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Abstract

Phenylpropanoids, a class of specialized metabolites, play crucial roles in plant growth and stress adaptation and include
diverse phenolic compounds such as flavonoids. Phenylalanine ammonia-lyase (PAL) and chalcone synthase (CHS) are
essential enzymes functioning at the entry points of general phenylpropanoid biosynthesis and flavonoid biosynthesis, respec-
tively. In Arabidopsis, PAL and CHS are turned over through ubiquitination-dependent proteasomal degradation. Specific
kelch domain-containing F-Box (KFB) proteins as components of ubiquitin E3 ligase directly interact with PAL or CHS,
leading to polyubiquitinated PAL and CHS, which in turn influences phenylpropanoid and flavonoid production. Although
phenylpropanoids are vital for tomato nutritional value and stress responses, the post-translational regulation of PAL and CHS
in tomato remains unknown. We identified 31 putative KFB-encoding genes in the tomato genome. Our homology analysis
and phylogenetic study predicted four PAL-interacting SIKFBs, while SIKFB 18 was identified as the sole candidate for the
CHS-interacting KFB. Consistent with their homolog function, the predicted four PAL-interacting SIKFBs function in PAL
degradation. Surprisingly, SIKFB18 did not interact with tomato CHS and the overexpression or knocking out of SIKFB18
did not affect phenylpropanoid contents in tomato transgenic lines, suggesting its irreverence with flavonoid metabolism.
Our study successfully discovered the post-translational regulatory machinery of PALs in tomato while highlighting the
limitation of relying solely on a homology-based approach to predict interacting partners of F-box proteins.

Key message
Despite its highest sequence homology with Arabidopsis CHS-interacting KFB among 31 tomato KFBs, SIKFB18 does not
function in CHS degradation, while predicted PAL-interacting SIKFBs function in PAL degradation in tomato.

Keywords Phenylpropanoids - PAL - CHS - F-box - KFB - Solanum lycopersicum

P4 Jeongim Kim Introduction
jkim6@ufl.edu
Doosan Shin Phenylpropanoids are a group of specialized metabolites,
dshinl @ufl.edu encompassing flavonoids, condensed tannins, hydroxycin-
Keun Ho Cho namoyl compounds, volatile phenylpropanoids, and mon-
kencho@ufl.edu olignols (Deng and Lu 2017; Dong and Lin 2021; Gari-
Ethan Tucker bay-Hernandez et al. 2021). They are ubiquitously present in
ethan.tucker@ufl.edu the plant kingdom (Liu et al. 2015; Garibay-Hernandez et al.
Chan Yul Yoo 2021) and play vital roles in plant survival. Monolignols, for
chanyul.yoo@utah.edu instance, serve as building blocks of lignin, providing rigid-
! Horticultural Sciences Department, University of Florida, ity and hydrophobicity to vascular bundles (Muro-Villanueva
Gainesville, FL 32611, USA et al. 2019). Flavonoids protect plants from various stresses
2 Plant Molecular and Cellular Biology Graduate Program, (Agati et al. 2020; Shomali et al. 2022) and regulate plant
University of Florida, Gainesville, FL, USA growth and development by modulating auxin transport
3 and scavenging reactive oxygen species (Brown et al. 2001;

School of Biological Sciences, University of Utah, .
Salt Lake City, UT 84112, USA Yin et al. 2014; Muhlemann et al. 201 8; Tan et al. 2019,

@ Springer


http://orcid.org/0000-0003-1384-4192
http://orcid.org/0000-0002-8899-4657
http://orcid.org/0009-0008-4910-8481
http://orcid.org/0000-0001-6159-7443
http://orcid.org/0000-0002-5618-3948
http://crossmark.crossref.org/dialog/?doi=10.1007/s11103-024-01483-4&domain=pdf

85 Page2of18

Plant Molecular Biology (2024) 114:85

Chapman and Muday 2021; Teale et al. 2021). Kaempferol,
a flavonol aglycone, serves as a precursor for ubiquinone,
an essential respiratory cofactor. (Soubeyrand et al. 2018,
2021; Fernidndez-Del-Rio et al. 2020; Berger et al. 2022).
Moreover, numerous phenylpropanoids, especially flavo-
noids, exhibit beneficial properties for human health, such as
anti-cancer, anti-diabetes, and antioxidant activities (Wed-
ick et al. 2012; Tu et al. 2017; Bondonno et al. 2019; Wen
et al. 2021; Prasanna and Upadhyay 2021; Micek et al. 2021;
Xian et al. 2021; Slika et al. 2022). Therefore, understanding
phenylpropanoid biosynthesis and its regulation is impera-
tive for engineering enhanced phenylpropanoid production
in crops (Sun et al. 2020; Chen et al. 2021).

Phenylpropanoid biosynthesis starts with the deamination
of phenylalanine to produce cinnamic acid by phenylalanine
ammonia-lyase (PAL) (Zhang and Liu 2015). Subsequent
hydroxylation and ligation reactions produce p-coumaroyl-
CoA, a precursor for hydroxycinnamoyl compounds like
monolignols and flavonoids (Vogt 2010) (Fig. 1a). The first
enzyme directing flux from the production of hydroxycin-
namoyl compounds to flavonoid biosynthesis is chalcone
synthase (CHS) that produces naringenin chalcone using
p-coumaroyl-CoA and malonyl-CoA (Fig. 1a) (Grote-
wold 2006; Saito et al. 2013). Then, sequential reactions
of isomerases, hydroxylases, and reductases generate basic
structures of flavonoid skeletons such as flavonol aglycones
and anthocyanidins (Wen et al. 2020).

The phenylpropanoid pathway is regulated through
intricate mechanisms, including feed-forward, feed-back,
transcriptional, post-transcriptional, and post-translational
regulations (Yin et al. 2012; Xu et al. 2015; Shin et al. 2015;
Verweij et al. 2016; Zhang et al. 2017; Ohno et al. 2018;
Wang et al. 2020). Recent studies have revealed that PAL
and CHS activities are regulated post-translationally through
ubiquitin-dependent proteasomal degradation (Zhang et al.
2013, 2017; Gu et al. 2019; Mao et al. 2022; Zhao et al.
2023). Ubiquitination is a protein modification that adds
the small regulatory protein called ubiquitin (Ub) to lysine
residues of substrate proteins and poly-ubiquitinated pro-
teins are subsequently degraded by the 26S proteasome
(Hristova et al. 2020). Ubiquitination requires ubiquitin-
activating enzyme (E1), ubiquitin conjugating enzyme (E2),
and ubiquitin ligase (E3). Ubiquitin is activated by the E1
enzyme, and then transferred to E2. The E3 complex then
adds ubiquitin from E2 to target proteins. The E3 ubiquitin
ligase includes E2 binding protein, scaffold protein, adaptor
protein, and substrate binding protein such as F-box proteins
(Gray and Estelle 2000). Several Kelch domain-containing
F-box proteins (KFBs) were identified as subunits of E3
ligase functioning in the ubiquitination of PAL and CHS,
the two vital enzymes functioning at the entry points of the
general phenylpropanoid pathway and flavonoid pathway,
respectively (Fig. 1a) (Zhang and Liu 2015; Zhang et al.
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2017). In Arabidopsis, four KFBs (KFB1, KFB20, KFB39,
and KFB50) function in the PAL ubiquitination and over-
expression of these KFBs significantly reduces phenyl-
propanoid contents (Zhang et al. 2013, 2017). AtKFB®HS,
FvKFB1, and VviKFB7 directly interact with CHS in Arabi-
dopsis, strawberry, and grape, respectively, which leads to
the degradation of CHS (Zhang et al. 2017; Mao et al. 2022;
Zhao et al. 2023). In rice (Oryza sativa), ibfl mutant hav-
ing a defective KFB (IBF1) contains increased flavonoid
contents, and muskmelon (Cucumis melo) cultivars with
elevated CmKFB expression have decreased flavonoid con-
tents (Shao et al. 2012; Feder et al. 2015). Although the
interacting partners of IBF1 and CmKFB remain unknown,
these findings imply a role of IBF1 and CmKFB in flavonoid
metabolism, either directly or indirectly. Notably, tomato
leaves expressing CmKFB contain reduced levels of flavo-
noids, suggesting that tomato flavonoid metabolism is likely
regulated through KFB-mediated ubiquitination and degra-
dation (Feder et al. 2015).

Tomato is one of the most widely consumed vegetables
globally, serving as an excellent source of beneficial phyto-
nutrients, including phenylpropanoids (Chandra et al. 2012;
Anwar et al. 2019). Tomato accumulates various phenyl-
propanoids including flavonoids, caffeic acid derivatives,
stilbenes, coumarins, monolignols, aurones (Zhang et al.
2015b). Despite advances in our understanding of the phe-
nylpropanoid metabolism in tomato (Zhang et al. 2015b;
Tohge et al. 2017; Rosa-Martinez et al. 2023), the post-trans-
lational regulation of phenylpropanoid metabolism in tomato
remains unknown. In this study, we aimed to identify tomato
KFBs (SIKFBs) involved in phenylpropanoid metabolism
in tomato (Solanum lycopersicum). Our homology study
identified 31 genes encoding putative KFB in the tomato
genome, and we investigated their functions in phenylpro-
panoid metabolism.

Materials and methods
Genetic material and plant growth conditions

Micro-Tom was obtained from the tomato genetics resource
center located at the University of California, Davis, led by
C.M. Rick. To conduct the BiFC analysis, we used Nicotiana
benthamiana. Tomato and tobacco plants were grown under
controlled conditions of 22 °C+1 °C with a 16 h day and
8 h photoperiod.

Retrieval of KFBs from tomato genome
Kelch-domain containing F-box proteins (KFBs) were

identified in the tomato genome (SL4.0 build; ITAG4.0
annotation) (Tomato Genome Consortium 2012) using the
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Fig. 1 Proteolytic regulation
steps in the phenylpropanoid
pathway in Arabidopsis and

a phylogenetic tree of tomato
KFBs. a Chalcone synthase
(CHS) and phenylalanine
ammonia-lyase (PAL) are
regulated through ubiquitin-
mediated proteolysis in
Arabidopsis. AIKKFBHS and
AtKFBPAL are kelch-domain
containing F-box proteins
responsible for ubiquitination
of CHS and PAL, respectively.
b Phylogenetic analysis with
31 putative SIKFBs retrieved
from the tomato genome and 9
characterized KFBs from other
plant species identified two sub
clades including AtKFBHS and
AtKFBFPAL. A phylogenetic tree
was constructed using Maxi-
mum Likelihood method with
1000 bootstrap samples and
the JTT model. The tree was
constructed with the full-length
protein sequences of 31 SIKFBs
from the tomato reference
genome (SL4.0 build; ITAG4.0
annotation) (Tomato Genome
Consortium 2012) and 9 KFBs
from Arabidopsis, rice, grape,
and muskmelon (marked with
open circle) known for their role
in regulating phenylpropanoid
metabolism. Branch lengths
are drawn to scale, with the
scale bar indicating the number
of amino acid substitutions

per site. The four AtKFBPALs
(AtKFBI, 20, 39, and 50) are
clustered in Clade 1, and the
KFBs known to regulate flavo-
noids are in Clade 2. SIACIF1
serves as an outgroup
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Jackhmmer program (version 2.41.2) within HmmerWeb
(https://www.ebi.ac.uk/Tools/hmmer/) (Fernandez-Pozo
et al. 2015; Potter et al. 2018). A Hidden Markov Model
(HMM) profile was constructed by initially querying
the sequence of Kelch domain and F-box domain in the
Arabidopsis KFBHS (AT1G23390). This model was then
employed to iteratively search the tomato protein database,
which includes UniProtKB and SwissProt. The search was
conducted separately for proteins containing either the Kelch
domain or F-box domain until no additional proteins were
added to the retrieved protein lists. Proteins containing both
the F-box and Kelch domain were selected by cross-refer-
encing the protein lists obtained with the HMM profile of
each domain separately. In total, this method identified 31
KFBs in the tomato genome.

Gene matrix construction

To generate the amino acid sequence identity matrix, we
utilized Clustal Omega (version: Clustal2.1). We used the
default configurations for the analysis.

Yeast two hybrid (Y2H) assay

The coding sequences (CDS) of seven SIKFBs
(Solyc01g005970, Solyc03g120320, Solyc03g120330,
Solyc05g005150, Solyc06g066770, Solyc06g083550,
Solyc10g080610), AtKFBHS (At1g23390), CmKFB
(XP008446188), SICHS1 (Solyc09g091510), SICHS2
(Solyc05g053550), SICHI (Solyc05g010320), SIF3H
(Solyc02g083860), SIPALS (M83314), and AtCHS
(At5g13930) with the appropriate restriction enzyme site at
the end of the CDS were synthesized from Twist Bioscience
(CA, USA). Arabidopsis PAL1, PAL2, PAL3, and PAL4
were cloned from vectors purchased from ABRC (stock num-
ber: pDEST-DB004HO07 for AtPAL1, pDEST-DBO030EO1 for
AtPAL2, CIW05433 for AtPAL3, and pDEST-DB101F06
for AtPAL4) using primer numbers 32-39 (Supplemen-
tary Table S1). The CDS of KFBs were subcloned into the
pGADTY7 vector (catalog number: 630442, Takara Bio, Otsu,
Japan), while the CDS of CHS, PAL, CHI, F3H were sub-
cloned into the pGBKT?7 vector (catalog number: 630443,
Takara Bio, Otsu, Japan). The empty pGADT7 and pGBKT7
vectors were used as negative controls. The constructed vec-
tors were then co-transformed into the yeast strain Y2HGold
(catalog number: 630489, Takara Bio, Otsu, Japan) using
the lithium acetate-mediated transformation method (Gietz
and Woods 2002). To screen the transformed yeast strains,
we used SD media (5 g of ammonium sulfate, 3.4 g of yeast
nitrogen base without amino acids, 20 g of p-glucose, 20 g
of agar per liter) supplemented with dropout amino acids,
excluding leucine and tryptophan. We used two SD media,
dropout-SD and dropout-SD with Aureobasidin A (AbA), to
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assess protein—protein interactions. AURI-C, a mutated ver-
sion of the AURI reporter gene in this Y2H system, allows
yeast to survive on media containing AbA. AbA inhibits
the wild-type AURI protein, which is lethal to yeast, but
AURI1-C provides resistance. Dropout-SD lacked leucine,
tryptophan, histidine, and adenine, while dropout-SD with
AbA was the same as dropout-SD but included AbA for
strong selectivity.

Bimolecular fluorescence complementation (BiFC)
assay

Two different BIFC systems were used in this study. For
the BiFC with PAL, we adopted a vector system from (Han
et al. 2022). PCR amplification was performed using spe-
cific primers (Supplementary Table S1). The PCR products
of KFBs (full length or truncated proteins lacking F-box
domain) were cloned into the pUC19/Vc-C vector (Addgene
#183,158), while SIPALS was cloned into the pYL322d1/
Vn-C vector (Addgene #183,154). The pUC19/Vc-c con-
structs were then linearized with the Ascl enzyme, and the
pYL322d1/Vn-C constructs were linearized with Ascl and
Sbfl enzymes. Additionally, a linearized DNA fragment con-
taining the mCherry marker fused with a nuclear localiza-
tion sequence (NLS) was obtained from pUC19/NLS-mChe
(Addgene #183,162) using the Ascl enzyme. The three DNA
fragments were assembled into the plant binary vector,
pYL1300UaUf (Addgene #183,173) using the NEBuilder®
HiFi DNA Assembly Cloning Kit (catalog number: E5520S,
NEB, Ipswich, MA, USA). The protocol for the BIFC with
CHS was adopted from a previous report with slight modi-
fications (Nakabayashi et al. 2015). The F-box domains of
SIKFB18 and AtKFB“MS were removed to avoid substrate
degradation. The truncated KFBs (lacking F-box domain)
and the full-length of CHSs were amplified with the attB
sequence at the end of CDS by PCR with specific prim-
ers listed in Supplementary Table S1. The PCR products
were subsequently inserted into the pCC1155 (Zhang et al.
2020) for gateway cloning using BP Clonase™ II Enzyme
Mix (catalog number: 11789020; Thermo Fisher Scientific,
Waltham, MA, USA). The pCC1155 with KFB constructs
were subcloned into the pBatTL-B-sYFPn vector, and the
pCC1155 with CHS constructs were subcloned into pBatTL-
B-sYFPc using LR Clonase™ II Enzyme Mix (catalog num-
ber: 11791; Thermo Fisher Scientific, Waltham, MA, USA).
Empty pBatTL-B-sYFPn and pBatTL-B-sYFPc were uti-
lized as negative controls.

All BiFC constructs were transformed into A. tumefaciens
strain GV3101 and co-infiltrated into 4 weeks-old Nicotiana
benthamiana leaves. The YFP, Venus, and mCherry fluo-
rescence signals were detected using a confocal scanning
microscope (Olympus IX81-DSU) 48 h after infiltration.
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Generation of transgenic lines

To generate Arabidopsis transgenic lines overexpressing
SIKFBI13 and SIKFBI4, coding sequences of SIKFB13
and SIKFB14 were synthesized by Twist Bioscience (San
Francisco, CA, USA). These sequences were subsequently
cloned into the pCC1155 entry vector using the BP Clon-
ase™ II enzyme mix (catalog no. 11789020; Thermo Fisher
Scientific, Waltham, MA, USA), and then were recombined
into the pCC0995 destination vector via the LR Clonase™
IT enzyme mix (catalog no. 11791; Thermo Fisher Scien-
tific, Waltham, MA, USA). These constructs were then intro-
duced into wild-type Arabidopsis plants (Col-0) using the
Agrobacterium tumefaciens-mediated floral dip method, as
described by (Zhang et al. 2006). The resulting T1 genera-
tion seedlings were initially selected on soil with 0.2% (w/v)
BASTA (glufosinate ammonium), and surviving plants were
subsequently transplanted to fresh soil for further assays.
To determine the expression levels of SIKFBs in the trans-
genic Arabidopsis lines, RT-PCR was performed using spe-
cific primers No. 24 and 25 for SIKFBI13, No. 26 and 27
for SIKFBI4, and No. 28 and 29 for AtTUB3 as an internal
control.

To generate tomato transgenic lines overexpressing
SIKFB18 and CRISPR lines,

the gRNA-containing (5'-GCTTCAACAAGCCGAAGC
CG-3") pHSE401 CRISPR vectors to target the upstream
region of the SIKFBI8 gene and the pPGWB502 overex-
pression vectors harboring the SIKFBI18 CDS were intro-
duced into the A. tumefaciens GV3101 using the heat shock
method. The tissue culture-mediated tomato transformation
was conducted using the previously described method with
slight modifications (Gupta and Van Eck 2016). Cotyledons
from 10 days-old seedlings were excised and incubated on
filter paper on preculture media plates containing 4.3 g of
Murashige and Skoog (MS) salt, 100 mg of myoinositol,
1 ml of modified Nitsch vitamins stock(composed of 10 mg
of glycine, 50 mg of nicotinic acid, 2.5 mg of pyridox-
ine HCI, 2.5 mg of thiamine HCI, 2.5 g of folic acid, and
0.2 mg of d-biotin in 10 ml), 20 g sucrose, 5.2 g of TC gel,
and 2 ml of 1 mg/ml trans-zeatin stock per litter, with the
pH adjusted to 6. The cotyledons were incubated under a
16 h photoperiod for 24 h. Agrobacterium cells carrying
the vector were incubated overnight and subsequently har-
vested via centrifugation. The pellet of Agrobacterium cells
was re-suspended in a buffer containing 4.3 g of MS salts,
100 mg of myoinositol, 0.4 mg of thiamine HCI, and 20 g of
sucrose per liter, with the pH adjusted to 5.8. The cotyledons
were then immersed in the Agrobacterium suspension for
5 min and placed back onto preculture media for co-culture
in the dark at 22 °C for 48 h. The cotyledons were then
transferred to callus induction media, which contained 3 ml
of 100 mg/ml timentin stock and 3 mg/l hygromycin per

liter and were incubated for 2 weeks. Once small calli had
formed, the cotyledons with the calli were transferred to a
shoot induction media. The concentration of trans-zeatin in
shoot induction media was reduced to 50% of the amount
in the callus induction media, while all other ingredients
remained the same. The calli were transferred to fresh shoot
induction media every 2 weeks until shoot formation was
observed. Once the shoots reached a minimum length of
2 cm with at least one node, they were excised and planted
in a root regeneration media composed of 4.3 g of MS salt,
1 ml of modified nitch vitamins stock, 30 g of sucrose, 8 g
of Difco Bacto Agar, 2 ml of 100 mg/ml timentin stock,
3 mg of hygromycin, and 1 mg of indole acetic acid per liter
with the pH adjusted to 6. When the roots were sufficiently
formed, the plantlets were moved to soil and grown until
seed maturation. The CRISPR knock-out lines were isolated
via sequencing of the target genes. To check the genotype
of modified region of SIKFBI8, the primer set, No. 30 and
31, was used (Supplementary Table S1). Transgenic plants
overexpressing SIKFBI18 were isolated based on their resist-
ance to hygromycin. The expression of SIKFBI8 was then
confirmed by qRT-PCR using the primer set of No. 22 and
23. SIACTIN?2 expression was used as an internal control
(Supplementary Table S1).

PAL activity

The PAL activity was measured by a modified method of
the procedure described in (Kim et al. 2015). Total proteins
were extracted from the leaves of 3 weeks-old Arabidop-
sis, which were pulverized in a Benchmark BeadBlaster 24
homogenizer (Benchmark Scientific, NJ). The powdered
tissue was then incubated in extraction buffer comprising
0.1 M Tris—HCI (pH 8.3), 10% glycerol, and 5 mM dithi-
othreitol (DTT) for one hour and then crude proteins were
collected after centrifugation. Protein concentrations in the
extracts were quantified via the Bradford assay, employ-
ing the Bradford Reagent (Sigma-Aldrich, St. Louis, MO,
USA) according to the manufacturer’s protocol. The enzyme
reaction of PAL was started by adding 150 pl of protein
extract with 400 pl of a reaction buffer that contained 5 mM
L-phenylalanine, and the mixture was incubated at 37 °C
for 90 min. The reaction was terminated by adding 40 pl of
30% (v/v) acetic acid. The product of the enzyme reaction
was then extracted with ethyl acetate, the volume of which
was 600 pl, and subsequently concentrated using an Eppen-
dorf Vacufuge Plus (Eppendorf, Hamburg, Germany). The
dried extract was then redissolved in 100 ul of 50% metha-
nol and 10 ul of extract was analyzed using HPLC with a
solvent B (100% acetonitrile) gradient in solvent A (0.1%
formic acid in water). The gradient starting from 12 to 30%
of solvent B over 2.6 min, increasing from 30 to 95% in the
next 4 min, and holding at 95% for an additional 3 min. The
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flow rate was set at 0.7 ml/min, and the column tempera-
ture was maintained at 40 °C. The PAL reaction product,
trans-cinnamic acid, was quantified by measuring the peak
area at 270 nm and comparing it to a calibrated curve of a
standard trans-cinnamic acid solution (Sigma-Aldrich, St.
Louis, MO, USA).

RNA extraction and gene expression analysis

Leaf samples from 4 weeks old tomato plants were collected
and immediately frozen in liquid nitrogen. The samples
were then homogenized using a Benchmark BeadBlaster 24
homogenizer (Benchmark Scientific, Edison, NJ, USA) with
500 pl of 1.25 mm Zirconia oxide beads (A Norstone Com-
pany, Bridgeport, PA, USA) to obtain a complete ground
sample. Total RNA was extracted from the samples using
Trizol reagent (Life Technologies Inc., Gaithersburg, MD,
USA) according to the manufacturer's instructions. For
cDNA synthesis, 2 pg of total RNA and a reverse transcrip-
tion kit (catalog number: 4368814; Thermo Fisher Scien-
tific, Waltham, MA, USA) were used. Quantitative real-time
Reverse Transcription PCR (qQRT-PCR) and RT-PCR were
performed using PCR kits (catalog number: FERK1071;
Thermo Fisher Scientific, Waltham, MA, USA, and catalog
number: K1081; Thermo Fisher Scientific, Waltham, MA,
USA) with 1 ul of cDNA. AtTUB3 (AT5G62700) and SIAC-
TIN2 (Solycl11g005330) were used as internal controls for
gene expression analysis in Arabidopsis and tomato, respec-
tively. Specific forward and reverse primers, as listed in Sup-
plementary Table S1, were used for PCR.

Phenylpropanoid quantification

The first three true leaves from 3 weeks old tomato plants
and 3rd and 4th rosette leaves of 3 weeks old Arabidopsis
were used for metabolite analysis using 50% (v/v) methanol
at 65 °C for 1 h. The extracts were then subjected to analysis
using an UltiMate 3000 HPLC system (ThermoFisher Sci-
entific, Waltham, MA, USA) equipped with an Acclaim™
120 C18 column (75 mm X 3 mm; 2.2 pm) coupled with a
C18 guard column (10 mm X3 mm; 5 pm) (ThermoFisher
Scientific, Waltham, MA, USA). Metabolites from Arabi-
dopsis samples were separated using a mobile phase com-
posed of solvent A (0.1% formic acid (v/v) in water) and
solvent B (100% acetonitrile), with a gradient of 5% to 14%
for 2.2 min, followed by 14% to 18% (v/v) solvent B for
9 min, and finally 18% to 95% solvent B for 3.5 min. Three
kaempferol glycosides were identified by comparing the
HPLC profiles of wild type, ugt78d1, and ugt78d2 mutants,
following previous studies (Yin et al. 2012, 2014). The lev-
els of kaempferol glycosides were compared based on their
HPLC peak areas. Sinapate esters, including sinapoylmalate
and sinapoylglucose, were identified based on their retention
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times and UV spectra, as determined in previous studies
(Kim et al. 2015, 2020; Li et al. 2015; Perez et al. 2021; Shin
et al. 2023). Sinapoylmalate was quantified using sinapic
acid as its standard (catalog number: D7927; Sigma-Aldrich,
St. Louis, MO, USA).

Metabolites from the tomato samples were separated with
a mobile phase consisting of solvent A (0.1% formic acid
(v/v) in water) and solvent B (100% acetonitrile) with a gra-
dient of 3% to 18% for 17 min, followed by 18% to 50% (v/v)
solvent B for 6 min. The contents of rutin and chlorogenic
acid were quantified based on peak area and a standard curve
of rutin (catalog number: R5143; Sigma-Aldrich, St. Louis,
MO, USA) and chlorogenic acid (catalog number: CO181;
TCI America, Portland, OR, USA).

Results

putative SIKFBs were identified in the tomato
genome

From the tomato genome (SL4.0 Assembly), we identified
a total of 31 genes encoding proteins with both F-box and
Kelch domains, which we considered to be putative KFB
homologs in tomato. We designated them as SIKFB1 to
SIKFB31 based on their positions within the tomato chro-
mosomes (Supplementary Table S2). To identify SIKFB
candidates targeting CHS and PAL, we conducted a com-
parative analysis with the amino acid sequences of tomato
KFBs and previously characterized KFBs from Arabi-
dopsis, rice, grape, and muskmelon that were reported to
regulate phenylpropanoid production (Shao et al. 2012;
Zhang et al. 2013, 2015a, 2017; Feder et al. 2015; Zhao
et al. 2023) (Fig. 1b). In the phylogenetic tree, four PAL-
interacting KFBs from Arabidopsis (AtKFBO1, AtKFB20,
AtKFB39, and AtKFB50) were clustered in clade 1, while
clade 2 included KFBs functioning in flavonoid metabolism,
including Arabidopsis CHS-interacting KFB (AtKFBCHS)
(Fig. 1b).

Four tomato KFBs, SIKFB13 (Solyc03g120320),
SIKFB14 (Solyc03g120330), SIKFB21 (Solyc06g066770),
and SIKFB29 (Solyc10g080610), were clustered with PAL-
interacting KFBs in clade 1 (Zhang et al. 2013, 2015a)
(Fig. 1b). SIKFB13, SIKFB14, and SIKFB21 showed 45
to 50% amino acid sequence identities with AtKFB1 and
AtKFB20, while SIKFB29 showed 36% and 37% amino acid
sequence identities with AtKFB1 and AtKFB20, respec-
tively (Supplementary Fig. S1). All four SIKFBs displayed
sequence identities ranging from 30 to 36% with AtKFB39
and AtKFB50. SIKFB28 (Solyc09g066210), the closest
KFB to those in clade 1, showed only 24% to 27% sequence
identities with AtKFB1, 20, 39, and 50 (Fig. 1b, Supple-
mentary Fig. S1). Thus, SIKFB13, SIKFB14, SIKFB21, and
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SIKFB29 in clade 1 were selected as PAL-interacting SIKFB
candidates.

SIKFB18 was the only SIKFB in clade 2 having
AtKFBMS, IBF1, VviKFB7, and CmKFB, the KFBs
functioning in flavonoid metabolism (Fig. 1b). SIKFB22
(Solyc06g083550) was SIKFB close to clade 2, but SIKFB22
showed 20% to 24% sequence identities with AtKFBCHS,
IBF1, CmKFB, and VviKFB7 while SIKFB18 exhibited
over 40% sequence identity with them (Supplementary
Fig. S1). Thus, SIKFB18 was selected as a CHS-targeting
KFB candidate.

SIKFB13, SIKFB14, SIKFB21, and SIKFB29 regulate
PAL stability

In Arabidopsis, four Phenylalanine Ammonia-Lyase (PAL)
enzymes, AtPAL1, AtPAL2, AtPAL3, and AtPAL4, function
redundantly (Rohde et al. 2004; Huang et al. 2010) and four
KFBs, AtKFB1, AtKFB20, AtKFB39, and AtKFB50, par-
ticipate redundantly in the ubiquitination of all four AtPALSs
(Zhang et al. 2013, 2015a). We identified six PAL homologs
(Solyc05g056170, Solyc10g086180, Solyc09g007890,
Solyc09g007910, Solyc09g007900, and Solyc09g007920)
in the tomato genome (SL4.0 build; ITAG4.0 annotation)
(Tomato Genome Consortium 2012) that showed over
70% sequence identities with Arabidopsis PALs (Sup-
plementary Fig. S2). Solyc10g086180, Solyc09g007890,
Solyc09g007910, Solyc09g007900, and Solyc09g007920

SD/-Leu/-Trp

were shown to be upregulated in AtMYB12 overexpression
tomato, along with other flavonoid biosynthesis enzymes
(Zhang et al. 2015b). Additionally, SIPALS (M83314.1) has
been reported as a tomato PAL in previous studies (Guo
and Wang 2009; Lgvdal et al. 2010). Interestingly, all seven
SIPALs are more closely related to AtPAL1 and AtPAL2
than to AtPAL3 and AtPAL4 in the phylogenetic tree (Sup-
plementary Fig. S2). As SIPALS has been previously char-
acterized (Guo and Wang 2009; Lgvdal et al. 2010), we
decided to use SIPALS to identify PAL-interacting SIKFBs
in tomato.

In our Y2H analysis, we included four SIKFBs, SIKFB13
(Solyc03g120320), SIKFB14 (Solyc03g120330), SIKFB21
(Solyc06g066770), and SIKFB29 (Solyc10g080610)
from clade 1 (Fig. 1b). Among them, SIKFB14, SIKFB21
and SIKFB29 interacted with SIPALS (Fig. 2). Notably,
SIKFB13 (Solyc03g120320) did not interact with SIPALS
in our Y2H assay, despite its high sequence similarity with
SIKFBs in clade 1 (Fig. 1b, 2; Supplementary Fig. S1).

To test if the interaction of SIKFB14/21/29 with SIPALS
affects protein stability, we conducted BiFC experiments
using intact SIKFBs and truncated SIKFBs (SIKFB (A))
with the F-box domain removed (Fig. 3). In this test, we
included a nuclear-localized mCherry cassette to evaluate
proper transformation (Fig. 3a). All tested samples showed
mCherry signals in nucleus, indicating properly expressed
transgenes. The detection of the Venus signal was evident
in leaves that were infiltrated with SIKFB 14, SIKFB21, and

SD/-Leu/-Trp/-His/-Ade
SD/-Leu/-Trp/-His/-Ade + AbA

4101 102 103 104 1

AD-T + BD-P53 |

[ AD-SIKFB13 | . . 7% @ w

AD-SIKFB14 ‘ 'Q

BD-SIPALS +

AD + BD

Fig.2 Three SIKFBs interacted with SIPALS in the Y2H assay
SIKFBs were fused with the activation domain (AD), and SIPALS
was fused with the binding domain (BD). SD media excluding leu
and trp were used to check the introduction of AD and BD vectors
in the yeast. SD media excluding leu, trp, his, and ade were used to
assess protein interactions. SD media excluding leu, trp, his, and ade

10" 102 103 104 1 101 102 103 10

along with Aureobasidin A (AbA) were used to increase stringency of
interactions. SIKFB14, 21, and 29 in clade 1 showed interaction with
SIPALS, while SIKFB13 in the same clade and SIKFB18 in clade 2
did not. The pair of AD-T and DB-P53 was used as a positive control,
and the pair of AD and BD vector without insert DNA was used as a
negative control
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Fig.3 BiFC assay for the LB
interactions of SIKFBs with a
SIPALS. a The illustration

of the BiFC vector used in

this assay. P35s (35S pro-

moter), mChe (mCherry

CDS), NLS (Nuclear localiza- b
tion signal sequence), Tnos 7
(Nos tgrminagor), Vn (Venus Vn-SIPALS
N-terminal fragment), V¢ +

= = P35S

(Venus C-terminal fragment), Vc-SIKFB14 §
PAL (Phenylalanine ammonia-

lyase CDS), and KFB (Full

length or partial CDS of Kelch

domain-containing F-box). b Vn-SIPALS

SIKFB14/21/29 interacting with +
SIPALS exhibited fluorescence ¥
when their F-box domain was Vc-SIKFB14(AF) o
removed, but intact SIKFBs co-

infiltrated with SIPALS did not

show fluorescence. The BiFC Vn-SIPAL5
was conducted using intact +
SIKFBs, and truncated SIKFBs

that lack the F-box domains Vc-SIKFB21
(SIKFB14 (AF), SIKFB21 ;
(AF), and SIKFB29 (AF) that
first 46, 51 and 49 amino acids

Vn-SIPALS

were removed, respectively).
Images captured under identi- +
cal exposure conditions depict
bright field, mCherry (captured
using Wide-band Green-Red
excitation light with a center
wavelength of 593 nm, and a Vn-SIPALS
TRITC filter), Venus (captured +

using blue excitation light with

a center wavelength of 470 nm Ve-SIKFB29
and a FITC filter) and merged

two-channel views. More than

five infiltrated leaves were Vn-SIPAL5S
examined, and similar images P

were obtained

Vc-SIKFB29(AF)

Vn
+

Ve

SIKFB29 lacking their F-box domains, along with SIPALS
(Fig. 3b). However, this signal was not observed with intact
SIKFBs (Fig. 3b). This result suggests that SIPALS, upon
interacting with SIKFBs, undergoes degradation through
a mechanism requiring the F-box domain, likely involving
ubiquitination-mediated degradation.

In Arabidopsis, all four KFBs redundantly interact with
four PALs (AtPAL1 ~ AtPAL4) (Zhang et al. 2013, 2015a).
As there are at least six additional PAL-encoding genes in
the tomato genome, SIKFB14/21/29 may interact with other
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SIPALSs in addition to SIPALS. Similarly, SIKFB13 may
interact with other PAL proteins, although it did not interact
with SIPALS. To test if SIKFB13 functions in PAL degra-
dation, we took advantage of Arabidopsis system. Arabi-
dopsis rosette leaves accumulate sinapoylmalate, a blue
fluorescent phenylpropanoid (Ruegger and Chapple 2001),
causing Arabidopsis leaves to emit a bluish color under UV
light. Conversely, Arabidopsis plants with reduced sinapoyl-
malate would appear red under UV light due to chlorophyll
auto-fluorescence (Ruegger and Chapple 2001). As PAL
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activity is necessary for the production of phenylpropanoids,
including sinapoylmalate, accelerated PAL degradation can
be detected with leaf UV fluorescence. Given that tomato
PALs showed over 80% sequence identities with Arabidopsis
PAL1/2/4, which is higher than 73% sequence identities of
AtPAL3 when compared with AtPAL1 and 2 (Supplemen-
tary Fig. S2a), it is possible that SIKFBs may interact with
AtPALs. Thus, we overexpressed SIKFB13 in Arabidopsis
to test its impact on phenylpropanoid production. We also
overexpressed SIKFB14, which interacts with SIPALS from
Y2H and BiFC assays (Fig. 2, 3). As shown in Fig. 4, some
Arabidopsis transgenic lines overexpressing SIKFBI3 or
SIKFB14 exhibited a red color under UV light, while oth-
ers displayed a bluish color. Consistently, the lines show-
ing a red color under UV light accumulated lower levels of
phenylpropanoids, including three kaempferol glycosides,
sinapolymalate, and sinapoylglucose, compared to the lines
exhibiting a blue color (Fig. 4, Supplementary Fig. S3a).
The reduced phenylpropanoid contents correlated with PAL
activity and the expression levels of SIKFB13 and SIKFB14
(Fig. 4), suggesting the repressive roles of SIKFB13 and
SIKFB14 on PAL activity. Notably, several Arabidopsis
transgenic lines with strong expression of SIKFBI3 and
SIKFB14 displayed alteration in growth and development,
such as stunted inflorescence growth (Supplementary Fig.
S3b), similar to those observed in the Arabidopsis pal
mutants (Huang et al. 2010).

To determine whether any interactions of SIKFBs with
AtPALs contributed to the reduced PAL activity and phe-
nylpropanoid contents, we used Y2H assays to examine
the interactions between SIKFBs (SIKFB13 and SIKFB14)
and Arabidopsis PALs (AtPAL1, AtPAL2, AtPAL3 and
AtPAL4) (Rohde et al. 2004; Huang et al. 2010). SIKFB14
indeed interacted with AtPAL1, AtPAL2, and AtPAL4,
while SIKFB13 interacted with AtPAL1 and AtPAL4, sug-
gesting a possible role of SIKFBs in PAL stability (Supple-
mentary Fig. S4). Interestingly, both SIKFBs did not interact
with AtPAL3.

SIKFB18 does not function in flavonoid metabolism
in tomato

In Arabidopsis, AtCHS (At5g13930) is the only CHS func-
tioning in flavonoid biosynthesis as its loss-of-function
mutant failed to make any flavonoids (Schmelzer et al. 1988;
Shirley et al. 1995). We identified four CHS homologs in
the tomato genome (SL4.0 Assembly), which showed
over 60% sequence identities with the Arabidopsis CHS
(AtCHS) (Supplementary Fig. S5). Among the four identi-
fied tomato CHS homologs, SICHS1 (Solyc09g091510) and
SICHS?2 (Solyc05g053550) have been previously character-
ized (Schijlen et al. 2007; Espaia et al. 2014; Kong et al.
2020). Silencing SICHSI1 resulted in a notable reduction in

flavonoid content (Schijlen et al. 2007; Espaia et al. 2014;
Kong et al. 2020). The other two SICHS homologs were
designated as SICHS-likel (Solyc12g098090) and SICHS-
like2 (Solyc05g053170) (Supplementary Fig. S5a). SICHS1
and SICHS?2 showed approximately 85% sequence identities
with AtCHS, while SICHS-like1 and SICHS-like2 exhibited
sequence identities of 65% and 66% with AtCHS, respec-
tively (Supplementary Fig. S5b). According to the public
database (Ruprecht et al. 2017), SICHSI and SICHS?2 are
expressed in most organs, while the expression of SICHS-
likel and SICHS-like2 are barely detected (Supplementary
Fig. S5¢). Thus, we used SICHS1 and SICHS?2 to identify
SICHS-interacting SIKFBs.

To assess protein—protein interactions between SIKFB
candidates and SICHS1/2, we employed the Y2H system.
Given that AtKFBCHS interacts with AtCHS (Zhang et al.
2017), we included them as a positive control for our Y2H
assay. Previous studies have indicated that overexpression
of CmKFB from muskmelon reduces flavonoid content in
tomato, yet its target protein(s) remains unknown (Feder
et al. 2015). It is possible that CmKFB functions in CHS
degradation. Therefore, we also included CmKFB in our
Y2H assay. As expected, AtKFB“MS interacted with AtCHS
(Fig. 5). Interestingly, AtKFB“HS and CmKFB interacted
with both SICHS1 and SICHS2 (Fig. 5). The interaction
of AtKFBHS and CmKFB with tomato CHS suggests that
SICHS1 and SICHS2 may have the binding site for KFBs
(Fig. 5). Our phylogenetic study identified only one SIKFB,
SIKFB18, in clade 2, where CHS-targeting KFBs or flavo-
noid-related KFBs clustered (Fig. 1b). Despite having the
highest sequence identity with known CHS-targeting KFBs
(Supplementary Fig. S1), SIKFB18 did not interact with
either SICHS1 or SICHS2. Similarly, SIKFB22, the KFB
closest to SIKFB18, also did not interact with SICHS1 and
SICHS2 (Figs. 1b and 5). We further investigated whether
SIKFB18 interacts with two other flavonoid biosynthesis
enzymes downstream of CHS in the flavonoid biosynthe-
sis pathway, namely SICHI (Solyc05g010320) and SIF3H
(Solyc02g083860). However, SIKFB18 did not interact with
either in our Y2H assay (Supplementary Fig. S6).

We then tested these interactions in Nicotiana benthami-
ana using the bimolecular fluorescence complementation
(BiFC) method. In the BiFC assay, we used truncated KFBs,
AtKFBHS (A(KFBCHS (A)) and SIKFB18 (SIKFB18 (A)),
where the F-box domain was removed to prevent the deg-
radation of target proteins after interaction. Consistent with
Y2H results, no interaction between SIKFB18 and SICHS1
was observed, while AtKFBCHS interacted with both AtCHS
and SICHS1 (Fig. 6).

It is possible that SIKFB18 may interact with SICHS
in vivo or it may interact with SICHS-likes or other flavo-
noid biosynthesis enzymes. To further investigate the poten-
tial involvement of SIKFB18 in flavonoid metabolism, we
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Fig.4 PAL activity and phenylpropanoid contents in the transgenic
lines overexpressing SIKFB13 or SIKFBI4. a, b 3 weeks old plants
expressing SIKFB13 (A) or SIKFB14 (B) photographed under visible
light (top) and UV light (bottom), Plants exhibiting red fluorescence
under UV light indicate a low level of sinapoylmalate compared to
those with blue fluorescence. ¢, d The levels of sinapoylmalate, three
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kaempferol glycosides, and PAL enzyme activity in plants. The rela-
tive expression levels of SIKFBI3 and SIKFBI4 in representative
high- or low-sinapoylmalate accumulation plants were shown with
RT-PCR. AtTUB3 (AT5G62700) was used for an internal control.
Kaempferol-3-O-glu-7-O-rha  (K2), Kaempferol-3-O-rha-7-O-rha
(K3), Kaempferol-3-O-[rha (1->2 glu)]-7-O-rha (K1)
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SD/-Leu/-Trp

SD/-Leu/-Trp/-His/-Ade

SD/-Leu/-Trp/-His/-Ade + AbA
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[ BD-AtCHS u ’b

AD-AtKFBCHS +

AD-CmKFB +

[ BD-AtCHS |
AD-SIKFB18 +| BD-SICHS1

[ BD-SICHS1
AD-SIKFB22 +

Fig.5 Y2H for the interaction between CHS and KFB. KFBs were
fused with the activation domain (AD), and CHSs were fused with
the binding domain (BD). SD media excluding leu, trp, his, and ade
were used to assess protein interactions. SD media excluding leu,
trp, his, and ade along with Aureobasidin A (AbA) were used to
increase stringency of interactions. The pairs of AD-T and DB-P53,
and Arabidopsis KFBMS (AtKFBCMS; AT1G23390) and AtCHS

generated SIKFB18 overexpression lines (SIKFBI8-OX1 and
SIKFB18-0X2) and CRISPR-mediated SIKFBI8 knock-out
lines (SIKFB18R-1 and SIKFB18°F-2) in tomato Micro-
Tom. SIKFB18“R-1 and SIKFB18“®-2 have single base pair
deletion mutations at the junction of the F-box domain and
the Kelch domain of SIKFB18, which result in a frameshift
and premature stop codon, leading to the production of a
potential nonfunctional truncated protein that lacks all Kelch
domains (Fig. 7a). However, the levels of quercetin-3-O-glu-
coside-6"-O-rhamnoside (rutin), a major flavonol in tomato,
did not alter in the CRISPR knock-out lines (Fig. 7b). Addi-
tionally, we did not observe any visible alteration of plant
growth and development in the mutants compared to wild
type (Fig. 7c). The coloration of the hypocotyls, indicative
of anthocyanin accumulation, was observed to be the same
as in wild type (Fig. 7c). Although SIKFB18 is the only
SIKFB in clade 2 (Fig. 1), we cannot exclude a possibility
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(AT5G13930) were included as positive controls. The pair of AD
and BD vectors was used as a negative control. Over-expression of
CmKFB (XP 008446188) increased flavonoid production in tomato,
but its binding partner has not yet been discovered. Thus, CmKFB
was included in the assay. SIKFB18 and SIKFB22 did not interacted
with either SICHS1 or SICHS2. But, AtKFB"S and CmKFB physi-
cally interacted with both SICHS1 and SICHS2

of functional redundancy. In Arabidopsis, overexpression of
AtKFB™S reduced flavonoid production (Zhang et al. 2017).
Thus, we generated tomato transgenic lines overexpressing
SIKFBI18 driven by the 35S promoter. We isolated ten T1
transgenic lines showing resistance to hygromycin from tis-
sue culture calli and analyzed the expression of SIKFBI8, as
well as the levels of rutin and chlorogenic acid (Supplemen-
tary Fig. S7). However, no statistically significant correla-
tion was observed between the level of SIKFBI8 expression
and the accumulation of the two phenylpropanoids (Sup-
plementary Fig. S7). We further analyzed T2 progeny from
four overexpression lines, which exhibited over a 20 fold
higher expression of SIKFBIS8 compared to the wild-type
tomato (Fig. 7d). However, the levels of rutin and chloro-
genic acid in the overexpression lines were comparable to
those in the wild type and vector controls (Fig. 6e, f). More-
over, their morphology was indistinguishable from the wild
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Fig.6 The BiFC assay con-
firmed the interaction between
AtKFBS and SICHS1,

but there was no interaction
between SIKFB18 and SICHS1.
The BiFC was conducted with
intact AtKFBHS and SIKFB18
and truncated AtKFBCHS
(AtKFB®HS (AF)) and SIKFB18
(SIKFB18 (AF)) that lack

their F-box domains. YFPn-
AtKFBCHS (lacking the F-box
domain, consisting of amino
acids 53-395) and YFPn-SIKFB
(lacking the F-box domain, con-
sisting of amino acids 52-370)
were coexpressed with YFPc-
AtCHS and YFPc-SICHS1 in
Nicotiana benthamiana leaves.
The images were captured in
bright field, YFP (captured
using blue excitation light with
a center wavelength of 470 nm
and a FITC filter), and merged
two-channel views under identi-
cal exposure conditions. More
than five infiltrated leaves were
examined, and similar images
were obtained

SIKFB18(AF)-YFPn
+ YFPc (empty vector)

YFPn (empty vector)
+ AtCHS-YFPc §

YFPn (empty vector)
+ SICHS-YFPc |

YFPn (empty vector) &
+ YFPc (empty vector) &

type (Fig. 7g). We used Micro-Tom for the generation of
transgenic lines, and the SIKFB18 sequence was retrieved
from tomato reference genome (version ITAG4.0), which
was generated with Heinz 1706 cultivar (Tomato Genome
Consortium 2012). Notably, there was no sequence varia-
tion in SIKFBI8 between Micro-Tom (MiBASE database)
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AtKFBCHS(AF)-YFPn F%
+ AtCHS-YFPc g

AtKFBCHS(AF)-YFPn
+ SICHS1-YFPc

SIKFB18(AF)-YFPn
+ SICHS1-YFPc |

AtKFBCHS(AF)-YFPn
+ YFPc (empty vector)

and the tomato reference genome (ITAG4.0) (Supplemen-
tary Fig. S8). Our biochemical and genetic data suggest that
SIKFB18 is unlikely to be involved in flavonoid metabolism.

We tested four SIKFBs that we have shown to regulate
PAL stability by using Y2H assays with SICHS1. None of
the four SIKFBs interacted with SICHS]1, indicating the
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specificity of these SIKFBs in targeting PAL (Supplemen-
tary Fig. S9).

Discussion

Protein—protein interactions significantly impact various
cellular functions, including protein stability (Struk et al.
2019). Despite the detrimental consequence of destabilized
proteins, pinpointing interacting partners is challenging,
given the influence of factors such as post-translational
modifications and the presence of other molecules (Lidding-
ton 2004; Keskin et al. 2008). Phylogenetic and homology
analyses are commonly used to infer evolutionary relation-
ships among proteins and identify those with similar func-
tions. This approach proves useful, as demonstrated in our
identification of PAL-interacting SIKFBs from the tomato
genome (Figs. 1b, 2). However, our homology study did not
yield similar results for SICHS-interacting SIKFBs. Despite
its high sequence similarity with Arabidopsis KFB“"S and
other flavonoid-regulating KFBs from three different plant
species, SIKFB18 did not interact with SICHSs (Figs. 1b,
5, 6) or the two flavonoid biosynthesis enzymes, CHI and
F3H (Supplementary Fig. S6). Given that overexpression
of SIKFBI8 did not reduce flavonoid production in tomato,
SIKFB18 unlikely functions as negative regulator in flavo-
noid production (Fig. 7, Supplementary Fig. S7). We also
did not find any visible growth and developmental changes
or alteration in fertility in either SIKFBI8 overexpression
lines or knock-out lines. According to expression data from
a public database (Supplementary Fig. S10), SIKFBIS8
expresses in most organs, suggesting that SIKFBIS is not
a pseudo gene and likely has functions beyond the regu-
lation of flavonoid metabolism, which remains unknown.
Given that both AtKFB“"S and CmKFB physically inter-
acted with SICHS1 and SICHS2 (Fig. 5), SICHS1 and
SICHS2 are capable of being recognized by Kelch domain-
containing proteins. SIKFB22, which is closely related to
clade 2, and SIKFB13, 14, 21, and 29, which are shown
to interact with PAL, did not interact with SICHS1 in our
Y2H assay (Fig. 5, Supplementary Fig. S9). In a study with
Paeonia, the ring-domain containing protein (PhRING-H2)
is responsible for CHS ubiquitination and degradation (Gu
et al. 2019). Although, we found no homolog of PhRING-
H2 in the tomato genome, it is possible that, in addition to
KFBs, other ubiquitination machinery could be involved in
the CHS turnover mechanism in tomato.

SIKFB13, despite having the highest sequence homol-
ogy with PAL-targeting AtKFBs, did not interact with
SIPALS, while SIKFB14, SIKFB21, and SIKFB29 did in
both Y2H and BiFC assays (Figs. 1b, 2, 3). However, the
overexpression of SIKFB13 in Arabidopsis resulted in a
significant reduction of PAL activity and phenylpropanoid

contents (Fig. 4). Under our growth condition, several
Arabidopsis transgenic lines having strong expression of
SIKFB13 or SIKFB14 exhibited dwarfism and immature
siliques (Supplementary Fig. S3b), reminiscent of those
observed in the Arabidopsis pal mutants (Huang et al.
2010). The presented biochemical and genetic data sug-
gest that these four SIKFBs (13, 14, 21, 29) are affecting
PAL stability. When targeted by these SIKFBs, SIPALSs
likely undergo degradation through a process that requires
the F-box domain of the SIKFBs, which is similar to the
Arabidopsis PAL ubiquitination and degradation process
(Zhang et al. 2013, 2015a).

In Arabidopsis, the four Arabidopsis KFBLs interact
with all four AtPALs redundantly (Zhang et al. 2013, 2015a).
Our data suggest that SIKFB13 may interact with tomato
PALs, excluding SIPALS. The four tomato SIKFB proteins
could potentially interact with specific PAL enzymes, ena-
bling a more finely tuned regulation of phenylpropanoid flux
in specific organs or under particular conditions. Addition-
ally, interactions between SIKFB13 and AtPALs were shown
to be relatively weak compared to the interactions between
SIKFB14 and AtPALs, although overexpression of both
SIKFB13 and SIKFB14 led to the repression of phenylpro-
panoid biosynthesis (Supplementary Fig. S4, Fig. 4). It is
possible that SIKFB13 may interact with additional targets
besides PALs that require phenylpropanoid production in
the Arabidopsis.

The F-box domain interacts with Skpl, a component
protein of the E3 complex, while the kelch domain of KFB
serves as the mediator for substrate protein interaction
(Schumann et al. 2011). We found that four SIKFBs in clade
1 possessed an F-box domain and three Kelch domains, and
both domains of these four SIKFBs are highly conserved
when compared with four AtKFBPALs (Supplementary Fig.
S11). Further study is required to understand what feature
enables these SIKFBs discern different target proteins, at
least for SIPALS.

The regulation of PAL activity is precise and occurs in
response to environmental stimuli and developmental cues,
such as the need for the requirement of specific phenylpro-
panoids with unique in vivo roles or lignin in certain tissues
(Edwards et al. 1985; Liang et al. 1989; Dixon and Paiva
1995; Pawlak-Sprada et al. 2011; Kim et al. 2020). Also, the
process of phenylpropanoid metabolism channels a signifi-
cant portion of photosynthetically derived organic carbon
to downstream products, with lignin as the primary sink
(Novaes et al. 2010). Thus, the stability of PAL, the gate-
way enzyme for the entire phenylpropanoid production, is
imperative for the allocation of available energy and carbon,
which is essential for plant survival under unfavorable con-
ditions (Kim et al. 2020). The identification of the SIKFBs
targeting PAL suggests the conserved regulation mechanism
for phenylpropanoid metabolism in tomato.
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Given that phenylpropanoids confer health benefits to
humans, as well as enhance stress tolerance and rigidity
in plants, the identified PAL-interacting SIKFBs might be
targets to augment phenylpropanoid content in tomato.
The expression profiles of these PAL-targeting SIKFBs
vary in organs, implying their possible unique roles or
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regulations (Supplementary Fig. S10). However, in Arabi-
odpsis, AtKFBPALs function redundantly and single knock-
out mutants of AtKFBPALs did not affect PAL activity and
phenylpropanoid production (Zhang et al. 2013). It has
been reported that AtKFBPALs regulate cytokinin signal-
ing by interacting with the type-B ARR family members,
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«Fig. 7 Flavonoid contents and morphology of SIKFBI8 knock-out
mutants and SIKFBI8 overexpression lines remained unaltered com-
pared to the wild type. a Two SIKFBI8 knockout lines (SIKFBI18R-]
and SIKFBIS“R-2) were generated with the CRISPR system and
SIKFBIS®-1 and SIKFBI8“®-2 have G and A deletion mutations
in its exon, respectively. The gRNA targets a region encoding the
Kelch domain, as shown in the SIKFB18 gene structure (top). Sin-
gle base pair deletion mutations in SIKFBIS®-1 and SIKFBI8K-2
lead to premature translation (bottom). b The level of quercetin-3-O-
glucoside-6"-O-rhamnoside (rutin) in the leaves of three-week-old
SIKFBISR-] and SIKFBISR-2 compared with wild type (WT).
Error bars represent standard deviation. ¢ Representative images of
3-week-old wild type, SIKFBISR-1, and SIKFBI8F-2. d Expression
of SIKFBI8 was quantified in wild-type (WT) plants, vector controls
(VC), and four T2 transgenic tomato lines overexpressing SIKFBIS.
Expression levels were measured based on three biological replicates
for WT and VC, and two siblings from each transgenic line. T-test
analysis results, denoted by asterisks (*), indicate a statistically signif-
icant difference between wild type and transgenic lines with a P-value
of less than 0.05. e, f Rutin and chlorogenic acid contents were deter-
mined for the plants described in (d). Analysis was conducted on
metabolite extracts from three-week-old plants. Both WT and VC
groups comprised three biological replicates, and for the transgenic
lines, three leaves from each of two siblings were sampled, resulting
in a total of six replicates for each line. Error bars represent stand-
ard deviation. g Representative images of 5 weeks old wild type and
SIKFB18 overexpression lines

transcriptional regulators of the cytokinin response (Kim
et al. 2013) and TCP14 (Steiner et al. 2021). Whether
tomato PAL-interacting KFBs also participate in cytokinin
signaling remains unknown.

In this study, we identified 31 KFB-encoding genes
in the tomato genome, which is a notably modest num-
ber compared to Arabidopsis, harboring over 100 KFBs
(Zhang et al 2015a, b). Majority of Arabidopsis KFBs have
yet been characterized. The data presented here revealed
four SIKFBs functioning in the degradation of PAL. A
comprehensive study of the remaining SIKFBs would
further broaden our understanding of KFB functions in
plants.
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