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ABSTRACT 1 

Phenylpropanoid biosynthesis in plants engenders a myriad of phenolics with diverse 2 

biological functions. Phenylalanine ammonia-lyase (PAL) is the first committed enzyme in the 3 

pathway, directing primary metabolic flux into a phenylpropanoid branch. Previously, we 4 

demonstrated that the Arabidopsis Kelch-domain containing F-box proteins, AtKFB-01, -20, and 5 

-50, function as the negative regulators controlling phenylpropanoid biosynthesis via mediating 6 

PAL's ubiquitination and subsequent degradation. Here, we reveal that Arabidopsis KFB39, a 7 

close homolog of AtKFB50, also physically interacts with PAL isozymes and modulates PALs' 8 

stability and activity. Disturbing the expression of KFB39 reciprocally affects the 9 

accumulation/deposition of a set of phenylpropanoid end products, suggesting that KFB39 is an 10 

additional post-translational regulator responsible for the turnover of PAL and negatively 11 

controlling phenylpropanoid biosynthesis. Furthermore, we discover that exposure of 12 

Arabidopsis to UV-B radiation suppresses the expression of all four KFB genes while inducing 13 

the transcription of PAL isogenes; these data suggest that Arabidopsis consolidates both 14 

transcriptional and post-translational regulation mechanisms to maximize its responses to UV 15 

stress. Simultaneous down-regulation of all four identified KFBs significantly enhances the 16 

production of (poly)phenols, and the plant’s tolerance to UV irradiation. This study offers a 17 

biotechnological approach for engineering the production of useful phenolic chemicals, and for 18 

increasing plant’s resistance to environmental stress.  19 

 20 

 21 

 22 

 23 

 24 
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 27 

 28 

 29 

 30 
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INTRODUCTION 1 

Phenylpropanoid biosynthesis converts L-Phe into diverse aromatic metabolites, collectively 2 

termed (poly)phenolics. In excess of 8000 phenolic structures have been reported, and they are 3 

widely dispersed throughout the plant kingdom (Strack, 1997). These diverse phenylpropanoid 4 

metabolites are categorized structurally into different classes, such as benzenoids, coumarins, 5 

flavonoids /anthocyanins, stilbenes, hydroxycinnamates, lignans, and lignin (Vogt, 2010; Fraser 6 

and Chapple, 2011). Many of them have important physiological functions essential for plant’s 7 

growth, development, and plant-environmental interactions. For example, a variety of small 8 

molecule-soluble phenolics, such as hydroxycinnamates and their derivatives, flavonoids and 9 

anthocyanins, serve as the UV-screen protecting plants from radiation damage, as pigments 10 

attracting pollinators, or as signaling molecules mediating plant-microbe interactions (Dixon and 11 

Paiva, 1995). Pharmacological studies reveal that many phenolics possess significant anti-12 

oxidative activity, and therefore, have considerable health-promoting properties; they potentially 13 

can be used as nutraceuticals or dietary supplements for chemo-preventing human diseases or 14 

disorders (Crozier et al., 2009). Owing to their perceivable bioactivities, the methanolic soluble 15 

(poly)phenols have been the targets for the designed metabolic engineering for decades (Winkel-16 

Shirley, 2001; Martin, 2013).   17 

Phenylalanine ammonia-lyase (PAL, EC 4.3.1.5) is the first rate-limiting enzyme in the 18 

phenylpropanoid biosynthetic pathway. It channels L-Phe from the primary metabolic pool to the 19 

synthesis of trans-cinnamic acid (t-CA) that then is further transformed into different class of 20 

phenolic products (Bate et al., 1994; Cochrane et al., 2004). PAL activity was found in all the 21 

higher plants analyzed to date, and in some fungi and a few bacteria (Hodgins, 1971; Fritz et al., 22 

1976; Xiang and Moore, 2005). PAL is regulated at different levels (Zhang and Liu, 2014). It is 23 

well evident in transcriptional regulation; its transcripts readily respond to developmental cues 24 

and environmental factors (Dixon and Paiva, 1995). In addition, PAL receives feedback 25 

regulation via biosynthetic intermediates or exogenous chemical signals (Bolwell et al., 1986; 26 

Blount et al., 2000). Furthermore, our recent study revealed that Arabidopsis PAL isozymes are 27 

(poly)ubiquitinated in vivo, and three Kelch-domain-containing F-box proteins (KFBs), the 28 

structural component of SCF type E3 protein-ubiquitin ligase complex, specifically interact with 29 

PAL isozymes and mediate their ubiquitination and the subsequent protein degradation. Such 30 
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KFB-mediated PAL proteolysis acts as an intrinsic regulatory mechanism controlling 1 

phenylpropanoid syntheses (Zhang et al., 2013). 2 

Arabidopsis has around 700 genes encoding the F-box proteins that function as a structural 3 

component of the Skp1-Cullin-F-box (SCF) complex (Gagne et al., 2002; Xu et al., 2009). The 4 

SCF complex is one type of E3 ubiquitin-protein ligases mediating protein ubiquitylation and 5 

subsequent degradation via the 26S proteasome pathway. The role of the F-box proteins in SCF 6 

complex is to interact selectively with target proteins, thereby conferring specificity on the 7 

complex (del Pozo and Estelle, 2000). Depending upon the presence of additional protein-protein 8 

interaction domains near the C-terminus, this large protein family can be divided further into 9 

several subfamilies. As one class of F-box proteins, the Kelch-domain-containing F-box proteins 10 

originally were identified from Drosophila melanogaster (Xue and Cooley, 1993; Bork and 11 

Doolittle, 1994). KFBs contain a consensus of Kelch motifs characterized by four highly 12 

conserved residues: Two adjacent glycines (G), and a pair of tyrosine (Y) and tryptophan (W), 13 

separated by about six amino-acids (Adams et al., 2000; Prag and Adams, 2003). In Arabidopsis, 14 

more than 90 KFB homologous genes were identified (Sun et al., 2007; Xu et al., 2009), but only 15 

a few encoded proteins have been characterized. These include three highly similar Arabidopsis 16 

proteins (ZTL, FKF, LKP2) involved in the flowering timing, and/or circadian control (Nelson et 17 

al., 2000; Han et al., 2004; Yasuhara et al., 2004; Imaizumi et al., 2005), whilst recently we 18 

identified  KFB01, 20, 50 as the post-translational regulators controlling PAL's ubiquitination 19 

and proteolysis (Zhang et al., 2013). In this study, we demonstrate that Arabidopsis KFB39, a 20 

close homolog of KFB50, also physically interacts with PAL isozymes and attenuates PALs' 21 

stability; Up- or down- regulation of KFB39 expression conversely affects the 22 

accumulation/deposition of a set of phenylpropanoids, including flavonols, anthocyanins, 23 

condensed tannins, sinapic esters, and lignin, suggesting KFB39, like its homolog,  is an 24 

additional negative regulator that directly acts at enzyme level for phenylpropanoid biosynthesis. 25 

Furthermore, we unveil that simultaneous down-regulation of all four identified KFBs in 26 

Arabidopsis significantly enhances the concentration of PAL enzyme and its activity, and the 27 

production of (poly)phenols; consequently, it greatly increases the tolerance of plants to UV 28 

radiation. Our study offers an additional biotechnological approach for engineering plants with 29 

the enhanced production of useful chemicals, or increased resistance to environmental stress.  30 

 31 
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RESULTS 1 

Arabidopsis KFB39 physically interacts with PAL isozymes 2 

Previously through in vitro and in vivo assays we found that Arabidopsis KFB01, 20, and 50 3 

interact with four PAL isozymes (Zhang et al., 2013). Using AtKFB01-, 20-, and 50-genes 4 

(At1G15670, At1G80440, and At3G59940) as the baits to conduct BLAST search against 5 

genomic sequences of Arabidopsis, and referring to previous reports (Gagne et al., 2002; Xu et 6 

al., 2009), we retrieved 98 KFB homolog genes. Among them, we found a close homolog, the 7 

AtKFB39 (encoded by At2G44130) that shares 62.8% amino acid sequence identity with 8 

AtKFB50, and 28% and 26.3% , respectively, with AtKFB-01 and -20 (Supplemental Fig. 1).  9 

Phylogenetic analysis indicated that AtKFB39 together with AtKFB01, 20, and 50 were 10 

classified within a same clade, but separated into two different sub-groups (Fig. 1). AtKFB39 11 

and 50 have longer polypeptides (containing, respectively, 409- and 418-amino acids) and share 12 

a higher similarity at the amino acid level to each other than they do to AtKFB01 (359 AAs) or 13 

AtKFB20 (354 AAs); therefore, they are phylogenetically grouped together and distinct from 14 

both KFB-01 and -20 (Fig. 1 and Supplemental Fig. 1).  15 

The high sequence identity of AtKFB39 and AtKFB50 inspired us to further examine 16 

whether AtKFB39 also has similar functions as does the AtKFB50 and is involved in controlling 17 

PALs' stability. We first examined whether it physically interacts with Arabidopsis PAL 18 

isozymes via Yeast two-hybrid (Y2H) assay. The results showed that the yeast tranformants 19 

harboring the expressed AtKFB39 and AtPAL4 or AtPAL3 effectively activated expression of 20 

the Lac Z gene that results in a coloration reaction in medium containing X-gal (5-bromo-4-21 

chloro-3-indolyl-β-D-galactopyranoside). Also, this co-expression led to a substantial growth-22 

rescue of yeast colonies on selective medium, indicating a strong interaction of AtKFB39 with 23 

AtPAL4 or AtPAL3 (Fig. 2A and 2B). By contrast, AtKFB39 showed only a weak interaction 24 

with AtPAL2, and a near-indiscernible interaction with AtPAL1 in Y2H assay under the same 25 

conditions (Fig. 2A and 2B). These in vitro data suggest that AtKFB39, similar to AtKFB01, 20 26 

and 50, indeed also physically interacts with PAL isozymes, albeit at differential interaction 27 

strengths with different PAL isofomrs.  28 

Fluorescence Complementation assay for each of AtPAL isozymes with the truncated KFB39, 29 

wherein we removed its conserved F-box domain to prevent its associating with the scaffold 30 

component of SCF complex, in tobacco leaves revealed that co-expression of PAL3- or PAL4-31 
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CFPc with the nYFP-truncated KFB39 yielded detectable chimeric fluorescence signals in 1 

tobacco cells, whereas the co-expression of PAL1- or PAL2-CFPc with nYFP-truncated KFB39 2 

produced no fluorescence (Fig. 2C). In contrast, as the positive control, the co-expression of 3 

PAL1-CFPc with nYFP-truncated KFB20, the one that previously was demonstrated to interact 4 

with all four AtPALs (Zhang et al., 2013), yielded strong chimeric fluorescence (Fig. 2C). These 5 

data, consistent with theY2H assay, imply that AtKFB39 indeed interacts with AtPAL isozymes 6 

in vivo but the affinity for its interaction varies with different PAL isoforms. 7 

In addition to PAL isozymes, the key enzymes in flavonoid-anthocyanin biosynthetic 8 

pathways, including CHS, DFR, FLS, and ANS were also paired with AtKFB39 and co-9 

expressed in yeast to examine their potential interactions. Among them, the co-expression of 10 

AtCHS and AtKFB39 resulted in a partial rescue of the growth of yeast cells on selective 11 

medium (Supplemental Fig. 2), implicating a certain degree of physical interaction occurs 12 

between two proteins in vitro.   13 

 14 

AtKFB39 attenuates the stability of PAL isozymes 15 

Since AtKFB39 physically interacts with PAL isozymes (particularly with PAL3 and PAL4) 16 

in both Y2H and BiFC assays, we then investigated whether the interaction can also induce the 17 

turnover of PAL enzymes as do AtKFB01, 20, and 50 (Zhang et al., 2013). The full length of 18 

AtKFB39 was co-expressed transiently with each of four AtPAL isozymes in tobacco leaves. 19 

Surprisingly, we observed that the pair-wise co-expression led to approximately a 50% reduction 20 

of the total extractable PAL activity, not only in the combination of AtKFB39 with AtPAL3- or 21 

PLA4-GFP, but also with AtPAL1- or PAL2-GFP fusion (Fig. 3A). Immunoblots further 22 

revealed that the immuno-signals for all PAL(s)-GFP fusions (~100 KD), except for AtPAL3, 23 

exhibited a readily discernible reduction in the protein extracts from leaves co-expressing PAL 24 

with full-length AtKFB39 (Fig. 3B). The 100 KD immuno-band of AtPAL3-GFP remained 25 

relatively unchanged; however, a couple of upper bands, presumably its incompletely denatured 26 

dimer or tetramer, showed an obvious reduction (Fig. 3B). These data suggest that the action of 27 

AtKFB39 in planta attenuate the stability of all four PAL isoforms. 28 

When co-expressing AtKFB39 and AtCHS in tobacco leaves, however, we failed to detect 29 

the changes in CHS’ activity and stability, implying that the observation of the physical 30 
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interaction of AtKFB39 and CHS in Y2H assay might be artificial, or of no biological 1 

significance. 2 

 3 

Up-regulation of AtKFB39 in Arabidopsis impairs the synthesis of phenylpropanoids  4 

To further examine the roles of AtKFB39 in vivo for their potential in regulating 5 

phenylpropanoid biosynthesis, we stably overexpressed KFB39 in Arabidopsis, driven by a 6 

constitutive 35S promoter. The expression level of AtKFB39 was higher in most of the generated 7 

transgenic lines than in wild type, albeit with a large variation among the independent transgenic 8 

events (Fig. 4A). Overexpression of AtKFB39 in Arabidopsis did not significantly affect the 9 

transcript levels of the endogenous PAL isogenes, nor for AtKFB01, 20, and 50 (Supplemental 10 

Fig. 3A); whereas, the level of the PAL protein, detected with an anti-PAL peptide antibody, was 11 

reduced substantially in the transgenic lines bearing highly expressed AtKFB39 (Fig. 4B and 12 

Supplemental Fig. 3B).  13 

 Growing Arabidopsis seedlings in 1/2 MS medium containing 4% sucrose, the wild-type 14 

ones (5 days after germination, 5-DAG) developed a perceivable violet-red anthocyanin 15 

pigmentation (Fig. 5A); in contrast, the purple pigmentation in the emerging seedlings harboring 16 

the highly over-expressed AtKFB39 were clearly faded, and the development of purple color was 17 

reciprocally proportional to the expression level of KFB39 transgene (Figs. 4A and 5A). In the 18 

seedlings of #12-1, 12-2, and 14-2 that have strongly expressed KFB39, the purple coloration 19 

was hardly discernible, much resembling or comparable to those of the T-DNA insertion mutant 20 

lines deficient in pal1 or c4h (Fig. 5A). However, in the weak expression lines of AtKFB39, i.e., 21 

#13-1 and 15-1, the purple color was clearly visible, and its intensity was similar to that of wild 22 

type plants (Figs. 4A and 5A). These data suggest that the expression level of AtKFB39 is 23 

directly correlated to its effect on the synthesis of anthocyanins. Moreover, most seeds of the line 24 

#14-2 that has the strongest expression of AtKFB39 and some seeds of the #12-1 and #12-2 lines 25 

failed to germinate under the same growth conditions as the wild-type (Fig. 5A and 26 

Supplemental Fig. 4), reminiscent of a previous report by Rohde at al. (2004) of the deleterious 27 

effect on seed viability when total PAL level is lowered to a certain threshold. Quantifying 28 

flavonoids and phenolic esters accumulated in the emerging seedlings confirmed that 29 

overexpression of AtKFB39 resulted in up to a 50% reduction of both anthocyanins and sinapoyl 30 

esters, and up to 80% decrease in flavonol content in some transgenic lines (Fig. 5B and Table 1). 31 
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After growing plants for 4 weeks in soil, we collected their rosette leaves and measured the level 1 

of anthocyanin accumulated. The content in the rosette leaves of transgenic lines #12-1 and 12-2 2 

was less than half of that in the wild type plants (Supplemental Fig. 3C). Together, these data 3 

suggest that up-regulation of KFB39 reduces the cellular level of the PAL enzyme, thereby 4 

lowering the accumulation of soluble phenolics.   5 

In Arabidopsis, anthocyanin and condensed tannins (CTs, or proanthocyanidins, PAs) share 6 

common intermediates from phenylpropanoid pathway. Thus, we expected that an altered level 7 

of the PAL enzyme also affect the accumulation of CTs in the seed coats. Indeed, we observed a 8 

clear reduction in both the brown color that appeared on the seed coats and the measured CT 9 

content from the mature seeds of the KFB39 overexpression lines (Fig. 5C and D); with the 10 

strong expression of KFB39, the transgenic lines 14-2 and 12-2 contained only about 40% of the 11 

wild-type CT content. The reduction was even more severe than that resulted from a single pal1 12 

disruption (Fig. 5D).  13 

Similarly, the measured acetyl-bromide lignin content in the stems of 12-week-old transgenic 14 

lines was also reduced up to 40% of the level of the wild-type controls (Fig. 6), although when 15 

plants approached to the fully mature stage, the difference of lignin content in the cell walls of 16 

KFB39 transgenic and control lines became small. Notably, the lignin reductions did not 17 

correlate well with the decrease of total PAL activity in transgenic plants. The line #14-2 that 18 

had most severe reduction in PAL activity (Fig. 6) and a severe alteration in the color of the seed 19 

coat and CT content (Fig. 5) did not exhibit the strongest reduction in lignin content (Fig. 6). 20 

Conversely, the lines #13-1 and #15-1 that have a lesser level of  FKB39 overexpression (Fig. 3), 21 

less effects on the accumulation of anthocyanins and flavonols  in seedlings, and CT deposition 22 

in seed coats (Table 1 and  Fig. 5) did show a similar level of lignin reduction as did the line #14-23 

2.  24 

 25 

Down-regulation of AtKFB39 conversely enhances the synthesis of phenylpropanoids  26 

Previously we discovered that AtKFB-01, -20, and -50 exhibit partially redundant activity in 27 

controlling PALs' stability; the high-order atkfb01/20/50 triple mutant increased the total protein 28 

level and activity of PAL nearly three times compared to the single mutant (Zhang et al., 2013). 29 

Since there are no available mutant lines for AtKFB39, to further evaluate KFB39’s in vivo 30 

functions, we created transgenic lines that suppress AtKFB39 expression by 80% of its level in 31 
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the atkfb01/20/50 triple mutant via RNAi-mediated gene silencing in the triple-mutant 1 

background (Fig 7A). Immunoblot analysis showed that the accumulated levels of PAL protein 2 

in the atkfb01/20/50/KFB39-RNAi lines could further increase by about 30% the level of the 3 

atkfb01/20/50 triple mutant (Figs. 7B and C), suggesting that KFB39 has an additive effect on 4 

PAL's stability.       5 

Measuring the contents of accumulated flavonoids/anthocyanins and soluble phenolic esters 6 

in atkfb01/20/50/KFB39-RNAi seedlings, we found that the level of accumulated anthocyanins 7 

increased nearly fourfold, reaching 280 pmole/g fresh weight, and that the sinapoyl ester content 8 

rose threefold to 6.3 nmole/mg fresh weight compared to the level in the wild type control plants; 9 

down-regulation of KFB39 further raised the accumulation of both anthocyanins and phenolic 10 

esters compared with those in the atkfb01/20/50 triple mutant (Table 1). Consistently, the 11 

atkfb01/20/50/KFB39-RNAi lines at 4 to 5 weeks of age developed much more intense purple 12 

pigmentation on the adaxial and abaxial surfaces of their rosette leaves and in the leaf petioles 13 

than the wild type control (Fig. 8A). When plants approached the mature stage (~10 weeks), both 14 

the triple mutant and atkfb01/20/50/KFB39-RNAi lines grew stronger and taller than the control 15 

lines and their inflorescent stems accumulated more intense purple pigmentation (Fig. 8B). 16 

Measuring total lignin content in the harvested mature stems revealed a slight but statistically 17 

significant increase in the atkfb01/20/50/KFB39-RNAi plants (~15% increase compared to the 18 

control plants) (Fig. 8C). The CT content in mature seeds of most RNAi transgenic lines 19 

increased 20~30% compared with the control plants; silencing KFB39 further enhanced the CT 20 

accumulation compared to the atkfb01/20/50 triple mutant (Fig. 8D). 21 

 22 

Suppression of KFB mitigates damage from UV-B irradiation in plants  23 

The plant’s UV-B protection process involves the up-regulation of the key genes in the 24 

phenylpropanoid-flavonoid pathway, including PAL and CHS, and the consequent accumulation 25 

of a set of phenylpropanoid metabolites including flavonoids and sinapic esters that are well 26 

established as being the sun-screen photo-protecting plants from UV-B radiation (Li et al., 1993; 27 

Jansen et al., 1998). To evaluate whether KFBs are involved in sensing/transducing UV signals, 28 

which, in turn, can regulate PAL and phenylpropanoid biosynthesis, we quantified the 29 

transcription changes of AtKFB 01, 20, 39, and 50 and of the PAL isogenes in 5-week old 30 

Arabidopsis growing under normal full-range light supplemented with UV-B radiation. As 31 
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expected, the PALs' expressions were sharply up-regulated by three-to six-fold after 12 hours’ 1 

exposure. By contrast the expression levels of all four KFBs were suppressed substantially (Fig. 2 

9); AtKFB50 showed the strongest suppression, with its levels of expression decreased by more 3 

than fivefold compared to that in the control plants. These data imply that during the process of 4 

protection against UV-B, both transcriptional and post-translational controls are implemented in 5 

plants, i.e., by up-regulating the transcription of the key biosynthetic gene PAL, and reducing the 6 

level of KFBs thus modulating the stability of  PAL protein, to maximize the synthesis of 7 

phenylpropanoids as a defense mechanism. Among four identified KFB proteins, KFB50 might 8 

play a dominant role in regulating plant responses to UV-B stress (Fig. 9). 9 

To further assess the significance of KFBs in affecting the capacity of plant UV-B protection, 10 

we exposed the five-DAG seedlings of the KFBs overexpression plants, and the knocking-11 

out/RNAi lines to UV-B light for 8 hours. After recovering them for 2 days, we examined their 12 

morphology. As Figure 10 (and Supplemental Fig. 4) shows, the wild type control and the pal1, 13 

c4h, and tt4 (chs) mutants in which phenylpropanoid biosynthesis is impaired showed obvious 14 

sensitivity to UV-B exposure; a portion of their seedlings wilted or turned yellowish in color. 15 

Overexpression of any of the four KFBs made plants more sensitive to UV-B irradiation; a larger 16 

population of seedlings showed foliar bleaching or lesions compared to the wild-type control 17 

plants (Fig. 10 and Supplemental Fig. 4). In sharp contrast, the seedlings of KFB disruption lines, 18 

particularly the double-, and triple-mutant lines and the triple mutant with KFB39 RNAi, grew 19 

normally and did not exhibit obvious foliar injury under conditions same as those for the wild 20 

type and overexpression plants.  21 

 22 

Discussion 23 

 24 

AtKFB39 is an additional negative regulator directly controlling PAL's stability and 25 

phenolic synthesis 26 

As the first rate-limiting enzyme in phenylpropanoid pathway, PAL receives multiple levels 27 

of regulation in response to developmental cues and environmental challenges (Zhang and Liu, 28 

2014). Previously, we found that a group of Arabidopsis KFB proteins (AtKFB-01, -20, and -50) 29 

interacts with PAL, thereby mediating PAL's ubiquitination and subsequent degradation; by 30 

which plants negatively regulate phenylpropanoid biosynthesis (Zhang et al., 2013). AtKFB39 31 
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shares 62.8% sequence identity with AtKFB50 at amino-acid level and they are phylogenetically 1 

clustered (Fig. 1), implicating that the pair of genes encoding these two KFB proteins might arise 2 

from gene duplication. In both Y2H- and BiFC-assays, KFB39 exhibits a perceivable physical 3 

interaction with PAL isozymes, suggesting that this KFB member, like its homolog KFB50, is 4 

involved in mediating PALs' proteolysis. Manipulating KFB39’s expression indeed engenders a 5 

notable and reciprocal alteration of the cellular concentration of PAL protein and its activity 6 

(Figs 3, 4, and 7), and affects the synthesis or accumulation of an array of phenylpropanoid end-7 

products, including flavonoids/anthocyanins, condensed tannins, phenolic esters, and lignin 8 

(Table 1 and Fig.5, 6 and 8). These data are evidences that AtKFB39 represents an additional 9 

member of the F-box protein family that functions as the structural component of the canonic 10 

SCF type protein-ubiquitin ligase specific for regulating PALs' turnover, and thus, negatively 11 

controlling phenylpropanoid synthesis.  12 

Similar to AtKFB50, AtKFB39 exhibits a preferential interaction with AtPAL4 (and AtPAL3) 13 

but has little or no detectable interaction with AtPAL1 or PAL2 in both Y2H- and BiFC- assays 14 

(Fig. 2). This biochemical property contrasts with those of AtKFB01 and KFB20; both interact 15 

with all AtPAL isoforms in vitro and in vivo (Zhang et al., 2013). Amino acid sequence 16 

alignment reveals a large difference at the C-termini of AtKFB39 (and AtKFB50) compared with 17 

AtKFB01 or 20 (Supplemental Fig. 1). The C-termini of F-box proteins is well known for 18 

specifying substrate specificity (del Pozo and Estelle, 2000; Lechner et al., 2006). However, 19 

interestingly, when AtKFB39 was co-expressed with AtPAL1 or PAL2 isoforms in tobacco 20 

leaves, the overexpressed PAL was degraded and total PAL activity was reduced (Fig. 3). This 21 

apparent discrepancy of the physical interaction assay and the in vivo action of AtKFB39 can be 22 

interpreted in different ways. One simple explanation is that the detection limitation of both Y2H 23 

and BiFC assays for physical interaction may not be able to completely mirror the weak 24 

interaction (with AtPAL1 or PAL2) in planta; but when AtKFB39 is overexpressed in cells, the 25 

hyper-accumulation (i.e., the high abundance) of the KFB39 protein may functionally 26 

compensate for its weak interaction with PAL1 or PAL2, thereby leading to the ubiquitination 27 

and turnover of those PAL isoforms. Another possibility is that both PAL1 and PAL2 in plant 28 

cells may undergo appropriate modification or specifically folded, so creating a better interface 29 

required for more tight association with KFB39.  However, the failure to detect any interaction 30 

of KFB39 with PAL1 or PAL2 in tobacco cells via BiFC assay (Fig. 2) seemingly negates this 31 



14 
 

explanation. Alternatively, PAL is known to be able to form home- or hetero-tetramers for its 1 

deamination functionality (Reichert et al., 2009). Tetramerization may change the conformation 2 

of PAL1 or PAL2 thus facilitating the interaction with AtKFB39; or, hetero-tetramerization may 3 

include the PAL3 or PAL4 unit with which KFB39 preferentially interacts, and the actions of 4 

KFB39 with PAL3 or PAL4 might turn over the entire PAL complex in vivo, including the PAL1 5 

or PAL2 units.  6 

Arabidopsis has four PAL homologous genes (Wanner et al., 1995; Raes et al., 2003). 7 

AtPAL1, AtPAL2, and AtPAL4 are highly expressed in different tissues (Rohde et al., 2004; 8 

Zhang et al., 2013), and their encoded isozymes exhibit a high binding affinity for Phe (Cochrane 9 

et al., 2004); PAL3, in contrast, only has a base level expression in plants (Rohde et al., 2004; 10 

Zhang et al., 2013) and the encoded enzyme has lower affinity for Phe (Cochrane et al., 2004). 11 

Purportedly, these PAL isozymes may have overlapping but distinct functions in 12 

phenylpropanoid production. Disruption of both PAL1 and PAL2 in Arabidopsis nearly 13 

completely eliminates flavonoid accumulation, although PAL activity in pal1 and pal2 double 14 

mutant lines remains up to 50% of the level of the wild type (Rohde et al., 2004). Disrupting 15 

both PAL1 and PAL2 also leads to the changes in lignin deposition and the ultrastructure of the 16 

secondary cell wall (Rohde et al., 2004). These studies suggest that AtPAL1 and PAL2 might 17 

have functional specification for flavonoids/anthocyanin biosynthesis; meanwhile, they may also 18 

work with AtPAL4 that is primarily expressed in vascular tissues of stem, responsible for the 19 

synthesis of both soluble phenolics and tissue-specific lignin (Rohde et al., 2004; Huang et al., 20 

2010). When AtKFB39 is stably transformed into Arabidopsis, the influence on the accumulation 21 

of flavonoids/anthocyanins and condensed tannins is highly correlated with its expression level; 22 

the higher the KFB39 transcript level (in line #14-2, #12-1, for example), the greater the 23 

reduction of flavonoid/anthocyanin synthesis (Table 1, Figs 4 and 5). In contrast, the effect of 24 

overexpressed KFB39 on lignin deposition in the cell wall does not exhibit such a clear 25 

correlation with its expression level. The alteration of lignin content in the cell walls of different 26 

transgenic lines is nearly the same, irrespective of the levels of KFB39 expression and the 27 

decrease in total PAL activity (Figs. 4 and 6). These data imply that, depending on the 28 

overexpression level of KFB39 transgene, and thus, the abundance of accumulated KFB39 29 

protein, it has imposed differential effects on the stability of different PAL isozymes in different 30 

transgenic lines. At a high level of expression, the highly abundant KFB39, besides modulating 31 
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the stability and activity of the PAL isozymes that is primarily involved in lignin synthesis (e.g., 1 

AtPAL4), it also impairs those isoforms dominant in flavonoid/anthocyanin synthesis (e.g., 2 

AtPAL1 and/or PAL2); consequently, this impairs the synthesis of different sets of 3 

phenylpropanoid products. Since AtKFB39 can strongly interact with the isoform AtPAL4 that is 4 

primarily associated with lignin synthesis (Davin et al., 2008), a limited accumulation of KFB39 5 

may already reach the functional threshold for modulating the stability and activity of PAL4 (or 6 

PAL3). Therefore, transgenic plants even with a low level expression of KFB39 can display 7 

discernible effect on the synthesis and deposition of lignin. On the other hand, lignin has a large 8 

pool size and its accumulation prolongs throughout the developmental stages once the onset of 9 

lignification, therefore it is understandable that the decrease in lignin content is inconsistence 10 

with the reduction of the measured steady-state PAL activity in KFB39 overexpression lines 11 

(Fig.6). Taking together, these results support the concept that AtPAL isozymes have subtle but 12 

distinguishable functional specifications; AtKFB39 in vivo might exhibit different interactions 13 

with four PAL isoforms as is displayed in Y2H- and BiFC-assays, i.e., more preferable for PAL3 14 

and PAL4 than for PAL1 and PAL2, although this subtle substrate preference can be easily 15 

wiped out due to the abundant accumulation of KFB39 protein in planta.   16 

          17 

KFBs as the targets for engineering the production of desired (poly)phenols   18 

Many phenylpropanoid metabolites have high economic value and can be used as flavors or 19 

fragrance ingredients, or as pigments in beverages, processed foods, perfumes, and cosmetics. 20 

The dietary flavonoids and hydroxycinnamates exhibit possible potential in preventing or 21 

treating different cancers, cardiovascular disorders, and/or obesity; or increasing life span, and 22 

improving spatial working memory (Del Rio et al., 2013; Boudet, 2007). In particular, 23 

anthocyanins, the water-soluble pigments in many colored fruits and flowers, can inhibit the 24 

initiation and progression of tumor development, reduce inflammatory inducers of tumor 25 

initiation, suppress angiogenesis, and minimize cancer-induced DNA damage (Martin, 2013). 26 

Preclinical studies with models of animal disease also suggest that consumption of anthocyanins 27 

confers cardio-protection, inhibits weight gain on a high fat diet, and extends the life-span of 28 

cancer-prone mice (Glover and Martin, 2012). In addition, the anti-oxidative activity of 29 

anthocyanins/flavonoids also confers the enhanced resistance of fruits to the rot fungi, slows the 30 

processes of over-ripening, therefore increasing the shelf life of fruits (Zhang et al., 2013). 31 
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Condensed tannins (CTs), the oligomers or polymers of flavonoid units (flavan-3-ols), on the 1 

other hand, serve as a pest-deterrent, protecting plants against herbivores (McMahon et al., 2000; 2 

Peters and Constabel, 2002; Xie, 2003). CTs bind reversibly to proteins, and their presence in the 3 

leaves of forage plants can slow the rate of protein degradation in the rumen and thus protect 4 

cattle and sheep from pasture bloat (McMahon et al., 2000). CTs are also powerful antioxidants. 5 

CTs in fruits, fruit juice, red wine, and green tea have been claimed to reduce the incidence and 6 

progression of cancer (particularly prostate cancer) and cardiovascular disease (Bagchi et al., 7 

2000).       8 

Considering the significance of phenylpropanoid products to the well-being of plants, 9 

animals, and humans, there are growing interests in the metabolic engineering of plant with 10 

higher levels of desirable (poly)phenols  (Zhang et al., 2014; Martin, 2013). PAL, as the entry 11 

point enzyme, controls the partitioning of primary metabolic flux into a variety of desirable 12 

phenolics; therefore, it is an ideal target for enhancing the pathway’s activity. However, it turns 13 

out difficult to boost PAL’s activity via genetically manipulating the level of gene expression in 14 

plants (Elkind et al., 1990; Howles et al., 1996). Overexpression of PAL often causes an 15 

unexpected severe reduction of both the endogenous and transgenic PAL at the levels of RNA 16 

and enzyme activity (Elkind et al., 1990) (X.Z and C.J.L. unpublished data). This high frequent 17 

"sense-suppression" of PAL represses the overall biosynthesis activity, and, consequently, 18 

decreases the accumulation of phenolics. Meanwhile, the PAL transgenic plants are also 19 

phenotypically abnormal, displaying stunted growth (Elkind et al., 1990; Howles et al., 1996) 20 

(X.Z and C.J.L. unpublished data). Our study here demonstrates that knocking out or silencing 21 

KFB genes significantly enhanced PAL's stability, and thus the cellular concentration and 22 

activity. Consequently it led to a several-fold increase in the production of anthocyanins and 23 

phenolic esters, and considerable enhancement of the formation and deposition of condensed 24 

tannins in the seed coats of plants (Figs. 7, 8 and Table 1). This feature offers an unique 25 

opportunity to overcome the obstacle in directly manipulating PAL for producing the desired 26 

(poly)phenols.  27 

It is noteworthy that disrupting KFBs significantly enhanced the metabolic flux into 28 

anthocyanins, PAs, sinapic esters, and lignin but did not further promote the accumulation level 29 

of flavonols (e.g., kaempferol) in Arabidopsis (Table 1). This implies that the enzymatic step 30 

leading to the flavonol branch, most likely the flavonol synthase (FLS) or the following 31 
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glycosyltransferase reactions, might be the additional rate-limiting point. This information helps 1 

to define the regulatory architecture of the flavonol branch. It remains to be determined whether 2 

the limitation of the FLS reaction (or the glycosyltransferase reaction) occurs at transcriptional- 3 

or enzyme-level.         4 

 5 

Manipulating KFB expression to enhance the tolerance of plants to UV-B radiation  6 

In response to UV-B stress, flowering plants produce a variety of UV-absorptive secondary 7 

products primarily derived from phenylalanine. Arabidopsis mutants with defects in synthesis of 8 

flavonoids like tt4, tt5, and tt6, or of hydroxycinnamate esters (e.g., sinapoyl esters) like fah1 9 

(ferulic acid hydroxylase 1) are more sensitive to UV-B than the wild-type when grown under 10 

high UV-B irradiance, demonstrating that both flavonoids and hydroxycinnamates play critical 11 

roles in protecting plant against UV-B irradidation (Li et al., 1993; Landry et al., 1995). 12 

Manipulating their accumulation could significantly affect plant’s photoprotection ability 13 

(Landry et al., 1995; Milkowski et al., 2004; Nair et al., 2004). In Brassicaceae, 14 

hydroxycinnamate esters are synthesized via phenylpropanoid-lignin biosynthetic pathway, and 15 

are presumably stored in the vacuoles in epidermal and mesophyll cells (Milkowski et al., 2004), 16 

while flavonoids were detected in the vacuoles, ERs, chloroplasts’ outer membranes, and nuclear 17 

locations in epidermal and mesophyll cells, where they serve as UV-filters, and/or scavengers of 18 

singlet oxygen or reactive oxygen species for photo-protection (Agati et al., 2012; Agati and 19 

Tattini). It was also proposed that hydroxycinnamates may be incorporated into the secondary 20 

cell-wall, offering additional protection against the penetration of UV-light in leaves through the 21 

anticlinal cell walls (Strack et al., 1988).  22 

Exposure of Arabidopsis to UV irradiation noticeably suppressed the expression of the 23 

identified KFB genes, along with increasing the expression of PALs, suggesting KFBs as the 24 

post-translational regulators of PAL can sense UV-B signal to mitigate turnover of PAL enzyme. 25 

In conjunction with the up-regulation of PAL at mRNA level, the UV-responsive behavior of 26 

KFB synergistically maximizes the activity of PAL-catalyzed reaction, by which to coordinately 27 

regulate phenolic synthesis to build up photo-protection ability.  28 

Knocking out or silencing KFB gene expression, including KFB39 increased the 29 

accumulation of hydroxycinnamates (sinapic acid ester) and anthocyanins three- to fourfold  in 30 

Arabidopsis seedlings (Table 1 ); and consequently, the kfb mutant or RNAi-silencing seedlings 31 
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exhibited a noted enhancement in resistance to UV-radiation damage. The mutant or RNAi 1 

plants displayed largely improved viability (Fig. 9). This property could be important in 2 

agricultural applications to protect crops from UV stress, since the release of man-made chlorine 3 

and bromine compounds increases the depletion of stratospheric ozone, leading to an  increase of 4 

solar UV-B radiation reaching the surface of the earth (Xu and Sullivan, 2010). It could be a 5 

useful strategy by manipulating KFB expression to tailor the UV-B stress tolerance in bioenergy 6 

crops, thereby fostering their adaptability in a high UV-irradiance environment. 7 

 8 

MATERIALS AND METHODS  9 

 10 

Phylogenetic and sequence analysis 11 

Arabidopsis KFB homologs were retrieved using AtKFB01-, 20-, and 50-genes (At1G15670, 12 

At1G80440, and At3G59940) as the baits through BLAST searched in Arabidopsis Information 13 

Resource (TAIR) based on previous reports (Gagne et al., 2002; Xu et al., 2009). Phylogenetic 14 

analysis was conducted by using translated protein full-length sequences. Full-length amino-acid 15 

sequences were first aligned by the integrated CLUSTALW program with default parameters in  16 

Molecular Evolutionary Genetics Analysis (MEGA) package version 5.1 (Kumar et al., 2004). 17 

Phylogenetic analyses were conducted using the neighbor-joining (NJ) method (Saitou and Nei, 18 

1987) implemented in MEGA, with the pair-wise deletion option for handling alignment gaps, 19 

and with the Poisson correction model for computing distance. The final tree graphics were 20 

generated using TreeView program (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html).  21 

 22 

Isolation of AtKFB39 and yeast two-hybrid assay 23 

The full-length cDNA of AtKFB39 (AT2G44130) first was amplified by RT-PCR from 24 

Arabidopsis thaliana seedlings with primers: AT2G44130-attB1: 25 

GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGACTATGGAAGTGTCGAAAAAGA26 

A, and AT2G44130-attB2: 27 

GGGGACCACTTTGTACAAGAAAGCTGGGTCTCAAACATAGATTGAAGCATGCGAAA 28 

and ligated into a pDONR207 entry vector by the BP reaction gateway cloning techniques 29 

(Invitrogen). After confirming sequence, the cDNA was sub-cloned into the pDEST-GADT7 30 

(ABRC: CD3-763) or pDEST-GBKT7 (for domain swap) to generate an activation domain or a 31 
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binding domain-KFB39 fusion protein, driven by an ADH1 constitutive promoter. Expression 1 

vectors of  BD- (or AD-) PAL1, PAL2, PAL3, or PAL4 (Zhang et al., 2013) and AD- (or BD)- 2 

KFB39 was co-transformed into the yeast cell AH109 and then spread on to SC-Leu/Trp medium 3 

for selecting positive yeast transformants. Thereafter, Y2H assays were conducted as describe in 4 

(Zhang et al., 2013) on three amino-acid dropout media (-His/Leu/Trp) and on to the medium 5 

containing 5-bromo-4-chloro-3-indoyl-α-D-galactopyranoside (Gold Biotechnology, St. Louis, 6 

MO). For a more precise assay, the transformants were also dropped on to four dropout media (-7 

Ade/His/Leu/Trp) for assessing the activation of the additional nutrient reporter gene (Adenine 8 

synthase). 9 

 10 

Bimolecular fluorescence complementation (BiFC) assay 11 

The KFB39 was amplified with the deletion of its F-box domain (N-terminal 50 amino acids) 12 

with PCR using the primers AT2G44130(ΔF)-attB1: 13 

GGGGACAAGTTTGTACAAAAAAGCAGGCTGCATGCGTAGCTTACTCTCCGAC and 14 

AT2G44130-attB2, as described above. The amplified truncated KFB39 gene first was cloned 15 

into the pDONR207 vector by BP reactions (Invitrogen) and then sub-cloned into pDEST-GW 16 

VYNE(R) (Gehl et al., 2009) to obtain the nYFP-KFB39(ΔF) constructs. After the sequence was 17 

confirmed, the construct was transferred into the Agrobacterium strain GV3101 by the 18 

electroporation method. Pair-wise interaction examinations were done by mixing Agrobacterium 19 

strains carrying the nYFP-KFB39(ΔF)- and PAL(s)-CFPc -constructs (Zhang et al., 2013) with 20 

the gene-silencing inhibitor strain pBA-HcPro (Menke et al., 2005) at 1:1:1 ratio and co-21 

infiltrating into the abaxial surface side of 4-6 week-old tobacco leaves (Nicotiana tabacum). 22 

The fluorescence of the expressed fusion proteins was examined 2-4 days after infiltration with a 23 

Leica TCS SP5 Laser Scan Confocal Microscope as described (Zhang et al., 2013).  24 

 25 

Assays for the transient expression of PAL in tobacco leaves and PAL activity  26 

The procedures of transient expressions of native- or the GFP-tagged version of PALs and 27 

KFB39 proteins in tobacco (Nicotiana tabacum) leaves, the total PAL activity assay,  and 28 

Western blot analysis were essentially same as described (Zhang et al., 2013).  29 

 30 

Arabidopsis growth conditions, transformation, and UV treatment 31 
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All the Wild type (Clo-0) or mutant Arabidopsis seeds were germinated on agar plates and 1 

then either directly used for analysis, or transferred into soil for further studies according to 2 

standard protocols. Briefly, seeds were first surface-sterilized with 10% (v/v) commercial bleach 3 

for 10 minutes, and washed three times with 0.1% Triton X-100 water and finally a brief wash in 4 

70% ethanol. The sterilized seeds were spread on ½ strength Murashige and Skoog medium 5 

(Murashige and Skoog, 1962) (Sigma) containing 0.8% agar and 1% sucrose (except for 6 

inducing anthocyanin, we added 4% sucrose). The plates were stratified at 4°C for 2-3 days in 7 

dark. The seeds were germinated under long-day condition with 16 hr light and 8 hr dark. Seven-8 

day-old seedlings were transferred into soil and grown under photoperiodic cycles of 16 hr light 9 

and 8 hr dark at 22°C in a growth chamber.  10 

For overexpressing the F-box protein genes, their full-length cDNAs were subcloned into 11 

binary vector pMDC32 (Curtis and Grossniklaus, 2003) from the entry clones in pDONR207 via 12 

getaway cloning (Invitrogen) as described above. The resulting constructs then were transferred 13 

into Arabidopsis (Col-0) by the floral-dip method (Clough and Bent, 1998), mediated by the 14 

Agrobacterium tumefaciens strain GV3101. The presence of the transgene was confirmed by 15 

PCR. Homozygous transgenic plants were obtained from a T3-generation plant based on 16 

antibiotic resistance and PCR confirmation.  17 

For UV treatment, 5-DAG seedlings grown on MS-medium filled petri-dishes under cool-18 

white fluorescent light (approximately 140 µmol. m-2.sec-1 photosynthetically active radiation) 19 

were exposed to UV light from a UVB-FS20 fluorescent lamp (Westinghouse, Pittsburgh, PA) 20 

with irradiation intensity of 0.2 J.m-².sec-1 for 8-hours. After treatment, the petri dishes were 21 

resealed with parafilm, and the seedlings were left to recover in the growth room for two days 22 

before their images were taken.   23 

For quantifying PAL- and KFB-gene expression in response to UV exposure, 5 week-old 24 

soil- grown plants were illuminated under cool-white fluorescent light (approximately 140 µmol. 25 

m-2.sec-1 photosynthetically active radiation) supplemented with UV-B light from FS20-UVB 26 

fluorescent lamp at an intensity of 0.2 J.m-².sec-1 for 12 hours. Thereafter, the rosette leaves were 27 

immediately collected and the total RNAs were extracted as described below.   28 

 29 

Generation kfb triple/KFB39-RNAi lines 30 
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Isolation and characterization of the T-DNA insertion lines for KFB1, 20, 50 and the 1 

generation of their double- and triple-mutant lines were described previously (Zhang et al., 2013). 2 

To create KFB39-RNAi in kfb triple mutant background, full-length KFB39 cDNA was sub-3 

cloned into RNAi construct of pB7GWIWG(II) (Karimi et al., 2002) and the construct was 4 

transformed to the kfb triple mutant via floral-dip method (Clough and Bent, 1998), mediated by 5 

Agrobacterium tumefaciens strain GV3101. Knocking down KFB39 expression was confirmed 6 

by qRT-PCR using primers At2g44130_RTF: TACGGAACGGAATCTCAAGG, and 7 

At2g44130_RTR: GTTTCCCATCGACGTTCACT, with the RNA extracted from 5-DAG 8 

seedlings of the T2 generation. The qRT-PCR reaction was set with SsoAdvanced SYBR 9 

Supermix (Bio-Rad) following the formalized standard procedure in manufacturer's instructions. 10 

The delta-cycle threshold method was used to quantify the expression of individual genes. 11 

Arabidopsis Ubiquitin10 (At4g05320) gene was used as the control for normalization. 12 

Homozygous transgenic plants were obtained from T3-generation plants based on antibiotic 13 

resistance and PCR confirmation.   14 

 15 

Examining PAL activity and stability in transgenic plants 16 

Protein extraction from transgenic plants and PAL activity assays were carried out according 17 

to the description in Edwards and Kessmann (1992). To examine the protein levels of 18 

endogenous PALs in transgenic lines, western blots were run against with the generated PAL-19 

peptide antibody that cross-reacts with all the Ecoli-expressed PAL proteins (AtPAL1-4) (Zhang 20 

et al., 2013). 21 

 22 

Analyses and quantification of flavonoids/anthocyanins, soluble phenolics, condensed 23 

tannins, and cell-wall lignin  24 

For extracting flavonoids and soluble phenolics, we used 5-DAG T2 or T3 plants. Extraction 25 

and analysis of flavonoids and soluble phenolics by LC-MS was as described (Zhang et al., 2012) 26 

Briefly, 0.1 g fresh weight seedlings were ground into the powder in liquid N2 and then extracted 27 

with 1 ml 80% methanol at 4 °C, overnight, and 10 µl extract was injected for HPLC profiling.  28 

Anthocyanin was extracted overnight from the 5 DAG seedlings or 4-week-old T2 plants as 29 

described by Zhang et al. (2013). For measurements of acetyl-bromide lignin, we used the 30 

mature stems of 12-week-old KFB39 overexpression lines, or of 10-week-old 31 
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kfb01/20/50/KFB39-RNAi lines. For CT measurements, thirty milligrams of dry mature seeds 1 

were weighed and ground in mortar with 1 mL acetonitrile/water (75:25; v/v) for 5 min on ice, 2 

and then sonicated for 20 min. Following centrifugation, the pellet was extracted again with 1 3 

mL acetonitrile/water (75:25; v/v) overnight at 4 ◦C. The extracts were pooled and concentrated 4 

under a flow of nitrogen, and the dry extract was dissolved in 200 μL acetonitrile/water (75:25; 5 

v/v). Fifty microliter aliquots of the final extracts were used for analyzing soluble CTs. After 6 

adding 3 mL of butanol–HCl reagent (butanol-concentrated HCl, 95:5, v/v) and 0.1 mL of ferric 7 

reagent (2% ferric ammonium sulfate in 2N HCl), the tubes were put in a heating block adjusted 8 

to 98 ◦C for 60 min. Thereafter, the tubes were cooled on ice, and CT-related absorbance was 9 

recorded at 550 nm.  10 

 11 

Supplemental Materials 12 

 13 

Figure S1. Sequence alignment of Arabidopsis KFB01 (At1g15670), 20 (At1g80440), 39 14 

(At2g44130) and 50 (At3g59940).  15 

 16 

Figure S2. Interaction of KFB39 protein with flavonoid biosynthetic enzymes in vitro.  17 

Y2H assay between pDEST-GBKT7-KFB39 and pDEST-GADT7-CHS, ANS, DFR, or FLS. 18 

Yeasts were grown on two drop-out (-Leu/Trp) SD medium (upper panel), or three drop-out (-19 

Leu/Trp/His) selective medium (lower panel).  20 

 21 

Figure S3. Expression of KFB01, 20, 39, and 50, and PAL isogenes and accumulation of 22 

anthocyanins in KFB39 overexpression lines.  23 

A, RT-PCR analysis of the gene expression of AtPAL1-4 and AtKFB01, 20, 39, and 50 in the 24 

KFB39 over-expression lines #12-1 and #12-2.  25 

B, Altered levels of total PAL protein in the KFB39 over-expression lines #12-1 and #12-2.  26 

C, Accumulation levels of anthocyanins in 4-week-old seedlings of the wild type and the KFB39 27 

overexpression lines #12-1 and #12-2. Data were from three biological repeats. 28 

 29 

Figure S4. The growth and injury of KFB39 over-expression seedlings, and 30 

kfb01/20/50/KFB39-RNAi transgenic seedlings under UV-B exposure. 5-DAG seedlings were 31 
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grown on the 1/2 MS agar medium under cool-white fluorescence light and then exposed with 1 

supplemental UV-B light from FS20-UVB lamp (0.2 J.m-².sec-1) for 8 hrs, then recovered for 2 2 

days. pal1, c4h, and tt4 were included as the controls, #12-1, 12-2, 13-1, 14-2 and 15-1 are the 3 

KFB39 OE lines. The #14-2 line exhibits a severe defect in seed germination.  4 

 5 
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 1 

FIGURE LEGENDS: 2 

 3 

Figure 1. Phylogenetic analysis of Kelch domain-containing F-box proteins in Arabidopsis 4 

thaliana. AtKFB01 (At1g15670), AtKFB20 (At1g80440), AtKFB39 (At2g44130) and AtKFB50 5 

(At3g59940) are in bold.   6 

 7 

Figure 2. Interaction of PAL isozymes with KFB39 protein.  8 

 A, Y2H assay between BD-KFB39 and AD-GADT7- PAL(1/2/3/4). Yeasts grew on two 9 

dropout (-Leu/Trp, -LT) SD medium supplemented with X-gal (upper panel), or on three drop-10 

out (-Leu/Trp/His, -LTH) selective medium (lower panel). B, Domain-swapping validation of the 11 

interaction between KFB39 and PAL1-4 in Y2H assays. The assays were conducted between 12 

AD-KFB39 and BD-PAL(1/2/3/4). Yeasts grew on SD (-Leu/Trp) medium in the absence 13 

(upper), and presence (middle) of X-gal, and on SD (-Leu/Trp/His) selective medium (lower).  14 

C, BiFC assay for the interactions of PAL isozymes with KFB39 protein in transiently expressed 15 

tobacco leaves. PAL(1 2/3/4) were fused with CFPc at their C-termini and the truncated 16 

KFB39(ΔF) was fused with nYFP at its N-terminus. The truncated KFB39 (ΔF) fusion construct 17 

was co-infiltrated with PALs-CFPc (or CFPc alone) in tobacco leaves. The pair of nYFP-18 

KFB20(ΔF) with PAL1-CFPc served as the positive control. Scale bars, 50μm.  19 

 20 

Figure 3.  Attenuation of PAL's stability and activity by AtKFB39.  21 

A, The relative activity of expressed PAL isozymes in the crude extracts from the tobacco leaves 22 

transiently expressing PAL alone (solid bars), or co-expressing both PAL and KFB39 (open bars). 23 

B, Immunoblot detection of the stability of PAL(s)-GFP proteins using the anti-GFP antibody in 24 

tobacco leaves co-expressing PAL(s)-GFP and KFB39 genes. Ponceau S staining served as the 25 

control for the amount of protein loading.   26 

Figure 4.  Overexpression of KFB39, and reduction of PAL protein level in Arabidopsis.  27 

A, The relative expression level of KFB39 in 5-DAG seedlings of the selected KFB39 28 

overexpression lines. Its level in transgenic lines, after normalization to that of ubiquitin 10 29 

control gene, was expressed as the value relative to its level in an empty-vector control line, tt4, 30 

pal1, and c4h were the controls.  31 



30 
 

B, The level of endogenous PAL protein in the KFB39-overexpression lines. The PAL proteins 1 

were detected with anti-PAL peptide antibody. The mono-ubiquitin immunoblot against the anti-2 

ubiquitin antibody served for controlling the amount of protein loading. 3 

 4 

Figure 5. Alteration of the accumulation of flavonoids, anthocyanins, and condensed 5 

tannins in KFB39 overexpression plants 6 

A, 5-DAG seedlings of the KFB39 OE lines with control and tt4, pal1, c4h mutants grown on 7 

1/2MS medium containing 4% sucrose. Note the change in their pigmentation.  8 

B, Representative UV-HPLC profiles of methanolic soluble phenolics in the KFB39-OE lines. 9 

K1, kaempferol 3-O-[6''-O-(rhamnosyl) glucoside] 7-O-rhamnoside; K2, kaempferol 3 -O-10 

glucoside 7-O-rhamnoside; K3 kaempferol 3-O-rhamnoside 7-O-rhamnoside; SM, sinapoyl 11 

malate. Metabolites were extracted from 0.1 g fresh weight seedlings with 1 ml 80%methanol, 12 

and 10 µl extracts were injected for HPLC profiling.      13 

C, Seed coat brown pigmentation of the control (left), KFB39-OE line #14-2 (middle) and 14 

KFB39-OE line #12-1 (right). 15 

D, The relative content of condensed tannins in the mature seeds of KFB39-OE lines. Data 16 

represent mean ± SD from three biological repeats.   17 

 18 

Figure 6.  Reduction of total PAL activity and lignin content in KFB39-overexpression lines. 19 

PAL activity was measured using protein crude extracts from leaves of 4-week-old transgenic 20 

plants. Acetyl bromide-lignin was determined using the cell walls of 12-week-old Arabidopsis 21 

stems. Data represent mean ± SD with three biological repeats. The enzyme activity and lignin 22 

content of the control plants were set at 1.      23 

 24 

Figure 7. Suppression of KFB39 and alteration of PAL protein level in KFB39 RNAi-25 

mediated gene-silencing lines. 26 

A, qRT-PCR analysis of the expression level of KFB39 in RNAi silencing lines. Data represent 27 

mean ± SD with three biological replicates. 28 

B, Immunoblot detection of the cellular concentration of the PAL protein using the anti-PAL 29 

antibody. 30 

C, Relative PAL protein level in RNAi silencing lines calculated based on (B).   31 
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 1 

Figure 8. Alteration of the accumulation of anthocyanins, condensed tannins, and lignin in 2 

KFB39-RNAi transgenic lines.   3 

 A, Effect of KFB39 silencing on anthocyanin pigmentation. Upper panel: The front view of the 4 

4-week-old control (left), kfb01/20/50 triple mutant (middle), and kfb01/20/50/KFB39-RNAi 5 

transgenic (right) rosettes; lower panel: The flipside view of control, mutant and transgenic 6 

rosettes, illustrating the enhanced anthocyanin pigment in the petioles of the triple mutant and 7 

RNAi transgenic lines. (Bar=5 cm) 8 

B, ~10- week-old kfb01/20/50/KFB39-RNAi transgenic plants, showing the pigmentation in the 9 

inflorescence stems. 10 

C, Change in the total lignin content in kfb01/20/50/KFB39-RNAi transgenic Arabidopsis.  11 

The acetyl bromide lignin was measured in the independent T2 lines. The data represent mean ± 12 

SD with three biological replicates. CWR: cell wall residue. 13 

 D, Relative content of condensed tannins in the mature seeds of kfb01/20/50 triple mutant, and 14 

kfb01/20/50/KFB-RNAi transgenic plants. Data were mean ± SD from four biological repeats.  15 

 16 

Figure 9. Relative expression levels of PALs and KFBs in Arabidopsis exposed to UV light.  17 

5-week-old Arabidopsis was illuminated with cool-white fluorescence light supplemental with 18 

UV-B radiation from a FS20-UVB lamp (0.2 J.m-².sec-1) for 12 hours. The error bar represents 19 

the standard deviation from three biological repeats. The expression level in untreated samples 20 

(black bars) was set at 1.  21 

 22 

Figure 10. The growth and injury of Arabidopsis seedlings under UV-B exposure.  5-DAG  23 

seedlings were grown on the 1/2 MS agar medium, and illuminated with full-wavelength light 24 

supplemental with UV-B light from a FS20-UVB lamp (0.2 J.m-².sec-1) for 8 hrs then left to 25 

recover for 2 days.  26 

 27 

 28 

 29 

 30 

 31 
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 11 
Table 1. Levels of accumulation of anthocyanins, flavonols and sinapoyl esters in T3 generation 12 

of KFB39 over-expression, kfb triple, and kfb triple/KFB39-RNAi Arabidopsis seedlings (5DAG). 13 

Data are mean values and standard errors from three biological repeats (note: n/a= not detectable; 14 

ND=not determined; since line 14-2 exhibited a severe defect in seed germination, there was no 15 

enough material for analysis). 16 

 17 
 18 
 Lines Anthocyanins  

(pmol/g FW) 
Kaempferol Flavonols 
(pmol/mg FW) 

Sinapic-Acid esters 
(pmol/mg FW) 

c4h  15.7  ± 0.69 80.9 ± 5.4   713 ± 16.3 
pal1  25.9  ± 1.02 130 ±5.6 1293 ± 16.3 
tt4  n/a n/a 2877  ± 80.5 
WT/pMDC32  70.5  ± 3.24 298 ± 3.9 2145  ± 18.9 
KFB39/OE(14-2)  ND ND ND 
KFB39/OE(12-1)  30.1  ± 1.53 54.2± 4.8 1019  ± 12.7 
KFB39/OE(12-2)  35.8  ± 1.73 166 ± 5.3 1716  ± 16.7 
KFB39/OE(13-1)  40.5  ± 3.48 133 ± 7.9 1602  ±  15.8 
KFB39/OE(15-1)  51.4  ± 1.96 156 ± 9.8 1864  ±   20.6 
triple 200.9 ± 5.68 200 ± 6.7 4993  ±   15.3 
triple/KFB39RNAi-1 240.1 ± 14.32 220 ± 4.8 5790  ±   26.7 
triple/KFB39RNAi-3 278.6 ± 13.23 264 ± 5.8 6300  ±   37.8 
triple/KFB39RNAi-6 260.9 ± 15.18 278 ± 4.7 5237  ±   12.3 
triple/KFB39RNAi-7 250.5 ± 13.18 260 ± 3.9 5055  ±   21.3 
 19 
 20 
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Figure 1. Phylogenetic analysis of Kelch domain-containing F-box Proteins in Arabidopsis 
thaliana. AtKFB01 (At1g15670), AtKFB20 (At1g80440), AtKFB39 (At2g44130) and AtKFB50 
(At3g59940) are in bold.   



Figure 2. Interaction of PAL isozymes with KFB39 protein.  
A, Y2H assay between BD-KFB39 and AD-GADT7- PAL(1/2/3/4). Yeasts grew on two dropout (-
Leu/Trp, -LT) SD medium supplemented with X-gal (upper panel), or on three drop-out (-
Leu/Trp/His, -LTH) selective medium (lower panel). B, Domain-swapping validation of the 
interaction between KFB39 and PAL1-4 in Y2H assays. The assays were conducted between 
AD-KFB39 and BD-PAL(1/2/3/4). Yeasts grew on SD (-Leu/Trp) medium in the absence (upper), 
and presence (middle) of X-gal, and on SD (-Leu/Trp/His) selective medium (lower).  
C, BiFC assay for the interactions of PAL isozymes with KFB39 protein in transiently expressed 
tobacco leaves. PAL(1 2/3/4) were fused with CFPc at their C-termini and the truncated 
KFB39(ΔF) was fused with nYFP at its N-terminus. The truncated KFB39 (ΔF) fusion construct 

was co-infiltrated with PALs-CFPc (or CFPc alone) in tobacco leaves. The pair of nYFP-
KFB20(ΔF) with PAL1-CFPc served as the positive control. Scale bars, 50μm.  
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Figure 3. Attenuation of PAL's stability and activity by AtKFB39.  
A, The relative activity of expressed PAL isozymes in the crude extracts from 
the tobacco leaves transiently expressing PAL alone (solid bars), or co-
expressing both PAL and KFB39 (open bars). B, Immunoblot detection of the 
stability of PAL(s)-GFP proteins using the anti-GFP antibody in tobacco leaves 
co-expressing PAL(s)-GFP and KFB39 genes. Ponceau S staining served as 
the control for the amount of protein loading.    
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Figure 4. Overexpression of KFB39, and reduction of PAL protein level in Arabidopsis.  
A, The relative expression level of KFB39 in 5-DAG seedlings of the selected KFB39 
overexpression lines. Its level in transgenic lines, after normalization to that of ubiquitin 10 
control gene, was expressed as the value relative to its level in an empty-vector control line, 
tt4, pal1, and c4h were the controls.  
B, The level of endogenous PAL protein in the KFB39-overexpression lines. The PAL proteins 
were detected with anti-PAL peptide antibody. The mono-ubiquitin immunoblot against the 
anti-ubiquitin antibody served for controlling the amount of protein loading. 
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Figure 5. Alteration of the accumulation of flavonoids, anthocyanins, and condensed 
tannins in KFB39 overexpression plants 
A, 5-DAG seedlings of the KFB39 OE lines with control and tt4, pal1, c4h mutants grown on 
1/2MS medium containing 4% sucrose. Note the change in their pigmentation.  
B, Representative UV-HPLC profiles of methanolic soluble phenolics in the KFB39-OE lines. K1, 
kaempferol 3-O-[6''-O-(rhamnosyl) glucoside] 7-O-rhamnoside; K2, kaempferol 3 -O-glucoside 7-
O-rhamnoside; K3 kaempferol 3-O-rhamnoside 7-O-rhamnoside; SM, sinapoyl malate. 
Metabolites were extracted from 0.1 g fresh weight seedlings with 1 ml 80%methanol, and 10 µl 
extracts were injected for HPLC profiling.      
C, Seed coat brown pigmentation of the control (left), KFB39-OE line #14-2 (middle) and KFB39-
OE line #12-1 (right). 
D, The relative content of condensed tannins in the mature seeds of KFB39-OE lines. Data 
represent mean ± SD from three biological repeats 
 
 

C 

0 

0.5 

1 

WT tt4 pal1 14-2 12-2 12-1 13-1 15-1 

R
el

at
iv

e 
C

T 
co

nt
en

t 

D 

0 
50 

100 

150 

200 

0 
50 

100 
150 

200 

0 

50 

100 

150 
200 

10 12 14 16 18 20 22 24 
0 

50 

100 

150 

200 

WT/pMDC32 

KFB39-OE 12-1 

KFB39-OE 13-1 

pal1 

A
bs

or
ba

nc
e 

at
 3

10
 n

m
 (m

A
U

) 

B 

Retention time (min) 

250 

250 

250 

250 

WT 

tt4 

pal1 

c4h 

14-2 

12-2 

12-1 

13-1 

15-1 

A 



0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

 R
el

at
iv

e 
PA

L 
ac

tiv
ity

 a
nd

 li
gn

in
 c

on
te

nt
 

 WT   pal1   14-2  12-2     12-1   13-1  15-1 

PAL activity 

Lignin content 

Figure 6. Reduction of total PAL activity and lignin content in KFB39-overexpression 
lines. 
PAL activity was measured using protein crude extracts from leaves of 4-week-old transgenic 
plants. Acetyl bromide-lignin was determined using the cell walls of 12-week-old Arabidopsis 
stems. Data represent mean ± SD with three biological repeats. The enzyme activity and 
lignin content of the control plants were set at 1.      



Figure 7. Suppression of KFB39 and alteration of PAL protein level in KFB39 
RNAi-mediated gene-silencing lines. 
A, qRT-PCR analysis of the expression level of KFB39 in RNAi silencing lines. Data 
represent mean ± SD with three biological replicates. 
B, Immunoblot detection of the cellular concentration of the PAL protein using the anti-
PAL antibody. 
C, Relative PAL protein level in RNAi silencing lines calculated based on (B).   
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Figure 8. Alteration of the accumulation of anthocyanins, condensed tannins, and lignin in 
KFB39-RNAi transgenic lines.   
 A, Effect of KFB39 silencing on anthocyanin pigmentation. Upper panel: The front view of the 4-
week-old control (left), kfb01/20/50 triple mutant (middle), and kfb01/20/50/KFB39-RNAi transgenic 
(right) rosettes; lower panel: The flipside view of control, mutant and transgenic rosettes, illustrating 
the enhanced anthocyanin pigment in the petioles of the triple mutant and RNAi transgenic lines. 
(Bar=5 cm) 
B, ~10- week-old kfb01/20/50/KFB39-RNAi transgenic plants, showing the pigmentation in the 
inflorescence stems. 
C, Change in the total lignin content in kfb01/20/50/KFB39-RNAi transgenic Arabidopsis.  
The acetyl bromide lignin was measured in the independent T2 lines. The data represent mean ± 
SD with three biological replicates. CWR: cell wall residue. 
 D, Relative content of condensed tannins in the mature seeds of kfb01/20/50 triple mutant, and 

kfb01/20/50/KFB-RNAi transgenic plants. Data were mean ± SD from four biological repeats.  

B A 

C D 

triple/KFB39RNAi 

0 

0.04 

0.08 

0.12 

0.16 

W
T 

tri
pl

e 1 2 3 4 5 6 

Li
gn

in
 c

on
te

nt
 (m

g/
m

g 
C

W
R

) 

t < 0.05 

triple/KFB39RNAi 

0 

0.5 

1 

1.5 

W
T 

tri
pl

e 1 2 3 4 5 6 7 

R
el

at
iv

e 
C

T 
co

nt
en

t 



Figure 9. Relative expression levels of PALs and KFBs in Arabidopsis exposed to 
UV light.  
5-week-old Arabidopsis was illuminated with cool-white fluorescence light supplemental 
with UV-B radiation from a FS20-UVB lamp (0.2 J.m-².sec-1) for 12 hours. The error bar 
represents the standard deviation from three biological repeats. The expression level in 
untreated samples (black bars) was set at 1.  
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Figure 10. The growth and injury of Arabidopsis seedlings under UV-B exposure.  
5-DAG  seedlings were grown on the 1/2 MS agar medium, and illuminated with full-
wavelength light supplemental with UV-B light from a FS20-UVB lamp (0.2 J.m-².sec-1) 
for 8 hrs, then left to recover for 2 days.  
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