow lines) are shown. BBX motifs: CCAAT 

(Ben-Naim et al., 2006), CORE2 (TGTGN2-3ATG, Tiwari et al., 2010), CCACA (Gnesutta et al., 

2017). HY5 motif: ACE-box (ACGT, Wang et al., 2021). Common motifs: G-box (CACGTG, 
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Song et al., 2020) and modified G-box (TACGTG, Xiong et al., 2019). Numbers indicate 

nucleotide positions upstream the ATG. Histograms show the transactivation assay in Nicotiana 

tabacum BY-2 protoplast cells of flavonoids biosynthetic gene promoters by SlBBX20 and/or 

SlHY5 as effectors. Luciferase activity is expressed as LUCIFERASE/RENILLA activity ratio 

relative to the negative control. Values are means ± SE (n=8). Different letters indicate significant 

differences (P ≤ 0.05).  
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Fig. 7. SlBBX20 participates in defense response. Representative WT and Slbbx20 fruits at Br10 

stage 48 hours after infection with Botrytis cinerea.  The fruits were punctured and inoculated 

with fungus conidia. Histograms show disease incidence and severity. Values are means ± SE 

(n=15). Asterisks indicate statistically significant difference to the WT control (P≤0.05).  
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Fig. 8. SlBBX20 regulates several processes along plant development. SlBBX20 molecular 

mechanisms controlling tomato plant development and fruit quality. The binding of SlRIN to 

SlBBX20 promoter and SlHY5 to the promoters of flavonoids biosynthetic genes were 

demonstrated through chromatin immunoprecipitation follow by qPCR (Lira et al., 2020; Wang 

et al., 2021), respectively. Abbreviations: ELONGATED HYPOCOTYL 5 (HY5), 

PHYTOCHROME INTERACTING FACTOR 4 (PIF4), AUXIN/INDOLE-3-ACETIC ACID 

(IAA29, IAA17), CYCLIN (CYC), EXPANSIN (EXP), RIPENING INHIBITOR (RIN), 

CHALCONE SYNTHASE 1 (CHS), CHALCONE ISOMERASE (CHI), FLAVANONE 3-

HYDROXYLASE (F3H) and FLAVONOL SYNTHASE (FLS). Grey and black arrows indicate 

physiological processes and regulatory links, respectively. Bar/arrow line end represents 

negative/positive interactions. Created with BioRender.com.  

 


