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Abstract
Main conclusion  The contribution of p-coumarate β-oxidation and kaempferol cleavage to the pools of glycosylated, 
free and cell wall-bound 4-hydroxybenzoate is organ-dependent in Arabidopsis.

Abstract  4-Hydroxybenzoate (4-HB) is a vital precursor for a number of plant primary and specialized metabolites, as well as 
for the assembly of the plant cell wall. In Arabidopsis, it is known that 4-HB is derived independently from phenylalanine and 
tyrosine, and that the metabolism of phenylalanine into 4-HB proceeds via at least two biosynthetic routes: the β-oxidation 
of p-coumarate and the peroxidative cleavage of kaempferol. The precise contribution of these precursors and branches to 
4-HB production, however, is not known. Here, we combined isotopic feeding assays, reverse genetics, and quantification 
of soluble (i.e., free and glycosylated) and cell wall-bound 4-HB to determine the respective contributions of phenylalanine, 
tyrosine, β-oxidation of p-coumarate, and peroxidative cleavage of kaempferol to 4-HB biosynthesis in Arabidopsis tissues. 
Over 90% of 4-HB was found to originate from phenylalanine in both leaves and roots. Soluble 4-HB level varied significantly 
between organs, while the proportion of cell wall-bound 4-HB was relatively constant. In leaves and flowers, glycosylated and 
cell wall-bound 4-HB were the most and least abundant forms, respectively. Flowers displayed the highest specific content of 
4-HB, while free 4-HB was not detected in roots. Although p-coumarate β-oxidation and kaempferol catabolism were found 
to both contribute to the supply of 4-HB in all tissues, the proportion of kaempferol-derived 4-HB was higher in roots than in 
leaves and flowers. Within the β-oxidative branch, p-coumaroyl-CoA ligase 4-CL8 (At5g38120) bore a preponderant role in 
the production of soluble and cell wall-bound 4-HB in leaves, while p-coumaroyl-CoA ligase At4g19010 appeared to control 
the biosynthesis of soluble 4-HB in flowers. Furthermore, analysis of a series of Arabidopsis T-DNA mutants corresponding 
to the three major UDP-glucosyltransferases known to act on 4-HB in vitro (UGT75B1, UGT89B1, and UGT71B1) showed 
that none of these enzymes appeared in fact to have a significant role in the glycosylation of 4-HB in vivo.

Keywords  4-Hydroxybenzoate · Phenolics · Phenylpropanoids · Kaempferol · Ubiquinone · p-Coumaroyl-CoA ligases · 
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Introduction

4-Hydroxybenzoate (4-HB) is an essential phenolic com-
pound that serves as a component of the plant cell wall (e.g., 
lignin decoration and sporopollenin assembly) as well as a 
ring precursor for the biosynthesis of the respiratory cofactor 
and antioxidant ubiquinone (Coenzyme Q) (Xue et al. 2020; 
Goacher et al. 2021; Berger et al. 2022). Moreover, some 
members of the Boraginaceae family use 4-HB as a pre-
cursor for the biosynthesis of some specialized naphthoqui-
nones called shikonins (Yazaki 2017; Suttiyut et al. 2023).

There has been long standing interest in 4-HB as a tar-
get molecule for plant metabolic engineering, both to boost 
ubiquinone level in crops and as an alternative to petro-
chemical synthesis for the production of antimicrobials, 
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pharmaceuticals, and copolyesters (Siebert et  al. 1996; 
Viitanen et al. 2004; Soubeyrand et al. 2021; Mottiar et al. 
2023). Yet, in spite of its biological and biotechnological 
significance, the metabolism of 4-HB in plant cells is far 
from being fully understood. In fact, the enzymatic archi-
tecture of 4-HB biosynthesis is known mainly from indirect 
studies aimed at elucidating the biosynthesis of some of its 
downstream products, such as ubiquinone and shikonins 
(Block et al. 2014; Soubeyrand et al. 2018, 2019; Nakanishi 
et al. 2024). For instance, reverse genetics have shown that 
in Arabidopsis about half of the benzenoid moiety of ubiqui-
none originates from the β-oxidation of p-coumarate in per-
oxisomes via, most likely, the formation of 4-HB (Fig. 1). 
In this pathway, 4-hydroxybenzoate must be exported from 
peroxisomes and imported into mitochondria where ubiqui-
none biosynthesis takes place (Fig. 1; Berger et al. 2022). 
Similarly, in Lithospermum erythrorhizon, two functionally 
redundant p-coumaroyl-CoA ligases, which are located in 
peroxisomes, control most of the production of shikonin 
(Nakanishi et al. 2024). In Arabidopsis and tomato, it is also 
known that the peroxidative cleavage of kaempferol supplies 
20–25% of 4-HB that serves as a precursor for ubiquinone’s 
benzenoid moiety (Fig. 1).

There are reasons, however, to suspect that in Arabidopsis 
and other plant species the respective contributions of the 
metabolism of p-coumarate and that of kaempferol to ubiqui-
none biosynthesis might not quantitatively correlate with the 
production of 4-HB. First, ubiquinone is a trace cofactor, the 
pool size of which is dwarfed by that of its benzenoid pre-
cursors (Soubeyrand et al. 2018, 2021). Large variations in 

ubiquinone content could, therefore, occur between tissues 
or in response to changes in environmental conditions, while 
4-HB biosynthetic fluxes and pool sizes remain constant. 
Second, extensive deposits of 4-HB are known to occur as 
glycosylated conjugates in plant vacuoles (Siebert et al. 
1996; Cooper-driver et al. 1972; Yazaki et al. 1995), and into 
lignin polymers via ester linkage (Lu et al. 2015; Rencoret 
et al. 2020; Mottiar et al. 2023). It is conceivable that only 
part -or possibly even none- of such sequestered 4-HB might 
be reclaimable for ubiquinone biosynthesis. Compounding 
the difficulty to establish quantitative correlations between 
the biosynthesis of ubiquinone and that of its aromatic pre-
cursors, isotope labeling assays have shown that Arabidopsis 
can also derive the benzenoid moiety of ubiquinone from the 
ring of tyrosine (Block et al. 2014; Fig. 1). It is not known, 
however, if in plants this alternative pathway entails the for-
mation of 4-HB (Block et al. 2014).

Materials and methods

Chemical and reagents

[ring-13C6]-L-Phenylalanine and [U-13C9-15N]-L-tyrosine 
were from Cambridge Isotope Laboratories Inc. Murashige 
and Skoog (MS) medium was from MP Biomedicals, LLC. 
4-Hydroxybenzoate was from Acros Organics; standards 
were prepared in 0.1 N HCl and quantified spectrophotomet-
rically using the extinction coefficient of 13,900 M−1 cm−1 at 

Fig. 1   Overview of the 
metabolic routes yielding 
4-HB in plant cells. Black 
bars symbolize the metabolic 
blockages corresponding to the 
Arabidopsis mutants used in 
the present study, i.e., cytosolic 
flavanone-3-hydroxylase (f3h) 
in the flavonoid biosynthetic 
pathway, and two peroxiso-
mal 4-coumaroyl-CoA ligases 
(at4g19010 and 4-cl8) involved 
in the β-oxidative metabolism 
of p-coumarate. Dashed arrows 
symbolize multiple steps. Note 
that in plants the usage of 
tyrosine as an early precursor of 
4-HB is hypothetical
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255 nm (Dawson et al. 1986). Unless otherwise mentioned, 
other chemicals and reagents were from Fisher Scientific.

Plant material and growth conditions

Arabidopsis T-DNA insertion lines at4g19010 (at4g19010; 
SALK_043310), 4-cl8 (at5g38120; SALK_137753), and 
f3h (at3g51240; SALK_113321) were those described 
and confirmed as genuine knockout alleles in Block et al. 
(2014), Soubeyrand et al. (2019) and Masini (2014), respec-
tively. The at4g19010 × f3h and at4g19010 × 4-cl8 double 
mutants were those generated by Soubeyrand et al. (2019). 
Lines ugt75b1 (at1g05560; SALKseq_063933), ugt89b1 
(at1g73880; SAIL_1173_C09), and ugt71b1 (at3g21750; 
SAIL_846_BO6) were obtained from the Arabidopsis 
Biological Resource Center (Alonso et al. 2003). T-DNA 
homozygosity was verified via PCR-genotyping using the 
following line specific primers: RP 5ʹ-TGA​TGA​GAA​TTT​
TCG​GTT​TGG-3ʹ and LP 5ʹ-AAT​GGT​CTC​AAT​TAC​CTG​
TTGC-3ʹ for SALKseq_063933, RP 5ʹ-AGG​CAA​ATG​AAG​
AGT​TGG​AGC-3ʹ and LP 5ʹ-GAA​TCT​TGC​AGC​GCA​AGT​
AAG-3ʹ for SAIL_1173_C09, and RP 5ʹ-GAA​GCG​TTG​
GAC​GTG​TAG​AAG-3ʹ and LP 5ʹ-GCA​ATT​TCA​ACA​GAG​
AGA​CGC-3ʹ for SAIL_846_BO6. T-DNA-specific primers 
were LBb1.3 5ʹ-ATT​TTG​CCG​ATT​TCG​GAA​C-3ʹ (SALK) 
and LB1 5ʹ-GCC​TTT​TCA​GAA​ATG​GAT​AAA​TAG​CCT​
TGC​TTCC-3ʹ (SAIL). Total RNAs were prepared from 
rosette leaves using the RNeasy Plant Mini Kit (Qiagen) 
and quantified by absorbance at 260 nm. cDNAs were gener-
ated with the ImProm-IITM Reverse Transcription System 
(Promega). PCR amplifications were performed using the 
following primers pairs: 5ʹ-ACT​TCA​GTG​GAG​CTA​AGA​
CAAGT-3ʹ (forward) and 5ʹ-ACT​CCA​TCA​TTT​CTT​GAA​
ACGCA-3ʹ (reverse) for UGT75B1, 5ʹ-CCT​TTT​CCC​TCC​
CAC​CCT​TC-3ʹ (forward) and 5ʹ-GGT​TAT​CCT​CAC​GTG​
CGT​CA-3ʹ (reverse) for UGT89B1, 5ʹ-TGT​GTT​CAT​ACC​
ATC​GCC​GG-3ʹ (forward) and 5ʹ-TCC​ATG​TCA​GCC​ACC​
GAA​TT-3ʹ (reverse) for UGT71B1, and 5ʹ-CTA​AGC​TCT​
CAA​GAT​CAA​AGGC-3ʹ (forward) and 5ʹ-TTA​ACA​TTG​
CAA​AGA​GTT​TCA​AGG​-3ʹ (reverse) for the actin control. 
For metabolite analyses, rosette leaves were collected on 
4-week-old Arabidopsis plants grown on potting mix at 
22 °C in 12-h days at 160 μE m−2 s−1 and then transferred 
to 16-h days at 600 μE m−2 s−1 3 days prior to harvesting. 
Flower buds were harvested from 8-week-old plants. For 
root tissue, Arabidopsis seeds were germinated on MS agar 
plates containing 1% (w/v) sucrose. Three-day-old seedlings 
were transferred to MS liquid medium supplemented with 
1% (w/v) sucrose and cultured for 2 weeks on an orbital 
shaker (60 rpm) at 22 °C and protected from light. For heavy 
isotope labeling assays, Arabidopsis Col-0 seeds were ger-
minated on MS agar plates containing 1% sucrose (w/v). 
Seven-day-old seedlings were then transferred to MS liquid 

medium containing 1% sucrose and grown for 10 days on 
orbital shaker in 12-h light photoperiod (160 µE m−2 s−1). 
Labeling was conducted for 3 h and 6 h using 250 µM doses 
of [ring-13C6]-L-phenylalanine or [U-13C9-15N]-L-tyrosine.

Extraction and analyses of 4‑HB and kaempferol

Leaf, flower and root tissues (~ 100 mg) were homogenized 
in 300 µl of methanol:water (90:10, v/v) using a 5 ml Pyrex 
tissue grinder. The grinder was washed twice with 300 µl of 
methanol:water (90:10, v/v), washes were combined with 
the original extract, and the samples were cleared by cen-
trifugation (5 min; 21,000×g). Pellets were set aside for the 
analyses of cell wall-bound 4-HB (see below). Supernatants 
were then divided into two aliquots (2 × 300 µl), which were 
mixed with 100 µl of freshly prepared 75 mM ascorbic acid 
and 350 µl of 3 N HCl. For the quantification of free 4-HB, 
400 µl of the first aliquot was immediately phase-partitioned 
using 1 ml of 100% ethyl acetate and vortexing for 1 min. 
Phases were separated (2 min; 21,000×g) and the ethyl ace-
tate-containing fraction was evaporated to dryness. Sam-
ples were resuspended for 10 min at room temperature in 
300 µl of 0.1 N HCl and 30 µl of 75 mM ascorbic acid. Total 
4-HB was quantified in the second aliquot after deglucosyla-
tion via acid hydrolysis (70 °C for 1 h). Samples were then 
processed as described for the first aliquot. For the analy-
sis of cell wall-bound 4-HB, pellets from the initial potter 
extraction were washed 3 times with 1 ml of methanol:water 
(90:10, v/v) and vortexing. No soluble 4-HB was detected 
by the second wash. Washed pellets were resuspended in 
1 ml of 2 M NaOH and incubated for 24 h at 30 °C. Sam-
ples were then neutralized with 400 µl of 6 N HCL at 4 °C 
and cleared by centrifugation (5 min; 21,000×g). Sample 
aliquots (400 µl) were then phase partitioned, evaporated to 
dryness, and resuspended in 300 µl of 0.1 N HCl and 30 µl 
of 75 mM ascorbic acid as described above. Samples were 
centrifuged (5 min; 21,000×g) prior to injection (50 µl) on 
an Agilent Technologies Zorbax Eclipse Plus C18 column 
(4.6 × 100 mm; 3.5 μm) held at 30 °C. The column was 
developed isocratically at a flow rate of 0.8 ml min−1 with a 
mobile phase containing 95% of 10 mM sodium acetate (pH 
3.5) and 5% (v/v) methanol. 4-HB (13.8 min) was monitored 
via diode array spectrophotometry and quantified according 
to external calibration standards at 255 nm. Amounts of gly-
cosylated 4-HB were calculated by subtracting the amounts 
measured in acid-hydrolyzed samples (total 4-HB) from the 
amounts measured in the corresponding samples not sub-
jected to acidic hydrolysis (free 4-HB). Total kaempferol 
was quantified in the same acid-hydrolyzed extracts used 
for total 4-HB analysis, prior to the partitioning step. Sam-
ples were centrifuged (5 min; 21,000×g) and then injected 
(10 µl) on an Agilent Technologies Zorbax Eclipse Plus C18 
column (4.6 × 100 mm; 3.5 μm) held at 30 °C. The column 
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was developed at a flow rate of 0.8 ml.min−1 using a 25-min 
linear gradient starting with 95% of 10 mM sodium acetate 
(pH 3.5) and 5% (v/v) methanol and ending with 100% (v/v) 
methanol. Kaempferol eluted at 17.8 min and was quanti-
fied spectrophotometrically (365 nm) according to external 
calibration standards.

For liquid chromatography–tandem mass spectrom-
etry analyses, 5 μl of extracts was chromatographed on 
an Agilent Technologies Eclipse Plus C18 RRHD column 
(2.1 × 50 mm; 1.8 µm) held at 30 °C and using solvent A 
[0.1% (v/v) formic acid in water] and solvent B [0.1% (v/v) 
formic acid in methanol] at a flow rate of 0.4 ml min−1. The 
separation gradient was isocratic at 5% of solvent B for 
0.5 min, then increased to 100% of solvent B over 5.5 min, 
isocratic at 100% of solvent B for 1 min, then a returned to 
5% of solvent B over 0.1 min and isocratic at 5% of solvent 
B over 2.9 min. 4-HB eluted at 3.75 min in this system. The 
eluate was electrosprayed in negative mode (2500 V) into a 
Thermo Scientific TSQ Quantis instrument. Ion transfer tube 
temperature was 300 °C, vaporizer temperature was 350 °C, 
and collision energy was 53.95 V. Single reaction monitor-
ing (SRM) was used to quantify labeled and unlabeled 4-HB 
using the following ion pairs in negative scan mode: 4-HB 
(137.02–93.05 m/z), [13C6]-4HB (143.02–99.05 m/z), and 
[13C7]-4HB (144.02–99.05 m/z).

Results and discussion

Arabidopsis leaf and root tissues derive most of their 
4‑HB from phenylalanine

We first sought to determine if in plant tissues tyrosine 
served as a biosynthetic precursor of 4-HB, and if so what 
the contribution of this amino acid was as compared to 
that of phenylalanine. To do that, identical doses of ring 
13C-labeled phenylalanine and uniformly 13C-labeled tyros-
ine were fed to axenic cultures of Arabidopsis; the isotopic 
enrichment of 4-HB was then quantified via liquid chro-
matography–tandem mass spectrometry. Direct incorpora-
tion of phenylalanine and tyrosine—i.e., without intramo-
lecular isotopic dilution—into 4-HB could be accurately 
monitored owing to the specific carbon labeling profile 
associated with each amino acids: [Ring-13C6]-Phenylala-
nine and [U-13C9;15N]-Tyrosine being predicted to generate 
[Ring-13C6]-4-HB and [U-13C7]-4-HB, respectively (Fig. 2). 
Labeling of soluble and cell wall-bound 4-HB from phe-
nylalanine was readily detected in both rosette leaves and 
roots (Fig. 2a). Within 6 h of labeling, the rate of isotopic 
enrichment of soluble 4-HB was 13 to 23 times that of cell 
wall-bound 4-HB in leaves and roots, respectively (Fig. 2a; 
Table 1). The rate of isotopic enrichment of 4-HB from phe-
nylalanine was also markedly higher in roots as compared to 

that in leaves, the difference between these organs ranging 
from 3.7- to 6.4-fold for soluble and cell wall-bound 4-HB, 
respectively (Fig. 2a; Table 1). In contrast, no labeling of 
soluble 4-HB from tyrosine was detected in either leaves or 
roots (Fig. 2b). Low levels of tyrosine incorporation were 
detected in cell wall-bound 4-HB (Fig. 2a). The correspond-
ing rates of isotopic enrichment were similar to those meas-
ured from phenylalanine, and here again were higher (~ 4 
times) in roots than in leaves (Fig. 2a; Table 1). Juxtaposing 
the rates of isotopic enrichment with the total—i.e., labeled 
and unlabeled—pool sizes of 4-HB highlights the observa-
tion that, in Arabidopsis, the bulk of 4-HB (98% in leaves 
and 92% in roots) originates directly from phenylalanine 
(Fig. 2c). This result contrasts sharply with the situation 
observed in yeast and animals, which produce 4-HB via the 
formation of 4-hydroxyphenyl pyruvate and tyrosine (Pierrel 
2017). Also notable is the difference between the contribu-
tion of tyrosine to the biosynthesis of 4-HB as compared 
to that of ubiquinone. Previous work indicated indeed that 
tyrosine supplied about 30% of the aromatic precursor of 
ubiquinone’s benzenoid moiety in both leaf shoots and roots 
(Block et al. 2014). One can, therefore, infer that either it 
exists a pool of tyrosine-derived 4-HB that is dedicated to 
ubiquinone production (e.g., via sequestration in mitochon-
dria where ubiquinone assembly takes place), or that in 
plants the usage of tyrosine as a precursor for ubiquinone’s 
ring does not proceed via the formation of 4-HB.

The β‑oxidative metabolism of p‑coumarate 
and peroxidative cleavage of kaempferol 
both contribute to the supply of 4‑HB 
throughout Arabidopsis tissues

Having shown that in Arabidopsis 4-HB is primarily derived 
from phenylalanine, we sought to quantify the contribu-
tion of each of the known downstream branches, namely 
β-oxidation of p-coumarate and peroxidative catabolism 
of kaempferol (Fig. 1). Five Arabidopsis T-DNA knock-
outs were selected for these experiments: at4g19010 and 
4-cl8, which correspond to two 4-coumaroyl-CoA ligases 
involved in the β-oxidation of p-coumarate (Block et al. 
2014; Soubeyrand et al. 2019); at4g19010 × 4-cl8, a cog-
nate double knockout (Soubeyrand et al. 2019); f3h, which 
corresponds to flavanone-3-hydroxylase of the core fla-
vonoid biosynthetic pathway (Masini 2014)), and last an 
at4g19010 × f3h double knockout (Soubeyrand et al. 2019). 
These five Arabidopsis mutants have been shown to dis-
play reduced incorporation of phenylalanine into ubiqui-
none in rosette leaves; this incorporation of phenylalanine 
being the lowest in at4g19010, at4g19010 × 4-cl8, and 
at4g19010 × f3h (Soubeyrand et al. 2019). Figure 1 shows 
the locations of the corresponding alleles in the context of 
phenylpropanoid and ubiquinone metabolism. Here, the 
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pools of soluble and cell wall-bound 4-HB were analyzed 
in rosette leaves, flowers, and roots (Fig. 3). The soluble 
pool itself was scrutinized further in order to quantify the 
proportions of glycosylated and free forms of 4-HB. Total 
4-HB levels are provided in Table S1.

In wild-type flowers and leaves, glycosylated and cell 
wall-bound 4-HB were consistently the most and least 
abundant forms, respectively (Fig. 3a-c). Free 4-HB was not 
detected in roots (Fig. 3c). Flowers displayed the highest spe-
cific content of 4-HB; the level of total 4-HB corrected for 
fresh weight representing in flowers ~ 3 times that of leaves 
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Fig. 2   Isotopic feeding assays in axenic cultures of Arabidopsis. a 
Soluble and cell wall-bound [Ring-13C6]-4-HB content in the rosette 
leaves and roots of Columbia-0 Arabidopsis plants fed for 3 and 6 h 
with 250 μM doses of [Ring-13C6]-Phenylalanine. b Soluble and cell 
wall-bound [U-13C7]-4-HB content in the rosette leaves and roots of 

Columbia-0 Arabidopsis plants fed for 3 and 6 h with 250 μM doses 
of [U-13C9;15N]-Tyrosine. c Respective contribution of phenylalanine 
and tyrosine to the total content of soluble and cell wall-bound 4-HB 
in Arabidopsis rosette leaves and roots

Table 1   Rate of 4-HB labeling

Values are from 3 replicates ± SE

(nmoles.mg FW−1. h−1)

Soluble Cell-wall bound

[13C6]-Phe
 Leaves 0.1156 ± 0.0173 0.005 ± 0.003
 Roots 0.4286 ± 0.074 0.0318 ± 0.02

[13C9]-Tyr
 Leaves – 0.0057 ± 0.005
 Roots – 0.0206 ± 0.009
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and ~ 5 times that of roots (Fig. 3a-c). In rosette leaves, all 
mutants displayed lower levels of glycosylated 4-HB as 
compared to the wild-type reference, the decrease ranging 
from 34% in the f3h knockout to 62% in the at4g19010 × f3h 
double knockout (Fig. 3a). In the at4g19010 leaf tissues, 
however, such a decrease was not statistically significant 
(p = 0.15; Fig. 3a). Lower levels of cell wall-bound 4-HB 
were observed only for the 4-cl8, f3h, and at4g19010 × f3h 
mutants; the decrease representing ~ 50% of the wild-type 
level in these last two lines (Fig. 3a). No statistically sig-
nificant difference in the content of free 4-HB was observed 
for any of the mutants (Fig. 3a). In flowers, significant 
decreases in glycosylated and free 4-HB were associated 
with the loss of function of At4g19010 and F3H, but not 
that of 4-CL8 (Fig. 3b). Stacking of the at4g19010 and f3h 
alleles resulted in the most severe impact on soluble 4-HB; 
as compared to wild-type, the flowers of the at4g19010 × f3h 

double knockout displayed decreases of 92% and 63% in 
glycosylated and free 4-HB content, respectively (Fig. 3b). 
None of the mutants displayed any statistically significant 
difference in the content of cell wall-bound 4-HB (Fig. 3b). 
In roots, statistically significant differences in 4-HB level 
were restricted to its glycosylated form, and were observed 
only in the at4g19010 × 4-cl8, f3h, and at4g19010 × f3h 
mutants (Fig. 3c). The most severe decrease in 4-HB level 
was observed in the at4g19010 × f3h double knockout, the 
glycosylated 4-HB content of which was only a tenth of that 
of wild-type root tissues (Fig. 3c). One should also note that 
here again our data reveal some divergences between the 
biosynthesis of 4-HB and its usage for ubiquinone assem-
bly. In particular, while the 4-CL8 and F3H-dependent 
branches have been shown to have accessory contributions 
as compared to that controlled by At4g19010 when the cor-
responding knockout mutants were scored for ubiquinone 
content (Soubeyrand et al. 2018; 2019), they were found 
here to be major contributors to total leaves 4-HB produc-
tion (Table S1).

None of the major Arabidopsis 
UDP‑glucosyltransferases known to act on 4‑HB 
in vitro appears to play a predominant role 
in the glycosylation of 4‑HB in vivo

In vitro activity screening of the members of the Arabi-
dopsis UDP-glucosyltransferases (UGTs) family identified 
eight recombinant versions that acted on 4-HB (Lim et al. 
2002). Three of those stood out by displaying the highest 
specific activity towards 4-HB: UGT75B1 (At1g05560), 
which glucosylates the carboxyl group to form the glu-
cose ester of 4-HB, and UGT89B1 (At1g73880) and 
UGT71B1 (At3g21750), which glucosylate at the para 
position to give the 4-O-glucoside conjugate (Lim et al. 
2002). Since glycosylation is the major metabolic fate of 
4-HB in Arabidopsis tissues, we investigated the contri-
bution of each of these three UGTs in vivo. To do that, 
T-DNA lines corresponding to insertions in exonic regions 
of UGT75B1, UGT89B1, and UGT71B1 were isolated, 
confirmed (Fig. S2), and levels of glycosylated, free, and 
cell wall-bound 4-HB were determined in the correspond-
ing mutants (Fig. 4). Since in all plant species tested so 
far, including within the Brassicaceae family, glycosylated 
4-HB has been found to occur mainly as monoglycosyl 
conjugates (Cooper-Driver et al. 1972), we posited that 
loss of function of a major UGT would result in an increase 
in the ratio of free 4-HB to glycosylated 4-HB. In rosette 
leaves and flowers, none of the T-DNA lines displayed any 
statistically significant differences in the proportions of 
4-HB as compared to the wild-type controls (Fig. 4a, b). 
The flowers of the ugt71b1 mutant contained about twice 
as much free 4-HB than their wild-type counterparts, but 
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such an increase was paralleled by a similar increase in 
glycosyl conjugates. In roots, traces of free 4-HB were 
detected in the ugt75b1 and ugt71b1 T-DNA lines, while 
it was not detected in the wild-type control (Fig. 4c). 
The proportion of free 4-HB in the roots of the ugt89b1 
T-DNA line, however, was significantly higher than that of 
the other mutants, representing approximately a quarter of 
the total pool of soluble 4-HB (Fig. 4c). These results sug-
gest that UGT75B1, UGT89B1, and UGT71B1 play only a 
marginal role in the glycosylation of 4-HB in vivo. Func-
tional redundancies within the UGT family could explain 
such a result. Along this line, five additional Arabidopsis 
UGTs are known to moonlight on 4-HB in vitro; two of 
these (UGT84A1 and UGT75B2) are capable of forming 

4-HB glucose ester, and the other three (UGT78D2, 
UGT73B3, UGT73B4) the 4-HB-O-glucoside (Lim et al. 
2002).

Conclusions

Keeping in mind that At4g19010, 4-CL8, and F3H are 
connected via a common pool of p-coumarate (Fig. 1), 
and therefore, that the metabolic impact of knocking-out 
one or two of the cognate genes can be mitigated via an 
increase in biosynthetic flux through the remaining func-
tional enzyme(s), the following conclusions can be drawn. i) 
The pool sizes of glycosylated and free 4-HB can vary vastly 
between organs. In contrast, the proportion of cell wall-
bound 4-HB is relatively constant. ii) The respective contri-
butions of the β-oxidation of p-coumarate and of kaempferol 
cleavage to the different pools of 4-HB depend on the organs, 
and so does the contribution of the two 4-coumaroyl-CoA 
ligases within the β-oxidative branch. For instance, 4-CL8 
bears a preponderant role in the production of soluble and 
cell wall-bound 4-HB in leaves, while At4g19010 appears 
to be the controlling ligase for the biosynthesis of soluble 
4-HB in flowers. Similarly, the proportion of kaempferol-
derived 4-HB is higher in roots than in leaves and flowers. 
iii) The at4g19010 × f3h double knockout consistently dis-
plays the most severe decrease in total 4-HB content as com-
pared to the other mutants, indicating that the β-oxidation of 
p-coumarate and the peroxidative catabolism of kaempferol 
both contribute to the supply of 4-HB in leaves, flowers, and 
roots. It is important to note, however, given the myriad of 
phenylpropanoid-derived compounds occurring throughout 
plant taxa and the large variations in the sizes of the associ-
ated metabolic pools and fluxes (Weng and Chapple 2010; 
Tohge et al. 2013), that some of the features of 4-HB metab-
olism reported here for Arabidopsis could be vastly different 
in other species. This is particularly so for woody taxa, in 
which the pool size of lignin-bound 4-HB in mature xylem 
can be at least 4 orders of magnitude larger (Mottiar et al. 
2023) than that we measured in Arabidopsis tissues. Last, 
our findings suggest that the major UGTs that are involved 
in the glycosylation of 4-HB in Arabidopsis tissues, both 
for the formation of the corresponding glucose ester and 
4-O-glucoside conjugates, remain to be identified.
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