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Abstract

Cinnamate 4-hydroxylase (C4H) is a cytochrome P450-dependent monooxygenase that catalyzes the second step 
of the general phenylpropanoid pathway. Arabidopsis reduced epidermal fluorescence 3 (ref3) mutants, which carry 
hypomorphic mutations in C4H, exhibit global alterations in phenylpropanoid biosynthesis and have developmental 
abnormalities including dwarfing. Here we report the characterization of a conditional Arabidopsis C4H line (ref3-
2pOpC4H), in which wild-type C4H is expressed in the ref3-2 background. Expression of C4H in plants with well-
developed primary inflorescence stems resulted in restoration of fertility and the production of substantial amounts 
of lignin, revealing that the developmental window for lignification is remarkably plastic. Following induction of C4H 
expression in ref3-2pOpC4H, we observed rapid and significant reductions in the levels of numerous metabolites, 
including several benzoyl and cinnamoyl esters and amino acid conjugates. These atypical conjugates were quickly 
replaced with their sinapoylated equivalents, suggesting that phenolic esters are subjected to substantial amounts 
of turnover in wild-type plants. Furthermore, using localized application of dexamethasone to ref3-2pOpC4H, we 
show that phenylpropanoids are not transported appreciably from their site of synthesis. Finally, we identified a de-
fective Casparian strip diffusion barrier in the ref3-2 mutant root endodermis, which is restored by induction of C4H 
expression.

Keywords:  Benzoyl/cinnamoyl amino acid conjugates, Casparian strip, cinnamate 4-hydroxylase (C4H), lignin, metabolite 
turnover.
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Introduction

Phenylpropanoids are a group of specialized metabolites made 
mostly from phenylalanine through the phenylpropanoid 
pathway. Downstream and end products of this pathway play 
crucial roles in plant growth and stress adaptation. Sinapate 
esters accumulated in the leaf epidermis prevent penetration 
of UV-B radiation into the underlying mesophyll cells where 
photosynthesis occurs (Ruegger and Chapple, 2001; Dean 
et  al., 2014). Flavonoids as anti-oxidants scavenge excess re-
active oxygen species which are accumulated during severe/
prolonged stress conditions and eventually damage cell organ-
elles (Fini et al., 2011; Brunetti et al., 2013). Flavonols are also 
involved in pollen tube development (Muhlemann et al., 2018). 
Monolignols are polymerized to form lignin, which provides 
to plants both the hydrophobicity of vascular bundles and ri-
gidity in general. Another notable site of lignin deposition is 
the Casparian strip in the root endodermis, which is crucial 
for water relations and selective uptake of nutrients (Pfister 
et al., 2014).

Biochemical and genetic studies in a broad range of plants 
have elucidated the biosynthetic pathway of phenylpropanoids 
(Vogt, 2010; Fraser and Chapple, 2011). The pathway starts with 
deamination of phenylalanine to produce cinnamic acid (CA) 
by phenylalanine ammonia-lyase (PAL), after which cinnamate 
4-hydroxylase (C4H), a cytochrome P450-dependent 
monooxygenase (CYP73), catalyzes the conversion of CA to 
p-coumaric acid (Koukol and Conn, 1961; Russell and Conn, 
1967; Russell, 1971; Schilmiller et  al., 2009). Thereafter, a 
series of biochemical reactions produce various structures of 
phenylpropanoids with differentiated functions (Bonawitz and 
Chapple, 2010; Fraser and Chapple, 2011). Because the activ-
ities of general phenylpropanoid biosynthetic enzymes such as 
PAL and C4H are required for downstream phenylpropanoid 
production including lignin, disruption of these enzymes can 
impact the entire phenylpropanoid pathway. PAL and C4H are 
regulated through transcriptional, post-translational, and both 
feedforward and feedback regulation mechanisms (Lamb and 
Rubery, 1976; Bell-Lelong et al., 1997; Jin et al., 2000; Olsen 
et al., 2008; Bonawitz et al., 2012; Yin et al., 2012). PALs are sub-
ject to ubiquitination, and polyubiquitinated PALs are degraded 
by the 26S proteasome (Zhang et  al., 2013; Yu et  al., 2019). 
The interaction of C4H or other CYP enzymes with scaffold 
proteins forms a lignin metabolon which influences metabolic 
flux through the different branches of the phenylpropanoid/
monolignol biosynthetic pathway (Gou et al., 2018).

Given that PAL and C4H function at the first two steps of 
the general phenylpropanoid pathway, defects in PAL and C4H 
can reduce flux for production of phenylpropanoids including 
monolignols and flavonoids (Elkind et al., 1990; Rohde et al., 
2004; Schilmiller et  al., 2009; Huang et  al., 2010). Although 
PAL is encoded by a multigene family in the Arabidopsis thaliana 
genome, there is only a single copy of the gene encoding C4H 
(C4H, At2g30490). Disruption of C4H is seedling lethal, and 

Arabidopsis mutants lacking C4H do not form true leaves 
when grown on soil (Schilmiller et al., 2009). A forward gen-
etic screen for mutants with a reduced epidermal fluorescence (ref) 
phenotype identified a series of ref3 mutants possessing leaky 
C4H activity due to missense mutations in C4H (Ruegger and 
Chapple, 2001; Schilmiller et  al., 2009). ref3 mutants show a 
substantial reduction of phenylpropanoids including lignin and 
sinapate esters. Instead, they accumulate cinnamoylmalate that 
is not abundant in wild-type extracts (Schilmiller et al., 2009). 
Besides these biochemical abnormalities, ref3 mutants display 
unexpected growth defects, such as stem swellings at nodes, 
abnormal leaf morphology, and dwarfism.

Despite some progress in our understanding of the bio-
chemistry of shoot lignin biosynthesis, that of Casparian strip 
lignin formation has been advanced only recently. Molecular 
genetic approaches have identified important factors for the 
correct localization and assembly of lignin-polymerizing scaf-
folds and their components in Casparian strip formation (Lee 
et  al., 2013; Kamiya et  al., 2015). Pharmacological studies of 
C4H inhibition indicated the necessity of phenylpropanoid-
derived monolignols for a functional Casparian strip barrier. 
However, conclusive genetic evidence for the requirement for 
phenylpropanoids in Casparian strip formation is missing since 
mutants in late lignin biosynthesis genes (CAD and CCR) had 
only moderate effects on Casparian strip properties (Naseer 
et al., 2012).

To better understand the dynamics of secondary metabolite 
pools and plasticity of plant growth and lignification, we em-
ployed a chemically inducible expression system using ref3-2 
mutants, which allows us to control C4H activity spatially and 
temporally.

Here we report the finding of novel benzoyl and cinnamoyl 
amino acid conjugates accumulated in Arabidopsis C4H 
mutants, turnover of metabolites upon C4H induction, and 
the impact of reduced and restored C4H expression on the 
Casparian strip.

Materials and methods

Plant material and growth conditions
Arabidopsis thaliana ecotype Col-0 was used as the wild type. The ref3-2 
mutant has been described previously (Schilmiller et  al., 2009). Plants 
were grown at 21±1 °C under a long-day photoperiod (16 h light/8 h 
dark) with a light intensity of 100 µE m−2 s−1.

Generation of ref3-2pOpC4H plants and induction of C4H
The Arabidopsis C4H ORF was amplified by PCR using the primer 
pair CC2077 and CC2078 (Supplementary Table S1). The PCR product 
was cloned into a Gateway entry vector pCC1155 which was modified 
from pENTR1A (Thermo Scientific) (Kim et  al., 2014). The resulting 
C4H entry clone was recombined with the pOpOn vector (Craft et al., 
2005) to generate the pOpON:C4H construct, which was introduced 
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into ref3-2 heterozygous plants via Agrobacterium-mediated transformation 
using A. tumefaciens strain GV3101. T1 transgenic plants were screened on 
Murashige and Skoog medium (Murashige and Skoog, 1962) containing 
50 μg ml–1 kanamycin. Selected T1 plants showing ref3-2 morphology were 
transferred to soil and sprayed with 20 μM dexamethasone (dex) containing 
0.01% Triton X-100 solution twice a week to promote their robust devel-
opment. The ref3-2 mutation was detected via PCR amplification with pri-
mers CC2396 and CC2397 (Supplementary Table S1) and HinfI digestion 
as described previously (Schilmiller et al., 2009), allowing the establishment 
of ref3-2pOpC4H lines homozygous for ref3-2 and with a single, segregating 
copy of the pOpON:C4H transgene. For continuous induction of C4H, 
ref3-2pOpC4H plants were sprayed with 20 μM dex solution twice a week.

Quantitative reverse transcription–PCR
Total RNA was isolated from Arabidopsis whole aerial parts using the 
RNeasy Plant Mini Kit (Qiagen). After DNase treatment (TURBO 
DNase, ThermoFisher Scientific), cDNA was synthesized using a 
high-capacity cDNA RT kit (ThermoFisher Scientific) following the 
manufacturer’s protocol. Quantitative reverse transcription–PCR (qRT–
PCR) was performed using Fast SYBR Green Master Mix (ThermoFisher 
Scientific). C4H was amplified using the primer set CC3258 and CC3259 
(Supplementary Table S1). At1g13320 was used as an internal control with 
the primer set CC2558 and CC2559 (Supplementary Table S1) used for 
amplification (Czechowski et al., 2005), and relative expression of C4H 
was calculated using the 2-ΔΔCt method (Livak and Schmittgen, 2001).

Soluble metabolite analysis
Fresh tissues were extracted with 50% (v/v) methanol at 65 °C for 1 h. 
Samples were centrifuged at 16 000 g for 5 min and then analyzed. For 
HPLC analysis, 10 μl of extract was loaded onto a Shim-pack XR-ODS 
column (3.0×75  mm, 2.2  μm) (Shimadzu) using a gradient from 5% 
acetonitrile in 0.1% formic acid to 25% acetonitrile in 0.1% formic acid 
at a flow rate of 1 ml min–1. Sinapic acid, cinnamic acid, kaempferol, and 
cyanidin were used as standards for the quantification of sinapoylmalate, 
cinnamoylmalate, kaempferol glycosides, and anthocyanin, respectively. 
Significant differences among samples were determined by one-way 
ANOVA and Tukey honestly significant difference (HSD) test (P<0.05). 
LC-MS analysis was conducted according to a previous report (Bonawitz 
et  al., 2012). Briefly, 10 μl of extract was run on the same Shim-pack 
XR-ODS column described above with a flow rate of 0.5 ml min–1 at 
an increasing concentration of acetonitrile from 10% to 25% over 14 min 
and from 25% to 70% over 8 min in 0.1% formic acid. Metabolites were 
analyzed with an Agilent 1100 LC/MSD TOF mass spectrometer in 
negative electrospray ionization (ESI) mode.

Lignin analysis
Acetylbromide-soluble lignin (ABSL) contents were quantified from 
stems of 8-week-old plants as described previously (Chang et al., 2008; 
Kim et al., 2014). Stem samples were ground in liquid nitrogen, washed 
with 80% ethanol five times, then washed with acetone and dried. 
Dried samples were incubated in a 4:1 (v/v) mixture of acetic acid/
acetyl bromide at 70  °C for 2  h. Samples were cooled to room tem-
perature and then transferred to 50 ml volumetric flasks containing 2 M 
NaOH, acetic acid, and 7.5 M hydroxylamine hydrochloride. Absorbance 
at 280 nm of each sample was measured, and then absorbance values were 
converted to mass using the extinction coefficient of 23.29 l g–1 cm–1. 
The derivatization followed by reductive cleavage (DFRC) lignin analysis 
was performed as previously reported (Lu and Ralph, 1998; Weng et al., 
2010). Significant differences among samples were determined by one-
way ANOVA and Tukey HSD test (P<0.05).

Phloroglucinol-HCl staining
For histochemical staining, the base of primary inflorescence stems was 
embedded in 5% agar and cut into 100 µm sections using a vibratome. 
Sections were then incubated in 16% ethanol (v/v), 10% HCl (v/v), 0.2% 
phloroglucinol (w/v) for 10 min, then washed, mounted in water, and 
examined using an Olympus Vanox-S light microscope.

β-Glucuronidase staining
For β-glucuronidase (GUS) staining, fresh plant tissue was incu-
bated in staining solution [50 mM sodium phosphate buffer (pH 7.2), 
0.5 mM potassium ferricyanide, 0.5 mM potassium ferrocyanide, 0.3% 
Triton X-100, and 1.9 mM X-gluc (5-bromo-4-chloro-3-indolyl-β-
d-glucuronic acid)] at 37 °C for 6 h. Then, chlorophyll in the samples 
was removed with 70% ethanol at 60 °C for 4 h, and samples were 
visualized.

In vitro plant growth
Seeds were sterilized using 70% ethanol containing 0.05% Triton X-100. 
After 10 min shaking at room temperature, the sterilization solution was 
removed and seeds were washed three times with 96% ethanol before 
air-drying. Sterilized seeds were placed on half-strength Murashige and 
Skoog media-agar plates, stratified overnight at 4 °C in the dark, and then 
placed in the growth chamber with plates oriented vertically. Seven-day-
old seedlings with ~1 cm long primary roots were used for propidium 
iodide (PI) diffusion assays and staining of Casparian strip lignin as de-
scribed below. For induction and feeding experiments, 1000× stock 
solutions of 10 mM coniferyl alcohol and 10 mM dex were prepared 
in DMSO and filter sterilized before being added to autoclaved half-
strength Murashige and Skoog media-agar.

Propidium iodide diffusion assays
Vertically grown seedlings were incubated in 15  μM PI (Life 
Technologies, Darmstadt, Germany) for 10 min in the dark. Stained 
seedlings were rinsed twice in water and subsequently mounted on 
microscope slides for UV-light microscopy using an Axioplan micro-
scope (Carl Zeiss, Jena, Germany). The stained apoplast was visualized 
with the filter set: excitation filter BP 500–550 nm, beam splitter FT 
580  nm, blocking filter LP 590  nm. Images were recorded with a 
Nikon DXM-1200 digital camera (Nikon, Düsseldorf, Germany). For 
the quantitative analysis, the point where PI does not infiltrate the 
central cylinder was scored and the distance to the ‘onset of elong-
ation’ was determined as the number of endodermal cells according 
to Naseer et al. (2012).

Casparian strip lignin staining with basic fuchsin
Basic fuchsin staining was performed according to the adapted 
ClearSee protocol (Ursache et  al., 2018). Seedlings were fixed in 4% 
paraformaldehyde in phosphate-buffered saline (PBS) solution for at least 
30 min at room temperature. Seedlings were then rinsed twice for 1 min 
in PBS, transferred to ClearSee solution, and incubated overnight, fol-
lowed by staining in 0.2% basic fuchsin in ClearSee solution overnight. 
Subsequently, excess basic fuchsin was removed, seedlings were rinsed 
once in ClearSee solution for 30  min with gentle agitation, followed 
by overnight washing in fresh ClearSee solution. Finally, seedlings were 
mounted on slides with ClearSee solution for imaging with both a Leica 
SP5 confocal laser scanning microscope (Leica, Wetzlar, Germany) and 
an Olympus Fluoview FV1000 (Olympus, Centre Valley, PA, USA). To 
image basic fuchsin, we used 550 nm or 561 nm excitation and detected 
fluorescence at 570–650 nm.
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Results

Induction of C4H substantially alleviates the metabolic 
and developmental abnormalities of the ref3-2 mutant

The Arabidopsis ref3-2 mutant carries a missense mutation 
(R249K) in C4H, displays abnormal leaf and stem morph-
ology, and is male sterile (Fig. 1A, C) (Schilmiller et al., 2009). 

To explore the impacts of loss and gain of C4H activity on 
phenylpropanoid metabolism and on plant growth and de-
velopment, we generated a chemically inducible C4H ex-
pression system in the ref3-2 background using a stringent 
glucocorticoid-inducible vector pOpON, which we call ref3-
2pOpC4H hereafter. pOpON carries a bidirectional inducible pro-
moter and has been shown to effectively control the expression 

Fig. 1. Chemically induced expression of C4H rescues the phenotype of the ref3-2 mutant. (A) Six-week-old wild-type and ref3-2 plants. (B) ref3-2 has 
a defect in C4H, the enzyme normally responsible for conversion of trans-cinnamic acid to p-coumaric acid. (C) Representative 4-week old ref3-2 and 
ref3-2pOpC4H plants. (D) ref3-2pOpC4H (bottom) and wild-type (top) plants grown with dex application (right) or without dex (left) for 4 weeks. A 20 µM dex 
solution was sprayed on plants twice a week beginning at 0 d after planting. (E) Relative C4H expression in ref3-2pOpC4H after dex application compared 
with the wild type and untreated ref3-2pOpC4H. Data represent the mean± SD (n=3). Dex was sprayed once on 3-week-old plants grown on soil and total 
RNA was extracted from whole rosette leaves. Scale bars=1 cm.
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of target genes in Arabidopsis by dex application (Craft et al., 
2005; Moore et al., 2006; Kim et al., 2014). Without dex appli-
cation, ref3-2 and ref3-2pOpC4H are indistinguishable (Fig. 1C). 
Both have small curled epinastic leaves (Fig. 1C), are dwarf and 
sterile, and produce reduced amounts of sinapoylmalate (Fig. 

2A) and flavonoids (Fig. 2B). Without dex application, C4H 
expression in ref3-2pOpC4H is maintained at wild-type levels, 
indicating tight control of C4H expression in ref3-2pOpC4H (Fig. 
1E). A single application of dex on 3-week-old plants increases 
the expression of C4H 7-fold within 2 h and the induction is 

Fig. 2. Dex-induced expression of C4H restores soluble metabolites and lignification of ref3-2pOpC4H plants. (A) Sinapoylmalate quantification of wild-type 
and ref3-2 plants, and of ref3-2pOpC4H plants either with or without dex application. Dex solution was sprayed on plants twice weekly from 0 days after 
planting (DAP). Third or fourth leaves from 3-week-old plants were sampled for soluble metabolite analysis. (B) Flavonol levels of the plants outlined in 
(A). (C) Acetylbromide-soluble lignin (ABSL) content in stems of 8-week-old wild-type and ref3-2pOpC4H plants with or without dex application. For dex 
application, 20 µM dex solution was sprayed on plants twice a week beginning at 0 DAP. (D) DFRC lignin monomer composition of the plants in (C). 
H, p-hydroxyphenyl lignin; G, guaiacyl lignin; S, syringyl lignin. Data represent the mean± SD (n=4 for A–C, n=3 for D). The means were compared by 
one-way ANOVA, and statistically significant differences (P<0.05) were identified by Tukey’s test and indicated by letters to represent difference between 
groups. K1, kaempferol 3-O-[6′′-O-(rhamnosyl)glucoside] 7-O-rhamnoside; K3, kaempferol 3-O-rhamnoside 7-O-rhamnoside.
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maintained at an elevated level for at least 4 d (Fig. 1E). Based 
on these results, to fully chemically complement ref3-2pOpC4H, 
we applied dex twice a week to activate C4H continuously. 
This treatment substantially restores leaf morphology and plant 
size (Fig. 1D), fertility, and phenylpropanoid production (Fig. 
2) of ref3-2 mutants, further confirming that a deficiency in 
C4H activity leads to the perturbations of metabolism and 
growth in ref3-2 (Figs 1, 2).

Interestingly, the levels of both sinapoylmalate (Fig. 2A) and 
flavonoids (Fig. 2B) in dex-applied ref3-2pOpC4H are higher than 
in the wild type. Given that C4H is overexpressed upon dex 
application (Fig. 1E), it is possible that transcriptional regula-
tion of C4H limits phenylpropanoid production in the wild 
type. In contrast, ABSL content is not higher than the level seen 
in the wild type (Fig. 2C). Wild-type lignin consists of ~60% 
of guaiacyl- (G-) derived subunits and 40% of syringyl- (S-) 
derived subunits, which gives an S/G ratio of 0.67, whereas 
ref3-2 mutants contain reduced amounts of both G and S sub-
units with an S/G ratio of 1.0 (Fig. 2D). The activation of C4H 
increases the total amounts of G and S lignin significantly, but 
does not restore the S/G ratio to that of wild-type plants (Fig. 
2D). These data may indicate that more complex regulatory 
mechanisms are involved in the determination of lignin con-
tent compared with soluble phenylpropanoid metabolism, or it 
may indicate that dex is less effective at reaching lignifying cells 
than the leaf cells that synthesize soluble phenylpropanoids.

Temporal control of C4H expression reveals 
rapid turnover of novel phenylpropanoids in the 
ref3-2 mutant

To determine whether the ref3-2 mutant phenotypes were ir-
reparable in adult plants, we induced C4H in plants that had 
already begun flowering. Under the growth conditions em-
ployed, 1-month-old wild-type plants have fully expanded ros-
ette leaves and primary inflorescence stems, whereas untreated 
ref3-2pOpC4H plants have small down-curled leaves and short 
stems (Fig. 3A). In addition, strong ref3 alleles give rise to an 
anthocyanin-deficient phenotype similar to that of transparent 
testa mutants (Koornneef, 1981; Schilmiller et al., 2009). When 
dex was applied to mature ref3-2pOpC4H plants, accumulation 
of anthocyanin at the base of stems and petioles was visible 
as early as 2 d after C4H induction (Fig. 3A, C). To evaluate 
the impact of C4H induction on leaf development, we applied 
dex to ref3-2pOpC4H plants and examined leaf morphological 
changes after induction. As shown in Fig. 3C, the small narrow 
leaves of ref3-2pOpC4H grow broader and larger upon C4H in-
duction. Thus, despite the appearance that the leaves of mature 
ref3 mutants have fully expanded, they in fact retain the ability 
to expand further.

To explore whether lignin, once laid down, can be further 
modified by later C4H induction, we analyzed the lignification 
status of ref3-2pOpC4H using a histochemical staining method. 
Primary inflorescences of the wild type and ref3-2pOpC4H were 

sectioned and stained with phloroglucinol, a dye that is often 
used for lignin staining and localization (Kim et al., 2014). The 
weak coloration of stem sections of uninduced ref3-2pOpC4H in-
dicates lower lignification compared with the wild type (Fig. 
3B). Ten days after dex application, stem sections of ref3-2pOpC4H 
show stronger coloration with phloroglucinol compared with 
uninduced samples. This indicates that the lignin content of 
stems can be augmented even after the normal developmental 
window for tracheary element maturation has passed, presum-
ably by reactivation of C4H in the adjacent xylem parenchyma.

To explore the dynamics of secondary metabolite pools, we 
evaluated metabolite profiles of ref3-2pOpC4H plants before and 
after the induction of C4H. In accordance with previous re-
ports, ref3-2pOpC4H mutants accumulated cinnamoylmalate (peak 
5), which wild-type plants do not (Figs 3D, 4D) (Schilmiller 
et  al., 2009). The levels of cinnamoylmalate decreased upon 
dex application, whereas sinapate esters (peaks 6 and 10) and 
kaempferol glycosides (peaks 7–9) accumulated (Fig. 3D). In 
addition to cinnamoylmalate, we found that ref3-2 mutants ac-
cumulate compounds with m/z values and isotopolog ratios 
consistent with benzoylmalate (peak 4), cinnamoylaspartate 
(peak 2), benzoylaspartate (peak 1), and cinnamoylglutamate 
(peak 3). The activation of C4H decreases the benzoyl and 
cinnamoyl esters and amino acid conjugates in ref3-2pOpC4H 
plants (Fig. 3D), indicating that these metabolites are subject to 
relatively rapid turnover.

Spatial control of C4H expression showed that 
phenylpropanoids are not transported appreciably 
from their site of synthesis

The chemically inducible dex system makes possible the ex-
pression of C4H in confined areas. We applied dex on selected 
portions of ref3-2pOpC4H leaves and analyzed whether localized 
complementation of the mutant phenotype in that area af-
fected metabolite profiles in adjacent areas. Because the bidir-
ectional inducible promoter of the pOpC4H vector activates 
the expression of both C4H and GUS upon dex application, 
we were able to use GUS activity as confirmation of successful 
dex-mediated transcriptional induction. We first applied dex 
on leaves and examined them under UV illumination 3 d after 
the induction. ref3-2pOpC4H plants display the characteristic ref 
phenotype, exhibiting reddish fluorescence under UV due to 
the lack of sinapoylmalate on the leaf epidermis and chloro-
phyll fluorescence from the mesophyll beneath. Dex applica-
tion led to localized blue fluorescence, strongly suggesting the 
accumulation of sinapoylmalate in cells where C4H was acti-
vated (Fig. 4B). Consistently, GUS activity was only observed 
where sinapoylmalate accumulated (Fig. 4C). We repeated the 
same experiments with five independent plants and quanti-
fied soluble metabolites in the third and fourth rosette leaves 
with and without dex application. The dex-treated leaves ac-
cumulated more sinapoylmalate and flavonols than untreated 
leaves (Fig. 4E, F), and cinnamoylmalate was less abundant in 
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Fig. 3. Induction of C4H in mature plants leads to restored growth and phenylpropanoid metabolism. (A) Forty-day-old wild-type and ref3-2pOpC4H plants. 
ref3-2pOpC4H plants were either untreated, or treated with dex for either 2 d or 10 d before being photographed. For dex treatment, 20 µM dex solution 
was sprayed once on plants. Scale bar=1 cm. (B) Representative stem sections stained with phloroglucinol-HCl. Stem sections were made from the 
bottom 1 cm of primary inflorescences of plants described in (A). Scale bars=100 μm. (C) Restored leaf morphology of ref3-2pOpC4H plants. A 4-week-
old ref3-2pOpC4H plant was photographed before dex application (left), and then sprayed with 20 µM dex solution. The plant was photographed 7 d 
after dex application. Scale bars=1 cm. (D) Induction of C4H results in reduced levels of cinnamoyl- and benzoyl-substituted metabolites and increased 
accumulation of sinapate esters and flavonols. Shown are overlaid extracted ion chromatograms (EICs) corresponding to 10 dex/C4H-responsive 
metabolites as determined immediately preceding (top), 1 d after (middle), or 4 d after (bottom) dex treatment of ref3-2pOpC4H plants. Three-week-old ref3-
2pOpC4H plants were sprayed with 20 µM dex solution. Third and fourth rosette leaves were sampled before the dex spray (t=0), 1 d after spraying (t=1), 
and 4 d after (t=4). For clarity, EICs of metabolites whose levels decrease upon C4H induction are shown on the left, while those that increase are shown 
on the right. The m/z values and inferred identities of the labeled peaks are as follows: (1) m/z 236, benzoylaspartate; (2) m/z 262, cinnamoylaspartate; 
(3) m/z 276, cinnamoylglutamate; (4) m/z 237, benzoylmalate; (5) m/z 263, cinnamoylmalate; (6) m/z 385, sinapoylglucose; (7) m/z 739, kaempferol 
3-O-[6ʺ-O-(rhamnosyl) glucoside] 7-O-rhamnoside; (8) m/z 593, kaempferol 3-O-glucoside 7-O-rhamnoside; (9) m/z 577, kaempferol 3-O-rhamnoside 
7-O-rhamnoside; (10) m/z 339, sinapoylmalate.
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dex-treated leaves compared with untreated leaves (Fig. 4D). 
Similarly, we applied dex on a confined area of ref3-2pOpC4H 
stems (Fig. 5A). To repress anthocyanin biosynthesis gene ex-
pression, we covered a part of stem with aluminum foil to 
block light (Meng et al., 2004). Anthocyanin accumulation was 
observed where dex was applied, but only if that tissue was ex-
posed to light. Dex-treated tissue that was shielded from light 
did not accumulate significant amounts of anthocyanins (Fig. 
5A, B). In accordance with a previous report, our data con-
firm that diffusion or lateral transport of dex in the leaves and 
stems is limited (Craft et al., 2005). These data also indicate that 
hydroxycinnamate esters and anthocyanins in wild-type and 

ref3-2 mutant plants are not transported appreciably from their 
site of synthesis.

C4H is a key player in the generation of monolignols 
for functional Casparian strip formation

Previous studies on the spatiotemporal expression pattern of 
key genes in phenylpropanoid metabolism revealed a strong 
expression in roots (Bell-Lelong et al., 1997; Nair et al., 2002). 
Interestingly, C4H expression is not limited to the stele but 
is also expressed in the endodermis, the tissue in which the 
Casparian strip develops. This prompted us to investigate a 

Fig. 4. Spatial control of C4H induction in ref3-2pOpC4H leaves. (A–C) Photographs of 4-week-old ref3-2pOpC4H leaves, a small area of which had been 
treated with dex 3 d previously, under white light (A), UV light (B), or white light after GUS staining (C). (D–F) Quantification of soluble metabolites in dex 
spot-treated leaves shown in (A). Shown are cinnamoylmalate (D), sinapoylmalate (E), and flavonol (F) in water-treated ref3-2pOpC4H (white bar), water-
treated wild-type (gray bar), and water- (spot) or dex-treated leaves (+spot) from the same ref3-2pOpC4H plants (black bar). Data represent the mean ±SD 
(n=5). n.d., not detected. The means were compared by one-way ANOVA, and statistically significant differences (P<0.05) were identified by Tukey’s test 
and indicated by letters to represent difference between groups.
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potentially novel phenotype of the ref3-2 mutant: potentially 
deficient Casparian strip lignification influenced by reduced 
C4H activity. Confocal microscopy of basic fuchsin-stained 
primary roots showed a well-developed, regular Casparian 
strip network at the 10th endodermal cell after onset of elong-
ation in the wild type. In contrast, we observed a non-uniform 
Casparian strip network in ref3-2pOpC4H roots at this position, 
with individual endodermal cells apparently lacking Casparian 

strip lignification (Fig. 6). Moreover, the typically condensed, 
band-like deposition of Casparian strip lignin is rather diffuse 
and remains diffuse in distal root zones. This indicates that un-
hindered carbon flux through the phenylpropanoid pathway 
is indispensable for the correct and precise deposition of the 
Casparian strip network.

Although the Casparian strip in the ref3-2 mutant is diffuse, 
the hypomorphic C4H allele in this genetic background al-
lows some residual lignin to be deposited in the endodermal 
cell wall. To address the question of whether this residual lignin 
is sufficient to establish a functional apoplastic barrier, we de-
termined the position where diffusion of an apoplastic tracer 
(PI) into the stele is blocked (Fig. 7; Supplementry Fig. S1). In 
line with previous observations (Naseer et al., 2012), in wild-
type roots, the Casparian strip diffusion barrier is established 
at about the 11th endodermal cell after onset of elongation 
in the endodermis. In contrast, in ref3-2pOpC4H, a PI diffusional 
barrier is only formed at around the 40th cell, which in these 
assays corresponds to the root–hypocotyl junction. These data 
suggest that the endodermis is unable to establish a Casparian 
strip barrier in the presence of only low levels of C4H. In 
support of this hypothesis, induction of C4H restores the func-
tional endodermal diffusion barrier. Growth of ref3-2pOpC4H 
on media containing dex completely restored a wild-type 
Casparian strip barrier phenotype (Fig. 7; Supplementary Fig. 
S1), indicating that downstream products of C4H are essential 
for the formation of functional Casparian strips. Furthermore, 
the exogenously applied monolignol coniferyl alcohol largely 
complements the deficiency of phenylpropanoid-derived 
Casparian strip precursors in ref3-2pOpC4H. ref3-2pOpC4H plants 
grown on media containing 10 µM coniferyl alcohol estab-
lished a PI diffusion barrier at the 15th cell (Fig. 7). Together 
with the apparent absence of transport of phenylpropanoids 
among tissues, this indicates that a C4H-controlled biosynthesis 

Fig. 5. Spatial control of C4H induction in ref3-2pOpC4H stems. (A) Segment 
of a 5-week-old ref3-2pOpC4H stem to which dex had been applied at 
sections 1–3. Dex solution (20 µM) was brushed on sections 1–3. Section 
2 of the stem was additionally covered with aluminum foil to block light. 
Photographs were taken 7 d after dex treatment. (B) Anthocyanin (A11, 
as defined by Tohge et al., 2005) content from stem sections described 
in (A). Data represent the mean ±SD (n=4). The means were compared 
by one-way ANOVA, and statistically significant differences (P<0.05) were 
identified by Tukey’s test and indicated by letters to represent differences 
between groups.

Fig. 6. Disruption and partial loss of the lignified Casparian strip in ref3-2pOpC4H roots. Z-stack confocal images of Casparian strip lignin stained with 
basic fuchsin (yellow). Spiral structures indicate diarchic xylem. In the wild type at about the 10th endodermal cell, a regular Casparian strip network 
(arrowheads) is developed. At this stage, ref3-2pOpC4H roots partially lack endodermal lignin (asterisks) or show diffuse lignin deposition (arrows) which is 
the predominant form in later stages (15th cell). Scale bars=100 μm.
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of monolignols within the endodermis is vital for construction 
of the lignin built Casparian strip apoplastic barrier.

Discussion

Because C4H functions at an early step of the phenylpropanoid 
pathway, ref3/c4h mutants or C4H RNAi lines often display 
pleiotropic growth or biochemical phenotypes (Koopmann 
et  al., 1999; Blount et  al., 2000; Blee et  al., 2001; Schilmiller 
et al., 2009; Kumar et al., 2016). In this study, we investigated 
the impact of loss or gain of C4H activity on plant growth and 
phenylpropanoid metabolism through spatio-temporal control 
of C4H expression. The work presented here provides evi-
dence of metabolite turnover, plasticity of the developmental 
window for lignification, and a role for C4H in Casparian strip 
formation.

In accordance with previous studies, uninduced ref3-2pOpC4H 
plants show a reduction of sinapate esters, flavonoids, and 
lignin, and the accumulation of cinnamoyl and benzoyl malate, 
indicative of reduced C4H activity (Figs 2, 3) (Schilmiller et al., 
2009; Vanholme et al., 2012; Sundin et al., 2014). When wild-
type C4H is induced, even when the plant is relatively mature, 
the alterations in phenylpropanoid metabolism, including lig-
nification, can be restored (Figs 3, 4). Given that most tracheary 
elements had matured by this stage of development, restoration 
of lignin content probably comes about through reactivation 
of C4H in the still-living xylem parenchyma, which in turn 
supplies monolignols to the adjacent vessel elements (Smith 
et al., 2013). The decrease in the concentration of benzoyl and 
cinnamoyl amino acid conjugates upon C4H induction indi-
cates their rapid turnover, possibly including hydrolytic release 

of benzoate and cinnamate. It is possible that cinnamate is 
routed into phenylpropanoid synthesis following release via 
C4H-catalyzed hydroxylation. The accumulation of benzoate 
derivatives in ref3 are probably explained by chain short-
ening of the cinnamic acid that accumulates in the mutant. 
Their disappearance following C4H induction may indicate 
that they are routed towards the production of benzoylated 
or benzoate-derived compounds. Benzoate is a precursor of 
various compounds including benzoylated glucosinolates in 
Arabidopsis (Lee et  al., 2012; Widhalm and Dudareva, 2015). 
Another possible explanation is that the formation of benzoyl 
and cinnamoyl aspartate/glutamate conjugates may be a part 
of a degradation process such as that seen in hormone homeo-
stasis. For example, the levels of free indole-3-acetic acid (IAA), 
an important auxin, are tightly regulated. Conjugation of IAA 
to either glutamate (IAA-Glu) or aspartate (IAA-Asp) abol-
ishes its auxin activity. IAA-Glu and IAA-Asp are then sub-
ject to irreversible oxidation, followed by catabolism of IAA, 
whereas IAA-alanine or IAA-leucine conjugates are storage 
forms (Normanly, 1997; Ljung et  al., 2002; Staswick et  al., 
2005). Similarly, benzoyl and cinnamoyl glutamate/aspartate 
conjugates may be forms of cinnamate and benzoate targeted 
for degradation. Although the biosynthetic routes and the fates 
of these compounds remain elusive, it is evident that cinnamate 
and benzoate conjugates are subject to rapid turnover.

Because the inducible promoter used in this study con-
tains 35S promoter elements, dex application leads to C4H 
overexpression. The fact that dex-treated ref3-2pOpC4H plants 
overproduce sinapoylmalate and flavonoids compared with the 
wild type (Fig. 2A, B) suggests that transcriptional regulation 
of C4H may limit phenylpropanoid production in the wild 
type. Interestingly, ABSL content does not increase to greater 
than wild-type levels (Fig. 2C), and lignin composition is not 
completely rescued (Fig. 2D) under the same C4H activation 
condition. The high S/G ratio of lignin monomers in dex-
treated ref3-2pOpC4H plants is reminiscent of lignin phenotypes 
of ref3-3, a weak allele which accumulates wild-type levels 
of Klason lignin and exhibits a high S/G ratio due to lower 
amounts of G subunits (Schilmiller et al., 2009). Metabolic flux 
modeling has suggested that the impact of reduced C4H ex-
pression on lignin monomer composition is the result of ef-
fective competition of ferulate 5-hydroxylase with cinnamyl 
alcohol dehydrogenase, enzymes with low and high Km values, 
respectively (Guo, 2019). Thus, when the activity of C4H is 
reduced, carbon flux is redistributed downstream in favor of S 
lignin synthesis. It appears that the applied dex is insufficient 
to fully activate C4H in the lignifying cells, whereas it activates 
C4H efficiently in epidermal cells where soluble metabolites 
are produced. In contrast to studies indicating that lignin pre-
cursors can be trafficked between cells (Smith et al., 2017), our 
dex spot testing results indicate that soluble phenylpropanoids 
such as sinapoylmalate and anthocyanins may be synthesized in 
a cell-autonomous manner and are not transported appreciably 
to neighboring cells in the epidermis.

Fig. 7. Induction of C4H in primary roots restores monolignol biosynthesis 
for the Casparian strip diffusion barrier. Establishment of a functional 
apoplastic diffusion barrier determined as the number of endodermal cells 
at which propidium iodide is blocked at the endodermis. Dex (10 µM) and 
coniferyl alcohol (10 µM) were applied in Murashige and Skoog medium. 
Data represent means± SD (n=10).
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ref3-2 mutants show developmental abnormalities including 
narrow, down-curled leaves, loss of apical dominance, and 
swellings at the base of lateral branches, similar to that of ref3-1 
mutants, which possess another strong ref3 allele (Figs 1B, 3) 
(Schilmiller et al., 2009). The cause of this developmental per-
turbation remains unknown; however, the activation of C4H 
restores these developmental defects. Of particular interest is 
the observation that application of dex to mature ref3-2pOpC4H 
plants leads to additional leaf expansion (Fig. 3C). This ob-
servation indicates that phenylpropanoid products may have a 
previously undescribed role in leaf expansion. PAL quadruple 
mutants (pal1/2/3/4) are dwarf but they do not show this type 
of abnormal leaf morphology (Huang et al., 2010). This sug-
gests that some of the developmental abnormalities of ref3 mu-
tants may result from the accumulation of its substrates or their 
derivatives rather than a deficiency in downstream products. 
Studies have shown that cis-CA has growth regulator-like activ-
ities (Yang et al., 1999; Yin et al., 2003). trans-CA, the substrate 
of C4H, can be photoisomerized to become cis-CA and is de-
tected in trace amounts in plants (Yin et al., 2003; Wong et al., 
2005). cis-CA inhibits the gravitropism of tomato seedlings, 
root growth of Arabidopsis, and auxin transport (Steenackers 
et al., 2017), and it promotes elongation of tomato cells (Yang 
et al., 1999; Yin et al., 2003; Wong et al., 2005). On the other 
hand, trans-CA and its derivatives enhance auxin signaling and 
promote leaf expansion in both auxin-dependent and auxin-
independent manners (Kurepa et al., 2018; Kurepa and Smalle, 
2019). Thus, it is possible that an imbalance of these molecules 
may contribute to abnormal cell growth of C4H-deficient 
leaves. The identity of molecules or mechanisms leading to the 
characteristic leaf morphology of ref3 mutants needs further 
investigation.

Previously characterized Casparian strip mutants such as 
casp1 casp3, myb36, and esb1 eventually establish a PI diffusion 
barrier in the endodermis of more mature basal root zones 
(Hosmani et al., 2013; Kamiya et al., 2015). However, the pri-
mary root endodermis of ref3-2, as in sgn3 (Pfister et al., 2014), 
does not block the apoplastic tracer from diffusion into the stele 
along the entire seedling root, indicating a severe functional 
Casparian strip defect (Fig. 7). Remarkably, ref3-2 exhibits an 
extreme growth phenotype compared with other Casparian 
strip-defective mutants that show either only mild (sng3-3) or 
no obvious growth phenotypes (casp1 casp3, myb36, and esb1) 
under laboratory conditions. This indicates that ref3 dwarfism 
is not caused by limitations in the function of root barriers 
affecting water use efficiency and/or nutrient homeostasis. 
Instead, it suggests that phenylpropanoids are not only required 
for structural polymer biosynthesis, but downstream products 
of C4H are also involved in plant growth and development.

Basic fuchsin staining revealed only a weak lignin signal in 
endodermal cell walls (Fig. 6). However, root lignification is not 
completely abolished in the leaky ref3-2 mutant background. 
The residual C4H activity appears sufficient to maintain 
early root xylem development as indicated by an equal basic 

fuchsin staining in the protoxylem of the wild type and ref3-
2. Although histochemical detection is only semi-quantitative, 
the lignin staining indicates that spiral cell wall thickenings in 
the protoxylem represent a major sink for lignin monomers. 
Alternatively, the strong effect on Casparian strip lignification 
compared with xylem lignification may reflect tissue-specific 
C4H expression levels that are moderate and become rate 
limiting more rapidly in the endodermis than in the xylem 
(Nair et al., 2002).

Interestingly, cell wall lignification in the endodermis of ref3-
2 is surprisingly diffuse compared with the precisely localized 
and condensed lignin deposition forming the Casparian strip 
network in the wild type. This is markedly different from pre-
viously characterized Casparian mutants. In esb1, casp1 casp3, 
rbohf/sgn4, myb36, and sgn3, ectopic lignin accumulates in endo-
dermal cell corners, and the central Casparian strip lignin ring 
is disrupted (Hosmani et al., 2013; Lee et al., 2013; Pfister et al., 
2014; Kamiya et  al., 2015). These mutants exhibit perturba-
tions in lignin polymerization, regulation, or the localization 
and assembly of the protein scaffolds required for Casparian 
strip formation. However, they are assumed to have intact 
phenylpropanoid lignin monomer biosynthesis. The absence 
of holes in the ref3-2 Casparian strip and the re-established 
PI diffusion barrier upon external coniferyl alcohol supple-
mentation (Fig. 7) suggest that the apoplastic Casparian strip 
formation machinery in ref3-2 is functioning and correctly 
localized. Still, the diffuse and less restricted lignification in 
ref3-2 indicates that phenylpropanoids also contribute to the 
spatial control and presumably anchoring and condensing of 
Casparian strip lignin.

The inducible C4H expression system in the ref3-2 back-
ground represents a sophisticated tool also to study physio-
logical responses associated with Casparian strips in a detailed 
and spatio-temporal manner. In addition to restoring fertility 
to ref3-2pOpC4H plants such that homozygous mutant seed can 
be obtained, it enables temporal control of Casparian strip for-
mation. In combination with split agar plates, the restricted 
mobility of phenylpropanoids would enable the generation of 
root zones with different developmental stages of Casparian 
strip formation that can be exploited in water and ion trans-
port studies.

The barrier properties of the Casparian strip are expected 
to also depend on the chemical composition and structure 
of the lignin polymer. To date, the small and fragile nature of 
Arabidopsis roots has hampered the isolation of pure Casparian 
strips for detailed chemical and structural analysis of the lignin 
polymer. The complementation of the ref3-2 Casparian strip 
defect by coniferyl alcohol is in line with a guaiacyl-dominated 
composition that has been deduced from the analysis of root 
sections with a genetically and hormone-controlled delay in 
root xylem formation (Naseer et al., 2012). It will be interesting 
to investigate the capacity of other phenylpropanoids to com-
plement the Casparian strip defects in ref3-2 to evaluate the 
plasticity of Casparian strip biosynthesis and composition.
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Supplementary data

The following supplementary data are available at JXB online.
Fig. S1. C4H is required for the establishment of an apoplastic 

diffusion barrier in the endodermis.
Table S1. The list of primers used in this study.
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